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Abstract 
 

 

Silicon (Si)-based optoelectronics have gained traction due to its primed versatility at 

developing light-based technologies. Si, however, features indirect bandgap characteristics and 

suffers relegated optical properties compared to its III-V counterparts. III-Vs have also been 

hybridized to Si platforms but the resulting technologies are expensive and incompatible with 

standard complementary-metal-oxide-semiconductor processes. Germanium (Ge), on the other 

hand, have been engineered to behave like direct bandgap material through tensile strain 

interventions but are well short of attaining extensive wavelength coverage. To create a 

competitive material that evades these challenges, transitional amounts of Sn can be incorporated 

into Ge matrix to form direct bandgap GeSn alloys that have led to the increasing possibility of 

engineering a suite of low-cost, light emission sources that applies to a wide range of infrared 

photonics and optoelectronics systems. Hence, the importance of studying the structural and 

optical properties of these GeSn heterostructures cannot be overemphasized.    

The first part of this dissertation investigates the structural and optical properties of 

SiGeSn/GeSn/SiGeSn quantum wells (QWs) where the photoluminescence (PL) behaviors of 

thick (22 nm in well) and thin (9 nm in well) GeSn QW samples are compared. Using PL results 

from two excitation lasers (532 nm and 1550 nm lasers) as well as studying their respective 

optical transitions, the result reveals that the thicker well sample shows i) a more direct bandgap 

outcome in addition to a much lower ground energy Г valley; ii) a higher carrier density within 

the well, and iii) an increased barrier height coupled with improved carrier confinement. All of 

these resulted in a significantly enhanced emission that allows for the first-ever estimation of 

GeSn QWs quantum efficiency (QE) while also suggesting a path towards efficient mid-infrared 

devices.    



 
 

 To further improve the carrier confinement while also reducing the carrier leakage in the 

thicker well design, a SiGeSn/GeSn/GeSn/SiGeSn separate confinement heterostructure (SCH) is 

introduced. The sample is characterized and the optical properties are compared with the 

previously reported 9 nm and 22 nm well non-SCH samples. Based on the optical transition 

analysis, the SCH QW also shows significantly higher carrier confinement compared to 

reference samples. In addition to these studies, an attempt is made to investigate advanced 

quantum well structures through an all-inclusive structural and optical study of 

SiGeSn/GeSn/SiGeSn multi-quantum wells (MQWs). The resulting analysis shows evidence of 

intermixing diffusion during growth. 

The second part of this work provides insights into the behavior of annealed GeSn bulk 

samples near the indirect-to-direct transition point. The study attempts to provide connections 

between the strain, composition, and defect densities before and after annealing. The result 

reveals the impact of annealing on a sample may either i) lower the strain giving rise to an 

increased PL while reducing the energy separation or ii) introduce misfit dislocation/ surface 

roughness leading to an affected or decreased PL.  

Finally, this work also explores the low-temperature capability of our in-house plasma-

enhanced ultra-high vacuum chemical vapor deposition system through the growth of Si-on-Ge 

epitaxy and pressure-dependent growth of GeSn bulk heterostructures. 
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Chapter 1: Introduction 

 

1.1 Background 

 

Recent material development breakthroughs in GeSn technology have led to the 

increasing possibility of engineering a suite of low-cost, valuable and efficient detection devices 

and light emission sources that can be applied to a wide range of infrared photonics and 

optoelectronics systems. Although, the elevated significance of Moore’s law sustained 

progressive novelties in the microelectronics community over a decade ago, its current regressed 

practicality in the face of fast-paced developments is starkly dwarfed by the parasitic competition 

between device performance and miniaturization efforts. The revival or hitherto renaissance of 

arguably the most-popularized law of modern times is largely dependent on a new field of 

semiconductor physics (Si photonics). Since the failure of Moore’s law was shunted by the 

limitation of metallic interconnects in providing efficient data transmission, the use and 

replacement of it with light-enabled optical interconnects in miniaturized systems has given rise 

to high-speed, low-cost and efficient data transfers [1–3] – An inestimable technological 

revolution of today’s optoelectronics and photonics technology made possible by the monolithic 

integration of photonic chip on complementary metal oxide (CMOS) platform/chip.  

Early realization of this innovation initiated the idea to create a suite of integrable 

photonic devices such as detectors, emitters, modulators and switches on Si platforms. Since one 

of the criterium for achieving efficient light source is a direct bandgap material, the integration of 

Si and Ge, which are indirect bandgap materials will prove ineffective for this application. Figure 

1.1 below shows an array of optoelectronics devices on a silicon platform. The image was 

modified after Soref et al’s 1993 envisioned integrated architecture [4]. 
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Figure 1.1. Idealized Si-based platform with a suite of integrated optoelectronic devices [4] 

 

While concerted efforts has birthed critical components on the envisioned architecture, 

the creation of a reliable and efficient light emission source integrated to a silicon platform is still 

far-regressed. In contrast to these efforts, competing light-emitting products in the market such 

as III-V materials on InP platforms are currently leading the light-emitting space and are far 

ahead in performance and sophistication. Of course, the limitation of these technologies is that 

they are expensive and incompatible with current CMOS processes. To create a light-based 

system that functions correctly with CMOS processes, early researchers introduced the 

integration of III-V materials such as InP [5] and/or GaAs [6] on Si platforms using wafer-

bonding [7] or selective area growth strategies [5].  

Regarded as hybrid silicon lasers, these III-V/Si laser-based devices suffer from 

differences in thermal coefficients, lattice constants and chemical polarity, all of which can drive 

the immediate cost of fabrication up. Besides these identified limitations, other factors such as 

the complicated sets of fabrication procedures as well as the fragility of III-V materials has made 

them difficult to use and impractical to attain a potential electronic revolution.  
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Group IV alloy material systems (specifically GeSn and SiGeSn alloys) on the other hand 

offers the advantage of low-cost fabrication commitment, chemical and physical compatibility 

with Si platforms and seamless monolithic integration to Si substrate to form functional 

optoelectronic systems that has a comparatively higher device performance and reliability.  

Although traditional group IV elements such as Si and Ge possess indirect bandgap 

natures with low optical emission efficiencies, GeSn binary alloys of appropriate Sn 

compositions (> 8%) can be engineered or tuned to behave like direct bandgap material suitable 

for light emission practicalities [8,9] while also covering a wide range of spectral reach up to the 

infrared spectrum from 2 up to 12μm [10]. Figure 1.2 (a) shows a GeSn alloy material with Sn 

composition of ~8%. As clearly depicted, there are more carrier populations in the L valley 

characteristically exhibiting the behavior of an indirect bandgap materials based on Sn 

composition. Above the 13% Sn composition (Figure 1.2 (b)), the material crosses the transition 

point to exhibit a direct bandgap property with more carriers in the Г valley which will 

eventually lead to a faster recombination process.   

 

 

Figure 1.2. Band diagram of a strain-relaxed GeSn alloy (b) before (b) after the transition point 

[11]. 
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While the uniqueness of the GeSn lies in the inherent ability to engineer its bandgap by 

tuning the Sn incorporation, another exceptional attributes that makes it seamless for monolithic 

integration to CMOS processes is its potential for low temperature epitaxial growth.  

It is noteworthy to mention the economic benefits of the Group IV alloy materials, 

especially within the application scope of the Si photonics industry. With the exception of a well-

developed room-temperature light-based source[12,13], other components such as 

photodetectors, modulators, waveguide and switches have reached market-level product 

maturity. Currently the Si photonics market is projected to exceed about $1.5 billion in 2025 

[14]. Due to its immense economic potential, the American Institute for Manufacturing 

Integrated Photonics (AIMS Photonics) invested about $0.6 billion in year 2015 as a five-year 

seed investment aimed to transform academic innovations to commercialization photonics and 

optoelectronics products [15]. 

           Early predictions favored the viability of (Si)GeSn binary and ternary for photonic and 

optoelectronic device applications. Among these are the notable contributions of R.A. Soref and 

C.H. Perry that used the energies of Si1-yGey, Si1-ySny and Ge1-xSnx to theoretically predict the 

existence and possible variations of compositionally-dependent indirect and direct Si1-x-yGexSny 

bandgaps [16]. Two years after their novel discovery, the work of L. Friedman and R.A. Soref 

led to the proposal of direct bandgap GeSn/Ge/Si and Ge/GeSn/Si heterostructures [17].  

It is also noteworthy to emphasize that each sub-band region of the extended 12-micron 

SiGeSn material/device functionality can be targeted to different applications depending on their 

respective wavelengths of operation. This extensive wavelength capability has also found 

application use in missile tracking and atmospheric transmission systems. Despite the extensive 

commercial potential of this material, a number of challenges still needs to be attended to 
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compete with state-of-art commercial technologies. While these challenges are gradually being 

solved, some solutions have resulted in GeSn-enabled applications. For instance, the fabrication 

of a novel GeSn-pixeled focal plane array with a characteristic operation IR wavelength range of 

1.5-3.0 μm has been demonstrated to apply to night vision and photodetection devices [18]. In 

addition, advances in GeSn laser development have also featured considerable performance 

improvements. These include: i) the achievement of continuous wavelength at low temperature 

up to 70 K [19]; ii) 2-3 μm lasing spectrum coverage with tunable emission wavelength [20] iii) 

the operational lasing temperature near room temperature (RT) under pulse pumping conditions 

[21,22], and more recently; iv) the discovery and demonstration of the first electrically injected 

edge emitting laser operating at lasing temperature of up to 100 K [23]. While considerable low 

threshold has been achieved for bulk GeSn materials, incremental contributions to instigate a 

lower threshold and higher device performance is currently being pursued through novel 

GeSn/SiGeSn QW heterostructure designs [24].  

Generally, the SiGeSn material system is still very much understudied owing to 

challenges in growth (low temperature and material stability), characterization (structural and 

optical), and device fabrication. This work wholly investigates challenges relating to post-growth 

stability and optical property improvements through the optimization of GeSn/SiGeSn QWs.   

It should be noted that binary and ternary versions of the Si-Ge-Sn material system are 

not exclusive supplements to each other. While the GeSn binaries have limited alloy 

compositions to achieve direct bandgap possibilities, ternary SiGeSn alloys on the other hand 

possess far more degrees of freedom since their bandgaps and lattice constant can be tuned 

extensively by simultaneously varying the Si, Ge and Sn compositions. Figure 1.3 below shows 

the bandgap dependence on the lattice constants of different semiconductor alloys and elements. 
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This figure validates the uniqueness of SiGeSn alloys in covering an extensive energy band 

covering the entire infrared spectrum, from near IR to mid-IR to far-IR (2-12 μm) and is realized 

under high injection through an Auger-assisted band-to-band transitions.  

 

 

Figure 1.3. Bandgap dependence on the lattice constants of different semiconductor alloys and 

elements. Notice the arrowed-cylinder benchmarks on the Si, Ge and Sn. 

 

In addition to these, the requirement of an ultra-high-quality growth is a major factor in 

realizing the full broad range IR wavelength. However, the current material development suffers 

greatly from a number of growth challenges ranging from low solid solubility limitations of α-Sn 

in Ge and Si (< 1%), Sn instability at temperatures above 13.2oC [25,26], large lattice mismatch 

between Si, Ge and Sn to large GeSn-on-Si lattice mismatch. Furthermore, for SiGeSn 

optoelectronics devices to attain full industry acceptance, low temperature objectives of < 400oC 
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are required since at this temperature CMOS process compatibility is achieved. A number of 

growth strategies have been employed to ratify the low temperature and high Sn incorporation 

issues. These range from the use of low-cost gas precursors to the utilization of plasma-assisted 

technologies to engaging pressure-dependent strategies. This work also explored the low-

temperature capability of our chemical vapor deposition (CVD) machine, through the growth of 

Si on Ge before transitioning to a systematic pressure-dependent objective that aims to improve 

Sn incorporation at higher than already explored pressures (2-15 torrs). 

 
1.1.1 Band Structure of GeSn alloy 
 

Ge is an indirect bandgap material since the L-valley of conduction band (CB) minima is 

not only aligned with the highest curvature of the valence band (VB) but also the closest to it. α-

Sn, on the other hand is a semi-metal and manifests a negative bandgap material in its ‘cooled’ 

diamond structure state. While the conduction band minimum of Sn at the T-valley exhibits a 

negative bandgap of -0.41 eV characterized by its T-valley ‘sitting’ below the VB minima, the 

minima of indirect Ge T-valley is above the minima of the VB (~0.79 eV). The effect of the band 

character of Sn is easily observed in Ge band structure as it experiences a shrinkage in both the 

direct (Г-valley) and indirect (L-valley) components of its conduction band (CB) with the direct 

valley shrinking more rapidly than the direct L-valley band. Figure 1.4 shows that the band 

structures of the two elements. The direct bandgap character of the GeSn alloy is determined by 

the amount of Sn composition applied to a Ge matrix. The ability to change the bandgap by 

simply tuning the Sn composition has resulted in the today’s technological breakthrough for 

GeSn-based photonics and optoelectronics devices.  
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Figure 1.4. Band Structure of bulk Ge and α-Sn [27] 

 

The effect of the variation of the Sn composition on the direct and indirect bandgap 

character of the GeSn alloy is provided by the Vegard’s law expressions below:  

For direct bandgap: 

                              1( ) ( ) (1 ) (1 )g x x gSn gGe GeSnE Ge Sn E x E x b x x                    (Equation 1.1) 

For Indirect bandgap: 

                         1( ) ( ) (1 ) (1 )L L L L

g x x gSn gGe GeSnE Ge Sn E x E x b x x                          (Equation 1.2) 

where EΓ
gGe and EΓ

gSn and are direct bandgap energies of Ge and Sn respectively, with and EL
gGe 

and EL
gSn representing the indirect bandgap energies of Ge and Sn. The bowing parameters, 

bL
GeSn and bΓ

GeSn also represents the indirect and direct components of the parameters. The 

summarized values of all the parameters are shown in Table 1.1. 
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Table 1.1. Bandgap energies and bowing parameters for Ge, Sn and GeSn alloy. 

EΓ
gGe     (eV) EΓ

gSn (eV) EL
gGe (eV) EL

gSn (eV) bΓ
GeSn (eV) bL

GeSn (eV) 

0.79 -0.41 0.66 0.09 2.92 0.68 

 

1.1.2 SiGeSn Material System 
 

As previously discussed, the incorporation of group IV Sn element into Ge matrix (GeSn) 

and now SiGe alloys (SiGeSn) will result in direct bandgap materials. Clearly, GeSn and SiGeSn 

direct bandgap characters are achieved due when transitional amounts of Sn are incorporated. 

This transformative prowess of the Sn element is possible due to its unique optical property. For 

instance, the energy bandgap of Sn consists of overlapping conduction and valence bands 

exhibiting a zero-bandgap character at the Г valley position in momentum space [28]. A 

commonplace knowledge of Sn is that it morphs into white metallic form or the so-called β-Sn 

phase body-centered tetragonal crystal geometry at room temperature exhibiting a negative 

bandgap character (-0.41 eV bandgap). Upon cooling below 13.2oC, β-Sn affectedly undergoes a 

phase transformation to become a more stable diamond structure α-Sn (or gray Sn) with 

semiconducting properties [29]. The pioneering record of metastable Sn growth was achieved in 

1981 by a group of material scientists led by R.F.C Farrow [30]. In their work, molecular beam 

epitaxy (MBE) machine was used to realize near-lattice matched heteroepitaxial growth of α-Sn 

to CdTe and InSb substrates. Learnings from this work was then applied to Ge crystals by 

incorporating Sn into it since Ge and Hg-Cd-Te materials system possess similar material 

properties [25,26]. The impact of the Sn in the Ge matrix has been previously emphasized but 

now it is clear that the specific reason is due to the negative bandgap character of the Sn that 

makes for a direct bandgap GeSn material.    
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The expression for estimating the lattice constant of a bulk GeSn alloy material is represented 

below through Vegard’s law [31]: 

                                                     (1 ) (1 )GeSn Ge sna a x xa bx x                       (Equation 1.3) 

where the lattice constants of the Germanium and Tin are 5.657 and 6.489 Å respectively [32]. 

The parameter, b, is referred to as the bowing parameter (usually 0.066 Å) [33] and accounts for 

the deviation in the measured experimental values of the lattice constant and the Vegard’s law 

estimation. The deviation typically stems from the effect of the strain-induced deformation of the 

crystal structure. Estimated lattice mismatch values from the growth of GeSn-on-Si substrate is 

within the range of 4.48% to 19% while that of GeSn-on-Ge buffer is between 0.41% to 15%. 

The effect of GeSn-on-Si typically accelerates strain and defect occurrence more than GeSn-on-

Si growths. An additional growth that is yet mentioned is the prevalence of Sn surface 

segregation at high growth temperatures. This events limits/reduces Sn composition close to the 

sample’s interfacial regions while also giving rise to the formation of surface level droplets 

which are strongly inimical to device performance [32,34].  

The epitaxial deposition of (Si)GeSn alloys has been explored across variegated growth 

schemes and systems. For instance, a number of publications has demonstrated the practicality of 

these growths using magnetron sputtering techniques [35], molecular beam epitaxial approach 

[36–40] as well as the renowned chemical vapor deposition (CVD) method [41–46]. Although, 

the CVD products mentioned these references were deposited using higher hydrides precursors 

(SixH2x+2 and GexH2x+2) which are either expensive or are not compatible with industry-wide 

systems and use. While SnD4 (Stannane) and SnCl4 (Tin tetrachloride) are the most applied Sn 

precursors, SnCl4 is unique in the sense that it forms by-products of HCl upon reaction with Sn 
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and Ge precursors and also functions as an etching agent that etches Ge more rapidly than Si 

[47].  

The structural explanation for what happens when Sn is introduced into Ge is that strain 

is built up or introduced in the process. The strain deforms the periodic potential with a reduction 

in the energy separation between T and the L valleys as well as the splitting the heavy hole (HH) 

and the light hole (LH) in the valence band (VB). The direct effect of the introduced tensile 

strain is that it shortens the Г and the L valleys, but shrinks the Г valley faster to result in a direct 

GeSn bandgap material. The next question is what happens to the GeSn alloy when Si is 

introduced to it? Well, first things first, it becomes ternary SiGeSn material to result in a much-

separated conduction and valence band. Figure 1.4 below illustrates this behavior accordingly. 

An advantage of the formation of SiGeSn is that it improves the thermal stability of GeSn 

binaries making them suitable for high temperature applications without Sn segregation events 

[46]. The identified merits of growing SiGeSn alloys makes them apt for space photovoltaic 

applications [48]. Although the merits of these ternary materials apply appreciably, growing 

these materials presents a higher level of difficulty compared  to GeSn growths. SiGeSn alloys 

are grown at higher temperatures since Silane can only breakdown at far higher temperatures 

[48]. Sn also suffer immense stability issues in SiGe owing to large atomic size difference 

between Si and SiGe [49] 

 

1.1.3 GeSn Quantum Wells 
 

Efficient light emitting GeSn photonics devices can be realized through the structural 

optimization of current GeSn bulk materials or the introduction of advanced structures such as 

quantum wells. The latter is vastly adopted given their proven abilities to improve light emission 

efficiencies while increasing carrier and optical confinements. A number of designs have been 
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explored to create GeSn laser devices [20,50,51], but issues such as carrier leakage, relatively 

low emission efficiencies and device instability still persists opening up opportunities for future 

innovative solutions. As such, a fuller understanding of the SiGeSn material system is required 

solve this challenge. While there are still a lot of need gaps to the fill, the exploration of these 

novel material optimization design strategies was adopted to achieve significant progresses that 

created Type-I direct bandgap QWs structures.  

For instance, to create an all group IV QW structure, candidate barrier types were used. 

In one case, Ge was used as a barrier while GeSn and SiGeSn barriers were used in other cases. 

The adoption of Ge as barrier in a Ge/GeSn QW system has been vastly reported in previous 

studies [42,52–58]. Summarized versions of these body of work revealed that a direct bandgap 

material cannot be realized due to the large compressive strain in the QW well. The authors also 

proposed the use of GeSn as barriers to mitigate this challenge [59]. Interestingly, this strategy 

worked as it eased the compressive strain while also achieving a direct bandgap QW with Type I 

band-alignment. However, beyond a compositional alloy range the material fails giving rise to 

the suggestion of SiGeSn barrier.  

The introduction of the SiGeSn barrier opens up a wide range of possibilities since their 

lattice parameters and bandgaps can be engineered by tuning the Si and Sn compositions. 

Although, the SiGeSn/GeSn are slightly more stable than the previous design adoptions they still 

suffer from carrier leakage inefficiencies. To solve this challenge, an incremental design strategy 

was suggested to increase the thickness of the GeSn QW which significantly improved the PL 

emission [60]. To further improve PL emission and carrier confinement with reduced leakage, a 

separate confined heterostructure was suggested. The details of the last two strategies are 

presented in subsequent chapters of this dissertation.     
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1.2 Dissertation Organization 
 

This dissertation discusses the structural and optical properties of GeSn heterostructures. 

The chapters are organized in the order presented below: 

Chapter 2 discusses the growth and characterization techniques used in this dissertation. 

The unique capabilities of the ultra-high chemical vapor deposition (UHV-CVD) and reduced-

pressure chemical vapor deposition (RP-CVD) systems are also discussed. The underlying theory 

of the characterization methods as well as their working principles also covered. As part of the 

optical properties theme, Chapter 3 investigates the optical emission properties of SiGeSn/GeSn 

quantum well materials where the PL properties of thick and thin QW samples are compared. 

The introductory part of this work presents a thorough review of past literatures followed by a 

summarized version of the growth and structural characteristics of the samples. The optical 

properties are then analyzed using photoluminescence data from both 532 nm and 1550 nm 

excitation lasers. The chapter ends with the first-ever reported calculation of the quantum 

efficiency. The theory and experimental background of this portion of the work are also 

discussed accordingly. Following similar theme, Chapter 4 compares the PL emission of the QW 

samples in Chapter 4 to a newly grown separate confined heterostructure (SCH) quantum well 

samples under low power injections. The results were compared and analyzed.   

Chapter 5 attempts to provide insights into the behavior of annealed GeSn bulk samples 

near the transition point. The study attempts to provide connections between the strain, 

composition and defect densities before and after annealing. The impact of annealing on PL of 

samples with Sn compositions near the indirect to direct optical transition points were analyzed  

and discussed accordingly. In Chapter 6, an experimental account of the impact of QW 

intermixing on the PL emission of multiple quantum well (MQWs) samples are discussed. X-ray 
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diffraction (XRD), Secondary Ion Spectrometry (SIMS) and modeled defect density data were 

thoroughly analyzed for connections. Chapter 6 seems to provide some insights into why higher 

period QWs suffer from reduced PL intensities.  

Chapter 7 explores the low-temperature capability of our in-house ultra-high chemical 

vapor deposition (UHV-CVD) machine, through the growth of Si on Ge before transitioning to a 

systematic pressure-dependent objective that aims to improve Sn incorporation at higher than 

already explored pressures (2-15 Torrs). Finally, a summary of the dissertation as well as the 

future work strategies are presented.  
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Chapter 2: Growth techniques and characterization methods 
 

2.1 Introduction  
 

This chapter introduces the reader to the growth deposition and characterization 

technologies used in this dissertation. In appropriate order, the ultra-high chemical deposition 

(UHVCVD) and reduced pressure chemical deposition (RPCVD) machines were discussed with 

primary focus on their operational and componential uniqueness. The low-epitaxy Si and 

pressure-dependent GeSn growths are accomplished using our in-house UHVCVD system, while 

majority of the quantum well (QW) growths were carried out using by commercial RPCVD 

machines. Summarized overview of the respective of structural and optical characterization 

methods used are provided in subsequent sections where the underlying theoretical frameworks 

and working principles of each technique are explained accordingly.    

 
2.2 Ultra-high vacuum Chemical Vapor Deposition System (UHCVD) 
 

The later portion of this dissertation explores low temperature Group IV elemental and 

alloy thin films epitaxial deposition using a customized UHVCVD system developed at the 

University of Arkansas, Fayetteville. Unique system functionalities and operational procedures 

are designed to accommodate research exploration objectives such as is uncommon to traditional 

CVD assemblies. For research purposes, the state-of-the-art assembly design was adopted to 

study the growth mechanism of the group IV elemental and alloy deposition; and more 

specifically, provide in-situ and ex-situ accounts of the strain behavior, atomic ordering and 

stability dynamics while aiming for higher Sn incorporation that favors exceptional device 

performance. The unique capabilities of our UHCVD system are provided as follows: 
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i) Double-chambered stainless-steel enclosures: The connected stainless-steel system 

consists of a double-chambered load-lock and process system with sub-atmospheric 

pressure capacities in the order of 10-9 to 10-10 torrs. 

ii) Broad-range deposition pressure usage: With an extensive deposition pressure range 

it is possible to simulate growth realities in sub-atmospheric, atmospheric, reduced 

pressure conditions. 

iii) Diagnostics, Etching and plasma-enhanced technologies: These integrated 

components are generally responsible for the low-temperature epitaxial objectives 

and process chamber ‘hygiene’ procedures of the machine. Armed with a 

combination of RF and remote plasma sources, the plasma etching capability takes 

care of ensuring the system is cleaned and prepped for vacuum, while the RF plasma 

produces low plasma radicals to speed up the reaction dynamics.  

iv) Hotwire and atomic hydrogen technologies: This exclusive system functionality is 

one of the most prominent differentiators of this system since it engages tungsten-

assisted filaments to ease the hydrogen desorption process pre-epitaxy. The machine 

system can also generate atomic hydrogen from hydrogen gas through a catalytic 

activation process.  

v) Cold-wall requirement: With the cold-wall capability, the possibility of depositions 

clinging to the chamber walls are lowest, especially in situations when multiple 

elemental compositional variations are applied. 

vi) Rapid thermal annealing (In-situ): Strain-relaxed films and reduced-defect objectives 

are realized using an in-built annealing arrangement that connects to the machine’s 

substrate holder.  
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vii) Substrate Holder (Customized): Customized to fulfil the above annealing objective, 

the substrate holder design is also customizable to a plethora of substrate sizes. 

viii) Sample Probe (Customized): In-situ reactive radical monitoring is possible with the 

customized mass-spectrometry enabled-sampling probe.     

ix) Adaptable precursor gas delivery system: The system consists of a unique gas mixing 

system that customize to SnD4 and SnCl4 precursor gases. Precise and extended 

dilution ratios are achieved using technologies that allows for controlled gas flow 

rates and gas phase monitoring. 

