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Abstract 

 

Modern electronics has advanced at a tremendous pace over the course of the last half 

century due to transistor scaling. However, while scaling a complementary metal 

oxide semiconductor (CMOS) transistor to smaller dimensions increases speed and 

reduces power consumption, the opposite is true for scaling down the copper 

interconnects that link these transistors. CMOS-compatible on- and off-chip optical 

interconnects offer a promising solution to this new performance bottleneck and 

several key components such as waveguides, detectors and modulators have already 

been demonstrated. However, a practical silicon CMOS-compatible light source 

remains elusive. Germanium has been proposed as a laser gain material due to its 

inherent compatibility with CMOS technology, but this requires overcoming the 

limitations imposed by germanium’s indirect bandgap. Several techniques had been 

proposed to overcome this limitation such as n-type doping and band engineering 

through tensile strain. However, there was limited information about how effective 

each of these two techniques would be. There was also no truly CMOS-compatible 

technique for engineering large tensile strains in germanium for optimal band 

engineering. 

In this work we present theoretical and experimental answers to these problems. 

We begin with a theoretical investigation of the relative merits of n-type doping and 

band engineering to determine which is more useful. For our theoretical modeling we 

consider both band engineering in the form of tensile strain and band engineering in the 
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form of germanium-tin alloys. We then show theoretically that while n-type doping is 

of limited benefit, using a large amount of band engineering can result in an efficient 

low-threshold germanium laser. We show this to be true for both the case of tensile 

strain and the case of tin alloying, and we also compare the relative merits of these two 

band engineering techniques. 

From there we present new CMOS-compatible techniques for experimentally 

engineering large tensile strains in germanium. Firstly, we improve upon an existing 

microbridge technique to achieve up to 5.7% uniaxial tensile strain in germanium. This 

is the highest such strain ever reported and is sufficient to turn germanium into a direct 

bandgap semiconductor. We further show that the highly localized strain in these micro-

bridge results in “pseudo-heterostructures,” a situation where we can fully recreate the 

electronic band profiles of traditional multi-material double heterostructures but within 

a single material. These pseudo-hetreostructures are experimentally shown to provide 

effective carrier confinement at room temperature and also allow for precise tuning of 

the band profiles at the nanoscale by simply changing certain lithographic dimensions, 

Secondly, we present a completely new technique for engineering up to 1.1% biaxial 

strain in germanium microdisks. This is the largest CMOS-compatible biaxial strain 

ever reported in germanium, and we further demonstrate an optical cavity integrated 

with our biaxially strained germanium structure. Finally, we discuss the implications of 

these theoretical and experimental achievements toward creating an efficient low-

threshold germanium laser for use in CMOS-compatible on-chip light emission.  
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Chapter 1 

Introduction 

 

1.1 Motivation 

Since the invention of the first transistor nearly 70 years ago [1], transistor scaling has 

driven tremendous improvements in modern electronics which have touched nearly 

every facet of modern life [2]. The relentless doubling of transistor count per chip 

roughly every 18 months, popularly known as “Moore’s Law” [3], has now shrunk 

transistor dimensions down to only a few tens of nanometers [4]. However, while 

transistors typically improve in performance as they scale down in size [5], the 

opposite is true for the copper wires that link these transistors together [6]. As 

illustrated in Fig. 1-1, scaling down copper interconnects results in wires which have a 

reduced cross-sectional area, thereby increasing resistance, and which are packed 

more closely together, thereby increasing capacitance [7]. These two effects conspire 

to increase delay, reduce bandwidth and increase power consumption [8]. 

 

 

Figure 1-1. Illustration of interconnect scaling. 
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Even this, however, fails to capture the full scale of the problem. A copper wire is 

polycrystalline and consists of a multitude of “grains” wherein the resistance is 

dominated by electron scattering events at the boundaries of these grains [9]. At the 

nanoscacle dimensions of present technology, the cross-sectional area of the wires has 

become comparable to the grain size. As such, scaling to smaller dimensions 

introduces more grain boundary scattering by physically reducing the grain sizes and 

also more surface scattering due to the increased surface-to-volume ratio [10], [11]. 

Furthermore, copper interconnects typically need a diffusion barrier which usually 

comes in the form of tantalum, rubidium or magnesium based materials [12]. Because 

the resistivity of these barrier materials is much higher than that of copper, the barrier 

effectively reduces the useful interconnect cross-section [12]. The result is that the 

copper material itself becomes less conductive at nanoscale dimensions [13], with an 

over 6x resistivity increase compared to bulk copper [12] as shown in Figure 1-2 [14] . 

This makes the problem of increased resistance even more severe and further worsens 

the delay, bandwidth and power consumption of scaled copper interconnects [12]. 

Moreover, this is not merely a future problem: even today commercial computer chips 

are often constrained by latency and power dissipation within the copper wiring [6]. 

This problem in fact has become so severe that more than 50% of power consumption 

in a typical integrated circuit is now due to the copper interconnects, as shown in Fig. 

1-3 [15], considering both signaling interconnects and interconnects carrying the clock 

signal [15]. 
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Figure 1-2. Impact of scaling on copper resistivity. (a) Illustrated cross-section of a copper 

wire showing individual grains with a tantalum barrier layer [14]. (b) Copper resistivity vs. 

wire width, with and without the effects of surface scattering and enhanced grain boundary 

scattering. Any additional resistivity due to the barrier layer between copper and surrounding 

material is ignored [12]. 

 

 

Figure 1-3. Predicted breakdown of power consumption at the 50nm technology node [15]. 
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It therefore appears that copper interconnects have emerged as a critical new 

performance bottleneck in modern integrated circuits [15], necessitating a superior 

means of transporting information for intra-chip communication. To this end, 

researchers have proposed replacing certain copper wires with optical interconnects, 

particularly for the longer “global” interconnects [6], [7], [16], [17]. Such a system, 

illustrated in Fig. 1-4, entails a light source in the form of a laser, a modulator to 

encode the desired signal into the laser light output, a waveguide for transmitting this 

optical signal over some distance, and photodetector with corresponding receiver 

circuitry to convert the optical signal back into an electrical one [16]. The motivation 

for such a scheme is that while there is an overhead in the conversion from an 

electrical signal into an optical signal and back again, the transmission of the optical 

signal through a waveguide is so fast and efficient that optics may offer a performance 

advantage compared to copper wires [6], [7]. This is because sending a signal optically 

through a waveguide completely eliminates the resistive and capacitive losses and 

capacitive coupling and cross-talk associated with sending electrical signals through 

copper wires [17]. In addition, whereas a copper wire can carry only one signal, a 

single optical waveguide can simultaneously carry many different optical signals by 

wavelength division multiplexing [18]. As a result, optics can be expected to offer a 

performance advantage for longer wires where the efficient transmission over a long 

distance is more important than the overhead of converting the signal between 

electrical and optical [7], and it logically follows that replacing the longer “global” 

interconnects with an optical link will go a long way toward alleviating the 

interconnect performance bottleneck [6]. Researchers have performed extensive 
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theoretical modeling to compare electrical and optical interconnects and have 

confirmed that optical interconnects can offer substantial performance improvements 

over traditional copper interconnects with respect to both energy and latency as shown 

in Fig. 1-5 for a 10mm wire [7]. As can be seen in Fig. 1-5, optics not only offers 

superior performance over copper but is also offers a more robust solution as 

technology continues to scale, particularly with respect to latency where scaling to 

smaller technology nodes introduces more delay to copper wires but actually improves 

the performance of optical interconnects due to the improved performance of scaled 

modulators, detectors, etc. [7] 

 

 

 

Figure 1-4. Schematic of a typical optical interconnect. 
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Figure 1-5. Impact of scaling on interconnect performance. (a) Energy per bit vs. technology 

node, and (b) latency versus technology node. Shown for copper interconnects, carbon 

nanotube interconnects and optical interconnects [7]. 

 

With the advantages of optical interconnects over existing options clearly established, 

the logical next step would be to physically integrate such optical links with existing 

silicon CMOS electronics. However, manufacturing such an optical system in a way 

that maintains compatibility with standard silicon CMOS process technology is a 

serious challenge [6]. This is largely a materials problem: there are several 

manufacturing concerns about integrating the optoelectronically useful III-V materials 

with silicon CMOS integrated circuits [19]. For this reason, researchers are 

considering the use of Group IV materials [20], in particular germanium [21], for 

realizing the optoelectronic devices which comprise the optical interconnect of Fig. 1-

4. As will be explained in detail in the next Chapter, tremendous progress has been 
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made in this arena and at present the only component still missing before a practical 

CMOS-compatible optical interconnect can be realized is an efficient germanium 

laser. In this dissertation we show band engineering, particularly by means of tensile 

strain, to be a compelling approach for achieving the efficient light emission from 

germanium that is necessary to complete a CMOS-compatible optical link. 

 

1.2 Organization of the Dissertation 

Chapter 2 discusses the status of previous work on light emission from band-

engineered germanium when our own efforts began. We present a broad review firstly 

of theoretical efforts to understand how various techniques may enhance light 

emission from germanium and secondly of experimental efforts toward realizing such 

improvements in practical germanium devices. This sets the stage for our own efforts 

by explaining where existing techniques were relatively mature and the areas in which 

there was a compelling research need for greater advances. 

 Chapter 3 presents a theoretical investigation of how band engineering can 

enhance light emission from germanium for the specific case of band engineering 

through biaxial tensile strain. This investigation begins with a brief analysis of how 

the performance of a germanium LED can be improved before delving into a more 

thorough theoretical analysis of band engineered germanium lasers. In addition, the 

improvements available from band engineering are compared to the improvements 

available from n-type doping, an alternative technique for enhancing germanium light 

emission. The interaction between strain and doping in particular is carefully 

examined with respect to improving the performance of germanium optical devices. 
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 Chapter 4 extends this theoretical investigation to other forms of band 

engineering, specifically uniaxial tensile strain and tin alloying. These additional 

forms of band engineering are again contrasted with n-type doping in the context of 

enhancing germanium light emission, and are qualitatively compared with band 

engineering through biaxial tensile strain which is examined in the preceding chapter. 

In addition, the interaction between strain and tin alloying is also modeled 

theoretically, though subsequent chapters reserve experimental realization of strained 

germanium tin alloys for future works. 

 Chapter 5 transitions to experimental efforts, specifically a new approach 

which we present for inducing large uniaxial strains in germanium. Our technique 

makes use of the small pre-existing biaxial tensile strain that is often present in as-

grown germanium and employs a microbridge geometry [22] to convert this small pre-

existing biaxial strain into a large localized uniaxial strain, including sufficient strain 

to make germanium a direct bandgap semiconductor [23]. We further show that this 

technique creates “pseudo-heterostructures” which makes use of carefully tailored 

strain non-uniformities to recreate the electronic band profiles of conventional multi-

material double heterostructures within our germanium structures [24]. 

 Chapter 6 presents a new technique for engineering large biaxial tensile strains 

in germanium, again using a stress concentration approach. Just as the approach 

presented in Chapter 5 makes use of a clever microbridge geometry for inducing a 

large uniaxial strain, the technique of Chapter 6 involves using a special disk geometry 

to induce a large biaxial strain. Using this new disk geometry we are able to achieve 

by the largest CMOS-compatible strain that has ever been reported in germanium [25]. 
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 Chapter 7 concludes this dissertation by summarizing the achievements 

resulting from this research and by discussing potential avenues for future work. 
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Chapter 2 

Background on Band-Engineered Germanium 

 

2.1 General Background 

While optical interconnects offer compelling performance advantages over existing 

copper interconnects [7], manufacturing an optical link in a way that is compatible 

with existing silicon CMOS technology is a serious challenge [6]. Silicon itself is 

inherently unsuitable for light emission due to its complete absence of a direct 

bandgap [26] and there are many manufacturing challenges associated with integrating 

III-V materials with standard silicon CMOS electronics, though progress is being 

achieved on the latter issue [27]–[29]. In order to bypass these limitations researchers 

have sought to use Group IV materials for optoelectronic applications as these 

materials pose far fewer contamination concerns when integrated with existing silicon 

CMOS electronics[19], [21]. In this framework germanium-on-silicon has long found 

use as a detector [30]–[33] and more recently as a modulator [34]. The use of 

germanium is highly advantageous in this context since germanium can be readily 

grown on silicon through high-quality heteroepitaxy [35], [36] and because 

germanium is already widely used in commercial CMOS processing [37], [38]. 

Moreover, although germanium has an indirect bandgap of 0.667 eV, it also has a 

direct bandgap of 0.8eV [39] which can be readily accessed for absorptive applications 

such as detectors [30]–[33] and modulators [34]. In fact, the marginally indirect 
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bandgap nature of germanium can actually be helpful for detectors since photo-

generated electrons in the direct conduction valley will quickly scatter into the indirect 

valleys [40] where radiative recombination is suppressed [41], thereby increasing 

carrier lifetimes which in turn increases the quantum efficiency [42]. For light 

emission applications, however, the indirect bandgap poses a considerably larger 

hurdle: over 99.98% of injected electrons will reside in the indirect conduction valleys 

[43] where they cannot contribute substantially to useful optical processes [41], [44]. 

This makes building an efficient germanium light emitter, and in particular a 

germanium laser, quite challenging [19], [45]. 

As a result of the challenges associated with germanium light emission, most 

of the initial efforts toward building a Si-compatible laser involved hybrid III-V 

bonding onto silicon [46], an approach which is still very actively pursued today [47]–

[49]. However, in 2007 it was proposed that by employing a few special tricks, 

germanium could indeed be used as the gain medium for a Si-compatible laser [41], 

thereby creating an optical link solely within the Group IV materials system and 

avoiding all of the challenges and complexities associated with hybrid III-V processes. 

Specifically, these “special tricks” consisted of employing band engineering in the 

form of a small 0.25% biaxial tensile strain along with heavy n-type doping of the 

active region to “fill up” states in the indirect conduction valley [41]. At the time this 

research project began in early 2011, however, there were many open questions about 

the viability of these proposed techniques from both a theoretical and experimental 

perspective. 
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2.2 Background on Theory & Modeling 

Interest in band-engineered germanium for light emission took off in 2007 with a 

theoretical publication [41] which claimed that a combination of a small 0.25% biaxial 

tensile strain and 7.6x1019 cm-3 n-type doping can achieve up to 400cm-1 optical gain 

in an ideal structure, enough to build a working laser [41]. A follow-up theoretical 

study [50] from early 2010 provided a somewhat more in-depth investigation of how 

the optical gain varies with the doping level and steady-state injected carrier density. 

However, while these studies were both pioneering in the field, they focus primarily 

on quantifying the achievable net optical gain rather than more critical parameters 

such as the lasing threshold. The slope efficiency of the proposed Ge laser is never 

even mentioned. In addition, the scope of these studies did not include any 

investigation of strain values beyond 0.25%, leaving no information about whether 

researchers should focus their efforts on achieving higher strain values or heavier 

doping levels in Ge. 

 A separate study was done by different authors in 2012 considering not only 

strain and n-type doping but also band engineering through tin alloying [51]. 

However, this study restricted the analysis to a wavelength of exactly 1550nm [51]. 

Since band engineering reduces germanium’s bandgap [39], [52], it logically follows 

that a band engineered germanium laser will operate most efficiently at longer 

wavelengths; any study that doesn’t account for this wavelength shift will not properly 

quantify the benefits of band engineering [53]. The study of [51] also stopped after 

calculating a threshold injected carrier density, which is very different from 

calculating the more relevant threshold current. Converting a steady-state injected 
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carrier density to a current density is non-trivial since it may depend heavily on the 

Auger recombination lifetime which depends on the total electron density and, in turn, 

the concentration of extrinsic electrons from doping [41]. And lastly, rather than using 

an empirical equation for free carrier absorption as in [41], the study of [51] calculated 

free carrier absorption using the Drude-Lorenz equation [54] which has since been 

shown to exclude the inter-valence band transitions which are believed to dominate 

the actual free carrier absorption [55]. 

 Due to the limitations of these studies there was initially very little information 

about whether n-type doping or band engineering approaches such as strain would be 

most useful for realizing an efficient low threshold on-chip germanium laser. There 

was also very limited information about the interaction of n-type doping and band 

engineering and how this interaction would affect the performance of a germanium 

laser. In Chapter 3 we answer these questions through a comprehensive theoretical 

study of a germanium laser’s performance as a function of both n-type doping and 

band engineering for the specific case of band engineering through biaxial tensile 

strain. In Chapter 4 we extend this study to other forms of band engineering such as 

uniaxial tensile strain and alloying with tin to create to GeSn. 

 

2.3 Background on Experimental Band Engineering Techniques 

2.3.1 Uniaxial Strain 

Several approaches have been investigated for engineering large uniaxial tensile 

strains in Ge. Some of these approaches are decidedly not compatible with Si CMOS 

device technology, such as the use of an external micromechanical three-point module 
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to apply up to 1.8% uniaxial tensile strain in Ge [56]. Another approach involved 

using external silicon nitride stressors on patterned Ge to induce uniaxial strain up to 

~1.5% [57]. Although this approach was fully CMOS-compatible it involves a very 

inhomogeneous strain, and thus a spatially non-uniform bandgap, which would 

impede any practical device realization because different Ge regions would be 

optimized for operation at different wavelengths in accordance with the different 

bandgaps. A separate CMOS-compatible structure, analogous to one mentioned for 

biaxial strain, achieved up to 0.96% uniaxial tensile strain using a suspended geometry 

with two silicon nitride stressor beams attached laterally to a pre-patterned Ge region 

[58]. However, as with the analogous biaxial structure, employing a suspended 

geometry drastically limits thermal dissipation [59], thus precluding any practical 

device realization on account of excessive heating. In early 2013 researchers 

developed a superior structure using suspended all-germanium microbridges [22]. Not 

only did this new approach achieved a higher uniaxial strain value of 3.1%, but it also 

eliminated the silicon nitride stressors and thereby simplified the fabrication to a low-

cost one-mask process [22]. 

 Here at Stanford, we developed a largely similar microbridge technique in 

2013 and showed that the high degree of strain localization reproduced double 

heterostructure action – a crucial requirement for lasers – within a single material [24]. 

We investigated this phenomenon through careful optical characterization but, due to 

the wavelength cutoff of detector, we stopped with devices of only 2.3% uniaxial 

strain; any attempt to engineer a larger strain would have redshifted the luminescence 

beyond our detection capabilities due to strain-induced bandgap narrowing [24]. We 



15 
 

then introduced a novel technique that employed stiction to adhere these suspended 

germanium microbridges to the underlying silicon substrate, thereby solving the 

thermal dissipation problem but, due to the relative large geometries in that work, we 

achieved only uniaxial strain of up to 1.6% [60]. This results have all been described 

in detail in a previous dissertation [61]. However, no attempt was made in that work to 

engineer the largest possible uniaxial strain for optimal band engineering, a 

shortcoming which we address in this work. In Chapter 5 we present microbridges 

with the largest CMOS-compatible uniaxial tensile strains ever reported: up to 4.1% 

for substrate-adhered microbridges and up to 5.7% in suspended microbridges. 