Figures 2.1 and 2.2 shows the UHVCVD system schematics, the image of the machine, and the 

gas mixing system. Other system components such as the gas reactor columns and pumps are 

shown. The pictures are taken in the current working states of the CVD assembly. The next section 

discusses the merits and capabilities of the RP-CVD system. 

 

Figure 2.1. Pictorial representation of the UHV-CVD system [61] 
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Figure 2.2. (a) Pictorial representation of the UHV-CVD system [61], (b) Gas delivery and 

mixing schematics. 

 

2.3 Reduced-pressure chemical vapor deposition (RP-CVD) system  
 

Healthy and productive collaboration between academia and industry is essential for the 

fast-paced development and adoption of potentially disruptive technologies. In this vein, our 

research group has joined effort with an industry leader in CVD growths to bring to fruition 

GeSn-based optoelectronics and photonics systems. Part of this efforts is our collaboration with 

ASM America Inc., Phoenix, AZ to deliver GeSn and SiGeSn bulk and QW growths. 

Figure 2.3 shows the image of a single-wafer RP-CVD system. GeSn/Ge/Si Bulk and 

SiGeSn/GeSn QW structures grown using this system are accomplished using ASM’s Epsilon® 

2000 Plus reactor system. Like the UHV-CVD system, the Epsilon-model RP-CVD has unique 

components that makes it suitable for thin film heterostructure growths. The system is a load-

locked reactor system that allows for the horizontal flow of precursor gases in a cold-walled 

quartz chamber that consists of a lamp-heated silicon carbide (SiC) graphite susceptor [62]. The 

next section discusses all characterization techniques used in this work. 
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Figure 2.3. ASM’s Epsilon® 2000 Plus reduced-pressure CVD assembly. 

 

2.4 Thin Film Characterization 

 

2.4.1 Ellipsometry 
 

The ellipsometry characterization technique employs the use of an ellipsometer to 

measure nano-scale thicknesses of a grown thin film sample. As a first procedure in the entire 

growth process, GeSn materials grown in either UHVCVD or RP-CVD machine are passed on to 

the ellipsometry machine for a quantitative measure of the sample’s thickness and or the Sn 

composition. The technique bases off a simple principle where light impinged on a film 

experiences a change in polarization usually in the form of intensity and phase. This implies that 

two light waves in phase will experience a change of polarization when they impinge a thin film 

material. This polarization change is typically expressed in circularly (circular polarization) or 

elliptically (elliptical polarization) forms. The ellipsometry process occurs in two disparate yet 

connected stages. The first is the polarized light emission stage involving the polarizer and light 

source of a particular polarization while the second stage handles detection events through an 
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analyzer and a detector. Imaginatively, this can be thought as having a sample (film) in the 

middle of a light source and a detector, such that light incident on a sample is reflected and 

undergoes a polarization change as result of its interaction with the sample. The analyzer on the 

other side of divide is set to a continuous rotational motion that allows for light of different 

polarizations to be sensed and processed by the detector. The measured polarization changes are 

recorded as angular measurements of Ψ (Psi) and Δ (Delta). Values of these angular 

measurements are then modeled using a combination of material model parameters and 

regression analysis. Models are easily built for standard materials with parameters in the 

ellipsometer’s database while materials like GeSn that are yet to have their database 

updated/stored would usually require the development of a new model. Estimated GeSn models 

used in this research uses Ge as the base material. To create an acceptable model, measured 

GeSn ellipsometry data are deftly fitted by moving/reducing the bandgap to lower energy until 

an approximate model is realized. Although errors due to the inaccurate optical constants are 

introduced in the process, but are ignored since they are idealized to be very small. For this work, 

a variable-angle ellipsometry system (J.A. Wollam’s WVASE32 model) was used to carry out 

needed measurements.  

 
2.4.2 Raman Spectroscopy 
 

Analyzed Raman scattered lights provide information about the composition, crystallinity 

and strain of a thin film material. This method explores the low energy interactions that occur 

when light is inelastically scattered off atoms and molecules in a thin film material. Low energy 

interactions manifest in rotational and vibrational modes, and since vibrational energies are 

uniquely tied to the chemical bonding state of a material, they can be used to identify materials.     

In this method, monochrome lights incident on a material are scattered off as splits of elastic and 
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inelastic scattered photons which are then later collected. While the inelastically scattered light 

responsible for providing information about the low interaction energy interactions (Raman 

scattered lights) are preserved, the elastically scattered lights (Rayleigh scattered lights) are 

eliminated using a special type of notch filter. Collected scattered photons often experience a 

shift as a result of the vibrational and rotational energies created  through their interactions. This 

photon energy shifts are known as Stokes or anti-Stokes shifting. Figure 2.5 below shows the 

schematics of our in-house Raman system. This system consists of an assemblage of lens, 

grating-based spectrometer, a Liquid Nitrogen (LN2) charged coupled device (CCD) camera that 

can also be replaced by photomultiplier tube (PMT) detector in the event of a vacuum 

degradation. Additionally, the system uses a 532 nm and a 632 nm laser source to illuminate 

target samples. Typical shifts observed for Si, Ge and α-Sn are 520 cm-1, 300 cm-1 and 210 cm-1 

respectively. Implying the characteristic shift observed for GeSn materials should be between 

210 cm-1 and 300 cm-1.  

 

 

Figure 2.4. Schematics of in-house built Raman system. 
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2.4.3 Photoluminescence  

 

This method typically investigates the bandgap character of semiconductor thin film 

materials. As an optical characterization of note, photoluminescence (PL) involves the process of 

light emission from a target sample after it has undergone photon absorption. Following the 

interaction of photons with electrons in the probed materials, electrons are excited to higher 

energy level, thereby creating an electron-hole pair that radiatively recombine to reproduce a 

photon energy that equates the probed sample’s bandgap. In addition to providing the bandgap 

information, optical properties such as the recombination processes, carrier lifetimes and a 

myriad of semiconductor material properties can be measured as well.  

All PL measurements obtained in this dissertation were carried out using an in-house PL 

multifunctional set up that integrates six (6) different excitation pumping lasers namely: i) the 

532 nm continuous wavelength (CW) laser, ii) 1064 nm pulsed laser, iii) 1550 nm CW laser, iv) 

2000 nm CW lase v) 780 nm Ti-sapphire femtosecond laser (pulsed) and the vi) Nd: YAG laser. 

The setup also consists of the Horiba grating-based spectrometer (iHR320) that is easily attached 

to three (3) detectors of different wavelength capabilities – PbS (3 μm cut-off), InSb (> 3 μm cut-

off) and InGaAs (2.3 μm cut-off) detectors. Although the system is primarily used for off-axis 

PL collections at room and low temperatures, other adjoining sub-systems such as the micro-PL 

and the optical pumping set ups are also used per need basis. As far as this work is work in 

concerned, only the 532 nm, 1064 nm and the 1550 nm laser were used. A generalized depiction 

of the PL set up shown in Figure 2.5 below. 
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Figure 2.5. A generalized depiction of the PL set up consisting of different excitation pumping 

sources. 

 

2.4.4 X-ray diffraction 

 

X-ray diffraction (XRD) is regarded as a non-invasive characterization technique that 

measures the lattice constant, composition, strain and the overall material quality of a 

semiconductor film. Early in 1913, William Henry Bragg described the internal architecture of a 

material by exploiting its most important structural character - the spacing between the atomic 

arrangements [63]. The XRD technique works by applying high voltages to two electrodes. This 

prompts a sea of electrons to accelerate from an x-ray source towards a sample target and also 

opens up the possibility of two reactional pathways before x-rays are generated. These are: i) the 

possibility electrons being decelerated by the atoms in sample (bremsstrahlung radiation) and, ii) 

the likely excitation of the atoms in the sample due to collisional interactions between the ‘sea’ 

of electrons and the atoms in the sample (collision radiation). The combination of these two 

occurrences are responsible for the generation of x-rays. Using Bragg’s relation, it is possible to 
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determine the distance between the atomic planes of a crystal structure. Consider a beam of x-ray 

incident on an atomic crystal of lattice spacing, d, the Bragg’s condition relates its wavelength, λ, 

to the angle of diffraction θ through the equation below: 

                                                         2 sinn d =                                                      (Equation 2.1) 

 where n also represents the order of diffraction. Two interaction pathways depicting 

symmetrical and asymmetrical measurement geometries are shown in Figure 2.6 below. In the 

former case (Figure 2.6 (a)), the incident angle (ωi) is kept constant while the 2θ angle varies 

across the planes. It is also noteworthy to mention that the incident angle (ω i) equals the 

diffraction angle (ωd) in this case which is also referred to as the rocking curve method. As for 

the latter case (asymmetrical), all the three parameters are varied accordingly, i.e., 2θ, ω i and  ωd. 

This is realization is aptly depicted in Figure 2.6 (b). The asymmetrical measurement approach 

results in the two-dimensional XRD scan of a semiconductor film structure and refers to a 

process called the reciprocal space mapping (RSM). Compared to XRD rocking curve scans 

(along the 004 direction), reciprocal space maps the information extracted from reciprocal space 

maps are much more detailed. This is due the possibility of decoupling of the lateral correlation 

and the mosaic spread direction, which is usually along the 2̅2̅4 direction[64]. 

 

 

Figure 2.6. Schematics of two X-ray diffraction approach (a) symmetrical geometry (b) 

asymmetrical geometry. 
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In addition to the wealth of details that can be obtained using the asymmetric 

measurement approach, specific information about the misfit and threading dislocation densities 

can also be extracted when integrated with existing modelling functions. As already established, 

epitaxial GeSn growths are sustained by compressive strain that originates from the 15% lattice 

mismatch between Germanium (Ge) and alpha-Tin (α-Sn). The relief of this compressive strain 

is hinged on a specific critical thickness that causes strain relaxation. This strain relaxation event 

is perhaps accompanied by the generation of threading and misfit dislocation (TDs and MDs) 

that provoke displacement fields that alter the distribution of scattered x-ray intensity. Note that 

scattering events from a strain-relaxed are different from that of a non-defective ideal crystal[65].    

The theoretical framework for estimating the x-ray scattering intensity of a significantly 

defective crystal is based on the generalized kinematic theory for scattered x-rays. The theory 

heavily leans on considerations for misfit dislocations, and as such, contributions from threading 

defects were intentional omitted in the calculations[66]. Therefore, the intensity of scattered x-

rays emanating from a densely-defected epilayer-substrate interface is given as follows [67], 

                          ( ) 1

0 0

0

1
, exp ( ) ( )

4ˆdet

h

x z ij i j

dz
I q q w q q q q

w
 − 

= − − − 
 

               (Equation 2.2) 

 here, 0q Q Q= −  represents the difference between the scattering vector, Q , and the reciprocal 

lattice vector, 0Q , h is the thickness of the epilayer while ŵ is a symmetric matrix consisting of 

ijw number of elements with , ,i j x z= . The diffraction peak shifts due to the presence of the 

MDs are 0xq and 0zq respectively. These are expressed below as,  

                                                                     0x x xq Q b=                                        (Equation 2.3)  

                                                             0

2

1

c

z z x zq Q b q





= − +
−
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here,  is the defect density of the MDs,  is the Poisson ratio, 
xb is the burger vector along the 

x-axis, ( )0

1

1

c

z zq Q f z




+
=

−
is the diffraction peak shift due to the composition of the alloy, where 

( )f z  represents the lattice mismatch parameter. The reciprocal space elements, ijw , is 

responsible for defining geometry of the diffuse scattering are expressed below according to 

Kaganer et al. [67]  
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here, the displacements, ij i ju u x=   are due to the presence of MDs as expressed in Appendix 

B of Kaganer et. al. [67]. The theoretical narrative for x-rays scattering in a multilayered and 

heterogeneous systems are not exactly similar as expressed in reference [68]. Of course, in this 

case, MDs are present along all the interfaces based on the number of layers. Correspondingly, 

MDs inputs from all the layers are factored into the expressions of q and w  that introduces a new 

function, H , known as the Heaviside function. The expressions are as follows: 

                                                       ( ) ( )0x x x k k

k

q z Q b H d z= −                                   (Equation 2.8)  
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In the above expressions, parameter k  is the number of identified interfaces, 
k is the MDs 

density at the kth interface and 
kd is the kth  layer thickness. The layers above and below the kth

interface are represented by the parameters ( )k

ijw z  and ( )k

ijw z .  

           The samples used in this dissertation were characterized using a Phillips (Malvern, UK 

www.malvernpanalytical.com) X'pert Pro x-ray diffractometer (XRD). The crystalline material, 

as well as the in-plane (a) and out-of-plane (a) lattice constants, were obtained by measuring the 

symmetric (004) rocking curves and asymmetric 2̅2̅4  reciprocal space mapping (RSM).  

 

2.4.5 Transmission Electron Microscopy (TEM) 
 

This technique was developed to generate semiconductor images using the physics of 

electrons diffraction. The process entails the interaction of high beam electrons (>200 keV) with 

a thin semiconductor surface (<100 nm) thereby resulting in a resolved image of its target layers. 

Fundamentally, the transmission electron microscopes function the same way as conventional 

optical microscopes, the difference seems to be the difference in the system sizes, the probe 

source (light vs electron) and type of lens (quartz vs electromagnetic) required for the source 

probe to traverse. While the optical microscope can be utilized in ambient settings, the TEM only 

finds use in ultrahigh vacuum (UHV) environments. Before subjecting a thin film material to 

high electron beam bombardment, the film is made to undergo a sample preparation process that 

involves sample dicing and gluing procedure, where two 2.5 x 5 square-inch samples are cleaved 

apart and glued together. The glued material is then passed through a mechanical thinning 

system to be thoroughly polished to an approximate thickness of nearly 30-micron. Polished 

specimens are ion-milled until a hole is drilled in the middle with the resulting product sent 
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through the TEM assembly for imaging. The TEM used in this work is the standardized FEI 

Titan TEM assembly located in the Institute of Nanoscience and Engineering building at the 

University of Arkansas, Fayetteville. 

 

2.4.6 Atomic Force Microscopy (AFM) 
 

Since the mid-1980s, the introduction of suitable instrumentation for various types of 

scanning probe microscopy ushered in an entire new era of understanding in the area of material 

surface technology[69,70]. Of particular interest is the development of the Atomic Force 

Microscopy (AFM) technique by Binning et al., in 1987 [71]. This technique routinely examines 

the topography of surfaces down to the nanoscale level. This is based on the force interaction 

between the surface of the sample and a cantilever-supported probing tip. During measurement, 

the cantilever bends following the interaction between the tip and the sample surface. This 

interaction is then sensed by a photodetector and a laser diode. The schematic representation of 

the major parts of the AFM assembly is presented below in Figure 2.7.  

 

 

Figure 2.7 Schematic representation of the AFM setup. Modified after Rajagopal [72] 

 



29 
 

This research utilized a standard Nanoscope IIIa scanning probe microscope (Dimension 

3000) engaged in tapping mode status to conduct AFM measurements. To estimate the surface 

roughness of a semiconductor film, a silicon cantilever tip of nearly 10 nm in diameter is 

positioned to make contact with the film surface by taking an average of 512 measurements (in 

one direction) over a 10 μm x 10 μm unit area of a probe point. 
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Chapter 3: Investigation of SiGeSn/GeSn Single Quantum Well with Enhanced Well Emission 

 

3.1 Introduction 

    

SiGeSn/GeSn material systems have increasingly gained traction in the optoelectronics 

space in recent times. While these binary and ternary group IV alloy variants have 

characteristically featured compatibility to standardized Si complementary metal oxide 

semiconductor processes [49,73,74], they also possess the ease of tunability from indirect to 

direct bandgap transition [75–77], in addition to covering an extensive broad wavelength through 

the near- to midinfrared. These unique possibilities have continued to inspire the development of 

SiGeSn-based nanophotonics and optoelectronics devices such as emitters [56,78,79], lasers 

[11,20,80,81], modulators and photodetectors [82] to mention a few [83,84].   

The practical realization of a true direct bandgap GeSn has been made possible leading to 

variegated novelties in GeSn-based double heterostructure and QW LEDs as well as the first-

demonstrated optically-pumped GeSn lasers[9,85]. Advances in laser development has also 

featured considerable performance improvements. These include: i) the achievement of 

continuous wavelength at low temperature up to 70 K [19]; ii) 2-3 μm lasing spectrum coverage 

with tunable emission wavelength[20] iii) the operational lasing temperature near room 

temperature (RT) under pulse pumping conditions [21,22], and more recently; iv) the discovery 

and demonstration of the first electrically injected edge emitting laser operating at lasing 

temperature of up to 100 K [23]. While these breakthroughs are established via GeSn bulk 

structures, QW structures are desired for improved performance with promise to manifest low 

threshold and high carrier confinement lasers and LEDs [59,86–92]. The initial realization of this 

pursuit led to the investigation of Ge/GeSn/Ge QW structures. However, detailed analysis 
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revealed that using Ge as a barrier in GeSn QW result in a type-II band alignment whilst 

featuring a direct bandgap well character that owes to increased compressive strain in the QW 

layer [59,86,87]. To circumvent these limitations, SiGeSn barrier layers were suggested as 

alternative material to ease the compressive strain leading to bandgap directness and improved 

confinement within the well [89,92]. This is achieved by appropriately tuning the bandgap and 

lattice constant through the incorporation of desired Si an Sn amounts into the Ge matrix. The 

growth of high-quality ternary SiGeSn alloy layers has been demonstrated using low-temperature 

growth strategy[93,94]. Recently, our previous study has investigated the PL characteristic and 

associated optical transitions in a relatively thin well (9-nm) GeSn/SiGeSn/GeSn structure 

although type-I band alignment and direct bandgap QW was obtained, the carrier confinement 

was still low. Accordingly, an optimized QW structure with a relatively thicker QW well layer is 

suggested for much-improved carrier confinement. 

To improve the carrier confinement in direct type-I bandgap SiGeSn/GeSn QW structures 

further increasing the thickness of the GeSn active layer region upended to enhance light 

absorption while also lowering the first energy level in the T-valley is a feasible solution towards 

an optimized direct bandgap semiconductor. In this work, temperature and power dependent PL 

measurements of a thicker SiGeSn/GeSn QW were obtained, analyzed and compared with a 

sample (22-nm) with similar QW structural configuration but relatively thinner active region (9-

nm). For in-depth analysis, two continuous wavelength (CW) pumping lasers (532-nm vs. 1550-

nm) with different penetration depths were utilized to further investigate the emission and optical 

characteristics of the thicker well sample. Temperature dependent PL spectra obtained under 

532-nm pumping laser for the thicker well sample show a significantly improved carrier 

confinement as evidenced by the stronger integrated intensity compared to sample B. This 
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thicker well optimized QW design is further validated by the pumping power-dependent PL 

spectra which exhibits stronger (more than 2-times) peak intensities under each pumping laser.  

As a result, significantly enhanced emission from the quantum well was observed. The strong 

photoluminescence signal allows for the estimation of quantum efficiency (QE), which was 

unattainable in previous studies. Based on pumping-power-dependent photoluminescence spectra 

at 20 K, the peak spontaneous quantum efficiency (SQE) and external quantum efficiency (EQE) 

were measured as 37.9% and 1.45%, respectively. 

 

3.2 Experimental Approach 

 

3.2.1 Material Growth and Characterization  

 

A SiGeSn/GeSn QW structure (Sample A) was epitaxially deposited on a Ge-GeSn 

buffered Si substrate using a conventional industry-standard ASM Epsilon 2000-Plus reduced 

pressure chemical vapor deposition (RPCVD) growth machine. Similar to our previous 

works[95], Silane (SiH4), Germane (GeH4) and Tin Tetrachloride (SnCl4) reactor gases were 

utilized as dominant precursors of Si, Ge and Sn respectively. The layer-by-layer structural 

configuration features a nominal 700-nm grown Ge buffer, a 600-nm thick Ge0.915Sn0.085 buffer 

and a Ge0.915Sn0.085 well region bounded on opposite sides by a 70-nm thick Si0.047Ge0.890Sn0.063 

bottom barrier and a 64-nm-thick Si0.050Ge0.886Sn0.064 top barrier (See Figure 3.1 for sample’s 

structural profile). An in-depth explanation of our growth approach is presented in selected 

publications.[24,95]  Following the growth procedure, the samples were subjected to an array of 

characterization techniques such as the cross-sectional transmission electron microscopy, high-

resolution X-ray diffraction and Secondary Ion Spectrometry (SIMS) to inspect and analyze the 

film thicknesses and the silicon (Si) and tin (Sn) percentage compositions. XRD reciprocal space 
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maps (RSM) was also used to measure the strain within each layer.  Figure 3.1 (b) & (c) shows 

the TEM cross-sectional profile of our study (shown for Sample A alone).  

 

 
Figure 3.1. Cross-sectional representation of the QW sample (not drawn to scale) (b) TEM image 

of the sample showing the entire structure (c) Embossed TEM image of the QW active region. 

 

Respective film layers are clearly resolved featuring low defect populations that owes to 

an optimized Ge-buffer growth that localizes defects within the Ge-Si interface while preventing 

possible threading dislocations from propagating through the QW active regions. 

 

 
Figure 3.2. (a) SIMS profile of the QW sample showing respective Si and Sn compositions. 
Respective layered-film thicknesses can also be inferred from this plot. (b) High-resolution X-ray 

diffraction (HRXRD) 2θ-Ω scan showing clearly-resolved peaks corresponding to each layer. 
Black and red curves represent the experimental and simulated results. The inset figure shows the 

RSM contour plot.  
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Figure 3.2 (a) shows the SIMS profile of the QW sample showing the percentage 

compositions of the Si and Sn within each layer. As seen in the figure, each distinct discontinuity 

corresponds to respective layers starting with SiGeSn top barrier from the left to the GeSn QW, 

the SiGeSn bottom barrier and to the far right GeSn buffer. In the same order, the respective Sn 

percentage compositions are 6.4%, 13.5%, 6.5% and 8.5%, while the Si compositions in SiGeSn 

bottom and top barriers are 4.7% and 5.0%.  

Due to the comparative objective of this study, a relatively thinner well sample (denoted 

as sample B) grown using similar growth strategy is used as reference sample. Sample B is 

characterized by a thinner 9-nm GeSn well and bounded by a 54-nm-thick Si0.042Ge0.892Sn0.066 

top barrier and a 54-nm-thick Si0.036Ge0.897Sn0.067 bottom barrier. Sample B is presented to 

systematically analyze and compare the QW optical property of our study sample (Sample A). 

Thicknesses of the GeSn wells (for Samples A & B) can be obtained from through a Gaussian fit 

from the full width at half maximum (FWHM) of the assigned SIMS peak. This is then 

compared and verified with the extracted results of the TEM profile. The extracted value of 

thickness for sample A is 22-nm while that of Sample B is 9-nm – About twice the thickness of 

Sample B. Figure 3.2 (a) shows the HRXRD 2θ-ω scans of the study sample (Sample A) with 

black and red lines depicting both experimental and simulated results. The curves show distinct 

and well-resolved peaks assigned to the Ge buffer, GeSn buffer, SiGeSn barrier and the GeSn 

QW. The peaks corresponding to the elemental and alloy presence are 66.1o, 64.8o, 65.4o and 

63.8o respectively. The 2θ-ω angular assignment of the GeSn well, GeSn buffer and SiGeSn 

barrier is due to the incorporation of Sn (Si) to Ge which shifts both peaks to lower (higher) 

angles. As mentioned above, the extracted thicknesses of the respective layers from the 

simulated data are matched with both the SIMS profile and TEM results to ensure accuracy. 
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Notice two subtly-pronounce peaks (around 65.4o) on opposite sides on the identified SiGeSn 

barrier peaks. These are called Pendellösung fringes [96] as they are often an indication of 

material growth quality especially with regards to the uniformity of the alloy compositions and 

smoothness of the interface. To quantify the structural parameters, theoretical derivations of 

Vegard’s law was employed to infer the lattice constant of the respective layers [97–99]. To infer 

the complete strain information for these sample, an X-ray diffraction RSM measurement was 

carried out to extract the appropriate values within each layer. The results identifies both Ge and 

GeSn buffer layers to be almost fully relaxed with tensile (Ge) and compressive (GeSn) residual 

strains of 0.2%.  On the other hand, the SiGeSn layers (barriers) and GeSn wells are subjected to 

compressive and tensile strain of 0.25% and 0.98% respectively. This is due to the fact that these 

epilayers are grown pseudomorphically to the GeSn buffer layer. In addition to the revelations on 

the material’s structure, an observed SiGeSn contour broadening is noticed on the RSM plot. 

This hypothesized to be due to the slight disparity in Si and Sn compositions reported for the 

bottom and top barriers. 

        

Table 3.1 Structural information of the QW study samples 

Sample  Layer  
Thickness 

(nm) 
Si 

(%) 
Sn 
(%) 

Strain (%) 

A 

Ge Buffer 700 0 0 0.20 

GeSn Buffer  600 0 8.6 -0.20 

SiGeSn Bottom 
Barrier 

78 4.2 6.6 0.28 

GeSn Quantum Well 9 0 13 -0.92 

SiGeSn Top Barrier 54 3.6 6.7 0.28 

B (Ref.) 

Ge Buffer 700 0 0 0.20 

GeSn Buffer  600 0 8.5 -0.20 

SiGeSn Bottom 

Barrier 
70 4.7 6.3 0.25 

GeSn Quantum Well 22 0 13.5 -0.98 

SiGeSn Top Barrier 64 5.0 6.4 0.25 
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 * Negative value indicates the compress strain. 
 

A summary of the material characterization extracts for samples A and B (reference 

sample) are reported in Table 3.1 below.  