 

2.3.2 Biaxial Strain 

Achieving a large biaxial strain in germanium is known to be physically possible as 

researchers have achieved beyond 2% biaxial tensile strain in germanium, enough to 

achieve a direct bandgap, using approaches that were not compatible with Si CMOS 

technology. Using pseudomorphic growth of germanium by molecular beam epitaxy 

on a deliberately lattice-mismatched InxGa1-xAs buffer region supported on a GaAs 

substrate, researchers have achieved 2.33% biaxial tensile strain in germanium [62]. 

Other researchers have achieved 2.00% biaxial strain in Ge by applying ~700 kPa of 

gas pressure to a suspended ultrathin Ge nanomembrane supported on polyimide, 

thereby inducing a vertical deflection and accompanying strain [63]. Unfortunately 

these approaches are not compatible with silicon CMOS technology. For the example 

of lattice-mismatched pseudomorphic growth of Ge on an InxGa1-xAs buffer, the III-V 

template not only precludes CMOS compatibility but defeats the entire purpose of 
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using Ge which is to avoid the presence of any III-V materials. For the example of the 

gas pressure on a Ge nanomembrane, this approach is not CMOS-compatible because 

the strain is not permanently sustained: upon release of the gas pressure the strain 

relaxes. Even if a pressurized gas could somehow be physically manufactured into a 

commercial CMOS unit, this gas pressure would then become temperature dependent 

in accordance with Gay-Lussac’s law – an unacceptable situation given the wide range 

of temperatures at which commercial electronics are typically expected to operate. 

Although not quite a direct bandgap, in 2015 researchers also reported 1.5% biaxial 

tensile strain in Ge microdisk cavities on Si using a silicon nitride all-around stressor 

technique [64]. However, the success of this technique relied upon the use of GaAs 

growth templates for high-quality Ge and also coating the entire Si substrate with gold 

for the bonding process [64]. While further innovations may – and hopefully will – 

bring this new all-around silicon nitride technique into the realm of CMOS 

compatibility, the large quantities of GaAs and gold involved raise serious cost and 

contamination related concerns at present.  

 Much prior work has also been done on biaxial strain approaches that are 

CMOS-compatible at least in principle, however each of the approaches has at least 

one critical drawback. Perhaps the most common approach is to obtain a small biaxial 

strain directly from the Ge-on-Si growth process. Heteroepitaxy of Ge on a Si wafer 

yields relaxed Ge at the 600oC –800oC growth temperature but, upon cooling to room 

temperature, a small strain of about 0.20%-0.25% accumulates in the Ge due to the 

dissimilar thermal expansion coefficients between Ge and Si [65]. This strain can be 

slightly increased by using heavily n-type Ge since n-doping increases Ge’s thermal 
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expansion coefficient [66] and hence the mismatch with Si’s coefficient [41], however 

the observed strain enhancement from heavy n-doping is relatively small [67]. (Note 

that the change in n-type Ge’s thermal expansion coefficient should, in principle, 

occur for all forms of n-type doping regardless of the specific dopant element 

employed. This is because the underlying mechanism for the change in thermal 

expansion coefficient is believed to be free carrier effects from the large extrinsic 

electron density [68]: it is well understood that free carriers can substantially affect 

Ge’s elastic coefficients [69], [70] and this should logically affect the thermal 

expansion coefficient as well [68].) Additional techniques are therefore needed in 

order to achieve larger strains. One such technique involves creating a freestanding Ge 

membrane supported on a silicon wafer and then depositing a tungsten stressor layer 

[71]. The tungsten stressor has an initial compressive strain which relaxes upon 

deposition, thereby causing a vertical deflection technique and inducing up to 1.11% 

biaxial strain in the Ge membrane [71]. Integration of devices such as photodetectors 

and LEDs using this technique was also demonstrated, though only up to 0.76% strain 

was achievable with device integration [71], [72]. However, there are downsides with 

this approach. Creating the Ge membrane involved backside etching through the entire 

thickness of the silicon handle wafer which, while technically still CMOS-compatible, 

is a highly undesirable process for commercial products. The vertical deflection of the 

membrane also results in a very inhomogeneous strain distribution thereby causing 

dramatic variations in the Ge bandgap across the membrane; a constant bandgap is 

essential for practical optical devices operating at a defined wavelength. Lastly, the 

presence of tungsten metal adjacent to the Ge and the out-of-plane deflection would 
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compromise any optical cavity design and create large free carrier losses in the metal. 

Separately, a truly CMOS-compatible structure has been shown by depositing a 

stressed silicon nitride layer on a Ge stripe to induce an “equivalent biaxial strain” of 

up to 0.9% [57]. However this strain was not truly biaxial and, critically, was very 

inhomogeneous in the vertical direction. It is therefore the case that this structure will 

also lack the spatially constant bandgap necessary for optimal laser operation at a pre-

defined wavelength. Yet another CMOS-compatible structure with up to 0.82% biaxial 

tensile strain was demonstrated using a suspended geometry with four silicon nitride 

stressor beams attached laterally to a pre-patterned Ge region [58]. However, 

employing a suspended geometry eliminates the physical contact between the Ge and 

the underlying Si substrate. This removes the traditional heat conduction pathway and 

makes it impossible to conduct even a simple photoluminescence experiment without 

excessive heating [59]. 

 In light of the limitations of these prior techniques, there is a clear need for a 

new structure that can induce large homogeneous biaxial tensile strains in Ge with full 

compatibility with existing Si CMOS technology. In order to be a truly effective 

platform for Ge lasers, this structure must involve no out-of-plane deflections or metal 

stressor layers that might compromise an optical cavity and must include an efficient 

means of thermal conduction from the Ge to either the substrate or some form of heat 

sink. Preferably, such a structure should involve a simple one-mask fabrication 

process with no exotic materials to limit cost and complexity. In Chapter 6 we present 

a structure that satisfies all of these criteria. 
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2.3.3 Alternative Experimental Approaches 

Within the context of band engineering, germanium tin alloys have also garnered 

substantial interest as an alternative to strain [19], [73], [74]. Just as applying a tensile 

strain to germanium lowers the direct conduction valley relative to the indirect 

conduction valleys, alloying germanium with tin to create GeSn can also result in a 

direct bandgap material for use as a laser gain medium [73]. This tin alloying approach 

was substantially more mature than tensile strain in terms of experimental realization 

at the time we began our research. Researchers have previously reported 

compressively strained GeSn alloys with up 34% tin [75] and unstrained GeSn alloys 

with 15% tin [76] grown on silicon substrates by molecular beam epitaxy. This is well 

beyond the ~6.3% tin required for a direct bandgap in relaxed GeSn [77], [78]. 

Although the material quality suffered from a high dislocation density in those 

particular works [75], [76], other researchers have made tremendous progress in this 

arena [74], [79]–[86]. Very recently in 2015, researchers have even demonstrated a 

direct bandgap GeSn laser, albeit with some severe limitations with regard to threshold 

and operating temperature [87], which clearly demonstrates the potential of band 

engineered germanium [88]. Given both the relative maturity of GeSn technology and 

the large number of researchers working on GeSn [74], [79]–[88] we decided to focus 

our experimental efforts exclusively on germanium strain engineering rather than 

GeSn. 

 Although it is not technically band engineering, n-type doping is another 

prominent technique to improve the performance of germanium lasers [41], almost 

always employed in combination with the small ~0.25% biaxial tensile strain [55], 
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[89]–[93] which results naturally from the germanium growth process [36]. Prior to 

this work, tremendous advances had been made in the realm of achieving ever-higher 

n-type doping in germanium [94], [95] and efforts were already underway in applying 

these advances to germanium light emitters such as light emitting diodes [72], [96]–

[100]. In early 2010 researchers demonstrated an optically pumped germanium laser 

by employing an n-type doping of 1x1019 cm-3 [90]. This achievement was followed-

up by increasing the doping level to 5x1019 cm-3 [93] and then building an electrically-

pumped germanium laser [101] which, despite suffering from an unacceptably high 

threshold of about 280 kA/cm2 and poor efficiency [101], represented a tremendous 

breakthrough. However, although n-type doping was the leading candidate for 

realizing an efficient low threshold germanium laser when this work began, our 

theoretical modeling in Chapter 3 showed that doping does not in fact represent a 

viable path to this goal [53]. As such, we decided to focus our experimental efforts 

exclusively on engineering large strains in germanium rather than achieving ever 

higher doping levels. 
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Chapter 3 

Theoretical Modeling for Biaxial Strain and N-Type 

Doping 

 

3.1 Band Structure Modeling 

The first step of any modeling approach is to compute the full bandstructure of 

germanium over the intended range of strain values [53], as illustrated in Fig. 3-1 for 

the specific cases of zero strain and 2.0% strain. This can be done using any of several 

techniques such as k·p [102], tight-binding [53], non-local empirical pseudo-potentials 

[103], [104], density functional theory [86], or even simple deformation potential 

theory [39] with parabolic bands [25]. For our modeling on biaxial strain in this 

chapter, we will use sp3d5s* tight-binding following the approach of Refs [105], [106]. 

The use of tight-binding allows us to compute not just the bandstructures’ 2D cross 

sections shown in Fig. 3-1 but also the allows energies over a full 200x200x200 mesh 

of k-points encompassing the entirety of the first Brillouin Zone. This gives the full 

4D bandstructure, i.e. energy as a function of the three wavevector components kx, ky 

and kz. Using tight-binding allows us to account for the complicated mixing and 

warping of the valence bands under stain, as can be seen in the bandstructures’ 3D 

cross-sections shown in Fig. 3-2. Lastly, we note that our model assumes germanium 

will become direct bandgap semiconductor at 2.4% biaxial tensile strain as shown in 

Fig. 3-3, which means that our model is very conservative in that considerably more 
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strain is needed to achieve a direct gap in our model than the ~1.7% predicted by most 

models [39], [52], [107]. This means that our model assumes that biaxial tensile strain 

reduces the energy difference between the direct and indirect conduction valleys by 

only 55 meV for every 1% of strain, i.e. the initial 133meV difference between 

germanium’s direct and indirect valleys divided by the 2.4% biaxial strain needed to 

achieve a direct gap. Meanwhile, models that assume that only ~1.7% biaxial strain is 

needed to achieve a direct gap implicitly assume that every 1% of biaxial strain causes 

a much larger 78 meV reduction in the energy difference between the direct and 

indirect conduction valleys. Since our model underestimates the extent to which 

biaxial strain reduces the energy difference between the direct and indirect conduction 

valleys we can expect any of our subsequent modeling results to be quite conservative. 

 

 
Figure 3-1. 2D cross-section of germanium’s band structure computed. Computed by tight-

binding and shown at (a) zero strain, and (b) 2.0% biaxial tensile strain. Black dashed 

horizontal lines are visual aids to help illustrate the reduction in the -L energy separation 

under tensile strain. 
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Figure 3-2. 3D cross-section (kz=0) of germanium’s band structure. Computed by tight-

binding and shown at (a) zero strain, and (b) 2.0% biaxial tensile strain. The x- and y-

components of the wavevector (k) are shown, with units given as multiples of the inverse 

lattice constant (1/a). 

 

 

Figure 3-3. Germanium’s direct () and indirect (L) bandgaps vs. biaxial tensile strain 

according to our tight-binding model. Crossover of the direct gap is visible at 2.4% biaxial 

strain. 
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3.2 General Carrier Statistics Modeling 

3.2.1 Dependence on Strain and Temperature 

The overriding motivation for employing band engineering in germanium, in this case 

by biaxial tensile strain, is to increase the fraction of electrons that reside in the direct 

 conduction valley as opposed to the indirect L conduction valleys. Using our 

bandstructure model as described in the preceding section we can directly quantify this 

phenomenon for undoped germanium. To do this we compute the Maxwell-Boltzmann 

occupation probability for each allowed k-point and then integrate over the full k-point 

mesh of allowed energies encompassing the first Brillouin Zone to obtain the carrier 

concentration in each valley. As shown in Fig. 3-4, we observe a dramatic increase in 

the percentage of electrons which reside in the direct conduction valley upon applying 

a tensile strain. Although there is an interesting temperature dependence in Fig. 3-4, 

we will begin by considering only room temperature (300K). At room temperature 

only 0.011% of electrons reside in the direct conduction valley in the absence of 

strain. Applying 1.0% biaxial tensile strain increases this proportion by 8x to 0.087%. 

Increasing the strain from 1.0% to 2.0% results in another 7x enhancement to 0.62% 

occupancy, and further increasing the strain to 3.0% yields a further 6x enhancement 

to 3.7% occupancy. Thus, applying a 3.0% biaxial tensile strain increases the 

proportion of electrons in the direct conduction valley by more than two orders of 

magnitude from only 0.011% to about 3.7%. 
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Figure 3-4. Fraction of electrons in the direct conduction valley vs. strain for undoped 

germanium at several different temperatures. Data shown on (a) linear, and (b) logarithmic 

scales. 

 

There is another interesting behavior that can be seen from Fig. 3-4: the achievement 

of a direct bandgap at 2.4% strain is of no particular importance unless extremely low 

temperatures are employed, for instance the 4K temperature associated with liquid 

helium. For instance, at 2.4% biaxial strain germanium will become a direct bandgap 

semiconductor yet only 1.3% of electrons will reside in the direct valley. The reason 

for this is that the indirect valleys, being 4-fold degenerate  and having a much larger 

effective mass, collectively have a >50x higher effective density of states than the 

direct valley [108]. (Note that although germanium has 8 equivalent L valleys in the 

conduction band, each of these valleys is only half contained within the first Brillouin 

zone thus making the indirect valleys exactly 4-fold degenerate for multiplicity 

purposes.) Germanium will actually become a negative bandgap material (at ~4.1% 
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strain as shown in Fig. 3-3) before even 20% of electrons reside in the direct valley at 

room temperature. Even at the 77K temperature associated with liquid nitrogen it takes 

a full 3.0% strain, significantly more strain than needed for a direct gap, before a 

majority of electrons reside in the direct conduction valley. The takeaway of this 

finding is that there is no special practical relevance to achieving a direct bandgap for 

room temperature devices or even for liquid nitrogen cooled devices [23], [25]. In fact, 

as we will show in the next section there is not even a special benefit to having >50% 

of carriers in the direct valley [25]. To the extent that there is a “critical” strain that 

researchers should strive to achieve this should be determined by detailed device 

modeling [25] as we will show in the following sections. 

 

3.2.2 Dependence on Strain and N-Type Doping 

Next we can incorporate the effects of n-type doping into our model. In this case 

Maxwell-Boltzmann statistics are no longer valid and so we must compute the 

occupancy probabilities using Fermi-Dirac statistics. We first iteratively determine the 

Fermi level which gives a total electron concentration equal to the assumed doping. 

(Although only a fraction of the dopants will be ionized when the Fermi level is above 

the donor level, our model only considers those dopants which have indeed been 

ionized i.e. the electrically active doping concentration; our model also ignores any 

interaction between the injected electron density and the proportion of dopants which 

are ionized.) Knowing the Fermi level we can then compare the relative electron 

populations inside and outside the direct conduction valley. As shown in Fig. 3-5, n-

type doping can deliver some very large enhancements in the percentage of electrons 
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that reside in the direct conduction valley. For unstrained germanium only 0.011% of 

electrons will reside in the direct conduction valley in the absence of doping, 

increasing by 2x to 0.020% at 2×1019 cm-1 doping, and increasing by a further 7x to 

0.14% at 1×1020 cm-1 n-type doping. 

 

           

Figure 3-5. Direct conduction valley occupancy in germanium. (a) Fraction of electrons in 

the direct conduction valley vs. strain and doping at room temperature. (b,c) Fraction of 
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electrons in the direct conduction valley vs. strain for several different n-type doping levels at 

room temperature, shown on (b) linear, and (c) logarithmic scales. 

 

Interestingly, there is a negative interaction between strain and doping and, as can be 

seen in Fig. 3-5, once the strain exceeds ~2.4% n-type doping actually reduces the 

proportion of electrons in the direct conduction valley. This is because doping causes 

spillover of electrons from the lower energy conduction valley(s) to the higher energy 

conduction valley(s). Once a direct bandgap has been achieved, i.e. for biaxial strains 

larger than 2.4%, the direct valley is the lowest energy valley. Thus, for direct 

bandgap germanium, i.e. for biaxial strains larger than 2.4%, doping will cause 

spillover of electrons out of the direct valley into the indirect valleys. Nevertheless, as 

we will see in the subsequent sections, doping retains some utility for practical devices 

even once a direct bandgap has been achieved by strain. 

 

3.3 Light Emitting Diode (LED) Modeling 

3.3.1 Dependence on Strain and N-Type Doping 

Having modeled the carrier statistics for germanium in the presence of biaxial tensile 

strain and n-type doping in the preceding section it is now straightforward to model 

the performance of a simple germanium LED. For this modeling we will focus on the 

internal quantum efficiency (IQE) of a hypothetical germanium LED. Assuming a 

heterostructure design such that diffusion current is negligible and the injection 

efficiency will be virtually 100%, something which can be achieved even in a simple 

Si/Ge/Si double heterostructure LED [89], the IQE will simply be the fraction of 
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carrier recombination which is radiative. We can compute the radiative and non-

radiative recombination rates by using Equation 3-1 and Equation 3-2, respectively. 

The radiative recombination rate of Equation 3-1 considers spontaneous emission 

from both the direct and indirect conduction valleys, with the radiative recombination 

lifetime being much faster in the direct valley, and so strain increases the radiative 

recombination rate by increasing the (
n

n
) term. The non-radiative recombination rate 

of Equation 3-2, meanwhile, is agnostic to whether electrons are in the direct or 

indirect conduction valley and is therefore independent of strain, at least in the 

approximations of our model. Then, finally, the IQE is simply the ratio of radiative 

recombination to total recombination as given in Equation 3-3. 

 

Uradiative = RLnLp + Rnp 

    = RL(n − n)p + Rnp 

    = RLnp + (R − RL)np 

    = RLnp + (R − RL)np (
n

n
) 

    ≅ RLnp + Rnp (
n

n
)                           (3-1) 

Equation 3-1. Radiative recombination rate (𝑈𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒) in terms of the electron density (n), 

hole density (p) and fraction of electrons in the direct conduction valley (
𝑛

𝑛
). The terms 𝑛 

and 𝑛𝐿 denote the electron concentrations in the direct and indirect valleys, respectively. The 

recombination coefficients are 𝑅𝐿=5.1×10-15cm3/s and 𝑅=1.3×10-10cm3/s [41]. 
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Unon−radiative = Cnnpn(np − ni
2) + Cppnp(np − ni

2) +
min(n, p)

SRH
⁄  

 = Cnnpn(np − ni
2) + Cppnp(np − ni

2) +
p
SRH

⁄                        (3-2) 

Equation 3-2. Non-radiative recombination rate (𝑈𝑛𝑜𝑛−𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒) in terms of the electron 

density (n), hole density (p) and defect-limited minority carrier lifetime (𝑆𝑅𝐻). Note that since 

we always presume either undoped or n-type doped material the minority carrier density will 

always be the hole carrier density (p). The recombination coefficients are 𝐶𝑛𝑛𝑝=3.0×10-

32cm6/s and 𝐶𝑝𝑝𝑛=7.0×10-32cm6/s [41]. 

 

        IQE =  
Uradiative

Uradiative+Unon−radiative
       (3-3) 

Equation 3-3. Internal quantum efficiency (IQE) in terms of the radiative recombination rate 

(𝑈𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒) and the non-radiative recombination rate (𝑈𝑛𝑜𝑛−𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒). 

 

Assuming a 100ns defect-limited minority carrier lifetime (SRH) as in Ref [41] and a 

steady-state carrier injection level of Δn=Δp=1017 cm-3, we can compute the IQE of a 

germanium LED versus strain for several different doping conditions as shown in Fig. 

3-6. From this figure we observe that both strain and doping enable tremendous 

enhancements in IQE for a germanium LED, at least in the assumption that neither 

strain nor doping affects the defect-limited minority carrier lifetime – a somewhat 

dubious assumption about doping [109], [110] which we will revisit later in section 

3.5.  
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Figure 3-6. Internal quantum efficiency of a germanium double-heterostructure LED vs. 

biaxial strain for various n-type doping levels. Data shown on (a) linear, and (b) logarithmic 

scales. Defect-limited Shockley-Read-Hall (SRH) lifetime is assumed to be 100ns. 

  

Interestingly, even once a direct bandgap has been achieved (i.e. for biaxial strains 

larger than 2.4%) we observe that doping can still enhance the IQE of our hypothetical 

germanium LED. This is despite the fact that doping actually reduces the fraction of 

electrons in the direct conduction valley for such high strains as previously shown in 

Fig. 3-6 and will therefore decrease the (
n

n
) term in Equation 3-1. The trend is not 

even monotonic with doping: at 4.0% strain we observe from Fig. 3-6 that the IQE 

increases as we increase the doping from zero to 1×1018 cm-3  and then to 1×1019 cm-3, 

but the IQE then decreases as we further increase the doping to 5×1019 cm-3 or 1×1020 

cm-3. The explanation is that, neglecting the (
n

n
) term for a moment, the radiative 

recombination rate in Equation 3-1 is directly proportional to the electron density “n”.  
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The non-radiative recombination rate in Equation 3-2, on the other hand, has a defect-

limited Shockley-Read-Hall (SRH) term 
p
SRH

⁄  which is independent of n, and an 

Auger term Cnnpn(np − ni
2) ≅ Cnnpn2p which is proportional to n2. Thus, we find 

that non-radiative recombination will always dominate at very small electron densities 

due to the SRH term (
p
SRH

⁄ ) and at very large electron densities due to the Auger 

term (≅ Cnnpn2p), and so there will be an optimal electron concentration – and hence 

an optimal n-type doping – where the “np” terms of the radiative recombination can 

dominate. From Fig. 3-6 we conclude that this optimal doping is at least 1×1020 cm-3 

for small strain values and decreases to somewhere in the vicinity of 1×1019 cm-3 for 

larger strain values such as the 2.4% biaxial tensile strain necessary for a direct 

bandgap. This optimal doping is also likely to be a function of the SRH lifetime, with 

larger doping being more useful when the SRH lifetime is shorter and less doping 

being more useful when the SRH lifetime is longer, although this tradeoff will not be 

explicitly explored in this dissertation in the context of LEDs. 

 

3.3.2 Dependence on Material Quality 

We can also consider how the material quality affects the performance of double-

heterostructure germanium LEDs, since the defect-limited minority carrier lifetime 

(SRH) is a strong function of material quality [109], [111], [112]. As shown in Fig. 3-

7 there is no conceivable level of strain that will result in an efficient germanium LED 

if the SRH lifetime is less than 1ns. On the other hand, if the SRH lifetime can be 

greater than 100ns then the IQE can approach 100% for large strain values. Given that 
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most epitaxially-grown germanium in the present state-of-the art has a minority carrier 

lifetime of approximately 1ns or faster [111], considerably less than the bulk lifetime 

values of >1µs [113], there is an acute need for research efforts such as those of Refs 

[112], [114] which explore innovative ways of improving the material quality and 

thereby improving the SRH lifetime. Such experimental efforts on material quality, 

however, are outside the scope of this dissertation. 

 

           
Figure 3-7. Internal quantum efficiency of a germanium double-heterostructure LED vs. 

biaxial strain for various SRH lifetime assumptions. Data shown on (a) linear, and (b) 

logarithmic scales. Doping is assumed to be 1×1019 cm-3.  

 

3.4 Results – Laser Modeling 

3.4.1 Optical Gain 

The penultimate goal of using band engineered germanium is to build an efficient low 

threshold germanium-on-silicon laser for use in on-chip optical interconnects [115]. It 
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is therefore imperative to investigate theoretically how a germanium laser will perform 

in the presence of tensile strain and/or n-type doping. Having already computed the 

band structures of biaxially strained germanium along with basic carrier statistics in 

the presence of strain and n-type doping, the next step is to model the optical gain. We 

do this using an empirical absorption coefficient for germanium [116], shown in 

Equation 3-4, which contains a special modification to account for how the bandgaps 

change in the presence of strain. This special modification consists of dividing the 

bulk absorption coefficient into two components, one each for the -LH and -HH 

transitions, with a proportion given by the relative joint density of states masses for 

each off these two transitions [116]. We will conservatively ignore transitions from the 

indirect valley, i.e. the L-LH and L-HH transitions; although contributions from the 

indirect transitions are helpful they are much weaker and would only add ~100cm-1 of 

gain [41]. 

 

α =

1.9 × 104 eV0.5cm−1 (0.682√Ephoton − Eg
−HH + 0.318√Ephoton − Eg

−LH) Ephoton⁄              

(3.4) 

Equation 3-4. Empirical absorption coefficient (α) from the direct transitions of strained 

germanium as a function of photon energy (𝐸𝑝ℎ𝑜𝑡𝑜𝑛) as given in Ref [116]. The energy 

separation between the direct conduction valley and the heavy hole valence band is denoted 

𝐸𝑔
−𝐻𝐻, and the energy separations between the direct conduction valley and the light hole 

valence band is denoted 𝐸𝑔
−𝐿𝐻. 

 



35 
 

With the absorption coefficient and quasi-Fermi levels now determined, we can 

proceed to compute the optical net gain at various carrier concentrations. For any 

given wavelength this consists first of multiplying the absorption coefficient by the 

population inversion factor in accordance with Equation 3-5 [116] to obtain the gain 

from the direct transition. We can then subtract the free carrier absorption to obtain the 

net gain [41] as shown in Equation 3-6. This free carrier absorption is given by 

Equation 3-7 [41] which is an empirical fit to experimental data [117], [118] and 

therefore agnostic to the underlying free carrier absorption mechanism, thus bypassing 

any concerns about whether intra-band or inter-band transitions are primarily 

responsible [55].  

 

γ = α(fc − fv)    (3.5) 

Equation 3-5. Gain from the direct transition (𝛾), given in terms of strained germanium’s 

absorption coefficient from the direct transition (α) and the population inversion factor 

(𝑓𝑐 − 𝑓𝑣) [116]. 

 

    γnet =  γ − 𝛼𝐹𝐶𝐴    (3-6) 

Equation 3-6. Optical net gain (𝛾𝑛𝑒𝑡) as a function of the direct transition gain (𝛾) and the 

free carrier absorption (𝛼𝐹𝐶𝐴). 

 

  𝛼𝐹𝐶𝐴 =  3.4 × 10−25nλ2.25 + 3.2 × 10−25pλ2.43  (3-7) 

Equation 3-7. Free carrier absorption (𝛼𝐹𝐶𝐴) as a function of electron concentration (N), 

hole concentration (P) and wavelength (λ), according to the empirical fit computed in Ref 

[41]. 𝛼𝐹𝐶𝐴 is in units of cm-1, n is in units of cm-3, p is in units of cm-3 and λ is in units of nm. 
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Having subtracted the free carrier absorption from the direct transition gain, we now 

have the optical net gain for a particular wavelength, for instance as shown for 1.0% 

strain in Fig. 3-8(a) at an emission wavelength of 1900 nm or in Fig. 3-8(b) at an 

emission wavelength of 1500 nm. This net gain calculation is then repeated across all 

strain values and for all possible emission wavelengths with a 1nm resolution, 

resulting in the full net gain spectrum for any different combination of strain, electron 

density and hole density. We then assume that lasing will always occur at the 

wavelength of peak net gain, giving a result such as the one shown in Fig. 3-8(c), 

which allows us to remove wavelength as an independent variable to a function of 

only three variables: strain, electron density and hole density. The information about 

the emission wavelength is not lost, however, as we can keep track of the wavelength 

of peak net gain as shown in Fig. 3-8(e). Additional net gain plots for 1.0% strained 

germanium showing the detailed evolution of the net gain with wavelength are 

available as Fig. A-1 in the Appendix. Additional net gain plots showing the evolution 

of the net gain with strain [43] are also included in the Appendix as Fig. A-2. 
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Figure 3-8. Optical gain in germanium as a function of steady-state carrier densities. (a-c) 

Optical net gain of germanium as a function of electron and hole concentrations, for 1.0% 

biaxial tensile strain at (a) 1900 nm, (b) 1500 nm, (c) the wavelength of maximum net gain. 

(d) Optical net gain of germanium as a function of n-type doping and steady-state injected 

carrier density, for 1.0% biaxial tensile strain at the wavelength of maximum net gain. (e,f) 

Wavelength of maximum net gain for germanium under 1.0% biaxial tensile strain, shown (e) 
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as a function of electron and hole concentrations, and (f) as a function of n-type doping and 

steady-state injected carrier density. The zero-plane (light green) is included in figures a-d to 

help visualize where the net gain becomes positive. 

 

From there we can convert electron density and hole density to doping concentration 

and steady-state carrier injection by a straightforward linear mapping. This conversion 

is done by assuming that all holes come from injection, that the electron density is the 

sum of the steady-state injection level and the doping level, and that electrons and 

holes are injected in approximately equal numbers to maintain charge neutrality – an 

assumption validated by device level simulations [89]. These assumptions, namely 

that the hole density equals the steady-state injected carrier density and that the 

electron density equals the sum of the n-type doping and the steady-state injected 

carrier density, can be written explicitly as Equation 3-8 and Equation 3-9, 

respectively. 

 

p = Δn             (3-8) 

Equation 3-8. The hole concentration (p) equals the steady-state injected carrier density (Δn). 

 

n = Nd + Δn     (3-9) 

Equation 3-9. The electron concentration (n) equals the sum of the n-type doping 

concentration (Nd) and the steady-state injected carrier density (Δn). 
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Thus, we set the steady-state carrier injection to equal the hole concentration as shown 

in Equation 3-10 and then set the doping level to equal the difference between the 

electron and hole concentrations in accordance with Equation 3-11. 

 

Δn = p        (3-10) 

Equation 3-10. The steady-state injected carrier density (Δn) equals the hole concentration 

(p). 

 

Nd = n − p          (3-11) 

Equation 3-11. The n-type doping concentration (Nd) equals the difference between the 

electron concentration (n) and the hole concentration (p). 

 

For any given strain value, applying this linear transformation to Fig. 3-8(c) gives us 

the optical net gain versus doping and steady-state injection as shown in Fig. 3-8(d) 

for the example of 1.0% biaxial strain. We can also keep track of how the assumed 

emission wavelength, i.e. the wavelength of maximum net gain changes, by applying 

the same linear mapping to Fig. 3-8(e) in order to obtain a result such as Fig. 3-8(f) 

which now gives the assumed emission wavelength as a function of doping and 

steady-state injected carrier density. We can then repeat this peak net gain versus 

doping and injection calculation for additional strain values as shown in Fig. 3-9 for 

the example cases of zero strain and 2.0% biaxial tensile strain. (Results for an 

extensive range of strain values are available in Fig. A-2 in the Appendix.) From these 

figures we observe that tensile strain dramatically enhances the optical gain, not only 
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increasing by ~2x the maximum possible net gain but also reducing by ~10x the 

injected carrier density needed to achieve positive net gain. 

 

 

 

Figure 3-9. Optical gain in germanium as a function of doping and steady-state injection. 

(a,b) Maximum optical net gain as a function of n-type doping and steady-state injected 

carrier density, computed at (a) zero strain, and (b) 2.0% biaxial tensile strain. The zero-

plane (light green) is included to help visualize where the net gain becomes positive. (c,d) 

Wavelength of maximum net gain as a function of n-type doping and steady-state injected 

carrier density, computed at (a) zero strain, and (b) 2.0% biaxial tensile strain. Figures (a) 

and (b) where computed using the wavelength of figures (c) and (d), respectively. 
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There are also some interesting aspects regarding how the net gain responds to strain. 

For the low-doping low-injection region of Fig. 3-9 we observe that the optimal 

wavelength corresponds to an energy just below germanium’s bandgap. This is 

because in this region the gain from the direct transition is negative so photons with 

more than the bandgap energy will experience a strong absorption, meanwhile very 

long wavelengths will result in a large free carrier absorption (Equation 3-7), and so 

the absorption (negative gain) can be minimized for a photon energy just below the 

bandgap. From Fig. 3-9(c,d) we also find that, regardless of strain level, injecting a 

large number of carriers blueshifts the wavelength of maximum net gain; this is a 

typical behavior in lasers due to the larger joint density of states for higher energy 

optical transitions. However, the behavior for the 2.0% strained case (Fig. 3-9(d)) is 

markedly different than the behavior for the unstrained case (Fig. 3-9(c)). For one 

thing, at higher strain values we observe a blueshift of the optimal wavelength at high 

doping even without substantial carrier injection. In this heavy-doping low-injection 

region the large electron density due to extrinsic carriers has pushed the electron 

quasi-Fermi level high enough into the conduction band that the absorption from the 

direct transition has been bleached. Positive gain in this low injection region is not 

possible due to the relative lack of holes, but with the absorption from the direct 

transition bleached the net gain can now become less negative at shorter wavelengths 

where free carrier absorption is weaker (Equation 3-7). However, this is not 

particularly relevant to achieving a positive net gain. 

 A more important feature of Fig. 3-9 is that there are two distinct regimes for 

the 2.0% strained case (Fig. 3-9(b,d)) but not for the unstrained case (Fig. 3-9(a,c)). 
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For the 2.0% strain case, once the injected carrier density exceeds about ~1020 cm-3 

there is an abrupt jump (redshift) in wavelength (Fig. 3-9(d)) and the net gain starts 

experiences a kink and increases much more dramatically (Fig. 3-9(b)). This is due to 

the LH/HH in the valence band that occurs under strain: at low-moderate injected 

carrier densities the only top (HH) valence band can contribute to the gain, but at 

higher injected carrier densities the hole quasi-Fermi level will be pushed below the 

top of the second (LH) valence band and both the HH and LH bands can contribute 

positive to the net gain. At this point an abruptly blueshifted wavelength becomes 

optimal such that the photon energy now exceeds the -LH energy separation. Since 

both the -HH and -LH transitions contribute to the optical gain is new regime we 

observe a kink in the net gain (Fig. 3-9(b)) and much larger net gains become 

achievable. This LH/HH splitting effect will be particularly important to the threshold 

calculations of the next section. 

 

3.4.2 Threshold Current 

Having computed the optical gain in germanium at arbitrary strain values, the next 

step is to compute the threshold current to determine the utility of biaxial tensile strain 

and n-type doping. From where we left off in Fig. 3-8(d,f) with the net gain and 

optimal wavelength as functions of n-type doping and steady-state carrier injection we 

can do another mapping, this time a non-linear mapping, to convert the “steady state 

injected carrier density” axis into “drive current density” as shown in Fig. 3-10(a). 

This is done assuming a 100% injection efficiency by using the rate equation 

(Equation 3-12) which assumes the amount of pumping per unit volume to equal the 
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amount of recombination from all sources, including defect-assisted SRH 

recombination, radiative recombination from the direct transition, radiative 

recombination from the indirect transition, and both forms of Auger recombination. 

The recombination coefficients for these processes were taken to be the same as those 

used in Ref [41]. 

 

J = t𝑎𝑐𝑡𝑖𝑣𝑒 × Utotal 

= t𝑎𝑐𝑡𝑖𝑣𝑒 × (Uradiative + Unon−radiative) 

= t𝑎𝑐𝑡𝑖𝑣𝑒 × (RLnp + (R − RL)np (
n

n
) + Cnnpn(np − ni

2) + Cppnp(np − ni
2) +

p
SRH

⁄ ) 

 (3-12) 

Equation 3-12. Current density (J) expressed in terms of the active region thickness (t𝑎𝑐𝑡𝑖𝑣𝑒), 

electron density (n), hole density (p), defect-limited minority carrier lifetime (SRH), and 

fraction of electrons in the direct conduction valley (
𝑛

𝑛
). The terms 𝑈𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒, 𝑈𝑛𝑜𝑛−𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 

and 𝑈𝑡𝑜𝑡𝑎𝑙 represent the radiative, non-radiative and total recombination rates, respectively. 

The recombination coefficients are 𝑅𝐿=5.1×10-15cm3/s, 𝑅=1.3×10-10cm3/s, 𝐶𝑛𝑛𝑝=3.0×10-

32cm6/s and 𝐶𝑝𝑝𝑛=7.0×10-32cm6/s [41]. 
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Figure 3-10. Optical gain in germanium as a function of doping and bias current density. (a) 

Optical net gain of 300nm-thick germanium slab as a function of n-type doping and applied 

current density, for 1.0% biaxial tensile strain at the wavelength of maximum net gain. The 

zero-plane (light green) is included to help visualize where the net gain becomes positive. (b) 

Threshold current density of a 300nm-thick germanium laser as a function of n-type doping 

and optical cavity loss, for 1.0% biaxial tensile strain assuming a perfect double 

heterostructure, a 100% optical confinement factor and lasing at the wavelength of maximum 

net gain. Dashed colored lines are visual aids to help identify each edge for the 

transformation (swapping the x- and z-axes) that relates figure b to figure a. 

 

The next step then is to actually determine the threshold current density. In our model 

we assume that lasing occurs when the unsaturated gain, i.e. the net gain which we 

have computed in accordance with the preceding paragraphs, equals the loss of the 

particular optical cavity which we are modeling. This amounts to simply relabeling the 

axes of Fig. 3-10(a) such that “net gain” becomes “optical cavity loss (per unit 

length)” and “drive current density” becomes “threshold current density,” and then 

treating the threshold current as the dependent variable as shown in Fig. 3-10(b). 

Visual aids are included in Fig. 3-10 to help show how Fig. 3-10(b) is simply an 
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isometric transformation (reflection & rotation) of Fig. 3-10(a). At this point we have 

successfully computed the threshold current density versus doping and optical cavity 

loss for a given strain value, and so it simply becomes a matter of repeating this 

mapping over the desired range of strain values. 

An important side note is that we have not specified any particular type of 

optical cavity when considering the optical cavity loss: we have simply used the 

generic loss per unit length. Indeed, in this Chapter and also in the next Chapter we 

will always abstract away the physical details of the optical cavity by only considering 

the resonator’s loss per unit length, meaning that our results are applicable to all 

conceivable optical cavities such as longitudinal Fabry-Perot cavities, micro-ring 

resonators, or any other design. In addition, this optical cavity loss is presumed to 

consist solely of useful out-coupling of light rather than parasitics such as imperfect 

reflections at a back mirror or optical scattering. 