Notice that besides the similarities in the thicknesses and Si and Sn compositions in the 

barrier and buffer layers, sample A differs significantly from sample B in its GeSn well thickness 

value (22-nm vs, 9-nm) 

 
3.2.2 Photoluminescence Studies  

 

Figure 3.3 (a) shows the normalized and stacked PL temperature measurement of sample 

A using a continuous-wave (CW) 532-nm pumping laser.  

 

Figure 3.3. (a) Normalized temperature-dependent PL of sample A under 532 nm pumping laser 

(linear) (b) log-scale version of same. Dashed arrow indicates the shift in peaks as the 

temperature decreases from 300K to 20K. 

 

The plot is presented in stacked and normalized format for easier identification of possible 

transition while comparing the evolution such transitions at different temperatures.  
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For instance, at room temperature (300 K), the PL spectra is observed to show a 

broadened peak from 2100 to 2500 nm, as defined and labeled by peak ②. Based on 

ellipsometry data, it is noteworthy to mention that the estimated penetration depth of the 532 nm 

laser through the SiGeSn structural layer is approximately 21 nm. This implies that majority of 

the light absorption would occur at the SiGeSn top barrier. As a result, the identified broadened 

peak at 300 K is hypothesized to be due to possible multiple transitions involving the SiGeSn top 

barrier. These transitions consist of: i) emissions from the SiGeSn top barrier typed to transitions 

from L valley to the heavy hole (HH) and the light hole (LH) band, and ii) first energy levels 

within the Г and L valleys to HH and LH bands in the SiGeSn barrier. Note that PL transitions 

from the LH band is found to be more predominant at 300 K. This is due to the fact that more 

holes are likely to populate the LH band faster since it is approximately 30 meV above the HH 

band within the SiGeSn barrier.  

Following a decrease in temperature, two distinct PL spectra are observed at 250 K. The 

first (left spectra) identifies and retains the character of peak ② at 300 K but now less broad and 

shifted to shorter wavelength following an expected increase in bandgap energies. The second 

spectra (right spectra) emerge as a longer wavelength peak at 2530 nm and based on band 

diagram calculation, is assigned to emissions from the GeSn well. This peak is labeled as peak 

①. Note that it is difficult to resolve emissions from the GeSn QW layer at 300 K. This is partly 

due to the limitation of the 532 nm laser in penetrating the GeSn QW layer which causes light 

absorption to be limited to the SiGeSn barrier while also resulting in weak absorption from the 

well. The second reason also owes to the weak carrier confinement resulting in the possible 

thermal excitation and recombination of carriers in the QW to the SiGeSn barrier. A further 

reduction in PL measurement temperature to 250 K results in an enhanced, higher intensity PL 
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expression in the GeSn QW (Peak ①). This is a testament to the increased carrier confinement 

within the well at lower temperatures. This low-temperature character is strengthened as 

temperature further reduced. For instance, the intensity of the QW peak at 20 K is about a 

thousand (1000) times greater than same peak at room temperature (300 K). Peak ② on the 

other hand shows non-obvious trend below 150 K. The intensity is almost dwarfed to the 

background due the dramatic increase in the intensity of the QW emissions as temperature 

further reduces.  

For a detailed interpretation of the transition properties, the temperature-dependent PL of 

Figure 3.3 (a) is re-plotted as Figure 3.3 (b) in log-scale. Peak ① is seen to manifest an increase 

in intensity at considerably high temperature above 150 K. While this trend is somewhat limited 

to higher temperatures for peak ①, peak ② on the other hand presents a more global intensity 

improvement growing significantly as the temperature decreases.  The growth of new set of 

peaks are noticed below 77 K and characterized to a well-resolved peak of about 2130 nm. These 

new peaks are labelled as peak ③ and are attributed to transitions between the QW Г valley’s 

first energy level and the LH band in the SiGeSn top barrier. The emergence of these peaks is 

due to the improved carrier confinement at lower temperatures. At these low temperatures, 

electrons are better confined within the Г valley of QW layer while holes are also as much 

confined to the LH band of the SiGeSn top barrier layer due to a significantly high hole 

population. As a result, transitions of these types are further enhanced.  

Figure 3.4 (c) shows the normalized and stacked PL temperature measurement of sample A using 

a continuous-wave (CW) 1550 nm pumping laser. Note that the PL spectra at 300 K shows similar 

character as that observed using the 532 nm pumping laser.  
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Figure 3.4. (a) Normalized temperature-dependent PL of sample A under 1550 nm pumping laser 
(linear) (b) log-scale version of same. Dashed arrow indicates the shift in peaks as the 

temperature decreases from 300K to 20K. 

 

Since the 1550 nm laser operates at a relatively higher penetration depth, transitions 

assigned to the identified broad peak between 2100 nm and 2500 nm attributes to: i) possible 

emissions from both top and bottom SiGeSn barriers and ii) transitions between the QW 

conduction band (CB) and the valence band (VB) of the SiGeSn top and bottom barriers. These 

transitions are labelled as peak ②.  At 250 K, we observe two PL spectra characterized by two 

noticeable peaks; the first peak (to the right) is noted as an extended evolution of the broadened 

peak identified as peak ② at 300 K, while the second (to the left) is a new and longer 

wavelength PL peak (peak ①) at nearly 2530 nm. This peak is assigned to emissions emanating 

from the GeSn well and further labeled as peak ①. This peak is characterized to a significant 

increase in intensity as the temperature decrease from 300 K to 20 K. On the other hand, it also 



40 
 

observed that both peaks ① and ② shift to lower/shorter wavelengths following temperature 

reduces from 300 K to 150 K. An additional peak is seen to emerge at 100 K. This peak differs 

significantly from peak 2 in that it is relatively stronger and is expressed as a shorter wavelength 

at ~ 2180 nm. Compared to peak 2, the intensity of this peak increases significantly as the 

temperature decreases while also growing at comparable rates as the QW peak (peak ①). This 

peak is assigned to as peak ④ and attributes based on band calculation to a direct bandgap 

emission from the GeSn buffer layer.  

It is noteworthy to point out that the GeSn buffer emission observed in Figure 3.4 (a) is 

significantly stronger than the QW emission at 20 K. This is due to the possibility that carrier 

confinement is stronger at 20 K compared to emissions from the QW. The reverse is also holds 

true at higher temperatures, where relatively weak carrier confinements are observed in the GeSn 

buffer compared to stronger emissions in the QW layer. A trend is observed such that as the 

temperature decreases, the growth rate of the GeSn optical emission begins to rise to the point 

where it matches the QW emission and then later surpass it at 20 K. The comparatively high 

optical emission at 20 K could also be due to the thicker GeSn buffer (600-nm) which may favor 

the collective light absorption process.  

For a clearer identification of the peaks, Figure 3.4 (b) is presented in log scale. Notice 

that the QW emissions increase significantly by approximately 300 times as the temperature 

decreases from 250 K to 20 K while emissions involving SiGeSn barriers grows slowly from 300 

K to 150 K. The emergence of GeSn buffer emissions is also treated to a significant increase of 

about 100 times from 100 K to 20 K. 
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Figure 3.5. Peak wavelengths of samples A and B at each temperature for 532-nm and 1550-nm 

lasers  

 

Figure 3.5 shows the peak wavelength positions of samples A and B extracted for each 

temperature using a Gaussian fitting procedure. Extracted peaks for both QW and buffer 

emissions show similar trends for both 532-nm and 1550-nm pumping lasers at each temperature 

of investigation. The diminutive difference in positions of the peaks for both lasers is possibly 

due to standard deviation errors. Note that the GeSn QW Sn composition of sample A is about 

0.5 % higher than sample B, (Table 3.1 shows the detailed structural information) however, the 

QW emission wavelength is about 100-nm longer in sample A as shown in Fig. 3.4. This is 

attributed to the thickness of sample A which slightly doubles the thickness of sample B (22-nm 

vs. 9-nm).  

The effect of which eases the compressive strain, and then extend the QW optical 

emission to about 2500-nm. The peak wavelengths of the GeSn buffer were also inspected since 

both samples have similar Sn compositions. As seen in the above plot, both samples show 

similar trend at each temperature for both 532-nm and 1550-nm lasers.   
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Figure 3.6 (a) shows the power-dependent PL measurement of sample A under 532-nm 

pumping laser at 20 K.  

 

 
Figure 3.6. Power-dependent PL of sample A under 532-nm laser at (a) 20 K and (b) 200 K 

 

The experiment was carried out using the same PL set-up configuration and measured at 

a constant temperature with the pumping power varied to further investigate the QW transition. 

As the pumping power increases, the longer wavelength peaks are blue-shifted which appearing 

as evidence for the band-filling effect [92] typically attributed to emissions originating from the 

QW. This shift is not observed for shorter wavelength peaks which based on observation, derives 

its origin from the conduction band (CB) in the GeSn QW and the light-hole (LH) band in the 

SiGeSn top barrier.  

Figure 3.6 (b) shows the power-dependent PL measurement of sample A under 532-nm 

pumping laser at a 200 K where the emission from the QW is the more dominant PL. At this 

temperature, an increase in pumping power creates the possibility for electrons in the higher 



43 
 

energy levels in the GeSn QW to be thermally excited to the L valley in the SiGeSn barrier. As a 

result, majority of QW well emissions are attributed to transitions between the first energy level 

in the QW and the HH band which explains why there are no blue-peak shifts in the PL at shorter 

wavelengths. Furthermore, the broadened peaks in Figure 3.5(b) are associated with multiple 

optical transitions in the PL and feature as: i) transitions between the L valley and the HH bands 

which exists in the GeSn QW, and, ii) transitions between the GeSn QW conduction band and 

SiGeSn top barrier valence band as well as emissions from the SiGeSn top barriers which is 

associated with the shorter wavelength peaks. These transitions are difficult to identify due to the 

broad nature of the linewidth as well as the small energy separation.   

 

 
Figure 3.7. (a) Power-dependent PL of sample A under 532-nm laser at (a) 20 K and (b) 200 K 
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Figure 3.7 (a) shows the power-dependent PL measurement of sample A under 1550-nm 

pumping laser at 20 K. The QW peak shows pronounced spectral blue-shift upon pumping power 

increments which is characteristic of the earlier mentioned band-filling effect. As expected, the 

shorter wavelength peaks identified as, and originating from the GeSn buffer shows no distinct 

peak shift. Furthermore, it is observed that the peak assigned to the GeSn buffer is about 5 times 

higher than the emission from the QW peak. In fact, both peak intensities increase significantly 

upon pumping power increments with the QW emission showing a higher and more rapid growth 

rate comparatively. At the highest observable pumping power, in this case, at 450 mW, the peak 

intensities are seen to match equally. The intensity trends in the PL can be explained by the 

impact of the increased pumping power during measurement. This causes significant local 

heating effects that degrades carrier confinement in the GeSn buffer. As a consequence, carriers 

in the GeSn buffer are thermally excited to the conduction band of the SiGeSn bottom barrier 

which are eventually fed to the GeSn well, while leading to an enhanced QW emission.  

Figure 3.7 (b) shows the power-dependent PL measurement of sample A under 1550-nm 

pumping laser at a 200 K. It is noteworthy to mention that the peak intensities of the shorter 

wavelength and QW peaks are comparable since all the layers are involved in the absorption and 

emission process. As a consequence of the degraded carrier confinement in GeSn buffer at high 

temperatures, the shorter wavelength peaks attributes to multiple optical transitions that originate 

from the GeSn buffer emissions as well as emissions from the SiGeSn barriers and transitions 

GeSn well CB and VB (LH) band in the SiGeSn top and bottom barriers.  
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Figure 3.8. (a) Temperature-dependent integrated PL intensities (b) Integrated PL intensities with 
respect to a power-dependent photon incidence under 532-nm and 1550-nm pumping lasers. 

Sample B is presented here for comparison.  

 

To further investigate the optical property of the QW, integrated intensities of the 

samples were extracted at each temperature under different pumping laser influence. As pointed 

out in the figure caption above, sample B is included to aid further analysis. Figure 3.8 (a) shows 

the dependence of the extracted integrated PL intensities on temperature. Starting with the 532-

nm pumping laser, the integrated intensity for sample A (22-nm well) is approximately two times 

stronger than sample B (9-nm well). The reason for this comparatively high integrated intensity 

is due to: i) the ability of the thicker QW sample (sample A) to significantly enhance absorption; 

and ii) the influence of the increased well thickness in lowering the Г valley’s first energy level 

whilst improving the electron confinement in the GeSn QW. Under 1550-nm laser, Figure 3.8 (a) 

also shows similar trends as well as a slightly different integrated intensities for the two samples. 

Due to the penetration depth of 1550-nm laser, multiple transitions from overlying layers show 

up in the overall PL spectra, especially strong emissions from the GeSn buffer at lower 

temperatures, which can influence or dilute the QW emission.  
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Figure 3.8 (b) shows the integrated PL intensities at different photon incident rates (plotted in 

log-scale) at 20K. For both pumping lasers, the integrated PL intensity of the thicker well sample 

A is more than two times stronger than the reference sample B (Thinner QW sample). Integrated 

PL intensities are also seen to increase rapidly to gradually tend towards saturation as photon rate 

injection increases. Figure 3.9 below also compares the band structures of the SCH QW samples 

and reference B. As seen in sample A, the first energy level in the T valley is lower than for 

sample B. This is due to the induced compressive strain introduced by the increased well 

thickness.  

 

 

Figure 3.9. Energy band structure schematics of sample A (right) and B (left). 

 

3.3 Quantum Efficiency Investigations 

 

3.3.1 Introduction 
 

A power-dependent PL measurement was carried out at 20K to study the spontaneous 

emission quantum efficiency (SQE) of the QW structure (Sample A) using methods discussed in 

[100–102]. External quantum efficiency (EQE) was estimated through an optimized off-axis 

experimental PL configuration that compares the measured signal from the QW sample to the 

collected signal from a Lambertian reflector. Analytical calculations of the photon extraction and 
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recycling radiative recombination parameters are based on an optical model that mimics 

absorption, transmission and reflection events under guided assumptions as idealized in 

Reference [101]. Absorption coefficient and index of refraction parameters are inferred from 

spectroscopic ellipsometry and transmission measurements, or obtained from literature [103]. 

 

3.4 Experimental Details 
 

To measure the external quantum efficiency, we adopt a unique experimental setup [101] 

that compares the measured signal from the quantum well sample (Figure 3.10 (b)) to the 

collected signal from a Lambertian reflector (Figure 3.10 (a)). Since the Lambertian reflector is 

idealized to reflect the entire light signal, it directly accounts for possible losses and other 

measurement inaccuracies that otherwise may have been introduced had the quantum efficiency 

been estimated from the sample independently (Figure 3.10 (b)).  

 

 

Figure 3.10 (a) PL Quantum Efficiency (PLQE) Measurement Set up. The quantum efficiency of 

the QW sample is measured by comparing the signal from the QW sample, and the (b) signal 
from the Lambertian reflector. 

 

The optical set up takes into account the reflectance of the Lambertian reflector, photon 

flux of the excitation laser, the throughput of the optical set up at the laser wavelength, 
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contributions from the lens, the long pass filter as well as the responsivity of the photodetector. 

In Figure 3.10 (a), laser light incident on the reflector forms a characteristic Lambertian 

distribution with a part of the scattered beam collimated by a lens. The collimated beam, also 

regarded as the reference signal (Sref) is measured by a detector and is mathematically 

represented below as: 

                                                        ref ref laser laserS R M=                                             (Equation 3.1) 

where Rref is the Lambertian’s reflectance, ϕlaser is the photon flux of the 1550 nm excitation laser. 

Mlaser refers to the overall throughput of the optical system at the wavelength of the laser as defined 

by the respective contributions from the detector’s responsivity and the lens. In Figure 3.10 (b), 

light illumed on the GeSn QW sample emits at a distinct peak wavelength of 2900 nm, and as in 

the first case but this time with an additional optical component along its path, a portion of the 

scattered beam is collected by the lens and an additional long pass filter before measurement by 

the photodetector.  

                                                             
PL PL PLS M=                                                  (Equation 3.2) 

where ϕPL refers to the overall photon-flux of the PL emission from the QW sample and MPL is 

the throughput of the optical system/configuration which includes direct contributions from the 

lens, long-pass filter as well as the responsivity of the detector. It is noteworthy to mention that 

the role of the additional long-pass filter is to ward-off scattered laser beams from entering the 

detector. In this experiment, accurate values of the throughput parameters do not need to need to 

be known exactly but their ratios (Mlaser/MPL) can be directly inferred from the transmission 

characteristics (curves) of both the lens and the long-pass filter as well as the responsivity of the 
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detector at respective wavelengths. Rearranging equations 3.1 and 3.2, the cumulative photon-

flux of the PL emission from the sample is represented below as: 

                                                           laserPL
PL ref laser

ref PL

MS
R

S M
 =                                  (Equation 3.3) 

Considering the above factors, the external quantum efficiency (EQE), 
ext , is expressed as the 

ratio of the number of luminescent photons to the number of absorbed photons:    

                                                                   PL
ext

str laserA





=                                           (Equation 3.4) 

where the Astr is the absorptance of the quantum well structure at the laser wavelength, while 
PL  

and
laser  are the respective photon fluxes of the PL and the excitation laser. The absorptance of 

the sample at the laser wavelength is 60% according to wave-optics calculations. Values obtained 

from the EQE are directly related to the Spontaneous Quantum Efficiency ( sp ) through [104]: 

                                                                      ext
sp f

e ext r




  
=

−
                                (Equation 3.5)                       

f

e is the photon extraction factor from the front surface, the probability of a luminescent photon 

to escape front surface to free space. r is the photon recycling factor, the probability of a 

luminescent photon to be reabsorbed in the active well region of the sample. These factors are 

obtained through an optical modeling approach that mimics the absorption, emission, transmission 

and reflection occurrences. The details are presented in the next section. 

 
3.5 Optical Model  
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We idealize a comprehensive model that simulates optical behaviors of a GeSn single 

QW structure under a set of guided assumptions [102] [100]. This model strictly accounts for 

multiple reflection events within the active quantum well region, with the reflectance (R) and 

transmittance (T) of the front and back surfaces assumed to be between zero and unity; with zero 

depicting a totally absorbing substrate and unity, a mirror-like reflective substrate. Although, 

under strict circumstances, the specular  reflectance coefficients along the interlayers are 

modeled by transfer matrix method [105], we idealize a rough mirror-like back surface with a 

reflectance (Rb) of unity (given that our substrate is a silicon wafer that both exhibit reflective 

mirror capabilities while casting a Lambertian distribution upon light incidence) with its front 

surface also assumed to be a smooth isotropic layer allowing light to penetrate through to the 

active region of the QW structure. Figure 3.11 (a) describes the photon extraction and recycling 

factors schematics for sets of ideal optical events in a quantum well structure.  

 

 

Figure 3.11. (a) 3-D Schematic for modeling photon extraction and recycling factors (Modified 

from [102]) and (b) shows the idealized structure of the GeSn QW sample with the front and back 
scattering interlayers. 

 

The red, green and blue lines represent possible reflection events permissible within the 

quantum well structure. The red directional lineation shows an emitted photon at r which is later 
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re-absorbed back into the active layer after a single reflection event at the front; the successive 

green lineation represents an electron diffusion process; the blue line refers emitted photon (at r’) 

departures after two successive internal reflections while the purple projection represents the 

probability of photon emission to the back surface (substrate). Rf and Rb are the front and back 

surface reflection coefficients dependent on the energy and angle of emission.  

The following assumptions are strictly considered: i) Although, our quantum well sample 

is a six-layered structure, our central focus is within the GeSn QW layer (active QW layer) for 

simplification. Subsequent estimation would include a more complicated structure that directly 

simulates our sample. ii) The indices of refraction and absorption coefficients for each layers are 

spatially invariant iii) Isotropic photon emission iv) Ray optics behavior in the active well region 

with the photon intensity being the only predominating factor v) Photon re-emission from 

intervening buffer and barriered layers are ignored vi) Substrate is assumed to represent a 

textured mirror (Figure 3.11 (b)) similar to silicon substrate (Rb = 1.0) and scattering reflected 

light to Lambertian distribution, while the front surfaces (before the well region) are assumed to 

be smooth (Air – Rf = 1.0), allowing light to pass through unhindered. Assuming strong 

absorption limits and neglecting parasitic absorption, the extraction and  recycling factors are 

approximated as [102] [106] : 

                                               
2

: 1
4

ff

e b
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n d







→ =


                                                (Equation 3.6) 
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                                                  (Equation 3.7)                               

                                                          1
f

e

r = −                                                          (Equation 3.8) 
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ɛb and ɛf are back the front surface emittance, while e

f  represents the photon extraction factor 

from the front surface; a probability metric for quantifying the possibility of photon emission to 

the substrate. This parameter is strictly considered in the calculation of the photon recycling factor 

as depicted in Equation 3.8. The refractive index and absorption coefficient of GeSn (13.5% Sn) 

sample are extracted from ellipsometry measurements and reported as 4.2 and 60362.22cm-1 [103]. 

Using ray optics, the calculated emittance of the idealized structure is derived as [100] [107]:  

       ( ) ( )2
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1
2sin cos 1 exp cos exp cos

1
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= − − + − 
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    = −                             (Equation 3.12)      

The analysis of the estimated quantum efficiencies based on the above theoretical formulations are 

presented in the next section. 

3.6 Quantum Efficiency Analysis – Result and Discussions  
 

The quantum efficiency of the QW sample (sample A) is presented in Figure 3.12 below. 

The estimated values of the external and spontaneous quantum efficiencies as a function of the 

photon incidence rate are reported accordingly. Based on the experimental and theoretical 

formulations above, the estimated peak EQE at the photon incidence rate of 4.0 x 1020 
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photon/secs is 1.45%, while the calculated photon recycling (𝛾𝑟 ) and extraction (𝛾𝑒
𝑓 ) factors 

(from the front surface) are 97.79% and 2.41% respectively.  

 

 

Figure 3.12: External and spontaneous quantum efficiency as a function of the photon incidence 

at 20 K. The photon recycling (𝛾𝑟 ) and extraction (𝛾𝑒
𝑓 ) factors from the front surface are 97.79% 

and 2.41% respectively.  

 

Based on these values, the peak SQE was estimated as 37.90%. It is worth noting that the 

estimated SQE of InGaAs/GaAs Multi-Quantum wells (MQWs) at about the same material 

developmental stage in the 1990s was between 50% to 60% [108,109]. Comparatively, the 

estimated SQE for a single GeSn QW is about 10-20% less than those estimated for III-IV 

material at about the same material development which goes further to attest the promise of this 

alloy system for its targeted applications. 

 Although the reported EQE and SQE for this QW sample looks promising, their weak 

dependence on the photon incidence rate is of great concern.  

This weak dependence is hypothesized to be due to the p-type background doping (~1017 cm-3) in 

the GeSn well (unintentionally-doped) which had it been controlled, could have resulted in a much 
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higher carrier densities whilst strengthening the dependence of the QEs on the photon incidence 

rate. Previous reports also show the effect of doping concentration on a material’s estimated QE 

[105], which can be improved systematically by optimizing the background doping concentration 

in the active region of the well.  

 

3.7 Conclusion  

 

This work systematically explores the optical characteristics of two SiGeSn/GeSn 

quantum wells with differing well widths/thicknesses. The quantum well structures; one with 

thicker well-width (22-nm), the other relatively thinner width (9-nm) were grown via a reduced-

pressure chemical vapor deposition system with adherence to growth precision controls. 

Temperature and power dependent photoluminescence measurements were obtained and 

analyzed with the thicker well sample showing a significantly improved PL emission as 

evidenced by a lowered first quantized energy level in the T-valley. Emission wavelength was 

also seen to extended to nearly 2500-nm due to the ease in compressive strain. External and peak 

spontaneous quantum efficiencies were calculated and found to be 1.45% and 37.90% 

respectively. Reports show that the QE can be improved significantly by optimizing the 

background doping concentration in the active region of the well.  
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Chapter 4: SiGeSn/GeSn/SiGeSn Separate Confinement Heterostructure 

 

4.1 Introduction 
 
 

Optoelectronics integrated devices have recently been favored by cutting-edge innovative 

and incremental developments of Group IV alloy material systems. From growth technological 

advancements [110–112] to functional device fabrication [73,80], the realization of a truly 

monolithic integration of photonic circuits on Si platform has come to stay, breaking beyond its 

decades-old prophecy. Today’s GeSn-based emitters are a reality following the achievement of a 

truly direct bandgap material that leans favorably to the strategies of increased Sn incorporation, 

lattice and bandgap tunability. These unique characteristics have given rise to early 

developments in GeSn material designs which became the foundation of current bulk [113–116] 

and QW heterostructures [24,44,53,58,79,90,117,118]. The evolved designs of these QW 

structures were progressively applied to LEDs and lasers devices with the aim to achieve 

improved optical emissions and carrier confinements (Figure 4.1 (a)–(c)). These device 

performance goals promptly became the motivation for designing the first Ge/GeSn/Ge QW 

heterostructure which bases off its active design construct on Ge-bounded GeSn QW layer 

(Figure 4.1 (a)). The adoption of Ge as barrier in a Ge/GeSn QW system has been vastly reported 

in previous studies [42,52–58]. Summarized versions of these body of work revealed that a direct 

bandgap material cannot be realized due to the large compressive strain in the QW well. The 

authors also proposed the use of GeSn as barriers to mitigate this challenge (Figure 4.1 (b)) [59]. 

Interestingly, this strategy worked as it eased the compressive strain while also achieving a direct 

bandgap QW with Type I band-alignment. However, beyond a compositional alloy range the 

material fails giving rise to the suggestion of SiGeSn barrier (Figure 4.1 (c)). 
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Figure 4.1. Schematic evolution of GeSn QW structures showing (a) Ge-barrier/GeSn QW (b) 

GeSn barrier/GeSn QW (c) SiGeSn barrier/GeSn QW and, (d) SiGeSn barrier/GeSn 
barrier/GeSn SCH QW. The blue-cladded red dots indicate the respective barriers of each 

structure.  