Having now finished all the relevant calculations, we can directly examine 

how the threshold varies with strain as shown in Fig. 3-11(a) assuming a double 

heterostructure with a 300nm thick germanium active region and a perfectly lossless 

optical cavity. From this figure we clearly see that employing 3.0% biaxial strain can 

reduce the threshold to just a few hundred A/cm2 compared to over 1000 kA/cm2 for 

the undoped and unstrained case. Due to the strain-induced bandgap narrowing, we 

expect and indeed observe a large redshift in the emission wavelength with strain as 

shown in Fig. 3-11(b), with 3.0% strain redshifting the emission wavelength from 

approximately 1550 nm to nearly 5000 nm. This is unfortunate since the 1550 nm 

emission associated with unstrained germanium corresponds to the C-band for low-
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loss transmission over conventional erbium-doped optical fiber [50], [119]. Our 

modeling further suggests that the threshold is quite sensitive to the emission 

wavelength, and so it does not appear possible to combine the benefits of large tensile 

strains with an output wavelength in the vicinity of 1550 nm. However, while 1550 

nm is important because it corresponds to the C-band minimum loss window for long-

distance transmission in erbium-doped fiber, this is not particularly critical for short-

distance transmission since there exist waveguides and short-range optical fibers with 

reasonable transparency in these wavelength ranges [19], [120]. Moreover, if a Ge 

light emitter can be strained to redshift its emission wavelength then a Ge modulator 

or photodetector can also be strained to similarly redshift its operating wavelength, 

and highly strained Ge photodetectors with a redshifted detection cutoff have already 

been demonstrated [71]. Thus, while it is not possible for a highly strained Ge laser to 

efficiently operate near 1550 nm this is not a major cause for concern given that 

solutions exist for modulation, transmission and detection at these redshifted 

wavelengths. 

      
Figure 3-11. Threshold and wavelength vs. biaxial strain and n-type doping. (a) Threshold 

current density of a double heterostructure germanium laser (color scale) vs. biaxial tensile 



47 
 

strain and n-type doping. (b) Emission wavelength (color scale) vs. biaxial tensile strain and 

n-type doping. Germanium thickness is assumed to be 300nm with an optical cavity loss of 

zero and 𝑆𝑅𝐻=100ns. The blank region in the bottom left corner is due to the cutoff of the 

simulation bounds, i.e. thresholds greater than 1000 kA/cm3. 

 

Returning to the more critical issue of how the threshold varies with biaxial tensile 

strain and n-type doping, it is clear from Fig. 3-11(a) that strain offers considerably 

greater benefits than doping. Whereas thresholds well below 1kA/cm3 can be achieved 

with strain in the absence of doping, using only doping without strain would only 

unlock threshold current densities of about 30kA/cm3 which is still far too high to be 

useful in practical devices. There is also a negative interaction between tensile strain 

and n-type doping with respect to achieving a low threshold. In fact, we plainly 

observe that applying too much n-type doping can actually cause the threshold to 

increase quite dramatically. Furthermore, the maximum achievable enhancement from 

doping becomes considerably smaller at large strain values. These two phenomena are 

shown explicitly in Fig. 3-12(a). From this figure we further observe that the critical 

doping, i.e. the maximum useful doping before which the threshold starts to increase, 

is itself a strong function of strain. As shown in Fig. 3-12(b) we find that the 

maximum useful doping decreases very dramatically with strain. Whereas up to about 

1.5×1020 cm-3 of n-type doping would be useful for unstrained germanium, at 3.0% 

biaxial tensile strain the maximum useful doping has decreased to merely 6×1018 cm-3. 

This means that combining large tensile strain with ultra-heavy n-type doping is 

fundamentally detrimental to the performance of a germanium laser, and so one 
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approach must be chosen over the other [53]. Given that the largest reductions in 

threshold are only available at large strains, it logically follows that researchers must 

aim to combine a large tensile strain with only moderate n-type doping if a low 

threshold germanium laser is desired. Notably, 5×1019 n-type doping has already been 

employed in experimental germanium laser devices [93], [101]. This doping level is 

larger than the critical value for strains exceeding about 1% and so it will actually be 

necessary to reduce the doping from present levels for optimal performance once 

larger strains are reached., whereas there is a very fundamental need for techniques 

which can induce a large tensile strain in germanium for the sake of low threshold 

operation [53]. 

 

 
Figure 3-12. Threshold vs. n-type doping for various biaxial strain values & the optimal 

doping value vs. biaxial strain. (a) Threshold current density of a 300nm-thick double 

heterostructure germanium laser vs. n-type doping for different amounts of biaxial strain. 

Optimal doping is indicated by a black dot. (b) Optimal doping value vs. biaxial tensile strain. 

In all cases the optical cavity loss is assumed to be zero with 𝑆𝑅𝐻=100ns. 
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Another important aspect of Fig. 3-11(a) is that, upon careful inspection, there are two 

regimes with strain. The boundary between these regimes is about 1% strain for low 

doping and about 0.5% strain for heavy doping. Below this boundary the contour lines 

in Fig. 3-11(a) are spaced far apart indicating a relatively gradual change in threshold 

with strain, but immediately above this boundary the contour lines become packed 

very close together indicating a very steep change in threshold with strain. This is 

shown explicitly in Fig. 3-13(a) where a kink can be seen in the threshold vs. strain 

plot, and this kink occurs at somewhat smaller strain values in the presence of heavy 

doping. Concurrent with this kink in the threshold response is a discontinuity in the 

wavelength, as seen in Fig. 3-13(b). From Fig. 3-13(b) we also observe that the 

wavelength redshifts much more sharply with strain once the kink/discontinuity has 

been exceeded. 

 
Figure 3-13. Threshold and wavelength vs. biaxial strain for several doping values. (a) 

Threshold current density of a germanium laser vs. biaxial tensile strain for different doping 

conditions. (b) Emission wavelength of a germanium laser vs. biaxial tensile strain for 
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different doping conditions. In all cases a double heterostructure design with a 300nm thick 

germanium active region and 𝑆𝑅𝐻=100ns is assumed. 

 

The explanation for this behavior has to do with the LH/HH splitting of the valence 

bands under strain. For a biaxial tensile strain the heavy-hole (HH) band rises above 

the light-hole (LH) band. Although the HH band has a >50x larger density of states 

(DOS) than the LH band [108], the joint density of states (JDOS) for the -HH and -

LH transitions differs only by about 2x (as evidenced in Equation 3-4 [116]) since the 

JDOS calculation involves a harmonic mean of the respective valence band (HH or 

LH) mass with the very small  mass in the conduction band. As such, the -LH 

contribution represents a significant addition to the optical gain despite the small DOS 

mass of the LH band. Under low strains the LH/HH splitting is small and the gain 

from the top of the HH band alone is insufficient to overcome free carrier absorption, 

making it necessary to push the hole quasi-Fermi level down into the LH band where 

the combined contributions of the -HH and -LH transitions makes lasing possible. 

In this regime a marginal increase in LH/HH splitting is harmful as it adds 

unnecessary states at the top of the valence band, thereby requiring more carriers for 

population inversion and counteracting some of the benefits from strain’s effect on the 

conduction band. Thus, in this first regime strain has a beneficial effect on the 

conduction band which is mitigated by a harmful effect on the valence band. Beyond a 

certain critical splitting (and hence beyond a critical strain), however, it becomes 

possible to exceed the free carrier absorption using only gain from the -HH 

transition. In this new regime a marginal increase in the LH/HH splitting is now 
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beneficial in that it pushes the states in the LH band (which do not contribute to gain 

in this regime) down to lower energies where they will contain fewer carriers, thereby 

reducing the required concentration of injected holes for optical gain. (This can also be 

seen in Fig. A-2 in the Appendix.) In this second regime strain has a beneficial effect 

on the conduction band which is supplemented by another beneficial effect on the 

valence band. Thus there is a kink in the threshold response at the boundary of these 

two regimes along with a sudden jump in the wavelength. Furthermore, upon careful 

analysis of both Fig. 3-13(b) and Fig. 3-3 we observe that in the first (i.e. low strain) 

regime the predicted germanium laser emission wavelength changes in line with the -

LH bandgap, and in the second (i.e. high strain) regime the emission wavelength 

changes in line -HH bandgap, with the boundary between these two regimes being 

the discontinuity in Fig. 3-13(b). From a practical standpoint, what this means is that 

strain will become disproportionately beneficial at large values, and building 

prototypes with only small tensile strains will vastly undersell the potential benefits of 

tensile strain. As such, researchers should focus their efforts on realizing the largest 

possible strain in germanium before attempting to build prototype strained germanium 

lasers. 

 While the modeling shown so far has answered some critical questions such as 

the relative merits of tensile strain and n-type doping, another important variable is the 

defect-limited minority carrier lifetime (SRH). In section 3.3.2 we showed that 

maximizing SRH, presumably through improved material quality [112], is critically 

important to the performance of a germanium LED. Unsurprisingly, we find that 

maximizing the SRH lifetime is also very important to achieving a low threshold 
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germanium laser. As shown in Fig. 3-14 there is no combination of strain and doping 

that gives a useable threshold for the case of a defect-limited minority carrier lifetime 

below 1ns. On the other hand, improving the SRH lifetime to 100 ns (our assumption 

in all previous figures) makes it possible to achieve thresholds as low as 100 A/cm3. 

These benefits appear to have fully saturated once the SRH lifetime reaches about 1 

µs. Given that most epitaxial germanium today has a lifetime of only about 1ns or less 

[111], this means that it is absolutely imperative to improve the material quality if an 

efficient germanium laser is ever to be realized. Fortunately, this should be within the 

realm of possibility given that the bulk lifetime of germanium exceeds 1µs [113], at 

which point our modeling suggests that the maximum possible benefit would be 

achieved. We reiterate, however, that such experimental efforts on material quality are 

outside the scope of this dissertation. 
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Figure 3-14. Threshold current density vs. biaxial strain and n-type doping, shown for various 

Shockley-Read-Hall lifetime (SRH) values. In all cases a double heterostructure design with a 

300nm thick germanium active region and zero optical cavity loss is assumed. 

 

Another interesting observation from Fig. 3-14 is that improving the SRH lifetime 

appears to offer the most benefit for strain & doping combinations that give the 

smallest threshold. This is shown more explicitly in Fig. 3-15(a) by plotting the 

threshold versus strain for several different SRH lifetimes, assuming 5×1018 cm-3 n-

type doping. For strains below 1.0% there is almost no difference between the curves 

for SRH lifetimes of 10ns or greater. At 1.5% strain the 10ns curve shows a noticeably 

higher threshold than the 100ns–10µs curves, and at 2.0% strain even the 100ns curve 

has started to diverge from the 1µs –10µs curves. The explanation for this 

phenomenon is that improving the SRH lifetime is only helpful when the carrier 
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lifetime is limited by the SRH process as opposed to other mechanisms such as 

spontaneous emission or, in particular, Auger recombination. In the high threshold 

regime the Auger-limited lifetime is about 1ns or less, and so it makes little difference 

whether the defect-limited SRH lifetime is 1µs or 10ns. In the low threshold regime, 

however, the Auger-limited lifetime may be closer to 300ns. In this case reducing the 

SRH lifetime from 1µs to 10ns will dramatically reduce the net carrier lifetime and 

thus increase the threshold by more than an order of magnitude. The key takeaway of 

this result is that while material quality is already important to improving the 

performance of germanium lases, it will become even more important as techniques 

such as band engineering and n-type doping start to enable lower lasing thresholds. 

 
Figure 3-15. Impact of SRH lifetime on the threshold response and optimal doping. (a) 

Threshold current density vs. biaxial strain assuming a 300nm thick germanium active region 

with 5×1018 cm-3 n-type doping, shown for various Shockley-Read-Hall lifetime (SRH) values. 
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(b) Optimal doping vs. biaxial strain, shown for various Shockley-Read-Hall lifetime (SRH) 

values. In all cases a double heterostructure design with zero optical cavity loss is assumed. 

 

One more observation from Fig. 3-14 is that the SRH lifetime seems to affect the 

optimal doping level. This is shown explicitly in Fig. 3-15(b) where we observe that 

the critical doping value is lower when the SRH lifetime is higher. The explanation for 

this phenomenon lies in the nature of why an optimal doping value exists. While n-

type doping is useful in that it fills up excess states in the indirect conduction valley, it 

can also be harmful by means of two mechanisms. First, the extrinsic electrons from 

doping cause unwanted free carrier absorption in accordance with Equation 3-7. 

Second, the extrinsic electrons contribute to unwanted Auger recombination in 

accordance with Equation 3-2 (see also Equation 3-12). In the regime where the 

carrier lifetime is limited by the Auger process (i.e. when SRH is large) both of these 

harmful mechanisms are at play and so the optimal doping is comparatively low. On 

the other hand, in the regime where the carrier lifetime is limited instead by the SRH 

process (i.e. when SRH is small) then only the first harmful mechanism (unwanted free 

carrier absorption from extrinsic electrons) is at play and so the optimal doping is 

comparatively a bit higher. This explains why we see in Fig. 3-15(b) an upper bound 

given approximately by the 100ps and 1ns curves (i.e. the small SRH regime) and a 

lower bound given by the 1µs and 10µs curves (i.e. the small SRH regime), with the 

10ns and 100ns curves being somewhere in the middle. On a practical level what this 

means is that while doping may have some utility now that SRH lifetimes are quite 
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low [121], it will be necessary to improve this SRH lifetime and once this SRH 

lifetime has been improved n-type doping will become even less useful. 

 

3.4.3 Slope Efficiency and Optical Cavity Loss 

While the threshold is one particularly critical figure of merit for realizing a practical 

germanium laser, another key parameter is the slope efficiency which is defined as the 

differential power efficiency of the proposed laser just above threshold [122]. Given 

that our modeling is for a highly ideal cavity there are only two mechanisms which we 

consider to be limiting the slope efficiency, though in practice there will of course be 

additional parasitics. The first mechanism is due to the fact that while many of the 

photons generated by stimulated emission will leave the cavity as useful light 

emission, some will be lost to free carrier absorption thereby limiting the quantum 

efficiency [53]. Thus, the differential quantum efficiency of our hypothetical laser will 

be given by the ratio of the optical cavity loss to the sum of optical cavity loss and free 

carrier absorption (Equation 3-12).  Note that our model assumes that this optical 

cavity loss consists exclusively of useful out-coupling of light from the cavity, for 

example transmission through the mirror in a Fabry-Perot resonator. (Note that while 

Auger recombination plays a very major role in worsening the threshold current, it 

plays absolutely no role in determining slope efficiency in our model because our 

model assumes abrupt and total gain clamping at threshold. The Auger process 

involves only electrons and holes, not photons, and hence has no bearing on the 

probability that any given photon will exit the cavity as useful light emission; the 
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Auger process only determines how much pumping is needed to achieve the steady-

state carrier density required for positive net optical gain.) 

 

differential quantum efficiency =  
αcavity

αcavity+ αFCA
   (3-12) 

Equation 3-12. Differential quantum efficiency as a function of optical cavity loss (𝛼𝑐𝑎𝑣𝑖𝑡𝑦) 

and free carrier absorption (𝛼𝐹𝐶𝐴). 

 

The next and final step is to convert this differential quantum efficiency to a 

differential power efficiency, which involves multiplying by the ratio of the photon 

energy to the energy required to send an electron through the system. To determine the 

electron energy we need to know the voltage applied to the laser device. In our ideal 

model where we ignore contact resistance and other parasitics such as resistance of 

any barrier layers, this total voltage will simply be the active region voltage which is 

given by the quasi-Fermi level separation divided by the electron charge (Equation 3-

13). From there the electron energy is simply the elementary charge times the voltage 

(Equation 3-14). 

 

Vactive =
Efn−Efp

q
     (3-13) 

Equation 3-13. Active region voltage (𝑉𝑎𝑐𝑡𝑖𝑣𝑒) as a function of the electron quasi-Fermi level 

(𝐸𝑓𝑛) and the hole quasi-Fermi level (𝐸𝑓𝑝). The term q is the elementary charge. 
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Eelectron = qVactive = Efn − Efp     (3-14) 

Equation 3-14. Energy expended to send a single electron through the device (𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛) as a 

function of the electron quasi-Fermi level (𝐸𝑓𝑛) and the hole quasi-Fermi level (𝐸𝑓𝑝). The 

term q is the elementary charge and 𝑉𝑎𝑐𝑡𝑖𝑣𝑒 denotes the active region voltage. 

 

Next, the photon energy can be computed from the wavelength in accordance with 

Equation 3-15. Knowing both the electron and photon energies, we are now also able 

to compute the photon-to-electron energy ratio (Equation 3-16).  

 

Ephoton = hc λ⁄             (3-15) 

Equation 3-15. Photon energy (𝐸𝑝ℎ𝑜𝑡𝑜𝑛) as a function of wavelength (λ). The term h denotes 

the Planck constant and c is the speed of light. 

 

Ephoton
Eelectron

⁄ =  
hc λ⁄

Efn−Efp
          (3-16) 

Equation 3-16. Ratio of photon energy to electron energy (𝐸𝑝ℎ𝑜𝑡𝑜𝑛 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛⁄ ) as a function of 

wavelength (λ) and quasi-Fermi level separation (𝐸𝑓𝑛 − 𝐸𝑓𝑝). The term h denotes the Planck 

constant and c is the speed of light. 

 

This ratio of photon energy to electron energy will always be strictly less than unity in 

order to achieve a population inversion factor greater than zero, thus representing the 

second loss mechanism for slope efficiency. Finally, knowing both the differential 

quantum efficiency (Equation 3-12) and the photon-to-electron energy ratio (Equation 
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3-16), we can simply multiply these two quantities together to obtain the slope 

efficiency as shown in Equation 3-17. 

 

slope efficiency = differential quantum efficiency × ( 
Ephoton

Eelectron
⁄ ) 

 =
αcavity

αcavity+ αFCA
×

hc λ⁄

Efn−Efp
        (3-17) 

Equation 3-17. Slope efficiency as a function of optical cavity loss (𝛼𝑐𝑎𝑣𝑖𝑡𝑦), free carrier 

absorption (𝛼𝐹𝐶𝐴), wavelength (λ) and quasi-Fermi level separation (𝐸𝑓𝑛 − 𝐸𝑓𝑝). The term h 

denotes the Planck constant and c is the speed of light. 

 

Having calculated the slope efficiency, we can now plot it versus strain and doping, 

but we must now explicitly consider the optical cavity loss. While all of the preceding 

figures were computed in the assumption of zero optical cavity loss, an optical cavity 

loss of zero always results in a slope efficiency of exactly zero in accordance with 

Equation 3-17. We must therefore set the optical cavity loss to some non-zero value in 

order to observe some slope efficiency, with higher slope efficiencies typically 

expected for optical cavities with more loss. This is indeed the case, as shown in Fig. 

3-16, however we also find that introducing more optical cavity loss has a detrimental 

effect on the threshold, representing a typical tradeoff in laser design [123]. 