 

           For instance, in 2018, Grant et al. [112], designed and grew GeSn/GeSn/GeSn QW 

structure comprising of Ge0.86Sn0.14 well (14% Sn) and Ge0.92Sn0.08 (8% Sn) buffer layers. The 

growth resulted in a direct bandgap QW of 22 meV L-T separation (∆EL-Г) and a 20 meV Г 

valley barrier height (∆EГ). Based on their initial findings, an incremental investigation 

employed the logical strategy of increasing the Sn compositions in the well (15.3%) and buffer 

(9.4%) layers [119]. This approach gave rise to a more direct bandgap QW featuring a 

comparatively improved ∆EL-Г (52 meV) and ∆EГ (35 meV) values. Unfortunately, this strategy 

is only possible when the difference between the Sn compositions between the GeSn barrier and 

the well is less than ~ 6%.  Beyond this difference, the built-up compressive strain within the 

well will neither result in direct bandgap material or favorable Г valley barrier height as 

expected. However, beyond a compositional alloy range the material fails giving rise to the 

suggestion of SiGeSn barrier.  
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           The introduction of the SiGeSn barrier opens up a wide range of possibilities since their 

lattice parameters and bandgaps can be engineered by tuning the Si and Sn compositions. 

Although, the SiGeSn/GeSn are slightly more stable than the previous design adoptions they still 

suffer from carrier leakage inefficiencies. To solve this challenge, an incremental design strategy 

was suggested to increase the thickness of the GeSn QW which significantly improved the PL 

emission [60]. To further improve PL emission and carrier confinement with reduced leakage, a 

separate confined heterostructure was suggested (Figure 4.1 (d)). 

In this work, a SiGeSn/GeSn/GeSn/GeSn/SiGeSn single separate confinement 

heterostructure (SCH) quantum well was grown, characterized and compared to previously 

reported 9-nm and 22-nm non-SCH conventional single quantum wells. The significantly 

enhanced emission from SCH quantum well was obtained as a result of separately confined 

quantum well active region, which is mainly due to a much lowered first quantized energy level 

in Γ valley and a significantly higher energy level in the L-valley. The significance of the band 

structure evolution is demonstrated in the stronger carrier confinement, improved QW emission 

and reduced carrier leakage.  

 
4.2 Experimental Details 

 

4.2.1 Growth and Characterizations 
 

The separate confinement heterostructure was grown in a state-of-the-art ASM 2000-Plus 

reduced vapor deposition machine (RPCVD) using appropriate Si, Ge, and Sn precursor gases as 

those used in the previous chapters. As shown in Figure 4.1 (a), the entire structure features a 

nominal 600-nm grown Ge buffer, a 600-nm thick Ge0.85Sn0.11 buffer, a 50-nm thick 

Si0.047Ge0.890Sn0.063 bottom barrier followed by separately-confined layers of consecutively 
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grown GeSn layers that consists of a Ge0.85Sn0.15 QW layer bounded on opposite sides by 

Ge0.89Sn0.11 barriers of same compositions. The SCH structure is finally completed by adding a 

capped layer of 8-nm-thick Si0.03Ge0.89Sn0.08 top barrier. To affirm the enhanced optical 

characteristics of this SCH structures, two single quantum well (SQW) structures of similar Sn 

compositions, Ge0.865Sn0.135 (Reference A) and Ge0.87Sn0.13 (Reference B) were chosen and 

characterized in similar fashion. Figure 4.1 shows the structural schematics of SCH QW 

structure, Reference Sample A and Reference sample B. 

 

 

Figure 4.1. Cross-sectional schematics of the SCH QW sample, (b) Reference sample A and (c) 
sample B. 

 

4.2.2 SCH Structure Design Rationale 
 

           The alloy composition of Ge0.85Sn0.15 QW layer was selected to ensure pseudomorphic 

growth with the Ge buffer. This introduces a high enough compressive strain that is later 

compensated by the growth of a Ge0.89Sn0.11 buffer layer. The possibility of which is based on the 

condition that the GeSn buffer layer is closely lattice-matched to the Ge0.85Sn0.15 QW layer. The 
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result of this approach is a direct bandgap QW layer with a sufficiently-reduced compressive 

strain. To improve carrier confinement within the well, cladding layers of appropriate SiGeSn 

compositions are introduced. The compositions of these layers (Si0.03Ge0.89Sn0.08 top and bottom 

cladding/barrier) are carefully selected to also lattice-match the GeSn buffer layer while creating 

sufficient barrier height to ensure confinement. Note that the available SiGeSn alloy material is 

based on our current growth capability. To further strengthen the carrier confinement, GeSn 

barrier layers that are lattice matched to the GeSn buffer layers are grown before and after the 

growth of the GeSn QW layers. It is important to note that all the layered material compositions 

are selected to favor a tightly-confined direct bandgap GeSn QW.  

Photoluminescence spectra and band diagrams of the QW structures were obtained and 

analyzed with the aim to compare their emission and transmission characteristics. It should be 

mentioned that the significant difference between Reference sample A (22 nm) and Reference 

sample B (9 nm) is their QW layer thicknesses. The growth and optical characteristics of the 

samples are detailed in Chapter 3 and in reference [24].  The completion of the SCH RPCVD 

growth (Sample A) is followed by a number of structural and optical characterization techniques 

such as high-resolution x-ray diffraction (HRXRD) 2theta-omega scan, XRD reciprocal space 

map (RSMs), cross-sectional transmission electron microcopy (TEM) and photoluminescence 

measurements. The XRD measurements provide strain and Sn compositions of each layer, while 

the TEM probes the quality of the growth as well as provides a more accurate measure of the 

layer thicknesses. Figure 4.2 shows the HRXRD 2theta-omega scan and the RSM of the SCH 

QW structure.  
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Figure 4.2. (a) HRXRD 2θ-ω scan of SCH QW sample showing each resolved peak. Black and 
red curves represent the experimental and simulated results. (b) Reciprocal space map showing 

the respective layer peaks. 

 

Black and red delineations on the plot represents experimental and simulated scans, 

respectively. Lattice constant and thickness of the respective layers were extracted from the 

simulated curve.  The experimental and simulated curves show distinct and well-resolved peaks 

assigned to the Ge buffer, GeSn buffer, SiGeSn barrier, GeSn barriers and the GeSn QW 

respectively. In same order, these peaks correspond to the elemental and alloy presence are 

66.08o, 64.30o, 65.07o, 64.30o and 63.76o respectively. As mentioned above, the extracted 

thicknesses of the respective layers from the from the simulated data are matched with the TEM 

results to ensure accuracy. To quantify the structural parameters, theoretical derivations of 

Vegard’s law was employed to infer the lattice constant of the respective layers. The strain 

within each layer was also obtained from the RSM data as shown in Table 4.1.  

Based on the strain extractions, Ge and GeSn buffers exhibit tensile (0.25%) and 

compressive (-0.17%) character, respectively. The SiGeSn cladding layers, GeSn well and GeSn 

barriers are subjected to tensile (0.13%), compressive (-0.63%) and compressive (-0.63%) strains 

respectively. The strain character adopted by these layers are the result of their pseudomorphic 
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growth to the GeSn buffer layer. A summary of the material characterization extracts for SCH 

QW sample, Reference sample A and Reference sample B are reported in Table 4.1.  

 

Table 4.1. Structural information of the QW study samples 

 

Sample ID 

 

Layer 

 

Thickness 

(nm) 

 

Si 

(%) 

 

Sn (%) 

 

Strain 

(%) 

2θ-ω 

Peak 

 

 
 

 
SCH QW  

Ge Buffer 600 0 0 0.25 66.08 

GeSn Buffer  600 0 11 -0.17 64.3 

SiGeSn Bottom 
Barrier 

50 3 8 0.13 65.07 

GeSn Barrier-1 20 0 11 -0.63 64.3 

GeSn Quantum Well 14 0 15 -0.63 63.76 

GeSn Barrier-2 50 0 11 -0.63 64.3 

SiGeSn Top Barrier 50 3 8 0.13 65.07 

 
 

Reference A  

Ge Buffer 700 0 0 0.2 66.07 

GeSn Buffer  600 0 8.6 -0.2 64.97 

SiGeSn Bottom 

Barrier 

78 4.2 6.6 0.25 65.43 

GeSn Quantum Well 9 0 13 -0.92 64.02 

SiGeSn Top Barrier 54 3.6 6.7 0.25 65.54 

 
 

Reference B  

Ge Buffer 700 0 0 0.2 66.09 

GeSn Buffer  600 0 8.5 -0.2 64.96 

SiGeSn Bottom 

Barrier 

70 4.7 6.3 0.28 65.52 

GeSn Quantum Well 22 0 13.5 -0.94 63.85 

SiGeSn Top Barrier 64 5.0 6.4 0.28 65.52 

 

Figure 4.3 shows the cross-sectional TEM image of the SCH QW structure. All buffer, 

barrier and QW well layers are clearly resolved with no threading dislocation protruding through 

the GeSn QW layer. Extracted thickness values from the simulated 2theta-omega scans match 

the TEM thicknesses indicating a well-controlled growth. 
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Figure 4.3. (a) TEM image of the sample showing the entire structure (c) Magnified TEM image 

of the QW active region. 

 

 
4.3 Band Structure Calculation  
 

Using experimental data from these QW samples, band structure diagrams were 

calculated and analyzed for a fuller picture of the optical transitions. These constructions are 

prepared based on the their behaviors at 300 K with relevant band structure parameters such as 

the bowing parameters set to achieve direct and indirect energy characteristics that base strictly 

on the application of Vegard’s law. Propagation matrix and effective mass propagation methods 

were applied to generate respective electronic band structures. Conduction and valence band 

offset approximations are based on methods described in refs. [33,86,120]. 

 
4.4 Optical Characterization & Analysis  
 

Temperature and power-dependent PL measurements were collected using a standardized 

off-axis PL arrangement enabled by a lock-in technique (chopper applied at 400 Hz). The 

characteristic PL emissions were measured using a spectrometer connected to an InSb detector 

with a cut-off response of 3.0 µm. To ascertain the optical transition information, two excitation 
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laser beams with disparate penetration depth and energies were used: a 532 nm continuous wave 

(CW) and a 1550 nm CW laser.  

A pumping power-dependent PL spectra was measured at 20K, followed by PL peak 

analysis using Gaussian fitting to investigate the integrated PL intensities. Preferentially, a low 

power range of between 0.5 mW-20mW was applied to mitigate excessive carrier leakage 

potentialities. Emission characteristics were then compared to two similar QW non-SCH 

reference samples; one with a thick well region (22 nm, Reference sample A) and the other a thin 

well (9 nm, Reference sample B). The detailed reports of the reference samples can be found in 

our most recent quantum well papers[24]. Figure 4.4 (a) –(c) shows the PL outcomes of the three 

structures under 532 nm laser.  

 

 

Figure 4.4. Linear-scale power-dependent PL spectra at 20 K under (a-c) 532 nm and, (e-f) 1550 
nm pumping lasers.  The PL intensity of the SCH sample is nearly 2x stronger than Ref. sample 

A and approximately 3x stronger than Ref. sample B. 
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As observed, the PL characteristics of the SCH structures bodes significantly stronger 

than the intensities reported for the reference samples. Quantitatively, we see an approximately 

2x intensity improvement when compared to the thicker well sample and nearly 3x the 

comparison against the thinner well (9-nm) reference sample. 

The power-dependent PL spectrum shown above are re-plotted in log-scale to identify the 

dominant peaks and optical transitions. Figure 88 below shows the PL spectra plots under 532 nm 

excitation lasers for the SCH QW sample and reference samples A & B. Each column shows the 

PL spectra and the band structure representing the dominant optical transition events for each 

sample. Based on the plot, Figure 4.4 (a) shows the PL spectra from the SCH QW sample under 

the 532 nm laser at different excitation pumping power. As seen, the peaks grow as the injection 

power increases and emanates predominantly from the GeSn QW emissions. The origins of the 

peaks are confirmed by the obvious blue shift that occurs as the injection power increases. These 

blue shift events are driven by typical band filling events that exists in quantum wells upon gradual 

carrier injection increments [92].  

 

 

Figure 4. 5. Log-scale power-dependent PL spectra under 532-nm pumping laser at 20 K for the 
SCH QW sample (b) Reference sample A and, (c) Reference sample B. The insets in each panel 

represents the dominant optical transitions for each sample.  
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          According the band diagram in the inset, these power-dependent QW emissions originate 

from the first energy level of the Г valley to the HH band in the GeSn QW. This is due to the fact 

that at low temperatures, the electrons are strongly confined in the Г valley of the QW while the 

holes are also as strongly confined in the HH band; resulting in an improved overall carrier 

confinement. Compared to Figures 4.5 (a), reference samples A (Figures 4.5 (b)) exhibit two 

predominant peaks emanating from optical transitions between the: i) first energy level of the Г 

valley and the HH band in the GeSn QW (Peaks ①) and, ii) QW Г valley’s first energy level and 

the LH band in the SiGeSn top barrier. the GeSn buffer layers (Peaks ③). As with the SCH QW 

sample, the longer wavelength peaks, Peaks ①, are attributed to the QW emissions and exhibit 

same blue-shift observed in quantum wells. On the other hand, the shorter wavelength peaks, 

peaks ③, shows non-obvious peak shifts and originate from optical transitions between the QW 

Г valley’s first energy level and the LH band in the SiGeSn top barrier. The emergence of these 

peaks is due to the improved carrier confinement at lower temperatures. At these low 

temperatures, electrons are better confined within the Г valley of QW layer while holes are also 

as much confined to the LH band of the SiGeSn top barrier layer due to a significantly high hole 

population. As a result, transitions of these types are further enhanced.  

As is the case for the SCH QW sample, the peaks from reference sample B (Figure 4.5 

(c)) are attributed to the QW emission indicating optical transitions from the first energy level of 

the Г valley to the HH band in the GeSn QW. The peaks also exhibit  the characteristic blue-shift 

as the injection power increases and confirms their origin to be from the QW emission.  

Figure 4.5 below shows the PL spectra plots under 1550 nm excitation lasers for the SCH QW 

sample and reference samples A & B. While the optical penetration depths for the 532 nm pumping 

lasers are shallower (~ 21 nm), the penetration power of the 1550 nm lasers are deeper (~ 1000 
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nm) and are more likely to activate optical events below the GeSn QW layer. Based on the plot, 

Figure 88 (a) shows the PL spectra from the SCH QW sample (14 nm well) under the 1550 nm 

laser under different excitation pumping power and measured at 20 K. 

 

 

Figure 4.5. Log-scale power-dependent PL spectra under 1550-nm pumping laser at 20 K for the 

SCH QW sample (b) Reference sample A and, (c) Reference sample B. The insets in each panel 

represents the dominant optical transitions for each sample.  

 

In similar fashion as in previous analysis, these peaks are also observed to increase as a 

function of increasing injection power. Notice the blue shift as the carrier injection increases – a 

clear evidence of the earlier mentioned band filling effect. In this case, these peaks also assign 

dominantly to the QW emissions as a result of the optical transition between the first energy 

level of the Г valley and the HH band in the GeSn QW (see inset). As previously mentioned, the 

emissions from the SCH QW samples are stronger than those observed from reference samples A 

(22 nm well) and B (9 nm well). Compared to the SCH QW sample (Figures 4.5 (a)), reference 

samples A and B (Figures 99 (b) and (c)) exhibit two predominant peaks emanating from the 

optical transitions between the i) first energy level of the Г valley and the HH band in the GeSn 

QW (Peaks ①) and, ii) GeSn buffer’s Г valley in the conduction band and the HH band in the 
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valence band (Peaks ③). The longer wavelength peaks, Peaks ①, are attributed to the QW 

emissions and exhibit same blue-shift observed in quantum wells. On the other hand, the shorter 

wavelength peaks, peaks ③, show non-obvious peak shifts and originate from optical transitions 

between the GeSn buffer’s Г valley in the conduction band and the HH band in the valence band 

(Peaks ③). Figure 4.6 compares the band structures of the SCH QW samples and reference 

samples A and B. Table 4.2 also shows the calculated band diagram information. 

 

 

Figure 4.6. Band structures of the (a) SCH QW samples, (b) Reference sample A and, (C) 

Reference sample B. 

 

Table 4.2. Summary of relevant band diagram information 

Sample Buffer  Barrier  

 

QW 
 

Sn% 

L-Г   

Sep.  

Г  

Sep.  

Ground 
energy 

confinement  

Г-HH 
Sep. 

(Ground 
level) 

(meV) 

SCH QW Ge0.915Sn0.085 Si0.047Ge0.89Sn0.063 15 68 94 24 437 

Ref. A Ge0.914Sn0.086 Si0.047Ge0.890Sn0.063 14 52 90 24 481 

Ref. B Ge0.914Sn0.086 Si0.042Ge0.892Sn0.066 13 50 88 18 498 

 

* Sep. is denoted as Separation  
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The band diagram brings to focus the quantum well regions of the sample with the SCH 

QW presenting the presenting the highest ground energy level confinement in the conduction 

band (56 meV) followed by reference sample A (24 meV), then reference sample B (18 meV).  

The energy difference between the ground state energy levels of the electrons in the CB 

and the HH also decrease from left (SCH sample – 437 meV) to right (Reference sample B – 498 

meV). Other information such as the L-Г and Г valley separations of the respective samples are 

shown in Table 4.2. Based on the optical transition analysis, SCH QW shows a significantly 

higher carrier confinement and optical emission characteristics compared to reference samples A 

and B. The detailed band diagrams and optical transition information of all the samples are 

shown in Appendix B. Following the optical analysis, the integrated PL peak intensities of QW 

peak were extracted to further investigate QW optical property.  PL data of Reference Sample A 

and B were also presented to facilitate the analysis. Pumping power-dependent PL peak 

intensities at 20 K for 532 nm and 1550 nm lasers were plotted in Fig. 3(a) & (b). 

 

 

Figure 4.7. Pumping power-dependent PL integrated intensities at 20K for (a) 532-nm and (b) 

1550-nm lasers. Data of reference samples A & B were also plotted for comparison. Both figures 

show comparatively stronger PL emissions from the SCH QW structure (Sample A).  
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         Under each excitation laser, the intensity of the SCH structure exhibits stronger emission 

compared to the reference samples owing to a better confined carrier in the well – mainly 

advantaged by the initiative to optimize the structure around the active region. Evidently, all three 

samples display an emission saturation at high carrier injection densities, which is due to the filling 

of the CB and VB[24]. 

 
4.5 Conclusion 
 

In this work, a SiGeSn/GeSn/GeSn/GeSn/SiGeSn single separate confinement 

heterostructure (SCH) quantum well was grown, characterized and compared to previously 

reported 9-nm (ref. B) and 22-nm non-SCH (ref. A) conventional single quantum wells. The 

significantly enhanced emission from SCH quantum well was obtained as a result of separately 

confined quantum well active region. Based on the optical transition analysis, SCH QW also 

shows a significantly higher carrier confinement compared to reference samples A and B. The 

significance of the band structure evolution from the thinner QW to the SCH QW is 

demonstrated in the stronger carrier confinement, improved QW emissions and reduced carrier 

leakage. 
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Chapter 5: Stability investigations of GeSn/Ge heterostructures under thermal annealing 

 

5.1 Introduction 
 

Recent advances in Group IV semiconductor research has continued to promote their  

practicalities for a wide-range of cutting-edge optoelectronic and photonic applications [4,17]. 

An exceptional characteristic of this alloy system, is retained in the ability to tune their bandgap 

and/or lattice constants through an intentional compositional variation. For instance, by tuning 

the Sn composition in GexSn1-x alloy, it is possible to achieve an optimized optical character that 

favors specific photonic needs, as demonstrated in these authors: laser diodes[11], light emitters 

[78] and photodetectors [121]. An even more unique outlook on the GeSn bi-alloy devices is 

hinged on its facility to be monolithically integrated on silicon (Si) platform. This is perhaps 

applicable through a specialized complementary metal oxide (CMOS) technique [122,123]. This 

makes it possible to create monolithically integrated GeSn-on Si platform optoelectronics and 

photonic devices that operate in the near-to-mid-infrared spectrum range [124–126]. These rare 

applicational features thrive on the fundamental optical character of the GeSn semiconductor 

through the addition of α-Sn in Ge matrix which makes it possible to transform an indirect 

bandgap form of the GeSn material to a direct bandgap form. This direct to indirect bandgap 

transition is achieved by increasing the Sn composition until the near-to-mid-infrared objective is 

realized. For instance, theoretical predictions have favored the addition of about 7-12% Sn 

composition to the alloy mix [76,127,128] to transform Ge indirect bandgap to a direct GeSn 

bandgap material. In reality, the gradual addition of Sn lowers the bandgap separation between 

the indirect L-valley and direct Г-valley until there is an absolute match (zero), and then, upon 

further Sn addition, the position of the direct and the indirect band reverses (sign changes). It is 

noteworthy to mention that near the indirect-to-direct transition point, the sensitivity of the GeSn 
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optical properties is especially high to both strain and Sn compositions. In fact, on the 

experimental end, the growth of high Sn composition under compressive strain has been 

demonstrated by researchers, despite the limited 1% low-solubility challenge of Sn in Ge 

matrix[129]. This breakthrough continues to enable the possibility of indirect-to-direct 

transitions [116,130,131] while also ushering the fabrication of cutting-edge GeSn devices with 

high emission characteristics. However, the challenge of increasing/maximizing the amounts of 

Sn in GeSn alloys as well as the improving the stability of high-Sn GeSn devices operating 

above room temperatures (RT) should be thoroughly investigated.  

For instance, a study by Wei Du et al.[8] explored the connection and competition 

between direct and indirect bandgap GeSn materials with sufficient Sn compositions. Their 

findings reveal that a continual increase in Sn content tend to favor indirect to direct optical 

shifts thereby resulting in a rapid enhancement of direct transition over the indirect transition. In 

another study, Harris et al.[132] uncovered the indirect-to-direct transition points of unstrained 

GexSn1-x (6.7% Sn) GeSn sample through a set of PL measurements taken at different 

temperatures. A separate investigation also detailed the role of strain in optical transitions in 

Ge0.875Sn0.125 by studying the PL dependence on excitation pumping power, compressive strain 

and temperatures[133]. A complementary study from Stanchu et al.[134] recently examined the 

relationship between misfit dislocation, strain relief, Sn out-diffusion, and strain relief in 300oC 

annealed GeSn samples. This study reveals strong correlation between composition, defect 

density, strain and optical performance of GeSn devices operating at and above RT.  

          In this work, we will investigate, using GeSn samples with Sn compositions of 8 to 10%, 

the competition between direct and indirect optical transitions, at temperatures above RT. The aim 

of this study is to determine: i) the correlation between composition, defect density, strain and PL 
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observed before and after thermal annealing, and ii) and analyze the impact of strain on the device 

performance of as-grown GeSn samples as well as its annealed variants especially at temperatures 

above room temperatures (300oC). 

 
5.2 Materials Characterization  
 

          In this work, GeSn samples with specific Sn compositional range (8% to 10%) were 

selected to indicate samples with Sn contents that fall within the predicted theoretical indirect-to-

direct transition point (additional reasons are identified in preceding sections). These samples 

were grown using the standard ASM Epsilon reduced pressure chemical vapor deposition 

(RPCVD) system. Before the growth of the GeSn sample, an epi-growth is initiated with the 

deposition of a 700-nm thick Ge (001) buffer layer on a hydrogen-passivated Si (001) substrate 

that tends to a complementary metal oxide (CMOS) compatibility process. The level of strain in 

each sample was achieved by a number of growth-dependent variables, such as, temperature, 

thickness and the growth rate. To investigate the relationship between composition, defect 

density, strain and PL at temperatures above RT, the impact of thermal annealing on the optical 

transition of four GeSn samples (S14, S15, S29, and S32) of different Sn contents (Figure 5.4) 

were studied.  

Prior to the annealing procedures, these samples were cleaved from the center position of 

an as-grown 4-inch diameter wafer where the probability of uniform deposition is relatively 

highest. Four separate pieces were diced from each sample, with one kept as the ‘as-grown’ 

piece while the other 3 samples were annealed in vacuum at 300oC for 2, 4 and 8 hours, 

respectively. Sn compositions, lattice constants, strain parameters and defect density information 

of the as-grown and annealed samples were extracted from rocking-curve XRD and reciprocal 
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space maps (RSMs) (Figure 5.2) measurements through a standard Panalytical X’pert Pro MRD 

diffractometer, coupled with modeling[134]. 

The optical characteristics of the GeSn samples were investigated using a standard off-

axis PL set up comprised of an assembly of lens and mirrors, lock-in amplifier and a 

spectrometer attached to an InSb detector with a cut-off wavelength of approximately 3.0 µm. 

Successive PL measurements were studied to analyze the competition between the direct and 

indirect optical transitions. To aid such analysis, the spectral peaks were also extracted using the 

Gaussian-fitting procedure. Either a 532-nm continuous wavelet (CW) or a 1064-nm pulsed 

(pulse width of 5ns and repetition rate of 45kHz) excitation lasers were employed to probe the 

samples as the choice of use depends strictly on the thicknesses and/or the optical penetration 

depths of each laser [88]. Temperature-dependent PL measurements of were obtained by placing 

the samples in an enclosed helium cryostat with temperatures varied from 10 k to 300 K. The 

peaks and integrated intensities of the temperature-dependent spectra were extracted, analyzed 

and matched to their corresponding optical transitions. Table 5.1 shows the summarized lasing 

parameters used in this study. 

 

Table 5.1. Excitation laser pumping parameters 

Laser 
Wavelength 

(nm) 

Spot 
Diameter 

(µm) 

Average 
Power 

(mW) 

Average 
Power 

Density 
(kW/cm2) 

Excitation 
Carrier 

Density 
(Photon/s/cm2) 

Penetration Depth (nm) 

532 64 500 15 4.1×1019  100 

1064 51 300 6 3.5×1022  900 
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In addition to the reason stated in the introductory statement of the material 

characterization section, the samples used in this study were selected to fulfil certain criteria as 

stated below: 

i) To select samples that possess the same level of strain as well as similar Sn composition. This 

way it is easier to compare the impact of thermal annealing on unannealed samples with same 

strain and similar Sn content. For instance, samples S14 and S15 possess the same strain at -

10×10-3 while also having similar Sn compositions of 8% and 9% respectively. The same goes 

for samples S29 and S32 with same strain at -5×10-3 as well as similar Sn compositions of 9% 

and 10% respectively  

ii) To select samples with the same Sn composition but different strain levels thus creating the 

possibility of comparing the structural and optical characteristics of samples of this nature. For 

example, samples S15 and S29 both have the same Sn compositions of 9% but different strain 

levels of -10×10-3 and -5×10-3 respectively. The difference in strain levels is determined by the 

samples thicknesses which also differs proportionately iii) It cannot be overstated that the 

primary reason for selecting these samples (S14, S15, S29 and S32) is based on the range of their 

measured Sn compositions (8% to 10%) which places them on the predicted indirect to direct 

transition point where the optical properties are highly sensitive to changes in strain and 

composition. With this level of sensitivity, it is possible to investigate the correlation between 

composition, defect density, strain and PL observed before and after thermal annealing. 

 

5.3 Results and Discussion  
 

          To investigate these correlations as purported in the previous section, the 

experiments were organized into measurement classes and studied accordingly i) X-ray rocking 
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curve and reciprocal space maps of all samples ii) PL results of samples with different Sn 

compositions but same strain levels iii) PL results of samples with different strain levels but 

same Sn compositions. The results were analyzed for as-grown and annealed variants under 2,4 

and 8-hour annealing treatments at 300oC. Structural parameters like the composition, defect 

density and strain levels were extracted from the thoroughly analyzed results of the X-ray 

diffraction measurements while the optical information such as the PL intensities and peaks 

corresponding to the direct and indirect transitions were provided from the PL measurements. 

The behaviors of the extracted optical parameters are also analyzed against their corresponding 

annealing time.  

Following proper analysis, it is observed that the i) energy separation between the 

indirect and the direct transitions is controlled predominantly by the composition and the strain 

states (level of strain) ii) both the threading/misfit dislocation defect densities and surface 

roughness are controlled by the level of strain. In addition to these revelations, it was also 

observed that all annealing-induced changes in energy separation between indirect and direct 

transition can result in an increased/enhanced PL emission while reductions/decrease in PL 

emission can attribute to changes in threading/misfit dislocation defect densities and surface 

roughness. Therefore, the impact of annealing on the optical properties (PL emission) is 

determined by the competition between factors identified above.  

 

5.3.1 X-ray diffraction (XRD) measurements  
 

          XRD Rocking curves (RC) and reciprocal space maps (RSMs) measurements of the as-

grown and annealed ‘variants’ of the select samples (S14, S15, S29 and S32) were taken to 

extract the Sn compositions, strain and the defect densities in the GeSn layers pre- and post-
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annealing treatments.  Figure 5.1 shows the XRD rocking curves (also known as the ω/2θ scans) 

of the samples showing the X-ray diffraction peaks of the Si, Ge, and GeSn (all symmetric 004 

planes) in the order on their diminishing Bragg’s angle, .   

 

 

Figure 5.1. X-ray diffraction rocking curve (ω/2θ scans) of samples S14, S15, S29, and S32 
showing little to no compositional change. The diffraction peak positions of the bulk Ge and as-

grown GeSn layers are represented by the dashed and dotted lines respectively.  

 

For all samples, the Ge peak is seen to shift to the right relative to the vertical dashed line 

representing the bulk position. This shift is indicative of a tensile strain of ~0.2% in the Ge 

buffer and corresponds to the residual strain value observed in typical Ge-on-Si epi-growths. 

This value is typically due to the difference in thermal expansion coefficient between Ge and Si 

[135]. The impact of the annealing treatment is seen in the peak position of the GeSn epilayer 

where they show a slight shift to the left indicating a diminished vertical lattice parameter, c. 
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This parameter is extracted from the diffraction peak position of the ω/2θ scan using the Bragg’s 

relation below, 

                                                                 2𝑑004 sin 𝜃 = 𝑛𝜆                                        (Equation 5.1) 

where 𝑑004 = 𝑐/4 is the separation between the (004) planes, 𝜆 ≈ 0.15406 nm is the X-ray incident 

beam’s wavelength, and 𝑛 is the reflection order. The rocking curve images of all four samples 

show slight changes in the composition upon thermal subjections at 300oC, even after 8 hours. 

Figure 5.2 below shows the XRD scans of the samples S14 (a), S15 (b), S29 (c), and S32 (d). The 

respective FWHM extractions are also shown in Table 5.2.  

 

 
Figure 5.2. XRD ω scans of the samples (a) S14 (b) S15 (c) S29 and (d) S32.  

 

Table 5.2. FWHM of the 004 ω scans for the GeSn layers of all four samples 

Sample 
FWHM (deg) 

as-grown annealed 2 hrs annealed 4 hrs annealed 8 hrs 

S14 0.107 0.175 0.328 0.334 

S15 0.282 0.383 0.379 0.388 

S29 0.302 0.338 0.353 0.35 

S32 0.331 0.366 0.368 0.363 
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Additional information regarding the nature of the as-grown samples and their evolution 

after annealing treatments are shown in the asymmetrical 2̅2̅4 reflection of XRD reciprocal 

space maps (RSMs). The RSMs are shown in Figure 5.3 below:  

 

 

Figure 5.3. Reciprocal space maps (RSMs) of as-grown (0 hours) and annealed variants (2, 4 and 
8 hours) of samples S14, S15, S29, and S32. Inclined and vertical dashed delineations on the 
contour plot represents fully relaxed and fully strained GeSn epilayer to the Ge buffer. The solid 

line also represents the GeSn layer’s isocomposition line for each sample. [Copyright] 
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The measured reciprocal space map of the annealed samples shows a shift in the GeSn 

peak toward the R = 1 line indicating an increase in the strain relaxation which also represents a 

fully-strained relaxation.  

This peak shift follows the solid line delineation (also known as the isocomposition line) 

implying that the GeSn epilayer shows little to no Sn compositional change upon annealing. This 

is an important point to note, since this same trend is observed in the RSMs of all the four 

samples. To calculate the Sn composition of all the samples, the lateral lattice parameter 𝑎, was 

first measured from the identified GeSn peak positions on the space maps in Figure 5.3 through 

the equation 5.2 below: 

                                                                
2 2

224

2 8 16
2Q

d a c
                            Equation 5.2 

Here, the diffraction vector is represented as Q , while the notation, 𝑑224  is the separation distance 

between the tetragonal lattice (224) planes. The strain level (or strain state) and the Sn composition 

of a biaxially strained GeSn epilayer is represented in equations 5.3 and 5.4 below:  
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                                       (Equation 5.4) 

Here, 𝐶12 and 𝐶11 are the elastic constants while the notation 𝑎0 represents the lattice parameter 

of GeSn material obtained by linearly interpolating the Sn and Ge parameters using the relation 

below, [136]  

                                                                  0 (1 )sn Gea xa x a                                (Equation 5.5) 



80 
 

To obtain the defect density and strain information, a combination of RSM information in 

Figure 5.4 coupled with some modelling efforts were computed for all as-grown and annealed 

variants of samples for S14, S15, S29, and S32 as shown below: 

 

 

Figure 5. 4. (a) The strain, and (b) defect (misfit dislocation) density as a function of annealing 

times for all four samples  

 

5.3.2 PL results of samples with different Sn compositions but similar strain levels 
 

Photoluminescence spectra of samples S14, S15, S29 and S32 are shown in Figure 5.5 

below. Although these samples are characterized by similar Sn composition in their as-grown 

states, their annealed PL behaviors after 2, 4 and 8 hours are significantly different. Based on 
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these, some factors must be taken into consideration when comparing the PL behaviors of these 

samples.  

 

 

Figure 5.5. PL spectra of samples four samples as a function of their annealing times. Inset are the 

sample structures. 

 

For instance, in their as-grown states, samples S14 (8% Sn) and S15 (9% Sn) are 

characterized by same levels of strain, however, during growth, their respective material 

evolutions are completely different. In fact, due its comparatively higher Sn content, sample S15 

will possess a higher level of strain during growth and a relatively higher strain relaxation post-

growth, at which point both samples (S14 and S15) now have matching levels of strain. 

Following this, it is it becomes easy to deduce that sample of S14 plays host to a higher 

dislocation density than sample S15 in their as-grown states as this deduction is consistent with 

the trend in Figure 5.3. Secondly, the competition between the energy separation (ΔE) of the two 

samples are different as it is expected that sample S15 has a smaller separation energy following 

its higher Sn composition compared to sample S14. The competition between the reduced energy 
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separation which increases PL intensity and a high dislocation density which decreases the PL 

stands to explain what happens to PL behavior during annealing. It is also noteworthy to mention 

that unlike changes in the dislocation density which are relatively linear, changes in the energy 

separation (ΔE) near the indirect to direct transition point is extremely non-linear. In addition to 

the separation energy and the defect density, another factor that must be taken into account are 

the optical losses due the sample’s surface roughness. For instance, Figure 5.6 below shows the 

atomic force microscopy (AFM) images of all four samples.  

 

 

Figure 5.6. AFM images of all as-grown and annealed variants of samples S14, S15, S29, and 

S32 
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For all as-grown samples, the reported Root Mean Square (RMS) surface roughness is 

approximately 0.8 nm, and increases slightly to about 0.9 nm when samples are annealed to 4 

hours. Furthermore, samples appear noticeably rougher after an annealing impact of 8 hours 

followed by an increased surface roughness of about 1.7 nm. As a consequence, the effect 

introduced by the optical scattering loss after 4 hours of annealing is smaller compared to an 8-

hour annealed sample due to additional optical loss contributions from the more aggravated 

sample surface. As a result, a third factor, notably the surface roughness must be considered 

when comparing the impact of thermal annealing on the PL behavior of different samples. As a 

point of emphasis, the three factors are: i) the defect density ii) energy of separation (ΔE) and 

now, iii) the surface roughness. 

The impact of annealing is further emphasized by looking at the PL results at different 

annealing times. Due to the linear increase in defect density in as-grown and annealed variants of 

S14 (specifically after 2 hours and 4 hours), the integrated PL intensity decreases sharply while 

impacting ΔE unfavorably. The defect density then levels-off after 4-hours of annealing as 

evidenced by the X-ray diffraction result. Conversely, the optical effect takes a positive turn after 

8 hours of annealing to result in a slight increase in the PL that benefits significantly from the 

non-linear behavior of ΔE. As for as-grown sample S15, the defect density is comparatively 

higher than observed for as-grown sample S14 thus resulting in lower integrated PL intensity. In 

contrast, due to S15’s higher Sn composition, the value of ΔE is much smaller. This makes the 

integrated PL far more sensitive to changes in ΔE than for as-grown sample S14 thereby 

resulting in an increase in the PL intensity upon annealing. After 2 hours of annealing, there 

appears to be an increase in strain which later levels off at 4 hours of annealing to result in a drop 

in integrated PL intensity after 4 hours; a phenomenon that can be explained by the increased 
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scattering loss originating from the surface roughness which increases from 0.9 nm at 4 hours to 

2.1 nm after 4 hours or more specifically at 8 hours. These revelations are supported by the fact 

that, information extracted from the XRD and AFM data can provide leading information on the 

composition, defect density, strain changes and the surface roughness which certainly plays 

significant roles in explaining the effect of annealing at 300oC on PL emission. Perhaps, these 

revelations can be less hypothetical and more quantifiable if the behavior of ΔE investigated and 

understood thoroughly. An attempt is made to balance these revelations.  

For instance, samples S29 and S32, both have the same strain levels but dissimilar Sn 

compositions. Nonetheless, their outcomes differ in that samples S14 and S15 have relatively 

lesser compositions compared to S29 and S32. This evidence is strongly supported by the value 

of ΔE which is comparatively lesser for sample S29 and even much lesser for sample S32. 

Consequently, the PL for both samples linearly increase till about 4 hours when there is no 

further strain relaxation, after which the PL reduces following an increase in optical scattering 

that results from an exacerbated surface roughness.  

 

5.3.3 PL results of samples with different strain levels but same Sn compositions 
 

Analysis of the XRD data (Figure 5.4) shows increasing Sn composition and defect 

density for all four samples from S14 to S32. Nonetheless, as the transition point is being 

reached, the effect of small changes to ΔE, as well as the sensitivity of the PL to ΔE becomes 

increasingly much stronger. As mentioned earlier, to investigate this observation more closely, a 

thorough examination of ΔE for all four samples is required. This is accomplished by 

deconvolving the PL spectra into two separate Gaussian peaks to denote the indirect and direct 

optical transitions respectively. This would certainly help to: i) estimate the value of ΔE for 
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samples S14 and S32 and ii) to identify the direct optical peak transition by comparing the ratio 

of the PL intensity of the energy peak to the lower energy peak across the temperatures of 

investigation. For instance, if the higher energy peak is attributed to the direct transition, the ratio 

of the PL intensity will increase as a function of temperature, suggesting a transfer of carriers 

from the indirect L-valley to the direct Г valley as the system reaches new equilibrium.  

Based on this premise, the PL measurements of samples S14 and S32 were taken using 

both 532 nm continuous wave (CW) and 1064-nm pulsed lasers. Figure 5.7 shows the PL 

measurement of sample S14 using the 1064-nm pulsed laser to examine the entire GeSn epilayer 

while the 532 nm laser’s penetration depth was limited to the top layer of sample S32.  

 

 

Figure 5.7. Pre- and post-annealing PL measurements of samples (a) S14 and (b) S15. Inset 

shows the integrated PL at different annealing times.  

 



86 
 

Note that the absorption co-efficient of the 532 nm excitation laser in Ge is about 

5.58×105 cm-1 so that it reduces the intensity of the light penetration to about 36% which falls to 

about 18 nm below the surface of the sample [88]. For sample S32, this limits the PL 

contribution to just the top GeSn layer and neglects additional contribution from the bottom 

GeSn layer. Regardless, the same PL trend was realized using both excitation lasers, the only 

difference is that a higher integrated PL intensity is observed for the 532 nm laser. For the two 

samples, PL spectra were deconvolved and Gaussian-fitted into two separate but distinct peak 

that represents high and low energy peaks. The peaks were initially assumed to be respective 

indirect (
L HHE −

) and indirect (
HHE−

) optical transitions, and later verified upon further analysis. 

 According to the XRD data, the change in the positions of the indirect and direct peaks 

for the two samples with annealing is predominantly caused by variations in the level of strain in 

the annealed GeSn layers, rather than changes in the Sn composition, which remained rather 

constant. 

The behavior of the integrated PL intensity at different annealing times is shown for 

samples S14 and S32 in the inset image of Figure 5.7 (b). This trend needs to be understood in 

that it provides fundamental information about the sample’s evolution as well as the 

identification of the appropriate optical transitions. For instance, sample S32 shows an 

interesting dramatic trend which can only be explained in terms of the separation energies (∆E) 

of the direct and the indirect optical transitions, where L HH HHE E E− − = − . Owing to a relaxed 

compressive strain in the GeSn epilayers of samples S14 and S15[137], ∆E will decrease as a 

function of increasing annealing time as clearly shown in Figure 5.8 (a). Since sample S32 

contains more Sn than S14, ∆E is comparatively much smaller than S14 by 27 ± 2 meV and also 

has a larger direct bandgap. This is expectedly favored by the non-linear dependence of the PL 
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on ∆E which then leads to an efficient PL emission [138]. As evidence for an increase in carrier 

population in the Г valley, Figure 6.6b shows a decreasing separation energy (∆E) with a 

dramatic increase in the peak intensity ratio HH HHL . For example, for sample S14, the result 

of the enhanced integral PL in Figure 5.7 (b) corroborates the increased emission observed in the 

Г-HH valley in Figure 5.8 (b). 

 

 

Figure 5.8. The energy separation (∆E) and the PL peak intensity ratio HH HHL  of samples S14 

and S32.  

 

To solidify our understanding, the peak PL intensities of the direct (Г-HH) and indirect 

(L-HH) optical transitions were extracted from the temperature dependent PL measurements as 

shown in Figure 5.9. Both the direct and indirect peaks are red-shifted as the temperature 



88 
 

increases. This is  a testament to the previously reported bandgap shrinkage in literatures 

[139,140]. Recall that these peak energies and intensities were extracted from deconvolved and 

Gaussian-fitted temperature-dependent PL spectra. It also noteworthy to mention that the Г-HH 

and L-HH peaks were not resolved for temperatures higher than 200 K due to the PL plummeting 

PL intensities above this temperature.  

 

 

Figure 5.9. Temperature-dependent PL spectra of samples S14 and S32 [Copyright] 
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Figure 5.10 shows an increase in the PL intensity ratio with respect to temperatures for samples  

(S14 and S32) annealed for 4 hours. This supports the earlier assumption that higher energy peaks 

should correspond to direct optical transitions while the lower energy peak should also attribute 

directly to indirect transitions. This is true in this case even though irrespective of the fact that ΔE 

follows a decreasing trend for all four samples from S14 to S32. 

 

 

Figure 5.10. Ratio of the PL peak intensity as a function of temperature.  
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For a fuller grasp of the extracted parameters used in this study, a summary of the structural and 

optical characteristics is presented in table 5.3 below: 

 

Table 5.3. Summarized GeSn parameters for as-grown and annealed samples. 

Sample 
Anneal 

time 

(hrs) 

GeSn 
thickness 

(nm) 

𝜀𝑥

× 10−3 
Sn content 

(at. %) 
𝜌 × 105 
(cm-1) 

Surface 
roughness 

(nm) 

ΔE 
(eV) 

S14 

0 

90 

-9.2 

8 

0.3 1.14 62.92 

2 -8.3 0.4  58.37 

4 -6.6 1.4 0.90 56.77 

8 -6.5 1.5 1.45 57.92 

S15 

0 

80 

-9.4 

9 

1.2 0.80 - 

2 -6.5 2.1  - 

4 -6.6 2.1 94.00 - 

8 -6.3 2.2 2.05 - 

S29 

0 

280 

-5.2 8 for bottom 
GeSn region 

 
9 for top 

GeSn region 

2.1 0.70 - 

2 -4.0 2.7  - 

4 -2.9 3.1 1.09 - 

8 
-2.9 3.1 1.47 - 

S32 

0 

300 

-6.3 9 for bottom 
GeSn region 

 

10 for top 
GeSn region 

2.4 0.71 38.16 

2 -2.1 4.0  30.40 

4 -2.1 3.9 0.84 30.30 

8 
-2.1 3.8 1.72 29.24 

 

Following deductive revelations from the study of both the structural and optical 

characteristics of samples S14 to S32, an additional sample, S45 (12% Sn), was added to further 

translate and/or extend our understanding to higher Sn composition and fully strained GeSn 

sample. Figure 5.11 below shows the pre- and post-annealing X-ray diffraction 2̅2̅4  RSMs and 

ω/2θ scans of sample S45. Sample S45’s fully strained structural expression is the outcome of its 

GeSn layer being at least 45 nm below the theoretical critical thickness to attain strain relaxation 

[39,141,142]. Due to this, this sample manifests as a lower defect density and higher strain level 

GeSn material compared to samples S14 and S32. 
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Figure 5.11. Pre- and post-annealing X-ray diffraction 2̅2̅4  RSMs and ω/2θ scans of sample 

S45.  

 

In fact, the sample is nearly void of defects (zero) in its as-grown state, and remains in 

same form (zero defect density) even after 2 hours of annealing treatment at 300oC. However, 

after about 2.5 hours of annealing, this value increases to nearly 0.5×105 cm-1 and later to strain 

relaxation effect, the defect density population doubles to about 1.0×105 cm-1 after 4 hours of 

curing (annealing). From a structural point of view, the sample maintains a strain of nearly -

15×10-3 in its as-grown form while retaining its relaxed state even after 2 hours and 4 hours of 

annealing. This strain trend/nature also corresponds with a previous report on the investigation of 

direct bandgap optical transition of similar alloy composition (Ge0.875Sn0.125)[133]. From result of 

that study, the strain level observed for sample S45 manifests as an indirect bandgap material 

despite its high Sn composition. Meanwhile, the temperature-dependent PL spectra of sample 

S45 shows identifiable peaks corresponding to two pronounced optical transitions w ith a ∆E of 

approximately 120 meV (See Figure 5.12 (a) and (b)). Here, the peak emissions are assigned to 

L-HH and L-LH instead of the L-HH and Г-LH transitions. Based on Figure 1 of our reference 
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literature [133], a strain level of  about -15×10-3 should coincide with a ∆E of nearly 120 meV. 

Detailed analysis of sample S45 shows a higher possibility of relaxation occurring during growth 

for highly stressed GeSn. 

 

 

Figure 5.12. Temperature-dependent PL spectra of samples S45 

 

5.4 Summary  
 

In summary, connections have been established for the composition, defect density, strain 

and PL observed for the pre-and post-annealed GeSn alloys of Sn compositions near the indirect 

to direct optical transition points. The as-grown GeSn samples range between an Sn composition 

of 8% to 10%, and were annealed at a specific temperature of 300oC. The results reveal that for 

GeSn samples that fall near the indirect-to-direct transition point, the value of ΔE is strongly 

influenced by the strain level and the Sn composition while changes in strain level are controlled 

by the defect density populations (misfit/threading dislocations) as well as the observed surface 

roughness. While the role of annealing was to reduce the strain level, it’s impact also decrease 

ΔE appreciably, which in turn increases the PL emission following pronounced competition 

between direct and indirect transitions.  
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          Although annealing reduces the strain levels as previously emphasized, it also invasively 

affects the sample’s quality by increasing the defect densities and the surface roughness– factors 

known to also reduce PL emissions.  As a result, the impact of annealing on PL emission is 

determined by the competition between these parameters: i) change in defect density, ii) surface 

roughness and, iii) the separation energy between the direct and indirect transition, ∆E.  

           The effect of annealing on PL emission can either reduce or enhance the PL emission 

depending on the proximity of the alloy’s Sn composition to the transition point  where ΔE has 

been discovered to be extremely non-linear. This will mean that, depending on the sample’s 

relative position to the transition point, an equal change in ΔE can have completely different 

effects, which can be large for one and small for the other. Of course, a different rule of thumb 

exists for GeSn samples with Sn compositions above the transition points where the PL emission 

manifests as a direct bandgap material.  

Deductions from this study suggests that by growing an additional Ge capping layer on thee 

GeSn surface it is possible to curtail the impact of the surface roughness towards improved on 

the optical performance above room temperature.   
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Chapter 6: Investigation of Sn out-diffusion in GeSn/SiGeSn multiple quantum wells  

 

6.1 Background 
 

GeSn/SiGeSn alloys have sparked a great deal of interest in a variety of photonic and 

optoelectronics applications. Much of these realizations are piqued by a series of progressive 

research that led to the development of direct bandgap GeSn binary alloy materials for Sn 

compositions greater than 6% [11,85]. In fact, despite the solubility limitation of Sn in Ge, 

advances in material growth strategies and technologies have made it possible to develop GeSn 

materials with Sn contents that favor the transition of indirect to direct bandgap optical emissions 

[131,143–145]. While much research progress has been made to pioneer an array of device 

characteristics for bulk GeSn alloys [9,19,20,22,23,81,85], commensurate efforts towards 

advanced and improved applications are currently being pursued for GeSn quantum wells (QWs) 

[86–88,92,146]. A supplementary advantage of GeSn/SiGeSn QWs over bulk GeSn 

heterostructures is in their extensive viability at providing added structural material design and 

bandgap engineering options for a wide range of projected device applications. As a matter of 

fact, Type-I band alignment for GeSn/SiGeSn QWs has been made possible to favor a broad 

range of Sn compositions for improved carrier confinements[11] and enhanced radiative 

recombination in the QWs.  

The past few years has ushered in novel growth strategies for multi-quantum wells 

(MQWs) architectures[11,51,88,89,91]; most of which have engendered an array of device 

applications as previously mentioned. For instance, Homewood et al.[11] used a multi-quantum 

well structure consisting of a combination of Ge0.9Sn0.1 well and Si0.1Ge0.75Sn0.15 barrier to 

fabricate Si-based laser diode that operates in the mid-infrared. Higher modal gains were 

predicted for GeSn/SiGeSn QW lasers while a linear increase in optical confinement was 
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observed for increasing number of QWs. In similar fashion, Von den Driesch et al.[91] also 

reported improved lasing characteristics and enhanced optical and carrier confinements for 

GeSn/SiGeSn MQWs. In addition to the aforementioned works, a comparative study of 

SiGeSn/GeSn/SiGeSn MQWs was carried out by Margetis et al. [89] where a lower lasing 

threshold and increased operating temperature was reported for QWs with higher Sn composition 

and larger QW thicknesses. Despite these notable advancements, some issues regarding the 

material’s thermal stability, Sn diffusion and intermixing, strain, strain relaxation, as well as their 

respective and/or collective effects of these on the optical emission characteristics of GeSn QWs 

remain particularly daunting from a material implementation perspective[134,147,148]. 

Additionally, while MQWs are projected to have superior optical emissions to single 

quantum wells (SQWs), the amount of light emitted rely invariably on a number of factors, such 

as the interface quality, degree of elemental diffusion and the material strain. As a matter of fact, 

thermal stability studies on high-Sn bulk GeSn materials[147,149,150] have suggested the 

possibility of high-Sn diffusion in GeSn MQW layers during growth, thereby resulting in the 

elemental fluctuations of alloy compositions, affectedly lower optical emissions and QW 

intermixing effect. Consequently, an experiment-based investigation that explores the effect of 

strain, strain relaxation and Sn diffusion on the optical properties of GeSn QWs is required.  

In this study, we investigate the photoluminescence and structural properties of controlled 

sequence of SiGeSn/GeSn QWs with varying numbers of periods. Our findings show that the 

examined MQWs samples are coherently-strained with comparable defect densities. Further 

analysis revealed that elemental diffusion is more prominent during growth and is more 

predominant in MQW samples. This effect of this realization is made evident by demonstrated 
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blue-shift in the PL as the number of QW increases, followed by an increased line-width as well 

as a decrease in the absolute integrated PL.  