(Threshold and slope efficiency plots for an extended range of strain values are 

available as Fig. A-3 in the Appendix.) Moreover, the slope efficiency of these 

germanium lasers is unusually low: 100 cm-1 is a substantial amount of optical cavity 

loss, and yet with 100 cm-1 of out-coupling loss the slope efficiency can never exceed 

about 15% even in our highly ideal model. Even increasing the out-coupling loss to an 
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absurdly high 1000 cm-1 results in a maximum slope efficiency of less than 60%. This 

is somewhat surprising since we might naively expect the slope efficiency to be 

primarily limited by parasitics such as scattering at the optical cavity surfaces which 

our model explicitly excludes; the optical cavity loss in our ideal model is assumed to 

consist exclusively of useful out-coupling of light and, as explained previously and in 

accordance with Equation 3-17, is completely unaffected by the large Auger 

recombination in our model. The explanation for this unusually low slope efficiency is 

that free carrier absorption is considerably more problematic in germanium than in 

typical III-V lasers due to the large carrier densities, particularly in the indirect 

conduction valleys, needed to achieve lasing. 

 

 

Figure 3-16. Impact of optical cavity loss on the threshold and slope efficiency (contour 

plots). Threshold current density (top) and slope efficiency (bottom) are shown for optical 

cavity losses of 100 cm-1 (left), 500 cm-1 (middle) and 1000 cm-1 (right). In all cases a double 
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heterostructure design with a 300nm thick germanium active region and 𝑆𝑅𝐻=100ns is 

assumed. (Threshold and slope efficiency plots for an extended range of strain values are 

available as Fig. A-3 in the Appendix.) 

 

Looking at the trend of slope efficiency with respect to strain and doping reveals that 

there is a band of strain and doping combinations shaped like an arc in Fig. 3-16 where 

the best slope efficiencies are achievable. As was the case with minimizing threshold, 

for maximizing slope efficiency there is a “critical” or “optimal” doping for any given 

strain value and this optimal doping value decreases in the presence of strain. As 

before, the explanation for why there exists an optimal doping is that while doping is 

useful in that it fills up excess states in the indirect conduction valley, too much 

doping results in a large number of excess carriers which introduce harmful free 

carrier absorption and thereby reduce the differential quantum efficiency in 

accordance with Equation 3-12. Unlike the optimal doping for threshold, however, 

recombination mechanisms such as Auger plays no role in determining the slope 

efficiency as can be seen in Equation 3-17 and therefore Auger recombination does 

not play any role whatsoever in determining the optimal doping for slope efficiency in 

our model. Nevertheless, the optimal doping for minimum threshold and the optimal 

doping for maximum slope efficiency are very close. The conclusion is therefore that 

while doping is useful for slope efficiency, it is only useful to a point. Too much 

doping will degrade the slope efficiency and in the presence of strain doping will be 

less useful to the point that, at about 1.1% strain it will actually become necessary to 

reduce the n-type doping from presently-favored value of 5×1019 cm-3 [93], [101]. 
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 We can also directly investigate the behavior of threshold and slope efficiency 

by plotting these quantities versus optical cavity loss in Fig. 3-17. This confirms 

explicitly that introducing more out-coupling loss increases both the threshold and the 

slope efficiency. From Fig. 3-17(a) we observe a monotonic increase in threshold with 

optical cavity loss as expected. Interestingly, we observe in Fig. 3-17(b) that too much 

optical cavity loss can occasionally be harmful to the slope efficiency. This is because 

at large optical cavity losses a very large material gain is required which in turn 

necessitates very large carrier densities. This means that increasing the out-coupling 

loss too much can sometimes cause the free carrier absorption to start rise faster than 

the out-coupling loss itself, thereby reducing the differential quantum efficiency and 

with it the slope efficiency. As shown in Fig. 3-17, these conclusions hold across large 

range of strain and doping values. 

 

 
Figure 3-17. Impact of optical cavity loss on the threshold and slope efficiency (2D plots). (a) 

Threshold current density vs. optical cavity loss, shown for several strain and doping 

combinations, (b) Slope efficiency vs. optical cavity loss, shown for several strain and doping 
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combinations.  In all cases a double heterostructure design with a 300nm thick germanium 

active region and 𝑆𝑅𝐻=100ns is assumed. 

 

It is therefore clear that there is a tradeoff to be had between a low threshold and a 

high slope efficiency as is the case for virtually any laser [123], though the rather low 

achievable slope efficiency makes this tradeoff particularly acute for germanium 

lasers. We can examine this tradeoff explicitly in Fig. 3-18 which shows directly how 

the slope efficiency relates to threshold as the optical cavity loss is increased. The x-

axis of Fig. 3-18 is simply the y-axis of Fig. 3-17(a) and the y-axis of Fig. 3-18 is 

simply the y-axis of Fig. 3-17(b). From Fig. 3-18 we observe that increasing the 

threshold by a factor of two (accomplished by introducing the requisite amount of out-

coupling loss) can increase the slope efficiency from zero to about 30-50%. From Fig. 

3-17 this means that we will want to introduce about 700 cm-1 of optical cavity loss for 

this tradeoff optimization. Since we are looking to change the threshold by many 

orders of magnitude by modulating the strain level and the doping, this factor of two 

increase in threshold for slope efficiency optimization should be eminently tolerable. 
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Figure 3-18. Slope efficiency vs. threshold current density for several biaxial strain and 

doping combinations. This explicitly shows the tradeoff that results from varying the optical 

cavity loss – increasing the optical cavity loss involves moving to the right along any curve in 

this figure. A double heterostructure design with a 300nm thick germanium active region and 

𝑆𝑅𝐻=100ns is assumed. 

 

3.4.4 Ultimate Limit of Biaxial Tensile Strain 

A final question, then, is to determine the “ultimate limit” of biaxial tensile strain. Just 

as n-type doping is only useful up to point, we might expect that there similarly exists 

a maximum useful level of strain [124]. To investigate this question we have extended 

our modeling up to biaxial tensile strains of 4.0% and re-plotted the threshold current 

density and slope efficiency, as shown in Fig. 3-19 assuming 700 cm-1 optical cavity 

loss. It is quite likely that some of the assumptions of our model, for instance the 

assumption that the free carrier can be modeled by the relation of Equation 3-7 even at 

very long wavelengths, will cease to be valid as the strain approaches 4.0%. At this 

4.0% strain the bandgap has shrunk to under 0.02eV as shown in Fig. 3-3 and at 4.1% 
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strain germanium becomes a negative bandgap material according to our tight-binding 

model. In addition, once the bandgap has shrunk such that the direct bandgap 

approximately equals the energy separation between the top valence band (HH) and 

the split-off hole band (SO) we would expect the free carrier absorption to spike 

dramatically due to direct intervalence band HH-SO absorption [55] while the Auger 

recombination coefficient would also degrade dramatically due to CHSH Auger 

process [125]. Nevertheless, it is instructive to see what ultimately limits the 

usefulness of strain even if some of the underlying assumptions of the model have 

started to breakdown. As shown in Fig. 3-19, our model predicts that the ideal 

combination of strain and doping for minimum threshold is ~3.7% biaxial tensile 

strain with ~2×1018 cm-3 n-type doping. At this combination of 3.7% strain and 2×1018 

cm-3 n-type doping we expect a threshold of only ~80A/cm2, a reduction of >5000x 

compared to the ~600 kA/cm2 threshold that our model predicts for state-of-the-art 

germanium laser values of 0.2% and 5×1019 cm-3 n-type doping. 

 

 
Figure 3-19. Threshold and slope efficiency vs. biaxial strain and doping for the “ideal” 

optical cavity loss of 700 cm-1. (a) Threshold current density vs. biaxial tensile strain and n-
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type doping at 700 cm-1 optical cavity loss, shown for an extended range of strain values 

assuming a 300nm thick germanium active region with 𝑆𝑅𝐻=100ns. (b) Slope efficiency vs. 

biaxial tensile strain and n-type doping at 700 cm-1 optical cavity loss, shown for an extended 

range of strain values. In all cases a double heterostructure design is assumed. 

 

While the minimum threshold occurs at ~3.7% it would be unwise to actually 

implement such a strain as it would result in a slope efficiency of only about 15% even 

before considering parasitics. As shown in Fig. 3-19(b) the maximum slope efficiency 

occurs at a markedly smaller strain of ~2.3% with ~1×1019 cm-3 n-type doping. 

Interestingly, this is slightly less than the 2.4% strain that our model assumes is 

necessary for a direct bandgap, meaning that germanium performs most efficiently 

when the band gap is still slightly indirect. Most likely this is not an indictment of the 

benefits of making the bandstructure direct but instead simply a coincidence in light of 

the analysis of section 3.2 which showed that there is no abrupt change in carrier 

distribution once a direct bandgap has been reached, at least for room temperatures 

such as the one considered here. In any event, at this 2.3% strain and 1×1019 cm-3 

doping combination the slope efficiency is ~47% before parasitics with a threshold of 

only ~500 A/cm3. While this threshold is about 6x higher than what might be achieved 

at 3.7% strain (at the expense of very poor slope efficiency) it still represents a >1000x 

threshold reduction compared to the present state-of-the-art germanium laser 

parameters of 0.2% biaxial strain and 5×1019 cm-3 n-type doping. 

 It is also worthwhile to consider the mechanism by which the slope efficiency 

is constrained to this ultimate limit. From Equation 3-17 we know that the slope 
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efficiency consists of two components that combine multiplicatively: the differential 

quantum efficiency (Equation 3-12) and the photon energy to electron energy ratio 

(Equation 3-16). By computing each of these components separately in Fig. 3-20 we 

find that slope efficiency is almost exclusively limited by the differential quantum 

efficiency rather than by the photon-to-electron energy ratio. In fact, except for a small 

region in the upper right portion of Fig. 3-20(b), i.e. when the doping is anyway much 

larger than its optimal value, the photon energy to electron ratio is consistently about 

85-90% across all strain and doping values. The differential quantum efficiency (Fig. 

3-20(a)) on the other hand shows a strong dependence on the strain and doping, with a 

52% differential quantum efficiency at ~2.3% strain and ~1×1019 cm-3 n-type doping 

that decreases rapidly if the strain is further increased. Since the differential quantum 

efficiency is the limiting factor of the slope efficiency it logically follows that this 

ultimate limit for slope efficiency is governed by free carrier absorption, specifically 

the fact that emission wavelength redshifts from strain (Fig. 3-11(b)) will increase the 

free carrier absorption in accordance with Equation 3-7. Since the free carrier 

absorption appears directly in the equation for slope efficiency (Equation 3-17) but 

only indirectly affects the equation for threshold (Equation 3-12, affected indirectly 

via Equation 3-6), this likely explains why the “ultimate limit” for slope efficiency 

occurs at just 2.3% biaxial tensile strain whereas threshold continues to benefit from 

strain up until 3.7% biaxial tensile strain. 
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Figure 3-20. Components of the slope efficiency, computed at 700 cm-1 optical cavity loss. (a) 

Differential quantum efficiency, (b) ratio of the output photon energy to the input electron 

energy. In all cases a double heterostructure design is assumed. 

 

3.5 Limitations of the Model 

3.5.1 Band Structure Accuracy Concerns 

As with any model, a few simplifying assumptions have been made which may 

introduce some uncertainties to the results. Some of these uncertainties are related to 

the band structure computation. The first uncertainty is that there is some controversy 

regarding exactly how much strain is required to achieve a direct bandgap in 

germanium, with theoretical estimates ranging from 1.7% to 2.5% biaxial strain [52], 

[73], [103], [107]. Since our assumption of a direct gap crossover at 2.4% strain is 

essentially the worst possible case – in particular since it has now been definitively 

shown that the crossover occurs before 2.33% strain [62] – this means that our model 

is quite conservative in estimating the potential enhancements from biaxial tensile 

strain. An analogous uncertainty exists with regard to precisely how much valence 
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band splitting occurs under strain. A final uncertainty in the band structure 

calculations of our model is that we have ignored the bandgap narrowing which occurs 

with heavy doping, and which has been shown to be ∼33 meV narrowing of both the 

direct and indirect gaps at 5×1019 cm-3 [126]. This is not particularly important since 

the direct and indirect gaps are believed to be similarly affected, and thus the -L 

energy separation should not be affected by doping-induced bandgap narrowing [126], 

[127]. The only effect of doping-induced bandgap narrowing is therefore to redshift 

the gain from the direct transition to a longer wavelengths thereby making the free 

carrier absorption a bit more problematic and slightly increasing the threshold. This 

means that the practical implication of doping-related bandgap narrowing is to make 

heavy n-type doping a slightly less attractive proposition for germanium lasers, 

particularly at large strains where the bandgap has already become quite small. There 

are of course separate device concerns that arise once the bandgap has been narrowed 

so dramatically; these concerns will be addressed in the following sections.  

 As a side note, while we explicitly do not consider quantum wells [128] in this 

work, we expect quantum wells to be something of a double-edged sword. 

Specifically, quantum wells tend to increase the bandgap with the change in any given 

band or valley’s energy inversely correlated with its effective mass. Since the direct 

conduction valley has a much smaller effective mass than the indirect conduction 

valleys [108], we would naturally expect quantum wells to raise the direct conduction 

valley relative to the indirect valleys. This is an undesirable change which directly 

opposes the benefits offered by tensile strain (and other forms of useful band 
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engineering). Thus, the question of whether quantum wells will be helpful or harmful 

is a very complex one which requires further investigation. 

 

3.5.2 Optical Gain Concerns 

We have also made some simplifying assumptions when computing the optical gain 

from the direct transition. Most importantly, our model does not incorporate 

polarization which has been shown theoretically [129], [130] and experimentally [60], 

[130] to be important, particularly in the presence of a non-hydrostatic strain due to 

the complicated splitting and mixing of the valence bands [63]. Since we have simply 

used the absorption coefficient for unpolarized light, it is plausible that our model is 

somewhat conservative as we would typically expect at least one polarization to be 

equal to or better than the unpolarized value. We have also assumed that the 

absorption coefficient for unstrained germanium still applies in the case of strain, with 

only a simple correction for how the direct gap energy separations (-HH and -LH) 

change. This implicitly assumes that the joint density of states and optical matrix 

elements for the two transitions (-HH and -LH) remain constant with strain. (The 

density of states changes under strain are however included when computing carrier 

densities and quasi-Fermi level locations). Given that experimental investigations of 

how germanium’s absorption coefficient changes between 0.0% and 0.2% strain 

showed the pre-factor of Equation 3-4 to increase by about 5% [41], it is likely that 

our model slightly underestimates the absorption coefficient – and hence the optical 

gain – of germanium in the presence of strain. This means that strain is likely even 

more useful than our model predicts. 
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 Another concern is that we have assumed that the free carrier absorption 

relation of Equation 3-7 is valid at all wavelengths, and that this relation does not 

change with strain. These are all somewhat dubious assumptions which were 

necessary on account of the lack of available information; there is also some 

disagreement in the research community regarding how exactly the free carrier 

absorption should be modeled [45]. With regard to the validity of Equation 3-7 at 

longer wavelengths, the free carrier absorption is theoretically expected to increase 

with λ2 [51], however the empirical fit of Equation 3-7 dictates that the free carrier 

absorption increases even faster: ~λ2.25 to ~λ2.43. This means that our empirical fit may 

overestimate the free carrier absorption at very long wavelengths, i.e. for wavelengths 

outside the range used for the empirical fit, meaning that very large tensile strains 

(which dramatically redshift the emission wavelength) likely deliver even more of a 

performance enhancement than our model predicts. The issue of how strain will 

directly affect Equation 3-7, however, is much more complex and uncertain. Inter-

valence band transitions are believed to dominate the free carrier absorption from 

holes [55] and, due to the strain-induced splitting and mixing of the valence bands, it 

is almost certain that strain will have a noticeable effect on this inter-valence band 

absorption [131]. Whether this effect will be positive or negative for the particular 

case of germanium is a complex question to which the answer is not presently known. 

However, for the specific cases when the strain level is such that the direct bandgap is 

approximately equal to the energy separation between any pair of valence bands we 

would expect an extremely problematic spike in the free carrier absorption from holes 

due to intervalence band transitions [55]. Thus we might expect certain “dead zones” 
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in the strain response, i.e. an abrupt drop in laser slope efficiency around a small 

number of precise strain values – an effect not accounted for in our models. 

 

3.5.3 Carrier Lifetime Concerns 

Another issue is whether or not the assumed recombination rates remain valid across 

different strain and doping conditions. One particularly dubious assumption, 

mentioned briefly in Section 3.3, is the assumption that the defect-limited minority 

carrier lifetime is independent of doping. In practice, introducing dopants – especially 

in large quantities – has a very adverse effect on the defect density and hence on the 

lifetime [109], [110]. We have deliberately excluded this effect from our model for 

two reasons. Firstly, this allows us to isolate SRH as an independent variable in 

Sections 3.3 & 3.4.2 and secondly because the precise relation between doping is a 

strong function of the particular doping and passivation scheme [114]. However, the 

reality that n-type doping almost universally decreases SRH [109], [110], [121] means 

that n-type doping will be even less useful than our model suggests. 

 There are, of course, more contributors to the recombination than simply the 

defect-mediated SRH process: there is also spontaneous emission from both the direct 

and indirect conduction valleys and especially Auger recombination. The coefficients 

for these processes (Equation 3-12) may vary with strain – an effect which our model 

ignores. This is of particular concern for the Auger process since the Auger process 

tends to be stronger for very narrow bandgap materials [132], and strain can cause 

very substantial bandgap narrowing (Fig. 3-3). On the other hand, the dominant Auger 

process in unstrained germanium is phonon-assisted [133]–[135], which suggests that 
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the Auger coefficient would instead be independent of strain [136]. Most likely what 

this ultimately means is that the Auger coefficient would initially be roughly 

independent of strain for low strain values, but would start to counteract the beneficial 

effects of band engineering once the strain becomes too large. Thus, with respect to 

this particular mechanism of a potentially strain-dependent Auger coefficient, it would 

appear that our model likely overestimates the maximum possible utility of strain 

somewhat. This is particularly true given that the CHSH Auger process [125] would 

likely increase dramatically once the direct bandgap equals the HH-SO energy 

separation between the valence bands, or for the other corresponding Auger processes 

whenever the direct bandgap approximately equals the energy separation between any 

pair of valence bands. We therefore expect that the “dead zones” for slope efficiency 

around a small number of precise strain values, explained at the end of Section 3.5.2, 

will be problematic on account of threshold too. 

 

3.6 Summary 

To summarize the results of this chapter, we have modeled the carrier statistics, LED 

and laser performance of germanium under biaxial tensile strain with n-type doping. 

From the carrier statistics we find that strain and doping can both enhance the 

percentage of electrons in the direct conduction valley dramatically but that strain is 

more useful, offering three orders of magnitude enhancement in the direct conduction 

valley occupation compared to an enhancement of only one order of magnitude from 

doping. Moreover, there is a negative interaction between strain and doping such that 

doping becomes less useful at high strain values: doping can actually decrease the 
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fraction of electrons in the direct conduction valley for very highly strained 

germanium. Another key point is that there is no special benefit to achieving a direct 

gap unless extremely low temperatures (<30K) are employed. Due to the >50x larger 

density of states in the indirect valleys, only ~1.3% of electrons will reside in the 

direct valley even when the strain becomes just sufficient to achieve a direct gap. For 

room temperature devices the percentage of electrons in the direct valley will continue 

to increase exponentially with strain even for strains beyond the direct bandgap 

crossover. 