 
6.2 Experimental Approach 

  

Single and multi-quantum well samples are grown using an industry-standard reduced 

pressure chemical vapor deposition (RPCVD) machine. Si, Ge, GeSn and SiGeSn epilayer 

growths are realized using available commercial reactor gases such as SiH4 for Si, GeH4 for Ge, 

SnCl4 for Sn and of course, a combination of the appropriate elemental mix of these to achieve 

specific binary (GeSn) or ternary (SiGeSn) alloy variants. Each sample consists of a 700 nm 

thick Ge buffer and a relaxed 600 nm thick Ge0.918Sn0.082 layer both grown sequentially to a Si 

(004) substrate. Above the Si-Ge-GeSn layers, are the QW layers which have different GeSn 

well and SiGeSn barrier alloy compositions for each investigated sample. The QW active regions 

comprise of a sequential period of SiGeSn bottom, GeSn well and SiGeSn top for SQWs and 

repeated periods of the same depending on the number of QWs ascribed to the sample under 

investigation. The schematic configurations of the samples are shown in Figure 6.1 below.  

 

 

Figure 6.1. Schematic representation of all samples showing (a) 1-QW sample, S1 (Single QW) 

(b) 2-QW sample, S2 (Double QW) (c) 4-QW sample, S3 (Four QW) 
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           Experimental-based structural analysis was carried out using a combination of X-ray 

diffraction (XRD) and Secondary Ion Mass Spectrometry (SIMS) methods. An integrated 

assembly of Philips X’pert MRD machine consisting of a 1.6 kW Cu Kα1 X-ray tube and a 

standardized Ge-bounce monochromator were utilized for measurements. The surface roughness 

of the samples was also examined using a Nanoscope IIIa Dimension 3000 atomic force 

microscope machine. The QW optical characteristics were investigated using an in-house 

standard off-axis PL multifunctional set up that integrates two (2) different excitation pumping 

lasers of wavelengths 532 nm (CW) and 1550 nm (CW). The setup also consists of the Horiba 

grating-based spectrometer (iHR320) that is easily attached to a PbS detector of 3 μm cut -off 

wavelength. The entire laser-detector arrangements are connected to a series of lens, mirrors 

lock-in amplifiers and choppers to enhance signal detection. The choice of the 1550 nm usage is 

motivated by the intention to explore the optical emission characteristics of at depths that 

penetrates the Ge and GeSn buffer layers at low loss (~10%). PL measurements were taken at 

considerably low excitation power of 10 mW and at low temperature of 10 K to optimize the PL 

signal. 

 
6.3 Results and discussions 
 

The quality of the GeSn/SiGeSn QW samples and strain levels were estimated using 

extracted data from the X-ray diffraction reciprocal space maps. All RSMs contours originate 

strictly from the (2̅2̅4) asymmetric crystal planes as shown in Figure 6.2. All diffraction peaks 

for the Ge buffer, GeSn buffer, SiGeSn barriers and the GeSn wells are identified on the RSM 

plots and labelled accordingly. RSMs contour plots of samples S3 and S4 also show associated 

satellite fringes that originates from and around the GeSn/SiGeSn periods (Figure 6.2 (c)).  
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Figure 6.2. Reciprocal space maps (RSMs) of samples (a) S1, (b) S2, and (c) S3. Inclined and 
vertical dashed delineations represent the directions of ω and 𝑄⊥  scans in reciprocal space. The 

inclined solid line shows the estimated direction of relaxation. 

 

The relation between the in-plane component of the diffraction vector, 2 8Q a=  and 

the in-plane lattice constant is used to calculate the strain, ( )0 0a a a = −  associated with each 

layer. Here, 
0a  is lattice parameter of unstrained bulk GeSn alloy material and is typically 

function of the Sn content. Both of which are estimated using the method explained in Ref [149]. 

The summarized structural parameters are shown in Table 6.1 below: 

 
Table 6.1. XRD Parameters of the GeSn buffer, GeSn QW, and SiGeSn barrier layers 

 Strain, ×10-2 Sn composition (at. %) 

 GeSn buffer GeSn QW SiGeSn GeSn buffer GeSn QW 

S1 -0.27 ± 1.1 -1.13 0.22 7.7 ± 1.4 14.2 

S2 -0.14 ± 1.0 -1.04 0.25 7.9 ± 1.1 14.4 

S3 -0.18 ± 1.3 -1.08 0.20 8.2 ± 1.4 14.9 

 

The calculated Ge buffer residual strain is the same for all the QW samples at (1.1 ± 0.5) 

×10-3 and characteristic of typical Ge epitaxial growth on Si (100)[151,152]. On the other hand, 

strain relaxation in the GeSn buffer layer manifests during growth as regions of differing Sn 

compositions [43,153]. The GeSn buffer Sn composition varies from 6.8 ± 0.2 to 8.8 ± 0.2 at. % 
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for all samples leading to a ~1% Ge buffer-GeSn buffer lattice mismatch. As observed on the 

RSM contour plots, the positions of the GeSn peak are proximal to the R=1 relaxation line 

corresponding to a GeSn buffer residual strain of (- 8.8 ± 0.5) ×10-3 as well as a strain relaxation 

of 86 ± 4%. Additionally, the alignment of the GeSn/SiGeSn active layer and the GeSn buffer 

peaks through the vertical dashed lines indicates that the structures are coherently-strained to one 

other. The estimated strain in the SiGeSn barriers and the QW layers are 1.9 ± 0.5) ×10-3 and 

(- 1.1 ± 0.1) ×10-2, respectively. Figure 6.3 shows the XRD ω scans were measured along the 

2̅2̅4 reflection of the GeSn QW, GeSn buffer and the Ge buffer layers.  

 

 

Figure 6.3. XRD ω scan of all samples measured along the 2̅2̅4 reflection of the RSM contour 

plots for (a) Ge buffer, (b) GeSn buffer and, (c) GeSn well.  

      The line broadening information extracted from this data are then analyzed to study 

the quality of the layers in each sample. These are depicted as inclined dashed delineations on 
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the RSM contour plots shown in Figure 6.2. The quality of the respective layers are inferred from 

the full width at half maximum (FWHM) of the ω scan data. Extracted values of the FWHM are 

typical quantitative metrics for estimating the defect densities in lattice mismatched and strain-

relaxed epitaxial systems. Although, the RSM contour plots in Figure 6.2 shows coherently 

strained GeSn/SiGeSn well-barriers heterostructure, defects propagating through the overlying 

layers above the Si substrates are characterized as threading dislocations[154]. Since non-

radiative carrier recombination are bound to occur within the propagating threading dislocation 

(TDs), comparing and quantifying the TDs of each sample is necessary prior to examining their 

optical characteristics. Figure 6.3 (a) shows the extracted FWHM for the Ge buffer layer of each 

sample.  

As seen in the figure, the maximum FWHM appear characteristically narrow at ≤ 0.060 

degrees for each sample with comparative values showing little to no standard deviation that can 

be easily explained by the similar defect densities (TDs) and thicknesses of the Ge buffer layer in 

each sample. The plot of the XRD ω scans is also shown for the GeSn layers of all the samples in 

Figure 6.3 (b) where the FWHM is 0.517 degrees (at ~0.217 degrees) higher than the values 

extracted from the spectra of the Ge buffer layer. This dramatic increase in line-broadening (∆ω) 

is due to the increase in misfit/TD defect populations that occurs during GeSn layer deposition, 

especially when the growth reaches the critical thickness needed for strain relaxation to occur 

[142]. It worth noting that the result of the non-varying FWHM peak values obtained for all the 

GeSn buffer spectra of all the samples is the similar GeSn buffer/Ge buffer lattice mismatch and 

Sn compositions in the GeSn buffer layers.  

Figure 6.3 (c) also shows the fitted FWHM of the GeSn QW spectra at ~0.247 degrees and 

compares to the value obtained for the GeSn buffer. This implies that additional misfit/threading 
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defects were not formed during or after the deposition of the GeSn well/SiGeSn barrier growth. 

The collective significance of this observation is that the number of QW additions to a structure 

does not affect (increase or lower) the dislocation densities in the GeSn well. Figure 6.4 shows 

the X-ray diffraction 𝑄⊥ scans with GeSn QW line-broadening information which are extracted 

using the Gaussian fitting function. The 𝑄⊥  datapoints are scanned across the diffraction spots of 

the GeSn/SiGeSn active layers as delineated by the vertically dashed line through the RSMs 

contour patterns in Figure 6.2. The measured line-widths of the respective layers in Figure 6.4 

are compared and analyzed accordingly.  

 

 
Figure 6.4. XRD 𝑄𝑧 scan of all samples measured along the 2̅2̅4 reflection of the RSM contour 
plots of the GeSn/SiGeSn structure. The yellow line represents the Gaussian fit of GeSn QW 

peak. 

 

In contrast with the ω scan measurements, the peak width values of the 𝑄⊥ are 

particularly influenced by a number of structural factors such as the strain/composition 

fluctuations, high dislocation densities, and limited coherent vertical thickness (𝐿⊥ = 2𝜋/∆𝑄⊥). 

As observed in Figure 6.4, the two (S2) and the four (S4) QW samples show comparatively 
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higher QW peak widths compared to the single QW sample (S1).  Since there are no additional 

dislocations/defects in the overlying coherently strained GeSn/SiGeSn active layers, the 

variations in the extracted ∆𝑄⊥  is hypothesized to be due to possible local strain or 

compositional limitations in the QW layers, and could be the first proof of possible QW 

intermixing within the layers. To validate the above hypothesis, secondary ion mass 

spectrometry (SIMS) measurements of each sample were performed to verify the elemental 

compositions of the respective layers. The resulting SIMS summaries of the all the samples are 

presented in Figure 6.5. From the plots, it is possible to deduce that the Sn compositions in the 

QW layers are decreasing with increasing sample depth below the top surface of the crystal 

structure. 

 

 
Figure 6.5. GeSn/SiGeSn QW SIMS profiles of samples (a) S1, (b) S2 and, (c) S3 
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For instance, while the single QW structure (S1) and the first QW in the double QW 

structure (S2) shows similar Sn composition of ~13.8 ± 0.1 at. %, the second QW in the double 

QW (S2) Sn composition shows a reduced/decreased Sn composition at ~13.1± 0.1 at. %. In the 

same vein, the Sn compositions of the third QWs in sample S3 also follows the same trend 

manifesting a reduction in Sn composition as a function of depth (by ~2.0 ± 0.2 at. %). As for the 

SiGeSn barrier observations, the Si composition in double QW (S1) is seen to increase by up to 

0.7 ± 0.1 at. %, and also increasing by the same value in the third and fourth QWs of sample S3. 

In addition to the Si and Sn compositional variations, the GeSn/SiGeSn interface sharpness drops 

with increasing QW sample depth. The above identified observations both point to the possibility 

of interdiffusion events occurring in the deeper QW interfaces.  

As a matter of fact, a visual evidence based on the shape of the Sn compositional profiles 

shows a noticeable geometrical transition from a compositionally graded Λ-shaped profile (from 

the first QW) to a nearly-blocked shape Sn profile (last QW). The layer configurations of the 

well-barrier crests and troughs in the SIMS profile are determined by the lattice strain in the 

GeSn/SiGeSn heterostructures [155]. The increased interdiffusion event at lower 

interfaces/depths is arguably due to extended longer term growth temperature at which these 

lowers layers were subjected. The key takeaways from this study are that intermixing are more 

prominent in deeper QW layers and are have been found to play a significant factor in MQWs 

growth strategies. Based on the trend observed on the SIMS profile, it is proper to consider the 

occurrence and role of intermixing for objectives that involve the growth of MQWs. For a fuller 

description of the Sn compositional behavior, �̃�𝑆𝑛(𝑧), within the respective QW layers, the 

SIMS profiles are fitted using the model described in reference [156]. The Sn compositional 

profile is described as follows: 
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where 𝐿 𝑧 is the thickness of the well, 𝐿𝐷 is the Sn atom’s diffusion length, and  𝑤𝑖𝑛 is the initial 

molar fraction of Sn atoms in the QW. Figure 6.6 below shows the estimated Sn diffusion length 

as a function of QW depth for all the samples. Extractions from other MQWs are included to 

validate the results. From the plot, the Sn diffusion length (𝐿𝐷) is observed to increase as a 

function of QW depth. This implies that less Sn contents are observed away from the surface, 

resulting in less sharp GeSn/ SiGeSn interface.  

 

 
Figure 6.6. Estimated Sn diffusion length as a function of QW depth. Quantitative measure of the 

diffusion length is extracted from the fitted SIMS profile. 

 

Before examining the impact of these diffusion events on the PL, specific attention is 

channeled towards exploring the effect of changes in surface roughness on the integrated PL 
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intensities of these QWs. Figure 6.7 below shows the AFM images of the QWs where the surface 

roughness of the quantum wells are compared accordingly.  

 

 
Figure 6.7. AFM images of samples (a) S1 (b) S2 and, (C) S3 showing the respective surface 

roughness values  

 

The overall surface morphologies of the structures are characterized by patterned 

arrangement of ridges and troughs that occur as a result of the heteroepitaxial strain effects [155].  

These patterns are somewhat responsible for root-mean-square surface roughness (𝑅𝑞) 

value which increases from 10.7 ± 1.1 to 15.6 ± 0.7 nm as the total MQW depth increases 

through the structures. This linearly increasing surface roughness trend could potentially affect 

the overall collected PL of the QW samples and should be considered in further analysis.  

In addition to these findings, this study also explores the effects of surface roughness, 

intermixing processes and Sn diffusion on the overall optical emission of the QW samples using 

532 nm and 1550 excitation lasers. Figure 6.8 (a) – (d) shows the PL analysis based on the three 

samples.   
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Figure 6.8. Measured PL spectra of samples S1, S2 and S3 at 10K using (a) 532 nm (b) 1550 nm 
excitation lasers. (c) Normalized PL from GeSn QWs and GeSn buffers versus QWs periods. 
Inset shows the integral QW/GeSn buffer PL ratios. (d) Energy difference of the QW (E = EQW) 

and buffer (E = Eb) relative to sample S1 where ∆E = E- ES1.  

 

Due to the non-uniform surface variabilities and differences in system calibrations 

through the experiment, PL measurements were taken at different spatial positions of the samples 

to account for possible incongruities. In Figure 6.8 (b), notice the appearance of distinct peaks at 

0.55 eV and 0.58 eV when the 1550 nm wavelength laser is used.  

Although, the occurrence of these two peaks are evident for the 1550 nm laser, the higher 

energy peak is absent in samples S2 and S3 when the 532 nm laser is used Figure 6.8 (a). This is 

due to its low penetration depth, compared to the 1550 nm laser which has a higher penetration 

power and can probe deeper into the QW structure. Based on the understanding of the QW 

structures and laser penetration depths, these low and high energy peaks are assigned to the GeSn 

QWs and GeSn buffer, respectively. In fact, due to the higher penetration depth of the 1550 nm 
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excitation laser, it is possible to observe PL from the GeSn QWs and GeSn buffer, especially the 

GeSn buffer which situates deeper below the overlying QW active regions. Using the PL from 

the GeSn buffer layer as a reference point for the single, double and four QW structures, it is 

possible to compare the PL behaviors of the samples accordingly. This idea is justified by the 

fact that the absorption coefficient is small (α ≈ 104 cm-1) for bulk GeSn growths of similar Sn 

composition of ~ 14% [103,157,158], and absorption is also weaker for SiGeSn barriers with low 

Sn content. Considering that both the penetration depth of the 1550 nm laser and the ensuing PL 

intensity from the GeSn buffer may not be significantly altered, the PL from the GeSn buffer is 

considered a reliable reference parameter of choice for further comparative PL analysis.  

Figure 6.8 (c) shows the normalized integral PL versus samples with different QW 

periods. The PL bevahior of both the QW and buffer shows quite an interesting trend in that, the 

integral PL decreases as the the number of QW increases. To provide a simpler interpretation of 

this behavior, the inset compares the integral QW/GeSn buffer ratio as a function of the QW 

samples. The result shows a higher PL ratio as a function of the increasing QW numbers which is 

somewhat a contradiction of what is known of the normalized integral PL as a function of QWs 

with different periods. In addition to these analysis, clear blueshift emissions based on relative 

comparison to sample S1, are observed for samples S2 and S3. This is shown is Figure 6.8 (d). 

Futhermore, the extracted spectral line-widths of the GeSn QW peaks is also observed to 

increase from 14.9 to 15.5 meV as the number of QW increases from one (S1) to four (S3) QWs. 

These PL blueshift occurrence as well as the spectral width broadening can be explained in terms 

of the intermixing events observed on the elemental depth profiles in Figures 6.5.  

To provide an explanation for the decrease in integral PL as a function of increasing QW 

numbers, a mathematical connection is drawn between the surface morphology and the ensuing 
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optical character of the of the QW structures. This is realized by estimating the ratio of the 

secular light reflection to the total light reflection (which is also known as the total integrated 

scatter, TIS) as expressed in reference [159]. This is shown in the expression below, 

                                                                   

2
4

exp
qR

TIS                             (Equation 7.2) 

where λ is the QW emission wavelength (2480 nm), 𝑅𝑞  has earlier been established as the root-

mean-square surface roughness. Based on the value of 𝑅𝑞  value increasing from 10.7 ± 1.1 to 

15.6 ± 0.7 nm, the calculated TIS will vary from 99.7 to 99.3%. Additionally, high resolution 

microscope images of the QW samples were taken (not shown) and indications of Sn segregation 

were not observed for all sample surfaces. This attests to the fact that the effect of the surface 

morphology of the samples on the PL is minor, if at all it has any bearing on the optical 

properties.  

Based on these realizations, it becomes straightforward to hypothesize that the reason for 

the PL blueshift, spectral width broadening as well as the decreasing absolute PL intensity may 

of course be connected to Si/Sn intermixing events occurring at depths below the QW’s surface. 

The occurrence of these intermixing events may give rise to the formation of localized defects 

masquerading as non-radiative centers within the structure. Of course, the advent of the localized 

features may not necessarily increase the overall defect density of the sample. These non-

radiative centers may explain the observed spectral broadening, PL reduction as well as the 

spatial variations of measured PL across the sample surface. Further structural and optical 

characterization in the expressions of transmission and micro-Raman spectroscopy may provide 

insights into these occurrences.  

 



109 
 

6.4 Conclusions 
 

This work provides an experimental account of the impact of QW intermixing on the PL 

emission of GeSn/SiGeSn multi-quantum well samples of different periods. While the measured 

PL increases as a function of increasing number of QW periods, a decline in the interface 

sharpness at larger depths is observed for higher period QWs. This decline is attributed to the 

effect of Si/Sn intermixing observed when the samples are subjected to longer-term growth 

temperatures. The effect of the Si/Sn diffusion also manifests optically as evidences of blueshift, 

spectral broadening and decreasing absolute intensity in the PL spectra. Expectedly, these 

intermixing and diffusion events can be pronounced for situations where higher growth 

temperatures are applied or for objectives with post-growth annealing requirements. Therefore, 

more attention should be devoted to the possibility of intermixing events during the growth of 

GeSn QWs. 
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Chapter 7: Si and GeSn Epitaxy 

  

7.1 Background  
 

7.1.1. Low Temperature Si Growth 
 

The creation of abrupt doping profiles in MOSFETs [160] and thin film solar devices 

have been enabled by the epitaxial growth of Si at low temperatures [161]. On a grand scale, the 

possibility of these growths has served the strategy of eliminating autodoping tendencies of bare 

Si substrates and have ushered the use of seeded glass substrates as potential alternatives for a 

few notable applications [162]. In fact, the realization of low temperature growth is essential for 

MOSFETs applications in that higher than 400oC growth temperatures are more likely to alter 

the doping profile of the device. The advantage of this pursuit also favors the affordability of 

current and future solar cell systems embracing the fuller actualization of a clean, affordable and 

green energy future. It is noteworthy to mention that growing at higher temperature result in a 

higher Si deposition growth rate while also affecting the quality of the films. The development of 

a working strategy that reduces the growth temperature while exploring a better understanding of 

Si growth mechanism is needed to circumvent these challenges. The low temperature objective is 

achieved by pursuing low-plasma density approach through a plasma-assisted UHCVD growth 

methodology while the high growth rate practicality will be explored by varying the hydrogen-

silane dilution ratios [162].  

 Pioneering Si deposition techniques pursued this objective by pyrolytically decomposing 

Si precursors in a highly-hydrogenated sub-atmospheric pressure environment and at a high 

growth temperature (800 – 1200oC) [163]. The idea to heavily hydrogenate the system stemmed 

from a preventive strategy to protect the wafer surface from oxidation. From an application point 

of view, these high temperature growth alternatives give rise to affected nanoscale thicknesses, 
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indistinct doping profiles as well as a high thermal budget; all of which are undesirable for 

CMOS processes since they affect device performance. Conversely, the growth of Si under low 

temperature conditions are affectedly trammeled by a reduced growth quality and low deposition 

rates that spur from two major factors. The first being the reduced Si adatom diffusivities about a 

hydrogen-terminated Si substrate while the second relates directly to the slow dissociation of 

precursor gases during deposition. Additionally, since oxidized silicon surfaces are hardly 

desorbed during low temperature interventions, the growth products result in defectively low 

quality films [164].  

The oxygen desorption challenge is circumvented by introducing a specialized pre-

deposition procedure that rids-off the oxidized patterns on the silicon surface and replaces it with 

hydrogen atoms to result in a hydrogen-terminated wafer surface. To create optimal conditions 

for high quality growths, the requirement of an advanced deposition technology that sponsor 

significantly lower water and oxygen partial pressures is needed. This objective has led to the 

development of a highly-functional ultra-high CVD system that can accommodate lower 

temperature epitaxial growths at ~ 600oC. Due to the significantly low-pressure functionality of 

the system, low in-situ partial pressure objectives are possible since they give rise to an 

appreciably lower contaminants measure in the order of parts-per-billions. This creates an ideal 

environment for higher quality growths. Defined by their respective operating pressures, there 

exists three major deposition systems; these range from the UHVCVD system (less than 10-8 

torr) to the atmospheric and sub-atmospheric types that operates within pressure ratings of 

several torrs. While the low temperature objectives hold promise especially within the 

framework of the plasma-assisted technology, the call to increase the growth rate of Si 

depositions perhaps needs to be critically explored. Previous attempts to address this issue 
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proposed the intervention of low-plasma density growths, in addition to increasing the hydrogen-

silane ratio. These suggestions will be explored using the works of Mosleh et. al., as a reference 

point [162].  

More recent growth advances have utilized plasma-assisted technologies to deposit 

amorphous, microcrystalline and crystalline growth samples[165,166]. Plasma-activation under 

admixed silane and hydrogen gases typically give rise to growth-favorable combinations of 

reactive radicals and atomic hydrogen that increases both the Si adatoms/hydrogen surface 

mobilities and diffusivities[167,168]. Increasing the Si adatom’s diffusion lengths and hydrogen 

mobilities are the dominant factors responsible for the suitable transport of Si adatoms to their 

energetically-favorable crystalline sites.  Achieving epitaxial crystalline growth is also favored to 

the application of low power plasma since higher plasma energies (15 -20 eV) have been proven 

to results in defected and or damaged growths[168].  

 
7.1.2. Si-on-Si Growth Mechanism 
 

The process schematics below shows the entire Si homoepitaxial deposition (Figure 7.1). 

Although, this work demonstrates the possibility of growing crystalline/amorphous Si-on-Ge 

using our in-house designed UHV-CVD system, a cursory overview of the Si-on-Si epitaxial 

process is presented for a clearer understanding of Si’s growth dynamics in dissimilar lattice 

conditions where different elements or alloys are involved – Heteroepitaxial scenarios. ① The 

process starts with bare Si wafers that play host to Si-Si dangling bonds. Upon exposure to air, 

these unattended dangling bonds are promptly attached to oxygen atoms in air thus forming SiO2 

patterns across the entire wafer surfaces. ② Since the layered-formation of silicon dioxide 

(SiO2) would be inimical to the growths, the wafers are treated to a hydrogen-passivation process 

that eliminates the native oxides and also initiate new bond associations with hydrogen to result 
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in hydrogen-terminated Si surfaces. The passivation procedure takes oxide-exposed Si wafers, 

subjects it to a standard RCA-1/RCA-2 cleaning procedure, then immerses same in a bath of 

hydrofluoric acid (HF) after which the wafers are dried-off by a typical in-lab nozzle-channeled 

nitrogen gas [169].  

 

 

Figure 7.1. Si homoepitaxial growth mechanism 

  

③ Following these pre-deposition steps, the hydrogen-terminated wafers are then transported to 

the UHVCVD’s process chamber where appropriate growth parameters such as the temperature, 

pressure, gas flow rates, plasma power and the Si/H2 dilution ratio are applied. The growth is 

initiated through a controlled supply of silane gas (the precursor gas of Si) which, when favored 

to the appropriate growth conditions, breaks down or dissociates into familial product forms of 

reactive radicals and atomic hydrogen as indicated in process ③. The dissociation reaction’s 

release of the atomic hydrogen aids the deposition scheme in diverse ways. First, it triggers the 

cessation of the erstwhile surface hydrogen termination, then improves the mobility of the 
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hydrogen whilst enhancing Si-adatoms diffusivity on the wafer surface. ④ As the growth 

temperature becomes less than 407oC, the dissociation chemistry favors the formation of a 

dihydride product which in turn decelerates the motion of Si adatoms by shortening their 

diffusion lengths. The silane dissociation event is arguably the most important chemistry in the 

deposition process, in that it aids the reduction of the growth temperature – a notable objective in 

the low temperature epitaxy pursuit [170]. Additionally, this dissociation event is also 

responsible for inducing the hydrogen abstraction process – a hydrogen removal strategy that 

sponsored the transitory formation of a monohydride from an initially formed dihydride. ⑤ The 

hydrogen abstraction process continues to strip more hydrogen atoms away from intervening 

dihydrides and or trihydrides until free Si adatoms are completely divorced from their parent 

atoms to be appropriately situated in their respective crystalline sites. It should be clearly stated 

that the advent of the hydrogen atom served to improve the Si adatom’s diffusivity while also 

acting as selective etchant stripping away Si-Si amorphous associations as well as possible 

defective growth features [162].  

A team of researchers in the early 2000s investigated the abstraction process under low 

temperature trials and realized that for the silicon atoms to effectively move about the Si surface, 

the H2/SiH4 dilution ratio had to be greater than 10 [171]. Otherwise, the surface diffusion length 

turns out to be significantly lower thereby affecting the diffusion length as well as the surface 

motility of the Si ad-species. Variable dilution ratios are investigated in this chapter with the aim 

to realize low temperature growth and comparatively higher growth rate depositions.  

 
7.2 Low temperature Si-on-Ge growth using the Plasma-enhanced UHVCVD 
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This section details the growth and characterization parts of this work. Although, the 

growth mechanism of a typical Si-on-Si homoepitaxial objective have been presented, a more 

interesting problem regarding the heteroepitaxial growth of same Si on Ge is explored. While the 

applications of Si-on-Si are vast and varied over the developments of MOSFETs and thin film 

solar cells, the application of Si heteroepitaxy to dissimilar systems such as Ge or transition 

metal oxides (TMOs), especially TMOs that have potential expressions for the creation 

electronic systems that carry semiconducting, magnetic, superconducting and ferroelectric 

properties. Since our in-house plasma has been utilized for low temperature growths under 

300oC, it becomes imperative to grow thin Si layers using Ge as an example, then carrying the 

lessons learnt to apply to TMOs for future research ambitions (Semiconductor-on-Insulator 

application). Growing thin film (3-40 nm) Si is important for TMOs since these thicknesses are 

below the critical thicknesses of TMOs. It is also believed that low temperature accounts may 

help prevent the formation of SiO2 along the growth interface. The undesirable formation of this 

oxide layer could obtrusively hinder the realization of a sharp interface – a critical feature 

responsible for Si-TMO application potential. This work will not be discussed here. An 

overarching objective of this effort, especially as it pertains directly to Si-on-Ge growth is the 

question of whether it is possible to achieve crystalline growths at low temperatures (200-

300oC). The growth of amorphous Si at these temperatures have been achieved in the past, but 

the realization of crystalline phase growth of Si on Ge has been less researched. This work uses 

plasma-powered UHV-CVD technology and an understanding of the competition between 

plasma power, growth time and H2/SiH4 dilution ratio to achieve low temperature crystalline Si-

on-Ge layered growths (Frank-Merwe growth mode) with little to no surface Si islands 

occurrences (Volmer-Weber or Stransky-Krastanov growth modes).  
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          This preliminary heteroepitaxial account chronicles the experimental expression of 

demonstrated Si-on-Ge growth as well as an understanding of Si’s growth mechanisms. Learnings 

from this exploration can be translated to other heteroepitaxial signatures where Si is the overlying 

depositional element.  

 
7.2.1 Growth Approach  

 

Four-inch Si wafers were cleaned using the standard piranha-etch and HF dip procedure 

before thin film deposition in a process chamber. As previously mentioned, these growths are 

achieved in a plasma-enhanced system UHV-CVD system using appropriate gas precursors. 

Where Si and Ge films are deposited, SiH4 and GeH4 are used as respective precursors both of 

which are enabled by hydrogen carrier gas. The plasma-enhanced UHVCD chamber is 

maintained at a base pressure of 10-9 torr throughout the growth. Figure 7.2 shows the 

representative heterostructure schematics for this experiment. The generalized growth conditions 

are also embedded for visual simplicity. 

 

 

Figure 7.2. Representative heterostructure schematics of the Si-on-Ge growth. The generalized 

growth conditions are also presented. 
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The Si-on-Ge heteroepitaxial growth steps are presented accordingly. The growth starts 

with the deposition of a Ge buffer film that consists of an initial Ge film layer at low temperature 

(375oC) followed by a high temperature growth (575 oC) of a second layer. The initial low 

temperature Ge growth was deposited to avoid possible island growth while the second layer 

prompted the deposition of a higher quality layer. Table 7.1 shows an extended detail of the Si-

on-Ge growth conditions. 

 

Table 7.1. Extended details of the Si-on-Ge growth conditions 

  
Temp.  Time Flow rate  

Dilution 

ratio (DR) 

Plasma 

Power 
Thickness 

 

Sample (°C) (min.) 
H2 

(sccm) 
SiH4 

(sccm) 
H2/SiH4 (W) (nm) 

 

A 250 30 97 3 32 3 193  

B 300 15 95 5 19 10 37  

C 200 10 95 5 19 3 10  

D 250 10 95 5 19 10 97  

 

7.3 Characterization Methods 

 

The post-growth characterization analysis was carried out to explore the impact of the 

growth parameters on the sample’s structural and optical quality. To inspect their respective film 

thicknesses, ellipsometry data was obtained at a constant angle of 70o using the J.A. Woollam V-

Vase ellipsometry system. Further optical investigations were performed where the use of the 

Raman spectroscopic set-up was used to investigate the degree of crystallinity of the grown 

samples. The Raman assembly employed a 632 nm He-Ne excitation laser to probe respective 

film’s strain and bonding states. In addition to the optical evaluations, the structural 

characteristics of the films were also investigated to provide further information on the film’s 

crystallinity. Atomic force microscopy (Nanoscope IIIa scanning probe microscope (Dimension 
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3000)) was also used to inspect the surface morphology, roughness and growth uniformities of 

the grown samples.  

 
7.3.1 Raman Spectroscopy  

 

          Raman measurements were obtained to inspect the crystalline or micro-crystalline natures 

of the grown samples. Figure 7.3 (a) – (d) shows the Raman data (intensity vs. Raman shifts) 

obtained for samples A to D.  

 

 
Figure 7.3. Raman spectra of Si-on-Ge heteroepitaxial growth of (a) Sample A (b) Sample B (c) 

Sample C and, (d) Sample D. The dashed line represents the characteristic Raman shift peak 

position of either crystalline (520 cm-1) or microcrystalline/amorphous (480 cm-1) Si growth.   

 

      The dashed line represents the characteristic Raman shift peak position of either crystalline 

(520 cm-1) or microcrystalline/amorphous (480 cm-1) Si growth. The Ge-Ge mode peaks of the 
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samples are also situated in the neighborhood of 300 cm-1. In this work, the focus is on the Si-Si 

mode peaks. 

     With the exception of sample B which shows pronounced, narrow and distinct spectra 

characteristic of a typical Si peak in its crystalline state, other samples are characterized by either 

a (i) broadened, lower intensity Si peak indicating a comparatively lesser crystalline quality 

(Sample A), (ii) non-obvious peak with signs of no Si deposition due to lower thickness film 

(sample C) or (iii) lower wavenumber amorphous Si peak sample (sample D) at 480 cm-1. In 

cases where the peaks are non-obvious such as sample C, micro-Raman measurements can be 

performed to provide information regarding the crystalline/amorphous natures of the Si peak.   

 Since one of the overarching objectives of this work is to deposit thin (10 – 40 nm) crystalline Si 

on Ge at low growth temperatures (≤ 300oC), the impact of the growth parameters on the Raman 

spectra is discussed accordingly. Of the four grown samples, A and B appears to produce c-Si 

films (crystalline silicon) or at least, the closest to being an indication of a crystalline Si film. An 

outcome favored by an informed interplay of the dilution ratio, the applied plasma power density 

and or the growth temperature. 

Using Sample A as a comparative baseline, it appears that a slightly lower dilution ratio 

(19 against 32) and higher plasma power (10 W against 3 W) would result in a more crystalline 

silicon product when grown at a higher growth temperatures (300oC against 250oC). It is also 

possible that the temperature is the major driving factor since it can favor the surface energetics 

of the Si adatoms. While this is not a general rule of thumb, the result speaks to the validity of 

this statement. It is also noteworthy to mention that the Raman measurements were carried out at 

different spots of the samples for result reproducibility and repeatability and reliability.  
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7.3.2 Atomic Force Spectroscopy  

 

      To inspect the surface morphology and possibly infer the growth mechanism of the Si-on-Ge 

growth, the use of the AFM system is employed. Figure 7.4 shows the AFM images and 

corresponding surfaces roughness values of all the samples.  

 

 

Figure 7.4. Comparisons of the surface roughness of the samples using Atomic Force 

Microscopy (AFM) 

 

Measurements are taken and repeated for at least four times per samples within sample 

areal observations of 2 μm x 2 μm. This is done to provide an aggregated measure of the surface 

roughness. From sample A to D, the average surface roughness values are 2.01 nm, 0.624 nm, 

1.17 nm to 2.78. Sample B has the lowest surface roughness at 0.624 nm, while sample D has the 

highest at 2.78 nm. Based on this evaluation, sample B proves a better film quality given its 

comparatively lower surface roughness. The surface roughness was also found to be the closest 

to the roughness of a bare Si wafer which was measured to be 0.128 nm. This realization points 
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to the fact that sample B possesses a more crystalline morphology compared to the other 

samples. The increase in surface roughness is inferred to be due to a number of factors relat ing to 

the bombardment of the sample surface by high energy radicals, etching of the surface by atomic 

hydrogen produced during the growth [162] and well as the growth of Si island features due to 

the large lattice mismatch between Si and Ge [172,173]. It also possible that the formation of the 

island growth may have been due to poor surface wetting of the Si film given its higher surface 

energy compared to the underlying Ge film – condition for the realization of the Franck de 

Merwe layer-by-layer growth mode [174].   

 

          Notice the presence of Si Island features on all the AFM images (Figure 7.4). These 

features are visually less prominent in sample B and clearly more pronounced in sample D 

featuring rounder and larger blobs. These island features appear to be one or the factors 

determining the degree of surface coarsening or smoothening of the sample surface. In fact, 

increasing surface roughness is an possible indicator of crystalline to amorphous growth 

transitions at low temperatures [175]. The formation of these multiple Si Island growth is an 

offshoot of Stransky-Krastanov growth mode (2D/3D island growth) and finds expressions given 

the reason mentioned above. Based on these AFM results, it is possible to deduce that the growth 

mechanism of Si on Ge heteroepitaxial structure is governed by the impact of the plasma radicals 

on the surface kinetics[162], islanding or possible intermixing at the Si/Ge interface leading to 

the formation incoherent SiGe feature at this interface [173].  

 
7.4 Discussion and summary  
 

Although, a prime objective of this work was to explore the favorability of increasing the 

deposition growth rate of Si on Ge. The aim was partly achieved for Samples A (2.47 nm/min) 
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and B (6.34 nm/min) since the ensuing growths rate enabled the formation of crystalline Si. 

Growth rates of other samples either gave rise to amorphous-type Si deposition (Sample D – 9.47 

nm/min) or non-discernible Si deposition (Sample C – unsure if the epi-growth is amorphous or 

crystalline) (1.00 nm/min). Based on this result, there exists a range of growth rate target values 

that favor the crystalline Si growths, and for this case, it may possibly be within a subjective 

range of 2 – 4 nm/min. Higher growth rates may deliver amorphous outcomes since in this state, 

the time taken for Si adatoms to find an energetically favorable site to get locked -in before the 

deposition of an overlying Si layer is reduced. Other suggestions to attain an optimal growth rate 

would be to explore higher growth pressures. To also suppress the prevalence of island growths, 

a suitable surfactant should be applied accordingly. As far as this work, additional structural 

characterization steps such as XRD, TEM and SEM need to be conducted for a more accurate 

narrative of the growth mechanism.    

       This work demonstrates the possibility of growing heteroepitaxial thin crystalline films of Si 

on Ge films at low temperatures using plasma technology. The quality of the growth is 

dependent on the controlled application of H2:SiH4 dilution ratios, plasma power density and 

growth temperatures. Raman and AFM measurements show clear evidence of crystalline Si 

deposition. Further analysis of the characterization results infer that the Si-on-Ge growth 

mechanism is governed by a number of competing factors such as the impact of the plasma 

radicals on the surface kinetics[162], islanding or possible intermixing at the Si/Ge interface 

leading to the formation incoherent SiGe feature at this interface [173]. 

 

7.5 GeSn Epitaxy  

 

7.5.1 GeSn on Ge buffered Si Growth   
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Advances in Group IV binary alloys have elevated their position as a competitive 

material system for applications involving the integration of photonics and optoelectronics 

devices on Si platforms  [9,23,36,73,176]. With the realization of a truly direct bandgap GeSn, 

revolutionary progresses have been pioneered through development of optically pumped and 

electrically-injected lasers [23,85,92]. Based on these merits, the market adoption of a slew of Si-

based optoelectronics devices that caters to the far and mid-infrared application is in the horizon 

[22,114,177]. While these are notable achievements, the epitaxial deposition of GeSn on Ge 

presents a challenge due to its solubility limitations coupled with alpha α-Sn’s instability at 13oC. 

To circumvent these challenges, low temperature non-equilibrium growth options involving the 

use of MBE [178–180] or CVD [99,110,176,181] technologies have been pursued meritoriously.  

     As far GeSn growth using the CVD growth route, several Ge and Sn precursor gases have 

been applied to achieve high quality and high Sn incorporation growths. Of the early adopted 

options, Deuterium stabilized stannane (SnD4) and tin tetrachloride (SnCl4) stood out 

substantively but due to the instability and cost-ineffective limitations of the former (Stannane), 

SnCl4 easily becomes the preferred precursor gas of choice for Sn deposition [182]. On the other 

hand, precursor gases of various hydride chemistries have also been explored for Germanium 

(Ge) deposition [181], but the higher order hydrides possess the advantage of easier 

decomposition at low temperatures [99]. Although, single-order, low-cost Ge hydride (Germane, 

GeH4) have also been employed to achieve GeSn growths via a custom UHCVD system. 

Although the possibility of GeSn growth has been demonstrated, the qualitative and quantitative 

assessment of the growth quality is determined by the amount of incorporated Sn in the Ge 

lattice. As such, Sn incorporation serves as a figure of merit for both growth and device 

development measures. The importance of a higher Sn incorporation cannot be overemphasized 
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in that, it improves the bandgap directness of a device while automatically enhancing its 

efficiency. In a separate but connected scale, a higher Sn incorporation increases the spectral cut-

off wavelength of a detection device thereby making it suitable for long-wavelength detection 

capabilities.  

To increase the chances for higher Sn incorporation, three growth ideals are currently 

pursued. The first applies higher order germane such as Ge2H6 or Ge3H8 and higher. Based on 

this, a relatively high Sn incorporation of > 10% has been achieved by Loo et. al [183]. The 

second option employs the additional machinery of a plasma technology to speed-up the reaction 

kinetics of GeSn in a UHVCD system while the third option is an attempt to increase the growth 

pressure. While this has been demonstrated for high growth pressure (120 Torr) [184], this 

experiment attempts to achieve substantial Sn incorporation at low pressures.  

 
 7.6 Growth Method 

 

Five (5) GeSn samples were grown at different growth pressures using p-type Si (001) 

substrates via a customized ultrahigh vacuum chemical vapor deposition (UHVCVD) system. 

The resistivity of the Si wafer is ~ 10-20 Ω.cm while the maintained base pressure of the 

system’s process chamber is kept 10-10 Torr. Prior to the growth, the substrate was subjected to a 

standard piranha etch procedure that consists of measured bath solution of sulfuric acid and 

hydrogen peroxide under a one-to-one mix ratio, i.e. (H2SO4: H2O2 = 1:1). Following this 

procedure, a hydrogen passivation process was applied for the removal and protection against 

surface oxidation.  

Similar to our previous works [185], Germane (GeH4) and Tin Tetrachloride (SnCl4) 

reactor gases were utilized as dominant precursors of Ge and Sn with Ar used as the carrier gas. 

To initiate the growth process, a two-step Ge buffer was deposited where the first Ge layer was 
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deposited to produce relaxed film a low temperature of 375oC while preventing possible island 

formation. The second layer was then applied at a relatively higher temperature (600oC) to 

achieve higher quality growth, after which a GeSn epilayer was grown at 260oC. The rationale 

for growing epitaxial GeSn film at this temperature has been demonstrated in a prior 

experimental work where the goal was to identify an optimized growth regime that sponsors high 

Sn incorporation and low Sn precipitation. The details of the experimental motivations and 

results are also discussed in reference [185]. The generalized schematic of the GeSn-on-buffered 

Ge Si substrate as well as the applied growth parameters and conditions are shown in Figure 7.5 

below.  

 

 
Figure 7.5. Representative heterostructure schematics of the GeSn on buffered Si growth. The 

generalized growth conditions are also presented. 

 

GeSn-on-Ge buffered Si heterostructures identified as samples A, B, C, D and E were grown at 

different pressures of 2, 4, 8, 10 and 15 Torrs, respectively. All GeSn films were grown for 30 

minutes, with the exception of Sample B which grown for 60 minutes. 
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This work also explores the low-temperature and pressure-dependent capability of our in-

house ultra-high vacuum chemical vapor deposition machine. This experiment aims to identify a 

new growth window that favors the incorporation of high Sn while also studying the effect of 

pressure on the growth outcomes. 

 

7.7 Material and Optical Characterization 

 

Post-growth optical and structural properties exploration were conducted to investigate 

the quality of the grown pressure-dependent GeSn heterostructures. Firstly, XRD rocking curve 

2θ-ω scans of the respective samples were collected using a high-resolution X’pert PRO 

diffractometer. This structural technique investigates the sample thickness and the overall 

quality. It is noteworthy to mention that, although the XRD reciprocal space map (RSM) could 

have provided further information such as the Sn incorporation and the strain, the measurement 

was not taken at the time of this experiment. In addition to the XRD 2θ-ω scans, additional 

optical characterization procedures were performed using Raman and ellipsometry measurement 

methods. The Raman set up comprises of an integrated system of grating-based spectrometer 

(Horiba iHR 550), a coupled charge coupled device detector and a 632 nm He-Ne excitation 

laser source. This measurement verifies the GeSn growth while inspecting the longitudinal 

optical Raman phonon peak shift. Ellipsometry measurements are performed using the variable-

angle system (Wollam model VASE32). The measurement wavelength range of the machine is 

between 260 to 2500 nm with an incidence angle of 70o. Absorption spectra of the respective 

samples were extracted and fitted using the models described in reference [103].  

 

7.8 Results and discussions 
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Figure 7.6 shows the high resolution XRD rocking curves of the GeSn samples deposited 

at different growth pressures. Sample A, B, C, D and E are grown at 2, 4, 8, 10 and 15 Torrs 

respectively.  

 

 

Figure 7.6. Stacked XRD rocking curves along plane (004) of (a) all samples at different growth 

pressures. Vertical dashed lines are added to observe GeSn peak shifts, and (b) extracted XRD 

peak position versus samples. 

 

To investigate the effect of incremental growth pressures on the sample crystallization, 

the 2θ-ω scans of the rocking curves are stacked accordingly. Vertical dashed lines the left shows 

the resolved peak consistency of the Si substrate across all samples, while the right-most line is 

used to quantify the peak shift from lower to higher pressures. Distinctly resolved peaks at 66.1o 

and 69.2o are attributed to the Ge buffer and Si substrate, respectively, while the peaks closest to 

the right-most vertical dashed lines are associated with the GeSn layers.  
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Figure 7.6 (b) shows the Gaussian-fitted GeSn peak positions of the samples are observed 

to decrease with increasing growth pressures (A<B<C<D<E) indicating possible increase in Sn 

incorporation. In fact, previous XRD investigations attributes higher Sn incorporation to lower 

angle peak shifts [186]. To estimate the highest Sn incorporation based on this experiment, the 

peak angles of samples A, B, C, D and E are compared to results obtained from a previous study 

[186]. Since the lowest angle observed in this work is 63.32o/63.71o (samples D & E), and the 

reported lowest angle for the highest Sn samples is 65o, it is possible to infer that the Sn 

composition observed for the sample with the lowest diffraction angle will be > 7%. Of course, 

this would have been easier to estimate using reciprocal space map measurements, but this data 

was unavailable at the time of this experiment. Additional and available optical characterization 

techniques such as Raman and ellipsometry measurement may provide leading information to 

infer the Sn incorporation as well as the optical quality of these pressure-dependent samples. The 

results are discussed in subsequently. In addition to the above observations, it is worth noting 

that although sample A exhibits the lowest peak diffraction, its line-width is also lower than 

those obtained from other samples indicating a higher quality sample comparatively.  

The next step in the optical characterization process involves using results from Raman 

technique to understand the degree of crystallization of each sample. This method also provides 

qualitative estimate of the Sn incorporation from the inferred strain information. Figure 7.7 (a -e) 

below shows the Raman spectra of the respective samples at different growth pressures. In 

addition to the measurements, a bulk Germanium (Ge) substrate of Ge-Ge LO standard phonon  
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Figure 7.7. Raman spectra of (a) Sample A (B) Sample B (c) Sample C (d) Sample D and, (d) 

Sample E showing Ge-Ge LO Raman shifts.  
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peak (300 cm-1) was used as reference sample to calibrate the Raman set-up before sample 

measurements were taken. The Raman peak shift of the epi-GeSn films of samples A, B, C, D 

and E are 298.2 cm-1, 298.6 cm-1, 298.6 cm-1, 297.3 cm-1 and 297.7 cm-1 respectively. 

For all the samples, the Raman peaks are shifted to the lower wavenumber which is 

indicative of induced strain as a result of the incorporation of Sn into Ge matrix. In fact, the more 

shifted a peak is to lower wavenumber, the higher the Sn incorporation. Based on the collected 

Raman information, Sample D features the lowest wavenumber of the five samples. This result 

matches the XRD rocking curve 2θ-ω scan, since at this wavenumber, the extracted GeSn XRD 

peak position is also relatively low. Based on these results, it is possible that Sample D (10 Torr) 

has the highest Sn incorporation of the grown sample suggesting a window for future GeSn 

growths.   To confirm the above statement, additional optical characterization data was taken 

where the absorption spectra of all samples are obtained from ellipsometry measurements and 

are shown in Figure 7.8 (a) below.  

 

 

Figure 7.8. Absorption spectra of (a) samples A, B, C, D and E at different pressures and, (b) 

Fitted direct absorption curve of sample featuring the lowest bandgap energy at 0.574 eV.   
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Absorption coefficient data of Germanium (Ge) was added as reference to simplify 

analysis.  In comparison to the Ge reference sample, absorption curves of samples A, C, D, E are 

significantly red-shifted suggesting that the origin of the absorption measurement emanated from 

the GeSn layer. This observed red-shift in the absorption edge also confirms the incorporation of 

Sn. On the curve, there appears a competition between the behaviors of samples D and E, with 

samples D indicating a higher cut-off wavelength comparatively (higher Sn incorporation). 

These results are also consistent with Raman and XRD measurements. Additionally, the 

absorption curves of sample B features both direct and indirect bandgap absorptions. On the 

other hand, a material (A, C, D and E) exhibits predominant direct bandgap transitions/natures 

when the incident photon energy surpasses the direct bandgap energy Eg
Г. The absorption 

characteristics of the direct bandgap energy can be expressed using the method discussed in 

reference [103].  

                                                 
2

gh A h E                                                 (Equation 7.1) 

where α represents the absorption coefficient of the direct bandgap, hν accounts for the photon 

energy, A is a constant and Eg
Г is regarded as the associated energy of the direct bandgap. This 

energy is extracted by fitting the absorption curves in Figure 7.8 (a). Figure 7.8 (b) shows the 

fitting procedure of Eg
Г, where the parameters (𝛼ℎν)2 and ℎ𝜐 are dependently analyzed. The 

absorption curve of sample D is subjected to a linear fit process for the direct bandgap energy to 

be extracted (Eg
Г = 0.5745 eV). This is equivalent to a spectral cut-off wavelength of 2161 nm 

indicated on the dotted line of Figure 7.8 (b). Recent reports have shown that pseudomorphic 

growth of GeSn on Ge buffered Si exhibit direct bandgap properties of Sn concentration between 

8-10 %. While this is yet a record accomplishment, the results demonstrate to the potential of our 
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in-house UHVCVD machine in achieving far higher Sn incorporation. The summaries of the 

characterization results are shown in Table 7.2 below 

 

Table 7.2. Summary of the characterization results 

Sample 

ID 
Pressure   Thickness   

Ellip. Cut-off   
Raman (cm-1)   

XRD (2θ-
ω) 

(Torr.)    (nm)    (nm) (eV)   Peak  Shift   Deg. (o) 

A 2  153  1917 0.6477  298.2 -1.8  64.79 

B 4  27  1840 0.6748  298.6 -1.4  64.14 

C 8  287  1902 0.6528  298.6 -1.4  63.97 

D 10  89  2161 0.5745  297.3 -2.7  63.71 

E 15   68   2138 0.5807   297.7 -2.3   63.32 

   

7.9 Conclusion  

 

This work also explores the low-temperature and pressure-dependent capability of our in-

house ultra-high vacuum chemical vapor deposition system. This experiment aims to identify a 

new growth window that favors the incorporation of high Sn while also studying the effect of 

pressure on the growth outcomes. GeSn-on-Ge buffered Si heterostructures identified as samples 

A, B, C, D and E were grown at different pressures of 2, 4, 8, 10 and 15 Torrs, respectively. 

           Post-growth optical characterization measurements using Raman, and ellipsometry 

methods shows that Sample D (10 Torr) exhibits the lowest Ge-Ge LO phonon peak shift and the 

longest spectral cut-off at ~ 2161 nm. Based on previous reports, this cut-off wavelength is 

estimated to feature ~ 8 -10 % Sn incorporation, although additional characterizations such as 

XRD Reciprocal space map (RSM) and PL still needs to be carried out to confirm the exact Sn 

composition. While this is yet a record accomplishment, the results demonstrate to the potential 

of our in-house UHVCVD machine in achieving far higher Sn incorporations. Finally, this work 

suggests a new growth window for future GeSn deposition at pressures between 10 and 15 Torrs. 
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Chapter 8:   Dissertation Summary, Conclusion, and Future Work 

 

8.1 Summary and Conclusion 

  

This work focuses on understanding the optical and structural properties of GeSn 

heterostructures. The first portion of this dissertation investigates the structural and optical 

properties of SiGeSn/GeSn/SiGeSn quantum wells using select excitation lasers, while the 

second portion delves deeply into bulk GeSn heterostructures with the aim to understand the 

impact of annealing on the structural and optical properties of bulk GeSn samples with Sn 

concentration close to the indirect-to-direct transition points. Investigations on bulk 

heterostructures is concluded by exploring the low temperature capability of our in-house 

plasma-enhanced UHVCVD machine through the growth of Si-on-Ge before transitioning into 

the pressure-dependent growth of GeSn bulk heterostructures. The growth part of this 

summarizes my experience growing these semiconductor bulk structures and aims to provide an 

quick outlook into our growth strategies, processes, and capabilities.  