 With regard to strained n-type doped germanium LEDs we find similar results: 

biaxial tensile strain and doping can both yield dramatic increases in the internal 

quantum efficiency of a germanium double heterostructure LED (for example an n+-

Si/n+-Ge/p+-Si LED [89]). However there is again an optimal doping which decreases 

with strain, indicating a negative interaction between these two approaches. Our 

modeling shows that it is also critically important to improve the defect-limited 

minority carrier lifetime in order to achieve a high efficiency LED, indicating that 

much work is needed on improving material quality [112]. Given that state-of-the-art 

epitaxial germanium has a defect-limited carrier lifetime of only ~1 ns, our modeling 

suggests that improving this lifetime would improve the efficiency of a germanium 

LED by more than two orders of magnitude. This makes lifetime improvements even 

more critical to LED device performance than band engineering such as biaxial strain. 

 For the penultimate goal of building an efficient low-threshold germanium 

laser, our modeling shows that band engineering through biaxial tensile strain is a very 

promising route, offering threshold reductions of 3-4 orders of magnitude. N-type 
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doping is also a somewhat useful technique, but only to a point and too much doping 

will be actively harmful. Our modeling suggests that for strains beyond 1% the 

maximum useful doping is less than 5×1019 cm-3, and for strains beyond 2% the 

maximum useful doping is less than 1×1019 cm-3. Given that germanium lasers to date 

have used 5×1019 cm-3
 n-type doping with only ~0.25% strain [101], this means that 

further efforts to achieve high n-type doping concentration will not be helpful. Instead, 

it will actually become necessary to reduce the doping from present levels once larger 

strains become practical. On the other hand, there is a clear need for large tensile strain 

in order to achieve low threshold; strain will remain useful up to 2.4-3.7% depending 

on whether threshold minimization or slope efficiency maximizing is more critical to 

the particular application intended. More importantly, due to valence band splitting 

effects we find that strain becomes disproportionately beneficial at large values, 

showing a sudden increase in utility once the strain value exceeds about ~1%. This 

means that researchers should focus first on achieving the largest possible tensile 

strains, as we will do in this dissertation, before attempting to create device 

prototypes. In addition, as was the case for our LED modeling, our germanium laser 

modeling suggests that it is necessary to improve germanium’s defect limited minority 

carrier lifetime to several hundred nanoseconds, presumably by improving the material 

quality [112]. This need to achieve longer defect-related carrier lifetimes will become 

particularly acute for large strain values.  And lastly, due to an unusually strong 

contribution from free carrier absorption it will be necessary to employ optical cavities 

with much more out-coupling loss than is typical for III-V lasers, probably in the 

vicinity of ~700 cm-1 of out-coupling loss. Incorporating such a large out-coupling 
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loss, however, will only increase the threshold by about a factor of two while enabling 

slope efficiencies of about 30-60% before parasitics. These parasitics will pose a 

substantial challenge in their own right, particularly with regard to achieving a large 

gain overlap with the active region and minimizing electrical and optical losses in the 

metal contacts [101]. However, since overcoming parasitics is a problem of device 

structure optimization rather than a fundamental limit we expect further research to 

ultimately provide viable solutions with regard to designing a practical device 

structure given that our model shows the fundamental material properties of band 

engineered germanium to be sufficient.  
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Chapter 4 

Theoretical Modeling for Other Types of Band 

Engineering 

 

4.1 Overview 

In the previous Chapter we thoroughly investigated how band engineering through 

<100> biaxial tensile strain enhances light emission from germanium. We also 

considered how n-type doping enhances light emission from germanium and, in 

particular, the interaction between band engineering and n-type doping for the specific 

case of band engineering through <100> biaxial strain. We naturally expect other 

types of band engineering to give somewhat similar results, provided that such 

alternative means of band engineering also reduce the -L energy separation such that 

the band structure becomes more direct. However, it is worth investigating how other 

forms of band engineering differ from <100> biaxial tensile strain with respect to 

enhancing light emission and the cause of any such differences where they exist. In 

this Chapter we will investigate band engineering by <100> uniaxial strain and also 

band engineering through tin alloying to form GexSn1-x, using our previous 

investigation of <100> biaxial strain as a point of reference. We will also provide a 

casual analysis of other strain orientations such as <110> and <111> and their 

implications to germanium light emission. 



78 
 

 

4.2 Uniaxial Strain (<100> orientation) 

4.2.1 Band Structure 

Uniaxial strain changes the band structure in much the same way as biaxial strain. We 

can directly model these changes to germanium’s bandstructure under <100> uniaxial 

strain using deformation potential theory [39] as shown in Fig. 4-1. Comparing Fig. 4-

1 with Fig. 3-3 from the preceding chapter we immediately notice two distinctions 

between uniaxial and biaxial strain. First, whereas it takes a mere ~2.4% biaxial strain 

to achieve a direct bandgap according to our tight-binding model [53], [105], [106], or 

even just ~1.7% biaxial strain according to deformation potential theory [39], a 

considerably larger 4.6% uniaxial stain [39] is required to accomplish the same feat. 

The second difference concerns the valence band splitting that occurs under strain. 

Whereas for <100> biaxial tensile strain the top valence band retains a mostly heavy 

hole (HH) character, under <100> uniaxial strain the LH/HH splitting is such that the 

top valence band retains a mostly light hole (LH) character [137], [138]. This latter 

distinction concerning valence band splitting will play a particularly major role in 

section 4.2.4 when we model how uniaxial strain affects the threshold current. 
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Figure 4-1. Germanium’s direct () and indirect (L) bandgap energies vs. <100> uniaxial 

tensile strain according to deformation potential theory [39]. Crossover of the direct gap is 

visible at 4.6% uniaxial strain. 

 

4.2.2 Carrier Statistics 

Having computed the band edge locations, we can now investigate how uniaxial strain 

enhances the carrier population in the direct conduction valley as shown in Fig. 4-2. 

Comparing Fig. 3-4 (<100> biaxial strain) with Fig. 4-2 (<100> uniaxial strain) shows 

that in both cases strain causes an exponential increase in the percentage of electrons 

in the direct valley, except whereas every additional 1% of <100> biaxial strain causes 

a ~8x enhance we find that every 1% of <100> uniaxial strain causes only a ~3x 

enhancement. This is because it takes about twice as much uniaxial strain to achieve a 

direct bandgap, and so every 1% of uniaxial strain will be less effective. To the extent 

that any other differences in electron carrier statistics between <100> biaxial and 

<100> uniaxial strains are observed the explanation is that our tight-binding model for 
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biaxial strain accounts for effective mass changes whereas our deformation potential 

theory model for uniaxial strain does not; effective mass changes are a decidedly 

secondary effect compared to band edge changes. 

 

 
Figure 4-2. Fraction of electrons in the direct conduction valley vs. <100> uniaxial strain for 

undoped germanium at several different temperatures, shown on (a) linear, and (b) 

logarithmic scales. [23] 

 

4.2.3 Light Emitting Diode (LED) Modeling 

Having computed the carrier statistics for germanium under <100> uniaxial tensile 

strain, we can now continue to basic LED modeling. As was done in Section 3.3 in the 

previous chapter, we will consider simply the internal quantum efficiency of a 
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hypothetical double-heterostucture germanium LED using Equation 3-3. As shown in 

Fig. 4-3 we find that <100> uniaxial tensile strain can dramatically enhance the 

efficiency of a germanium LED: assuming a 1 µs Shockley-Read-Hall (SRH) lifetime 

we find that applying 7.5% uniaxial strain will increase the internal quantum 

efficiency from only ~5%  to ~95%. However, at the ~1 ns nanosecond lifetimes 

which are commonly reported in epitaxial germanium [112], [121] the results become 

vastly less promising: even employing 7.5% uniaxial strain would only result in a 

~10% internal quantum efficiency. These results are therefore qualitatively the same 

as we found for <100> biaxial strain (Fig. 3-7) in the preceding Chapter, with the 

conclusion in both cases being that tensile strain can dramatically improve the internal 

quantum efficiency of a germanium LED but that it is even more imperative to 

improve the material quality so as to achieve a longer SRH lifetime. 

 

Figure 4-3. Internal quantum efficiency of a germanium double-heterostructure LED for 

various SRH lifetime assumptions [23]. Doping is assumed to be 1×1019 cm-3. 
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4.2.4 Laser Modeling – Threshold Current 

Having already extensively modeled the threshold of a biaxially strained germanium 

laser, we can now repeat this analysis using our deformation potential model for 

uniaxial strain. As was the case in the preceding chapter, we presume a double 

heterostructure design with 300nm-thick germanium active region that always lases at 

the wavelength of maximum net gain. By applying this same approach can readily 

compute the threshold current density and emission wavelength as a function of <100> 

uniaxial tensile strain and n-type doping as shown in Fig. 4-4. 

 
Figure 4-4. Threshold and wavelength vs. <100> uniaxial strain and doping. (a) Threshold 

current density of a double heterostructure germanium laser (color scale) vs. uniaxial tensile 

strain (<100> orientation) and n-type doping. (b) Emission wavelength (color scale) vs. 

uniaxial tensile strain (<100> orientation) and n-type doping. Germanium thickness is 

assumed to be 300nm with an optical cavity loss of zero and a defect-limited minority carrier 

lifetime of 𝑆𝑅𝐻=100ns. The blank region in the bottom left corner is due to the cutoff of the 

simulation bounds, i.e. thresholds greater than 1000 kA/cm3. 
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From Fig. 4-4 (<100> uniaxial strain) we observe many similarities with the <100> 

biaxial strain scenario of Fig. 3-11. Both forms of strain, for instance, exponentially 

reduce the threshold current of a germanium laser and dramatically redshift the 

preferred emission wavelength. These enhancements with strain continue even after a 

direct bandgap has been achieved at 2.4% biaxial or 4.6% uniaxial strain, and we 

observe no special benefit to achieving a direct bandgap with respect to laser 

performance. Furthermore, we again observe the presence of an “optimal doping” 

which decreases in the presence of strain, with qualitatively similar results for uniaxial 

and biaxial strains along <100>. And lastly, we observe two distinct regimes for both 

uniaxial and biaxial strain due to LH/HH splitting in the valence bands: after about 

0.5-1.0% biaxial strain or 2-4% uniaxial strain it becomes possible to achieve 

particularly dramatic reductions in threshold coupled with an abrupt jump in 

wavelength. This two-regime phenomenon, however, is also a major point of 

distinction between uniaxial and biaxial strain. Whereas for biaxial strain we found 

that exceeding a certain critical value causes the threshold reductions to suddenly 

accelerate, for uniaxial strain we find that exceeding a certain critical value causes an 

abrupt and immediate drop in the threshold itself. This phenomenon can be seen more 

clearly in Fig. 4-5, which is a 3D surface plot of Fig. 4-4(a). This is a very important 

distinction, since this sudden drop in threshold can exceed two orders of magnitude 

depending on the doping level. 
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Figure 4-5. Threshold current density vs. uniaxial tensile strain (<100> orientation) and n-

type doping (3D plot). A double heterostructure design with a 300nm-thick germanium active 

region and zero optical cavity loss is assumed. 

 

The explanation for why only uniaxial strain allows for this sudden and abrupt drop in 

threshold at a critical value has to do with the details of the LH/HH splitting in the 

valence bands. For biaxial strain the top valence band retains a mostly heavy hole 

(HH) character which, due to its larger density of states, means that there is less 

immediate benefit when the splitting is sufficiently large to allow lasing from just to 

top valence band transition. In addition, due to the large joint density of states for the 

-HH transition we find that this transition alone becomes sufficient for lasing at a 

relatively small biaxial strain of 0.5-1.0%, which is not even halfway to achieving a 

direct bandgap. For uniaxial strain, on the other hand, the top valence band retains a 

mostly light hole (LH) character. (Or in our simplified deformation potential model 

simply is the light hole band.) This means that when the valence band splitting does 
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become sufficiently large to allow lasing using only the -LH transition the threshold 

will be dramatically smaller due to the much smaller density of states in the LH band. 

In addition, due to the smaller joint density of states for the -LH transition it can take 

up to ~4.1% uniaxial strain – nearly enough for a direct bandgap – before this regime 

change occurs. Because this regime change to lasing with just the top valence band 

only happens at larger strains there is a much larger accumulated benefit that is 

instantly realized upon reaching this regime change, which also explains the 

discontinuity in threshold. As shown in Fig. 4-6 for <100> uniaxial strain (compare to 

Fig. 3-13 for <100> biaxial strain), employing a heavier doping allows this regime 

change to happen at smaller strain values whereupon the discontinuity is less 

pronounced. At 1x1020 cm-3 n-type doping the regime change occurs at ~1.1% strain 

and there is no discontinuity, just a kink. At 5x1019 cm-3 doping the regime change 

occurs at ~1.8% strain and there is a discontinuity whereupon the threshold abruptly 

drops by ~5x.  At 1x1019 cm-3 doping the regime change occurs at ~3.2% strain and 

there is a discontinuity whereupon the threshold abruptly drops by ~200x. This 

supports the hypothesis that the discontinuity is due to the fact that larger uniaxial 

strains are required to reach the regime where only the top valence band contributes to 

lasing, and that the needed for larger strains means that there is a larger accumulated 

benefit that is abruptly realized. 
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Figure 4-6. Threshold and wavelength vs. uniaxial strain for several doping conditions. (a) 

Threshold current density of a germanium laser vs. uniaxial tensile strain (<100> orientation) 

for different doping conditions. (b) Emission wavelength of a germanium laser vs. uniaxial 

tensile strain (<100> orientation) for different doping conditions. In all cases a double 

heterostructure design with a 300nm thick germanium active region, zero optical cavity loss, 

and a defect-limited minority carrier lifetime of 𝑆𝑅𝐻=100ns is assumed. The outlier data 

points in the discontinuity region of figure (a) are artifacts from linear interpolations in the 

vicinity of the discontinuity.  

 

From a practical perspective what this means is that it is even more essential to reach 

this critical strain for uniaxial strain than it was for biaxial strain. Whereas for biaxial 

this critical strain represents a soft boundary where the threshold shows faster 

improvements beyond a certain strain, for uniaxial this critical strain represents a hard 

boundary between a very high threshold regime and a very low threshold regime. For 

the case of 1x1019 cm-3 n-type doping this critical strain is about 3.2% along the <100> 
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direction which is considerably smaller than the 4.6% <100> uniaxial strain needed to 

achieve a direct bandgap. 

 

4.2.5 Laser Modeling – Slope Efficiency 

Having investigated the threshold we can now consider the slope efficiency of a 

<100> uniaxially strained germanium laser. As explained in Section 3.4.3 of the 

preceding Chapter, it is necessary to introduce some optical cavity loss due to out-

coupling of light in order to achieve a non-zero slope efficiency. We further expect, 

and indeed observed for biaxial strain, that introducing more optical cavity loss will 

generally be helpful to slope efficiency but detrimental to threshold. As shown in Fig. 

4-7 this is indeed the case for uniaxially-strained n-type doped germanium lasers. 

 

Figure 4-7. Threshold and slope efficiency vs. uniaxial strain and n-type doping for several 

optical cavity loss values. Threshold current density (top) and slope efficiency (bottom) are 

shown for optical cavity losses of 100 cm-1 (left), 500 cm-1 (middle) and 1000 cm-1 (right). In 
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all cases a double heterostructure design with a 300nm thick germanium active region and 

𝑆𝑅𝐻=100ns is assumed. (Threshold and slope efficiency plots for an extended range of optical 

cavity loss values are available as Fig. A-4 in the Appendix.) 

 

From Fig. 4-7 we also find that the slope efficiency responds to <100> uniaxial strain 

in much the same way that it responds to <100> biaxial strain (Fig. 3-16). In both 

cases we observe that strain enhances the slope efficiency and that, as with threshold, 

there is an optimal doping that decreases with strain. There are, however, two notable 

differences between the uniaxial results of Fig. 4-7 and the biaxial results of Fig. 3-16 

in the preceding Chapter. The first difference has to do with the ultimate limit of strain 

with respect to enhancing slope efficiency. For biaxial strain the ultimate limit occurs 

for around 2.4% strain which is the same as required to achieve a direct bandgap and 

considerably less than the 3.7% strain corresponding to the ultimate limit for 

threshold. In contrast, we find that uniaxial strain remains useful for slope efficiency at 

up to 6-7% strain – noticeably more than the 4.6% strain required to achieve a direct 

gap and much closer to the 7-8% strain which corresponds to the ultimate limit for 

threshold in the uniaxial case. The likely explanation for this difference again has to 

do with the fact that uniaxial strain results in the top valence band having a light hole 

character with a small density of states. This means that there are far fewer holes in the 

low threshold region for the uniaxially strained case, which is important because holes 

cause much more free carrier absorption than holes at the longer wavelengths 

associated with highly strained germanium in accordance with Equation 3-7. As a 

result of this reduced hole concentration at threshold, uniaxially strained germanium 
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offers a greater performance robustness against the redshifts that accompany strain and 

we find that uniaxial strain is capable of offering a larger maximum benefit for slope 

efficiency purposes than biaxial strain. 

 The second point of distinction between biaxial and uniaxial strains along 

<100> is that the maximum slope efficiency is noticeably higher for the uniaxial case, 

particularly for smaller optical cavity losses. For an optical cavity loss of 100 cm-1, for 

instance, only about 15% slope efficiency is possible using biaxial strain (Fig. 3-16) 

but approximately 50% slope efficiency is possible using uniaxial strain (Fig. 4-7). For 

a 500 cm-1 cavity a maximum slope efficiency of about 50% using biaxial strain can 

be obtained compared to about 65% slope efficiency using uniaxial strain. This is 

again due to the greatly reduced hole concentration at threshold when employing a 

large uniaxial strain, which in turn can be explained by the fact that the top valence 

band under uniaxial strain is the light hole band for density of states purposes. We can 

also directly examine how the optical cavity loss affects the threshold and slope 

efficiency for the case of <100> uniaxial strain as shown in Fig. 4-8. 
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Figure 4-8. (a) Threshold current density vs. optical cavity loss, shown for several strain and 

doping combinations, (b) Slope efficiency vs. optical cavity loss, shown for several strain and 

doping combinations.  In all cases a double heterostructure design with a 300nm thick 

germanium active region and a defect-limited minority carrier lifetime of 𝑆𝑅𝐻=100ns is 

assumed. All strains are uniaxial strains oriented along <100>. 

 

4.3 Other Strain Orientations 

4.3.1 Overview 

Having investigated both biaxial and uniaxial strains along <100> in the preceding 

Chapter and the preceding Section, respectively, we can also consider strains along the 

<110> and <111> orientations. For these analyses we will limit our investigation to 

the how the bandstructure changes under such strains and how this affects the 

proportion of electrons in the direct conduction valley. While our previous analyses it 

is clear that device-level results will depend on some subtleties beyond just the 

proportion of electrons in the direct valley, the overriding motivation for band 
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engineering is to increase this proportion and so it remains a valid proxy for at least 

determining whether a particular type of band engineering will be helpful or harmful. 