This dissertation begins by introducing the growth and characterization methods 

employed in major parts of this work. The functional capabilities of our in-house plasma-

enhance UHVCD system as well as that of the RPCVD systems are discussed. Theoretical and 

operational workings of all characterization techniques are presented to provide the reader a 

reference point in the more advanced subsequent chapters.  

This chapter segues into the major portion of the dissertation that investigates the optical 

properties of SiGeSn/GeSn/SiGeSn quantum wells where the PL behaviors of a thick (22 nm) 

and thin (9 nm) QW samples are compared. It is worth noting that prior to this comparative 

analysis, the structural, PL and optical analysis of the 9 nm QW sample has been studied as an 

incremental contribution to improving emission, carrier and optical confinements of GeSn QWs. 
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The results show that due to the relatively thin QW width, the impact of quantum-size effect is 

more pronounced in the well giving rise to a reduced barrier height. The evidence is observed in 

the well’s ground energy level being higher than the Г valley minimum of the bulk structure.  

         To increase the barrier height while simultaneously improving the carrier confinement, the 

GeSn growth structure is optimized by increasing the QW’s thickness by more than 2x the width 

of the thinner sample. This serves the motivation for comparing the optical properties of a thicker 

QW sample (22 nm) to the thinner well sample (9 nm). Using PL results from two excitation lasers 

(532 nm and 1550 nm lasers) as well as studying their respective optical transitions, the results 

reveals that the thicker QW sample shows i) a more direct bandgap outcome in addition to a much 

lower ground energy Г valley; ii) a higher carrier density within the well; and iii) an increased 

barrier height coupled with an improved carrier confinement. All of these resulted in a significantly 

enhanced emission which allows for the first-ever estimation of quantum efficiency (QE) 

calculated for GeSn QWs. The estimated spontaneous QE and external QE are 37.9% and 1.45% 

respectively.  

          To further improve the carrier confinement while also reducing the carrier leakage in this 

thicker well design, a SiGeSn/GeSn/GeSn/SiGeSn separate confinement heterostructure (SCH) is 

introduced. In the same manner as the previous sample, the SCH QW sample is also grown in a 

commercial RPCVD machine and are held to precisely-controlled growth standards as confirmed 

by XRD, SIMS and TEM results. The sample is characterized and the optical properties; the PL 

of a 532 nm and 1550 nm lasers are compared with the previously reported 9 nm and 22 nm non-

SCH single QWs. The significantly enhanced emission from SCH quantum well was obtained as 

a result of separately confined quantum well active region. Based on the optical transition analysis, 

SCH QW also shows a significantly higher carrier confinement compared to reference samples.  
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In addition to these studies, an attempt is made to investigate advanced quantum well 

structures through an all-inclusive structural and optical study of SiGeSn/GeSn/SiGeSn multi 

quantum wells (MQWs). An experimental account of the impact of QW intermixing on the PL 

emission of MQWs samples are discussed. X-ray diffraction (XRD), Secondary Ion 

Spectrometry (SIMS) and modeled defect density data were thoroughly analyzed for 

connections. The resulting analysis show evidences of intermixing diffusion during growth, 

especially along the deeper GeSn/SiGeSn interfaces below the surface. Indications of these 

intermixing events are far more obvious at larger depth below the sample as observed on the 

SIMS record where the Sn concentration reduces (of up to 2.0 ± 0.2 at. %) with respect to the 

duration at which the interfaces are cumulatively subjected to the applied growth temperatures. 

Findings also reveal that despite their larger PL line-widths, these higher period structures 

possess better optical performance comparatively.  

The second portion of this dissertation deals with bulk GeSn heterostructures and aims at 

understanding the impact of annealing on the structural and optical properties of bulk GeSn 

samples with Sn concentration close to the indirect-to-direct transition points. Connections have 

been established for the composition, defect density, strain and PL observed for the pre-and post-

annealed GeSn alloys of Sn compositions near the indirect to direct optical transition points. The 

as-grown GeSn samples range between an Sn composition of 8% to 10%, and were annealed at a 

specific temperature of 300oC. The result reveal that depending on the sample’s relative position 

on the transition point, the impact of annealing on a sample may either i) lowers the strain giving 

rise to an increased PL by reducing the energy separation or ii) introduce misfit dislocation/ 

surface roughness with results in an affected or decreased PL. Deductions from this study 

suggests that by growing an additional Ge capping layer on the GeSn surface it is possible to 
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curtail the impact of the surface roughness towards improved on the optical performance above 

room temperature. Of course, a different rule of thumb exists for GeSn samples with Sn 

compositions above the transition points where the PL emission manifests as a direct bandgap 

material.  

The last portion of this work explores the low temperature capability of our in-house 

plasma-enhanced UHVCVD machine through the growth of Si-on-Ge before transitioning into 

the pressure-dependent growth of GeSn bulk heterostructures. As for the Si-on-Ge 

heteroepitaxial aspect of this work, the quality of the growth is dependent on the controlled 

application of H2:SiH4 dilution ratios, plasma power density and growth temperatures. Although 

additional characterization steps such as XRD, TEM and SEM need to be conducted for a more 

accurate narrative of the growth mechanism.   Further analysis of the characterization results 

infer that the Si-on-Ge growth mechanism is governed by a number of competing factors such as 

the impact of the plasma radicals on the surface kinetics[162], islanding or possible intermixing 

at the Si/Ge interface leading to the formation incoherent SiGe feature at this interface [173].  

The pressure-dependent GeSn growth demonstrates the capability of our plasma-

enhanced UHVCVD system in growing high Sn incorporation samples. This work hypothesizes 

that it is possible to increase the Sn incorporation of grown by optimizing the growth pressure. 

Since this is an on-going effort, only characterization results from the ellipsometry, Raman and 

rocking curve (2θ-ω) XRD measurements are presented and discussed. This part of the work also 

summarizes my experience growing these GeSn bulk structures and aims to provide a quick 

outlook into our growth strategies, processes, and capabilities.  
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8.2 Future Work  

 

8.2.1 GeSn well design consideration  
 

Although an increased carrier confinement/PL emission has been realized for thicker QW 

designs, these growths may result in lower quality QW samples. Careful control must be applied 

to achieve a balanced thickness suitable for enhanced device performance. Corresponding barrier 

thickness as well as strain relaxation should be considered in future designs. A step above the 

single SiGeSn/GeSn QWs are high quality MQWs. To achieve high-gain lasers for future 

optoelectronics applications, the growth of identical MQW is also suggested. Future MQW 

designs need consider a strain-balanced QW growth approach that comprise of a relaxed GeSn 

buffer, a tensile-strained SiGeSn and a compressively strained GeSn well. Overall, the MQW 

structure would feature zero average in-plane stress.  

 
8.2.2 QW annealing investigation 

 

Since a part of this dissertation explores the influence of annealing on bulk GeSn 

structures, an attempt should be made at investigating the impact of long-term or rapid thermal 

annealing on the structural and optical properties of SiGeSn/GeSn/SiGeSn single and MQWs. To 

better understand the structural and optical behaviour of quantum well samples under long-term 

thermal influence, four SiGeSn/GeSn QW materials with similar Sn compositions have been 

identified to used in a future study: (i) Single (13.5 Sn % ), (ii) double (13 Sn %) and four QW 

(13.8 Sn %) – Not shown. Our study targets materials with similar Sn compositions and differing 

number of quantum well periods (one to four). Understanding the evolution of these samples 

under annealing room temperature impact is critical to understanding the device 

performance/reliabilities at this specific temperature. In addition to our annealing exercise, the 

projects aims to provide an in-depth physics outlook to the question of what happens to the 
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optical/structural character of an as-grown QW sample as it evolves from a being single QW to 

an N-number of quantum well. The result above show preliminary annealing study of a single 

QW sample (13.5% Sn). 

The figures above show the XRD rocking curve, PL measurements at 10K, and the RSMs 

of the as-grown and annealed samples for comparisons. Sample was subjected to 4 hrs of 

annealing time at 300oC in vacuum condition. XRD ω/2θ scan ( Fig. 8.1 (a)) reveals the direct 

impact of annealing on the sample pronounced by the appearance of an additional peak at the 

lower angle side of the Ge buffer.  

 

 

Figure 8.1. X-ray diffraction 004 ω/2θ scans, (b) and (c) X-ray diffraction 2̅2̅4 RSMs before and 

after annealing for 4 hours at 300oC (c) PL spectra at 10K before and after annealing for 4 hours  

 

Figures 8.1 (a) and 8.1 (b) shows the X-ray diffraction RSMs before and after annealing 

for 4 hours. The Sn segregation is further identified in the RSM plot Fig. 8.1 (c) of the annealed 
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sample (see red arrow). Although not shown, the visual appearance of the sample after annealing 

is marked by two distinct regions: a 'clean' portion (dark) with similar the outlook of the sample 

before thermal subjection and a 'segregated' greyed-out sporadically distributed portion (see inset 

in Fig. 8.1 (d). Based on these observations, it is observed that the regions with original 

barrier/well/barrier structure are preserved while the location of the peaks (SiGeSn, BL, TL, 

GeSn) on the RSM of  the annealed sample seems to not differ sufficiently compared to the as-

grown sample. As for the PL outcome, the sample shows a significant drop in intensity after 

annealing with a noticeable shift to lower wavelength (red-shifted).  

For more revelatory insights on the material evolution, this work will pursue lower 

annealing time of shorter increments (30 mins or hourly intervals). This approach would enable 

the understanding of the transitory evolution of the Sn segregation as well as the possibility of an 

enhanced emission within these intervals. Following these attempts, we will then perform the 

same experimental procedures on two and four QW materials with the intent of extracting 

leading deductions about the optical and structural properties. 
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Appendix A Band structure material parameters used in this dissertation 

 

Table A1. Structural and optical parameters used in calculation the band structures[187].  

Parameters Ge Sn 

Lattice constant a (nm) 0.56573[188] 0.64892[188] 

Bowing parameter b (nm) -0.0066[189] 

Effective mass mc (m0) 0.038[188] 0.058[188] 

Effective mass mt,L (m0) 0.0807[188] 0.075[188] 

Effective mass ml,L (m0) 1.57[188] 1.478[188] 

Luttinger’s parameters γ1  13.38[188] -14.97[188] 

Luttinger’s parameters γ2 4.24[188] -10.61[188] 

Luttinger’s parameters γ3 5.69[188] -8.52[188] 

Bandgap Eg
Γ (eV) 0.7985[188] -0.413[188] 

Bandgap Eg
L (eV) 0.664[188] 0.092[188] 

Deformation potentials ac (eV) -8.24[188] -6[188] 

Deformation potentials aL (eV) -1.54[188] -2.14[188] 

Deformation potentials av (eV) 1.24[188] 1.58[188] 

Deformation potentials bv (eV) -2.9[188] -2.7[188] 

Elastic constants C11 (GPa) 128.53[188] 69.00[188] 

Elastic constants C12 (GPa) 48.26[188] 29.30[188] 

Elastic constants C44 (GPa) 68.30[188] 36.20[188] 

Calculated Poisson ratio 

𝒗 =
𝑪𝟏𝟐

𝑪𝟏𝟏 + 𝑪𝟏𝟐

 

0.27 0.30 

Shear modulus µ (GPa)[190]  

µ = 𝑪𝟒𝟒 −
(𝟐𝑪𝟒𝟒 + 𝑪𝟏𝟐 − 𝑪𝟏𝟏)

𝟑
 

49.52 25.30 

Interaction parameter α (eV) 0.27[191][192] 
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      (Si)GeSn band structure review 

The band parameters of SiGeSn alloys and their dependence on alloy composition are 

significant device parameters. However, investigations of many device parameters have been 

obstructed by a lack of definite knowledge of various material parameters. This appendix 

provides a database on the fundamental material properties of SiGeSn ternary, which eases the 

design of the devices from the bulk to the quantum well (QW) structures. The model applied 

here is based on an interpolation scheme and therefore, entails that those values of the material 

parameters for the related elements are known. This appendix also presents a comparison 

between our previous review of SiGeSn band parameters and a recent review from Chen et al. 

[193]. The comparison helps us to enrich our comprehension of SiGeSn band parameters. 

Moreover, it is necessary to experimentally verify the database by studying different structures 

such as bulk and QW.    

 

Table A2. The constituent values of Si, Ge, and Sn 

Parameter Symbol 
Ref. [193] Our previous review 

Si Ge Sn Si Ge Sn 

Pikus-Bir DP 𝑎𝑐  (eV) -10.06 -8.24 -6 -10.06 -8.24 -6 

Pikus-Bir DP 𝑎𝑣 (eV) 2.46 1.24 1.58 2.46 1.24 1.58 

Pikus-Bir DP 𝑏 (eV) -2.1 -2.9 -2.7 -2.1 -2.9 -2.7 

Pikus-Bir DP 𝑑 (eV) -5.3 -4.8 -4.1 NA NA NA 

L-valley DP 𝑎𝐿 (eV) -0.66 -1.54 -2.14 -0.66 -1.54 -2.14 

Stiffness 

Constant 

𝐶11 

(GPa) 
165.77 128.53 69 165.77 128.53 69 

Stiffness 

Constant 

𝐶12 

(Gpa) 
63.93 48.26 29.3 63.93 48.26 29.3 

Stiffness 

Constant 

𝐶44 

(Gpa) 
79.51 66.7 36.2 NA NA NA 
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Parameter Symbol 
Ref. [193] Our previous review 

Si Ge Sn Si Ge Sn 

Refractive 
Index 

𝑛𝑟 3.4 4 6.18 NA NA NA 

Lattice 

Constant  
𝑎𝑙𝑎𝑡 (Å) 5.4307 5.6579 6.489 5.4307 5.6573 6.4892 

Bandgap (𝐿) 𝐸𝑔
𝐿(𝑒𝑉) 2.716 0.74 0.1 1.65 0.744 0.092 

Split-off 

energy 

𝛥𝑆𝑂(𝑒𝑉) 0.044 0.26 0.6 0.044 0.29 0.8 

Luttinger 𝛾1  4.285 13.38 -12 4.22 NA NA 

Luttinger 𝛾2  0.339 4.24 -8.45 0.39 NA NA 

Luttinger 𝛾3  1.446 5.69 -6.84 NA NA NA 

Momentum 
energy 

𝐸𝑝(𝑒𝑉) 21.6 26.3 23.8 NA NA NA 

Valence band 

offset 

𝐸𝑣 (𝑒𝑉) -1.86 -0.91 0 NA NA NA 

Effective 
mass (𝛤) 

𝑚𝑒
𝛤  0.188 0.038 -0.058 0.528 0.038 0.058 

Longitudinal 
effective 
mass  (𝐿) 

𝑚𝑙
𝐿  1.418 1.61 1.478 1.659 1.57 1.478 

Transverse 
effective 

mass  (𝐿) 

𝑚𝑡
𝐿  0.13 0.081 0.075 0.133 0.807 0.075 

 

 

Table A3. Bowing parameters. 

Parameter Symbol 
Ref. [1] Our previous review 

SiGe SiSn GeSn SiGe SiSn GeSn 

Bowing for 

lattice 
constant 

𝐵𝑎𝑙𝑎𝑡
 0.026 0 -0.041 0.026 0 -0.166 

Bowing for 
bandgap (𝜞) 

𝐵𝐸𝑔
Γ  NA NA NA 0.21 3.915 2.24 

Bowing for 
bandgap (𝑳) 

𝐵𝐸𝑔
𝐿  NA NA NA 0.335 2.124 0.68 
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Appendix B 

 

Figure B2. Thicker well 22 nm in well) band diagram and possible optical transition.  

 

 

Table B1. Detailed summary of all possible transitions and their corresponding energies 
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Figure B2. Thinner well (9 nm in well) band diagram and possible optical transition [24]. 

 

 
Table B2. Detailed summary of all possible transitions and their corresponding energies [24] 
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Figure B3. SCH structure band diagram and possible optical transition. 

 

Table B3. Detailed summary of all possible transitions and their corresponding energies 
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Appendix C: Description of Research for Popular Publication 

 

The digital age has met a retinue of technological breakthroughs; from the enterprise 

realities of machine learning and artificial intelligence to the application of cloud computing, a 

new revolution at innovation is reached, as both the unthinkable and the unimaginable continues 

to find way into the ruggedness of the wild and the comforts of our work-from-home remote 

spaces. But for the simultaneous advancements in electronics and optical technologies, many 

theoretical concepts of computer science and advanced statistics would have remained a relic of 

texts. Thanks to the modern practicalities of nanotechnology, photonics and optoelectronics! 

 Today, with the realizations of advanced optoelectronics, what was once a consumer 

non-reality is fast becoming commonplace in our society. In fact, it is practically possible to get 

anything done from the convenience of one’s mobile phone or portable computer. From sending 

emails, to organized Zoom® calls, to online payments, to remote gaming, all the way to the 

virtual machinations of the Metaverse®. These applications are far-flung and there is no stopping 

just yet. While the internet continues to make ease enjoyable for human livelihood, the use of 

optoelectronics sensors have also gained traction over their continued use in facial recognition 

technologies as well as the provision of precise navigation experience to automobiles through 

LiDAR systems.  

The branch of study devoted to the practicality of these optoelectronics devices is called 

Si photonics. This technology integrates a suite of optical devices (lasers, modulators, 

waveguides and photodetectors) on a single Si platform while delivering cost-effective, compact, 

reliable and high-performance characteristics. Unfortunately, developing light emission 

capabilities on this platform has remained a constant challenge due to its incompatibility with 

currently used semiconductor materials. Although, III-V materials have achieved discrete light 
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emitting measures upon integration with Si substrates, the product of these hybridizations are 

both expensive and incompatible with standard semiconductor processing techniques. As a 

result, the need for a novel material that brings to reality the promised light emitting objective 

without the challenges associated with current practices, cannot be overemphasized.  

The candidate materials for these light emission possibilities are the GeSn (Germanium-

tin) and SiGeSn (Silicon-Germanium-Tin) alloys. These semiconductor materials evade the 

many challenges associated with III-Vs in that they are less-expensive, possess high-performance 

potentials while also covering an extensive wavelength range up to the mid and near infrared 

spectrum. Mr. Oluwatobi (Tobi) Olorunsola, a current doctoral (Ph.D.) fellow in the 

Microelectronics-Photonics program at the University of Arkansas. He has been working on 

understanding the optical and structural properties of (Si)GeSn heterostructures that aims at 

developing efficient Sn-based light emitters on Si platforms. He currently works in a research 

team led by Dr. Shui-Qing (Fisher) Yu, a Professor of Electrical Engineering at the University of 

Arkansas, Fayetteville. The overarching goal of this research is to develop efficient and high-

performance Sn-based light emission and detection technologies that will surpass the current 

performance realities of current III-V devices.  

Tobi’s research focuses on improving the emission characteristics of GeSn bulk and 

quantum well through optimized heterostructure design, growth and advanced optical and 

structural studies. The outcome of which has given rise to an improved emission characteristics 

that allows for the measurement of the first-ever quantum efficiency of a SiGeSn/GeSn quantum 

well structure. The quantum efficiency (QE) parameter is a measure of the emission efficiency of 

a laser. It helps us quantify the performance of a light emitting device. “While there are other 

subtle ways of monitoring the GeSn material development progress, the QE metric provides a 
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more practical definition to the progress we’ve so far’’ Tobi said. “This is an exciting stride in 

the history of the (Si)GeSn material development. It deserves a place of note on the timeline.’’ 

Other aspects of Tobi’s work also focus on solving other structural and optical challenges that 

will lead to the fuller realization of high-performance Sn-based devices for future commercial 

exploits in the fields of computing, data communication, detection and sensing.  
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This research is divided into three distinct thrusts. The first targets the improvement of 

the carrier confinement properties of SiGeSn QW samples using advanced design optimization 

strategies. The second thrust of this work investigates the stability requirements of GeSn bulk 

and quantum wells. The initial part of the stability exploration deals with the annealing study of 

bulk GeSn materials near the indirect-direct optical transition point, while the second sub-part 

investigates the intervention of Si/Sn diffusion (intermixing) within depth layers of MQWs. The 

third thrust aims to discover a suitable growth window for GeSn heterostructures through a 

systematic pressure dependent study. The major results of these dissertation thrusts are outlined 

below: 

1st Thrust: Optical Property Study of Quantum Well Samples 

1. QW confinement study based on thick (22 nm) vs. thin (9 nm) SiGeSn QW comparison  

i. Thicker well show improved carrier confinement (24 meV) and QW emission, 

reduced leakage 

ii. Enhanced emission allows for the first-ever estimation of GeSn QWs quantum 

efficiency (QE) 

2. Separate Confined Heterostructure (SCH) QW study 

i. SCH QW design with competitive optical confinement at 56 meV (first time) 

2nd Thrust: Annealing & Stability Investigations 

3. GeSn bulk annealing study 

i. Established the connection between strain, composition, defect density and the 

PL before and after annealing. 

ii. Composition and level of strain influenced the separation between the indirect 

and direct optical transitions 
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iii. Competition between defect density and indirect-direct energy separation (∆E) 

determine the impact of annealing on optical emission.  

This part of the dissertation provides insight into what happens to the optical property of 

annealed GeSn bulk samples near the transition point. 

4. Si/Sn intermixing during the growth of GeSn/SiGeSn MQWs 

i. PL and SIMS analysis show evidence of intermixing diffusion during growth, 

especially along the deeper GeSn/SiGeSn interfaces below the surface.  

ii. Intermixing and diffusion events can be pronounced for situations where 

higher growth temperatures are applied or for objectives with post-growth 

annealing requirements 

3rd Thrust: GeSn Growth & Characterization 

5. Pressure dependent growth optimization study  

i. Possible growth window exists between 10 and 15 Torrs.  

 

 

 

 

 

 

 

 

Appendix E: Potential Patent and Commercialization Aspects of Listed Intellectual 
Property Item 

 

E. 1 Patentability of Intellectual Property (Could Each Item be Patented) 
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The following items are considered first from the perspective of whether or not the items should 

be should be patented.  

1. The GeSn/SiGeSn QW thick well design that achieved the enhanced should not be 

patented since similar designs has been utilized to investigate the same optical emission 

objective. Besides, the practicality of this QW design is may be considered incremental 

novelty the only difference in the design is the change in well width.  

2. The SiGeSn/GeSn separate confinement heterostructure (SCH) QW design used to 

achieve superior carrier confinement and emission at low power should be considered for 

intellectual property protection. The structure is exclusively based on GeSn and SiGeSn 

material and is considered the first SCH structure to demonstrate such optical capability.  

3. The experimental method and approach used to calculate the external and spontaneous 

quantum efficiency (EQE and SQE) has been implemented for a different material system 

(III-V) and should not be considered intellectual property material.  

4. The X-ray method used in estimating the Sn composition, strain and defect density 

cannot be patented since the techniques has been applied to a wider range of 

semiconductor material system  

5. The GeSn systematic growth optimization process has been applied to other growth 

objectives that targets material quality improvements. This cannot be patented.  

E. 2 Commercialization Prospects (Should Each Item Be Patented) 

 

The SiGeSn/GeSn separate confinement heterostructure (SCH) single QW design can be 

patented since it delivers superior carrier confinement and emission when compared to other 
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reference QW designs. This optical property improvement would favor the development of high-

performance GeSn laser and other optoelectronics devices.  

E. 3 Possible Prior Disclosure of IP 

i) Not applicable 
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Appendix F: Broader Impact of Research 

F. 1 Applicability of Research Methods to Other  

 The systematic method of solutions employed in this research will not only apply to 

problems in semiconductor materials physics but also the larger scopes of nanoscale material and 

device engineering. From the QW design strategies to the exploration of the complex 

relationships between GeSn/SiGeSn structural and optical material properties, as well as the 

growth optimization techniques of these Group IV alloys, the methods and approach discussed in 

this dissertation will provide a deeper understanding to the physics of materials with quasi-direct 

bandgap properties. 

 

F. 2 Impact of Research Results on U.S. and Global Society  

 

The understanding of the optical and structural properties of GeSn/SiGeSn bulk and QW 

materials is a step towards the realization of cheap, fast and reliable optoelectronics systems. 

With Silicon photonics at the brink of technological breakthrough, the integration of the GeSn 

materials on Si platforms will help develop a new suite of Si-based infrared lasers and detector 

device with accelerated market adoption for both U.S. and the global market at large. These 

device systems can potentially revolutionize the defense, consumer electronics, 

telecommunication and medical industries given their unique and diverse application metric. For 

example, Si-based infrared cameras can be harnessed for driverless-car technologies, enabling 

safer and clearer navigation optics. The finer application of these infrared technologies also 

applies extensively to military defense and space systems. Compared to their group III-V 

counterparts, GeSn devices are less expensive with high tolerance to radiation effects while also 

bagging the rare capability of providing better and competitive efficiency. 
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F. 3 Impact of Research Results on the Environment  

 

             Although traditional device processing methods requires the use of large volume 

chemical precursors for the growth and fabrication of semiconductor devices, the idea to 

miniaturize the GeSn devices while making them integrable to Si platforms makes for lesser use 

of these toxic substance since production is will be more discretized. Additionally, the extensive 

development of group-IV based photonic devices will prompt the reduction of mining activities 

of rare-earth minerals that are both toxic to humans, the environment and the versed ecosystem at 

large. An attempt to increase the energy efficiencies of these devices will also tantamount to 

lesser dependence and demands on fossil fuels thus creating a greener and cleaner environment.  
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