 

4.3.2 Uniaxial Strains along Different Orientations 

We will begin with uniaxial strain. As shown in Fig. 4-9, strains along <110> and 

<111> break the symmetry between the four previously degenerate L valleys. Note 

that there are actually eight L valleys in the conduction band, each of which is only 

half within the first Brillouin Zone. Furthermore, there is an unbreakable symmetry 

between four pairs of antiparallel L valleys, <111> & <-1-1-1>, <11-1> & <-1-11>, 

<1-11> & <-11-1>, <1-1-1> & <-111>, and each of these L valleys pairs will be 

labelled L1, L2, L3, L4 respectively for this dissertation. We further observe from Fig. 

4-9(b) that for <110> uniaxial strain the -L1 and -L2 energy separations rapidly 

decrease with increasing strain, however the -L3 and -L4 energy separations 

actually increase as a tensile <110> strain is applied. This means that strain will serve 

primarily to enhance the proportion of electrons in the L3 and L4 conduction valleys 

rather than in the  valley. Meanwhile, the proportion of electrons in the L1 and L2 

valleys would decrease under the application of a <110> tensile strain. 
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Figure 4-9. Bandgaps of germanium as a function of uniaxial tensile strain for the (a) <100> 

orientation, (b) <110> orientation, and (c) <111> orientation. 

 

We can observe this phenomenon quantitatively by computing the proportion of 

electrons in the  conduction valley for each strain orientation in Fig. 4-10. From Fig. 

4-10(b) we observe that <110> strain initially offers a small benefit due to carrier 

spillout from the L1 and L2 valleys, but <110> strain quickly becomes harmful due to 

spillover of electrons out of the  valley and into the L3 and L4 valleys and the 

proportion of electrons in the  never exceeds 0.01%. A similar phenomenon is 

observed for the <111> strain orientation. As shown in Fig. 4-9(c), the -L1 energy 

separation decreases under the application of <111> tensile strain but the -L2, -L3 

and -L4 energy separations all increase which is problematic. As shown in Fig. 4-
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10(c), <111> is also slightly helpful initially before becoming extremely harmful and 

again the proportion of electrons in the direct conduction valley never exceeds 0.01%. 

We can therefore conclude that for uniaxial strain only the <100> orientation is 

helpful whereas the <110> and <111> orientations are actually quite harmful for 

germanium light emission. 
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Figure 4-10. Fraction of electrons in the direct () conduction valley in germanium as a 

function of uniaxial tensile strain for the (a) <100> orientation, (b) <110> orientation, and 

(c) <111> orientation. Results are shown on both linear (top) and logarithmic (bottom) 

scales. 
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We note that this conclusion differs dramatically from Ref. [139] which claimed that 

<110> and <111> strain orientations would be extremely useful for converting 

germanium into a direct bandgap semiconductor. This is almost certainly because Ref. 

[139] completely neglected the breaking of the L valley degeneracy and therefore 

erroneously concluded that all L valleys were at the L1 energy level indicated in Fig. 

4-9. A similar point can be made for biaxial strain along different orientations when 

comparing the results of Ref. [139] to our modeling in Fig. 4-11 of the next Section. 

 

4.3.3 Biaxial Strains along Different Orientations 

We can now repeat this analysis for biaxial strain along different orientations. As 

shown in Fig. 4-11, for biaxial strain we find that <100> and <110> orientations are 

both promising in that the -L energy separation decreases under strain for all the L 

valleys, whereas the <111> orientation seems to be unappealing since the -L1 energy 

separation increases under <111> biaxial strain. This is indeed confirmed in Fig. 4-12 

where we find that the proportion of electrons in the  valley increases exponentially 

with both <100> and <110> biaxial strain. In contrast, we find in Fig. 4-12(c) that the 

proportion of electrons in the  valleys initially increases very slightly under <111> 

biaxial strain before rapidly decaying. Thus, we conclude that <111> biaxial strain is 

not an appealing approach just as we previously concluded for <110> and <111> 

uniaxial strains. Lastly, while we find that <110> biaxial strain is helpful, from Fig. 4-

12(a,b) we find that <100> biaxial strain offers more benefit for the same amount of 

strain. Considering that Young’s modulus is larger along the <110> axis than along 
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the <100> axis in germanium [140], this discrepancy becomes even larger when 

comparing <110> stress with <100> stress rather than comparing strains. Thus, while 

<110> biaxial is a beneficial band engineering technique, we expect <100> to be the 

optimal strain orientation for biaxial tensile strain. 

 

 

Figure 4-11. Bandgaps of germanium as a function of biaxial tensile strain for the (a) <100> 

orientation, (b) <110> orientation, and (c) <111> orientation. 
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Figure 4-12. Fraction of electrons in the direct () conduction valley in germanium as a 

function of biaxial tensile strain for the (a) <100> orientation, (b) <110> orientation, and (c) 

<111> orientation. Results are shown on both linear (top) and logarithmic (bottom) scales. 
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4.4 Germanium Tin (GexSn1-x) 

4.4.1 Band Structure 

An alternative technique for germanium band engineering is to alloy the germanium 

with tin to form a germanium-tin (GexSn1-x) alloy. As was the case with applying a 

tensile strain, increasing the tin content (i.e. decreasing “x” in GexSn1-x) has the effect 

of shrinking both the direct and indirect bandgaps, but to shrink the direct bandgap 

noticeably faster than the indirect gap such that employing about 6.55% tin (i.e. 

Ge0.9345Sn0.0655) will result in a direct bandgap [84], [141]. The effect of tin alloying on 

the bandstructure can be modeled in a number of ways such as density functional 

theory [86], tight-binding [142] or empirical pseudo-potentials [141]; in all cases the 

virtual crystal approximation with disorder effects [86], [141], [142] can be used to 

account for the combination of two dissimilar elements. In this work we will instead 

employ a “hack” wherein we reuse the conduction band structures which we have 

computed for biaxially strained germanium along with the valence band structures for 

unstrained germanium. This represents the assumption that germanium tin changes the 

conduction band in the same way as tensile strain, i.e. reducing the direct gap relative 

to the indirect gap, but without substantially altering the valence band, i.e. without the 

LH/HH splitting that occurs under biaxial and uniaxial tensile strain. Assuming that a 

direct gap occurs at either 6.55% tin [141] or 2.40% biaxial tensile strain (<100> 

orientation) [53], we take every 1% tin to equal 0.3664% biaxial strain for the 

purposes of the conduction band. We then combine the conduction bands from our 

tight-binding model for the appropriate strain level with the valence bands for 

unstrained germanium and then, following the example of the scissor operator [143] 
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commonly used in density functional theory, we manually raise or lower the 

conduction bands such that the bandgap is forced to the correct value in accordance 

with Ref. [82]. This results in a bandgap dependence on tin concentration as shown in 

Fig. 4-13 which is in good agreement with accepted models and experimental results 

for tin concentrations smaller than about 10% [82], [84], [141], [144]. 

 

 

Figure 4-13. Germanium-tin’s direct and indirect bandgap energies vs. tin concentration for 

unstrained germanium-tin. Crossover of the direct gap is visible at 6.55% tin. 

 

Although there are some drawbacks to this approach, which will be explained in detail 

in Section 4.5, the fact that this approach reuses the biaxial strain band structures from 

our tight-binding model is necessary for investigating the interaction between biaxial 

tensile strain and tin alloying (Section 4.4.4) in a computationally feasible way. 

Computing a full 4D bandstructure for any given strain value is very time consuming, 
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and even computing these band structures over a range of strains can take several 

days. To compute the bandstructures for every possible combination of strain and tin 

alloying would be completely impractical using our present approach. Thus, while the 

approach we have used for tin alloying is somewhat unconventional it is necessary for 

a proper exploration of the interaction between tensile strain and n-type doping and, 

critically, is scientifically sound since the computed band edges in the presence of tin 

alloying (Fig. 4-13) are in good agreement with accepted models and experiments 

(Fig. 1 of Ref [141]) and the effect of strain is also in agreement with accepted 

literature [53]. 

 

4.4.2 Threshold Current 

Having computed the bandstructure of germanium-tin the next step is to model how 

tin alloying affects the performance of a germanium laser. As shown in Fig 4-14, we 

find that band engineering through tin alloying up to 10% can reduce the threshold of 

a germanium-based laser by over two orders of magnitude while redshifting the 

emission wavelength beyond 2.5 µm. This assumes that the germanium-tin gain 

medium is completely unstrained. Furthermore, from Fig. 4-14(a) there is again an 

“optimal doping” that decreases with increased tin alloying, and it appears that at 10% 

tin we have still not reached the “ultimate limit” with respect to threshold 

minimization. Compared to the previous results for biaxial or uniaxial strains (<100> 

orientation), however, this represents a comparatively smaller reduction in threshold 

and a smaller redshift. This is despite the fact that 10% tin is about 1.5x the amount of 
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tin required for a direct bandgap, just like 3.5% biaxial strain (<100> orientation) is 

about 1.5x the amount of biaxial strain required for a direct bandgap, and yet 3.5% 

biaxial strain would result in a germanium with double the emission wavelength and 

about a tenth the threshold current density.  

 

Figure 4-14. Threshold and wavelength vs. tin concentration and n-type doping. (a) 

Threshold current density of an unstrained double heterostructure germanium tin (GexSn1-x) 

laser (color scale) vs. tin (Sn) content and n-type doping. (b) Emission wavelength (color 

scale) vs. tin (Sn) content and n-type doping. GeSn thickness is assumed to be 300nm with an 

optical cavity loss of zero and a defect-limited minority carrier lifetime of 𝑆𝑅𝐻=100ns. The 

blank region in the bottom left corner is due to the cutoff of the simulation bounds, i.e. 

thresholds greater than 1000 kA/cm3. 

 

The explanation for this discrepancy is that tin alloying does not cause any splitting or 

mixing of the valence bands. This splitting/mixing of the valence bands, which 

happens under both uniaxial and biaxial strain but not in unstrained germanium-tin 

alloys (e.g. Fig. 4-14), reduces the density of states at the top of the valence band and 
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therefore further reduces the threshold current. In addition, because the top valence 

band moves upward under valence band splitting which further reduces the bandgap, 

thus explaining the greater emission redshifts that occur under strain. A corollary of 

this absence of valence band splitting is that whereas both uniaxial and biaxial strains 

yielded two regimes, a low strain regime where strain is somewhat helpful and then a 

high strain regime where marginal strain suddenly becomes extremely helpful, no such 

two-regime behavior is observed for the case of tin alloying in Fig. 4-14. Furthermore, 

looking more closely at the threshold and wavelength response with tin alloying in 

Fig. 4-15 we observe that there is no kink or discontinuity in either the threshold or 

wavelength response, marking a major point of contrast compared to biaxial and 

uniaxial tensile strain. 

 
Figure 4-15. Threshold and wavelength vs. tin concentration for several doping conditions. 

(a) Threshold current density of a germanium-tin (GexSn1-x) laser vs. tin (Sn) content for 

different doping conditions. (b) Emission wavelength of a germanium-tin  

(GexSn1-x) laser vs. tin (Sn) content for different doping conditions. In all cases a double 
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heterostructure design with a 300nm thick germanium-tin active region and a defect-limited 

minority carrier lifetime of 𝑆𝑅𝐻=100ns is assumed. 

 

4.4.3 Slope Efficiency 

We can also model the slope efficiency of germanium-tin laser in Fig. 4-16. As was 

previously observed for the case of tensile strain, for germanium-tin lasers we need to 

introduce some out-coupling loss to the optical cavity in order to achieve a non-zero 

slope efficiency. However, while increasing the (non-parasitic) optical cavity loss 

improves the slope efficiency it worsens the threshold, and this tradeoff is shown more 

explicitly in Fig. 4-17. In most respects these results are qualitatively similar to those 

previously observed when modeling biaxially and uniaxially strained germanium 

lasers, except without the phenomenon of having two regimes, i.e. a low-strain regime 

and a high-strain regime. The key difference for germanium-tin is that we do not 

observe an “ultimate limit” for tin alloying even up to 10% tin, which is nearly 1.5x 

the amount of band engineering required to achieve a direct gap. (There may however 

be still be an ultimate limit due to effects not included in our model, particularly when 

the direct bandgap becomes almost exactly equal to the energy separation between the 

top valance band and the split-off band, as explained in Section 4.5.1.) In addition, the 

maximum achievable slope efficiency at 100 cm-1 optical cavity loss using tin alloying 

is about 30-40% which is considerably better than we found to be the case for biaxial 

strain but less than for uniaxial strain. The explanation for this phenomenon is that tin 

alloying causes less bandgap reduction and hence less emission redshift (Fig. 4-15(b)) 

than strain does (Fig. 3-13(b) & Fig. 4-6(b)). Because free carrier absorption increases 
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superlinearly with wavelength (Equation 3-7), thereby limiting the differential 

quantum efficiency (Equation 3-12) which is the limiting factor for slope efficiency 

(Fig. 3-20), this smaller redshift results in a major performance advantage for 

germanium-tin compared to biaxial strain. However, because tin alloying does not 

introduce valence band splitting the heavy hole (HH) band remains the top valence 

band which results in lower slope efficiency than for uniaxial strain where the light 

hole band dominates the hole population. As previously explained in Section 4.2.5, 

because the heavy hole (HH) band has a ~21x larger density of states than the light 

hole (LH) band based on the effective masses [108], and because the joint density of 

states for the -HH transition is only about ~2.1x larger than the joint density of states 

for the -LH transition (Equation 3-4 [116]), the heavy hole band introduces much 

more free carrier absorption relative to gain than the light hole band. Thus, we find 

that <100> uniaxial strain offers the best slope efficiency, tin alloying offers the 

second best slope efficiency, and biaxial strain is the least effective for improving 

slope efficiency, comparatively speaking. 
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Figure 4-16. Threshold and slope efficiency vs. tin concentration and n-type doping for 

several optical cavity losses. Threshold current density (top) and slope efficiency (bottom) 

shown for optical cavity losses of 100 cm-1 (left), 500 cm-1 (middle) and 1000 cm-1 (right). In 

all cases a double heterostructure design with a 300nm thick germanium tin (GexSn1-x) active 

region and 𝑆𝑅𝐻=100ns is assumed. (Threshold and slope efficiency plots for an extended 

range of optical cavity loss values are available as Fig. A-5 in the Appendix.) 
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Figure 4-17. Threshold and slope efficiency vs. optical cavity loss for several combinations 

for tin content and doping. (a) Threshold current density vs. optical cavity loss, shown for 

several combinations of n-type doping and tin (Sn) content, (b) Slope efficiency vs. optical 

cavity loss, shown for several combinations of n-type doping and tin (Sn) content.  In all cases 

a double heterostructure design with a 300nm thick germanium tin (GexSn1-x) active region 

and a defect-limited minority carrier lifetime of 𝑆𝑅𝐻=100ns is assumed. 

 

4.4.4 Interaction with Strain 

A final point to consider for germanium tin is how tin alloying interacts with tensile 

strain with an eye toward tensile strained germanium tin lasers. Even in the context of 

electronics, researchers have expressed interested in combining tensile strain and tin 

alloying to realize the benefits of both techniques [86], [145]. However, it is not a 

given that any two techniques for enhancing germanium light emission can be 

combined in a useful manner. Both strain and tin alloying separately showed a 

negative interaction with n-type doping for instance: n-type doping offered 

comparatively smaller benefits in the presence of tensile strain and/or tin alloying. We 
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are therefore interested to know if there is any interaction between tensile strain and 

tin alloying in the context of germanium-based laser device and, if any interaction 

exists, whether the interaction is positive or negative. As shown in Fig. 4-18 we find 

that tensile strain and tin alloying can indeed be combined to achieve a very useful 

result and reduce the threshold by more than three orders of magnitude when 

combining 2% biaxial strain (<100> orientation) with 5% tin. If anything, we find that 

alloying with tin reduces the amount of strain needed to reach the “high strain” regime 

where outsized reductions in threshold become possible, as can be seen in both Fig. 4-

18 and Fig. 4-19. We therefore conclude that tensile strain and tin alloying can indeed 

be effectively combined for a low threshold laser, i.e. a tensile strained germanium-tin 

laser. 

 

 

Figure 4-18. Threshold and wavelength vs. tin concentration and biaxial strain. (a) Threshold 

current density of a double heterostructure germanium tin (GexSn1-x) laser (color scale) vs. 

<100> biaxial tensile strain and tin (Sn) content. (b) Emission wavelength (color scale) vs. 

<100> biaxial tensile strain and tin (Sn) content. GeSn thickness is assumed to be 300nm with 
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an optical cavity loss of zero, 1x1018 n-type doping, and a defect-limited minority carrier 

lifetime of 𝑆𝑅𝐻=100ns. The blank region in the bottom left corner is due to the cutoff of the 

simulation bounds, i.e. thresholds greater than 1000 kA/cm3. 

 

 

Figure 4-19. Comparison of biaxial strain and tin alloying with respect to threshold 

minimization. (a) Threshold current density of a germanium-tin laser vs. biaxial tensile strain 

(<100> orientation) for different amounts of tin alloying. (b) Emission wavelength of a 

germanium laser vs. biaxial tensile strain (<100> orientation) for different amounts of tin 

alloying. In all cases a double heterostructure design with a 300nm thick germanium active 

region, 1x1018 n-type doping, zero optical cavity loss, and a defect-limited minority carrier 

lifetime of 𝑆𝑅𝐻=100ns is assumed. 

 

Having established that tensile strain and tin alloying can indeed be combined to 

achieve a low threshold germanium-based laser, the next question is whether or not 

such a combination would result in a useful slope efficiency. As shown in Fig. 4-20, 
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we find that combining tensile strain with tin alloying does indeed result in a useful 

slope efficiency. If anything, by comparing Fig. 4-20 with Fig. 3-16 we find that 

combining <100> biaxial strain with germanium tin, for instance a combination of 

1.5% strain and 5% tin, allows for larger slope efficiencies than can be achieved using 

only biaxial strain. This is in line with our finding in Section 4.4.3 that tin alloying is 

typically superior for the purposes of maximizing slope efficiency. Interestingly, for 

the case of 5% tin we do observe an “ultimate limit” of about 1.5% biaxial strain 

whereupon increasing the strain further degrades the slope efficiency, indicating that 

tin alloying does have greater maximum potential than biaxial strain. Nevertheless, the 

overall finding is that comparatively large slope efficiencies are indeed possible when 

combining tensile strain with tin alloying, and thus a tensile stain germanium-tin laser 

is a very promising route to achieving both a low threshold and a reasonable slope 

efficiency. 
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Figure 4-20. Threshold and slope efficiency vs. biaxial strain and tin concentration for 

several optical cavity loss values. Threshold current density (top) and slope efficiency 

(bottom) for a biaxially strained germanium-tin laser, shown for optical cavity losses of 100 

cm-1 (left), 500 cm-1 (middle) and 1000 cm-1 (right). In all cases a double heterostructure 

design with a 300nm thick germanium tin (GexSn1-x) active region with 1x1018 cm-3 n-type 

doping and 𝑆𝑅𝐻=100ns is assumed, with the biaxial strain oriented along the <100> axis. 

(Threshold and slope efficiency plots for an extended range of optical cavity loss values are 

available as Fig. A-6 in the Appendix.) 

 

4.5 Limitations of the Model 

4.5.1 Overview 

In general, the uncertainties of our models for uniaxially strained germanium and for 

germanium-tin are the same as those described for the case of biaxial strain described 

in Section 3.5 of the preceding Chapter: uncertainties about precisely how much band 
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engineering is required to achieve a direct gap, and uncertainties about how band 

engineering affects a broad array of things such as the free carrier absorption equation 

(Equation 3-7), the recombination coefficients, the optical matrix element for the 

direct transition, etc. We also would again expect there to be “dead zones” of abruptly 

degraded laser performance for a few precise strain values where the direct bandgap is 

approximately equal to the energy separation between any pair of valence bands 

(heavy hole, light hole, split-off hole), an effect not accounted for in our models. A 

key difference in this Chapter, however, is that we have diverged from our previous 

approach of straightforward sp3d5s* tight-binding in favor of a deformation potential 

approach in order to model the bandstructures in the presence of uniaxial strains, the 

bandstructures for strains along different orientations, and the bandstructures of 

germanium-tin. There are therefore a few new uncertainties which arise for our models 

in this Chapter. 

 

4.5.2 Tensile Strain Modeling (this Chapter Only) 

For the case of strain modeling in Sections 4.2 and 4.3 of this Chapter, i.e. for 

modeling uniaxial strain and for strain along different orientations, we used 

deformation potentials with parabolic bands [39]. This introduces a new source of 

error in that non-parabolicities are not accounted for, which means that our model 

slightly underestimates the number of carriers required to push the electron quasi-

Fermi level far enough above the L valley edge to “fill up” the indirect valleys. This 

makes our model slightly underestimate the lasing threshold, particularly for the low 
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strain case where non-parabolicities are more important, and overestimate how much 

n-type doping would be ideal. The use of deformation potentials also means that we 

have ignored how the effective masses change with strain; in reality tensile strain 

tends to decrease the relevant effective masses [137], [138] and hence reduce the 

density of states in all bands somewhat. This is therefore a beneficial effect that our 

model neglects, meaning that our model slightly underestimates the extent to which 

uniaxial tensile strain can improve the performance of a germanium laser. 

 A more pernicious omission for Section 4.2 is that using deformation 

potentials, as we have done, accounts for the splitting of the valence bands but not the 

complex mixing and warping of the valence bands under tensile strain. This limitation 

is inherent to any model that relies on deformation potentials with isotropic bands. 

While our model presumes that the light hole and heavy hole masses remain 

unchanged under strain, the reality is that the top two valence bands become a mix of 

light hole and heavy hole. Very roughly speaking, under sufficiently large biaxial or 

uniaxial tensile strain (<100> orientation) the top valence band will retain a heavy 

hole mass along the axis (or axes) of strain with a light hole mass along the other axis 

(or axes). The second valence band will then retain a light hole mass along the axis (or 

axes) of strain with a heavy hole mass along the other axis (or axes). Thus, under a 

large <100> biaxial tensile strain the top valence band is mostly heavy hole (since two 

axes are under strain) but has something resembling the light hole mass along the axis 

perpendicular to the strain plane (i.e. <100>) with the converse being true for the 

second valence band [137], [138]; this mixing is fully accounted for in our tight-

binding model of the preceding Chapter [53]. Meanwhile, under a large <100> 
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uniaxial tensile strain the top valence band is mostly light hole (since only one axis is 

under strain) but nevertheless retains something resembling the heavy hole mass along 

the strain axis (i.e. <100>) with the converse again being true for the second valence 

band [137], [138]; this effect is completely ignored in our modeling in Section 4.2. 

Qualitatively what this means is that uniaxial strain will be somewhat less useful than 

our model predicts because the density of states at the top of the valence band will not 

be reduced quite as dramatically. However, we have diligently investigated this issue 

by repeating our modeling and forcing the valence band masses to be mixed in the 2:1 

ratio described above. Such a model, i.e. one that assumes full 2:1 mixing of the 

valence band masses, is more accurate for high strains where the mixing is very strong 

but less accurate for low strains where the mixing is virtually non-existent. Ultimately, 

such modeling showed extremely similar qualitative behavior, with a discontinuity 

rather than a kink separating the high strain and low strain regimes for <100> uniaxial 

tensile strain and, as a result, considerably better thresholds and slope efficiencies 

possible than for the case of <100> biaxial strain. Of course, none of these concerns 

are applicable to Section 4.3 which concerns itself solely with conduction band 

effects.  

 As a further note, although we explicitly do not consider quantum wells [128] 

in this work, there may an unwanted effect from quantum wells in we expect quantum 

wells to lower the light hole band relative to the heavy hole band on account of their 

effective masses. This directly opposes the beneficial effect of raising the light hole 

band relative to the heavy hole band that results from <100> uniaxial tensile strain. 

This adds another layer to the complex question, discussed previously in Section 3.5.1, 
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of whether quantum wells will be helpful or harmful to the performance of a band 

engineered germanium laser. 

 

4.5.3 Germanium-Tin Modeling 

Our modeling for germanium-tin is much more similar to the tight-binding approach 

of the preceding Chapter, and in fact even reuses those same band structures. The only 

particular issue here is that the effective masses may be slightly off: our approach 

assumes that the conduction band masses change in the same way as biaxial tensile 

strain and that the valence band masses do not change at all. This has the likely effect 

of overestimating the valence band masses somewhat and underestimating the 

conduction band masses somewhat; both of these effects are insignificant compared to 

how the band edges move. There is of course an uncertainty regarding precisely how 

much tin is needed to achieve a direct gap [73], [82], [84], [86], [146], [147], but this 

is an inherently unavoidable issue and our model is in agreement with many published 

works [82], [84], [144]. Most importantly, similar modeling has been performed using 

empirical pseudopotentials [141], [148], i.e. using a completely different method of 

computing the bandstructure, and those works reached extremely similar conclusions 

with regard to how tin alloying can improve the performance of a germanium-based 

lasers [141] and also how tin alloying compares with <100> biaxial tensile strain 

[148]. 
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4.6 Summary 

In summary, we have extended the modeling of the preceding Chapter to several 

additional types of germanium band engineering such as uniaxial strain, strains along 

different orientations, and tin alloying. For strains along different orientations we find 

that uniaxial strains along <110> and <111> as well as biaxial strain along <111> are 

simply not usable for significantly enhancing light emission from germanium: 

applying large amounts of any of these particular strains would actually decrease the 

proportion of electrons in the direct conduction valley and therefore inhibit light 

emission from germanium. For biaxial strains although the <110> orientation does 

offer some utility we find that the <100> orientation, which we modeled in detail in 

the preceding Chapter, is by far the most promising route. This can broadly be taken to 

mean that the L-valley splitting that occurs under <110> and <111> strain is extremely 

harmful to light emission from germanium, and any experimental efforts on strain 

engineer should therefore focus on the <100> strain orientation. 

 We have also performed in-depth modeling of uniaxial strain (<100> 

orientation). This modeling suggests that uniaxial strain is even more effective than 

biaxial strain with respect to improving the performance of germanium lasers. This 

discrepancy can be attributed to the fact that under uniaxial tensile strain the top 

valence band retains a mostly light hole character whereas under biaxial tensile strain 

the top valence band retains a mostly heavy hole character. This means that uniaxial 

strain is dramatically more effective than biaxial strain at reducing the density of states 

at the top of the valence band. (As a side note quantum wells, which we do not 

explicitly consider in this work, may counteract this benefit somewhat by lowering the 
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light hole band relative to the heavy hole band). As a result, we find that the threshold 

drops much more dramatically with uniaxial strain than with biaxial strain, and 

uniaxial strain also unlocks much higher slope efficiencies too. As was the case for 

biaxial strain, we find that there is again an optimal doping that decreases with 

uniaxial strain, and so we find that combining heavy n-type doping [93], [149] with 

large tensile strain [23], [25] is not a winning proposition regarding of whether the 

strain is biaxial or uniaxial. Lastly, while for biaxial strain we found that there was a 

kink in the threshold response such that the performance enhancements from biaxial 

strain accelerate as the strain increases beyond ~1%, for uniaxial strain this is a 

discontinuity such that the threshold abruptly drops (and the slope efficiency abruptly 

increases) when the strain passes ~4%. Thus, while it is still important for to reach 

large strains for the biaxial case, it is even more imperative to employ a very large 

tensile strain for the uniaxial case since the performance enhancements are 

overwhelmingly determined by whether the uniaxial strain is above or below the 

critical value. 

 Lastly, we have extended our modeling to germanium-tin lasers. As expected, 

band engineering by means of tin alloying is qualitatively similar to band engineering 

by means of tensile strain. In both cases a very large reduction in threshold is possible 

and a negative interaction with n-type doping is observed. However, there are a few 

differences that arise from the lack of valence band splitting for the case of tin 

alloying. Firstly, whereas for tensile strain there were always two regimes, a high-

strain regime and a low-strain regime with a kink or discontinuity at the boundary, for 

tin alloying there is only one regime and thus we find that the benefits from tin 
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alloying do not depend quite as disproportionately on realizing large tin 

concentrations. Another key effect from the lack of valence band splitting is that the 

bandgap does not shrink as much in the presence of tin alloying as it does in the 

presence of tensile strain. While this is important in its own right since the redshifts 

from band engineering are typically unwanted in that it moves germanium away from 

the 1550 nm operating wavelength that corresponds to the C-band communication 

window [50], [119], any redshift also directly impacts the laser performance since 

these redshifts exacerbate the free carrier absorption problem. Because tin alloying 

causes smaller redshifts, it is more helpful to the slope efficiency than biaxial strain. 

(However, tin alloying is not as beneficial to slope efficiency as uniaxial strain 

because such strains effectively get rid of the heavy hole band with its much larger 

density of states). As such, we find that whereas biaxial tensile strain would reach its 

“ultimate limit” for slope efficiency at approximately the same level as required to 

achieve a direct bandgap, tin alloying remains helpful to slope efficiency up to at least 

10% tin which is ~50% more than is needed to achieve a direct gap. Thus, we find that 

germanium tin is more useful than biaxial strain for slope efficiency, but still less 

useful than uniaxial strain. In addition, we have investigated the interaction between 

biaxial tensile strain and tin alloying in the context of germanium lasing. Our findings 

indicate that, unlike the case for n-type doping, tensile strain and tin alloying can 

indeed be effectively combined to achieve dramatic improvements in laser 

performance. This raises the possibility of a tensile strained germanium-tin laser for 

low threshold high efficiency operation. 
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Chapter 5 

Microbridge Structures for Extremely Large  

Uniaxial Tensile Strain and Single-Material  

Pseudo-Heterostructures 

 

5.1 Overview 

As explained in Chapter 2, there is an acute need for experimental techniques that 

induce the largest possible uniaxial tensile strain in germanium while maintaining full 

CMOS-compatibility. Previous research efforts have shown stress concentration 

approaches to be very promising in this regard, particularly the microbridge design 

[22], [150] illustrated in Fig. 5-1 which offers a simple and elegant fabrication 

process. However, in those previous efforts the maximum reported uniaxial strain was 

only about 3.1% [22]. In this Chapter we dramatically improve upon these previous 

microbridge efforts and present germanium wires, supported on silicon substrates, 

with uniaxial tensile strains as high as 5.7% along the <100> axis [23]. These wires 

were fabricated in a manner similar to the technique of Ref [22], but using high quality 

germanium-on-insulator (GOI) substrates with hyperbolic tapering of certain key 

features to increase the maximum achievable strain before material fracture. In 

addition, we will show that these structures constitute “pseudo-heterostructures” 

which allow us to create, within a single material, the carrier confinement needed for 
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efficient lasing at room temperature [24], [151]. Furthermore, our technique allows us 

to tune the band profiles with nanoscale precision using lithography such that 

dissimilar heterojunctions can be fabricated side-by-side in a simple mask process for 

unprecedented design flexibility [24], [151]. 

 

      

Figure 5-1. Schematic illustration of the microbridge structure used for uniaxial stress 

concentration. Brown is germanium, pink is silicon dioxide, grey is silicon, and red arrows 

indicate the tensile stress. 

 

5.2 Microbridge Fabrication 

5.2.1 Substrate Fabrication 

To begin, a germanium-on-insulator (GOI) substrate is fabricated using the method of 

Ref [152]. The germanium was originally grown heteroepitaxially on silicon, which 
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results in baseline tensile strain of ~0.2% after cooling down from growth 

temperatures due to a mismatch of the thermal expansion coefficients [119] as 

illustrated in Fig. 5-2. This tensile strain remains after bonding onto a silicon/silicon-

dioxide wafer to create the GOI substrate [24], [152]. The use of GOI provides 

substantial benefits over using germanium-on-silicon as in Ref [22] because, as 

illustrated in Fig. 5-3, the use of GOI eliminates the original germanium/silicon 

interface [152] which is known to be highly defective due to the lattice mismatch 

between germanium and silicon [153]. Not only is the material quality important from 

a carrier lifetime and device performance perspective [112], but material defects such 

as threading dislocations are known to reduce material strength and hence reduce the 

maximum achievable strain before material fracture [154]. We therefore hypothesize 

that the use of GOI is the key reason why we observe substantially more strain than 

other researchers who employed a similar technique [22]. 

 

 

Figure 5-2. Schematic illustration of how the mismatch in thermal expansion coefficients 

between germanium (Ge) and silicon (Si) results in an initial tensile stress in the germanium 
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layer. Top: when cooling from the germanium growth/anneal temperature (~825oC [43], [61], 

[155]) to room temperature the germanium layer would, if freestanding and unattached, 

shrink by a larger ratio than the silicon layer. Bottom: if the germanium is instead attached 

the large silicon substrate the result after cooling to room temperature is that a tensile stress 

is imparted to the thin germanium layer, while a negligibly small compressive stress is 

imparted to the thick silicon substrate to compensate. 

 

 

                

 

 

Figure 5-3. Process flow of the germanium-on-insulator (GOI) fabrication process, showing 

how the defective layer near the initial silicon/germanium interface is physically removed. 

Grey is silicon (Si), beige is silicon dioxide (SiO2), and green is germanium (Ge). Defects are 

indicated as the black region near the germanium/silicon interface. Top: the initial Si/Ge/SiO2 

substrate is flipped over and bonded to a Si/SiO2 substrate, given a material stack of 

Si/SiO2/Ge/Si with the defects now at the top of the germanium layer. Bottom: the top silicon 

region is physically wet etched away in tetramethylammonium hydroxide (TMAH) solution, 
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leaving the defective region now exposed at the top surface where it is subsequently removed 

by a partial germanium wet etch in aluminum etchant. [156] 

 

5.2.2 Patterning the Structure 

Using this GOI, a pad and nanowire geometry similar to the microbridges of Refs 

[22], [24] was patterned using e-beam lithography and dry etching in SF6 and CHClF2 

(Freon-22) plasma [23]. The underlying oxide was then etched in HF vapor, releasing 

the structure to give a suspended germanium wire attached on either side to suspended 

germanium pads as shown in Fig. 5-4(a). Typical wire dimensions were ~4.5 μm x 

~200 nm, as shown in Fig. 5-4(b). Once the entire structure is released the initial 

~0.2% tensile strain redistributes such that the germanium pads relax slightly while the 

strain in the germanium wire increases, as confirmed by COMSOL finite element 

method modeling in Fig. 5-4(c). 

 

 

Figure 5-4. Micrographs and mechanical simulations of fabricated microbridge structures. 

(a) Scanning electron micrograph (SEM) of a suspended strained germanium wire attached to 

suspended germanium pads. (b) Zoomed-in SEM of the region indicated in Fig. (a). (c) 

COMSOL simulation of the strain distribution in a suspended germanium wire attached to 

suspended germanium pads. [23] 
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5.2.3 Substrate-Adhered Geometries via Stiction for Improved Heat Sinking 

While using HF vapor etch successfully yields a suspended germanium wire under 

high tensile strain, this suspended geometry results in poor thermal conduction since 

there is no direct heat conduction path from the wire to the substrate. We have since 

shown that replacing the HF vapor etch of the underlying oxide with a liquid HF etch 

induces post-release stiction that adheres the germanium wire and pads to the substrate 

[60], as shown in Fig. 5-5. This change does not reduce the strain induced in the wire 

– if anything we would expect this to increase the strain slightly but the release layer is 

so thin that the resulting change is typically too negligible to observe. However, 

placing the germanium wire in thermal contact with the substrate creates an efficient 

heat conduction path, which in turn drastically reduces any heating effects while 

maintaining the desired strain distribution [60]. 
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Figure 5-5. Micrographs confirming adhesion between a microbridge and the underlying 

substrate by stiction.(a) Tilted scanning electron micrograph (SEM) of a substrate-adhered 

strained germanium wire and pads. (b) Zoomed-in tilted SEM of the edge of a pad, showing 

deflection due to stiction. (c) Zoomed-in tilted SEM of the substrate-adhered germanium wire. 

(d) Zoomed-in titled SEM showing of a substrate-adhered germanium wire and pads next to 

an overhang of suspended germanium. [23] 

 

5.3 Characterization 

5.3.1 Raman Spectroscopy 

The strain in the fabricated germanium wires was experimentally determined using 

Raman spectroscopy. Under tensile strain, the Raman peak of 301 cm-1 for relaxed 

germanium becomes redshifted to shorter wavenumbers: every 1% <100> uniaxial 

tensile strain redshifts the Raman peak by 1.52 cm-1 [22], [157]. (As a side note, and 
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as previously explained in Ref [23], using this strain-shift coefficient of 1.52 cm-1 for 

<100> uniaxial strain corrects two previous works, namely Refs [24] and [156], where 

the wrong coefficient was used. As a result of that error, all <100> uniaxial strains in 

Refs [24] and [156] where underreported by ~25%.) For all of our Raman 

measurements we used a 514nm wavelength excitation laser which limits our strain 

measurements to the sample’s top surface. However, we can safely assume that the 

strain was uniform along the vertical axis because our suspended structures showed no 

vertical deflections (a hallmark of vertical strain gradients) and also because finite 

element method COMSOL simulations indicated that no vertical strain gradients were 

to be expected. 

While the strain is a simple linear function of the Raman peak redshift, care 

must be taken to ensure that no significant heating occurs due to the excitation laser 

since temperature increases are also known to redshift the Raman peak. It is therefore 

critical to ensure that any observed Raman redshift corresponds to tensile strain rather 

than heating effects [157]. To this end, we have measured how the Raman peaks of 

both a suspended and a substrate-adhered germanium wire change with the Raman 

excitation laser power, as shown in Fig. 5-6. These wires had nominally identical 

dimensions and both exhibited approximately ~4% strain based on the observed 

Raman shifts of about 5.9-6.2 cm-1 as shown in Fig. 5-6. Note that while there is a 

slight difference in the observed strain at low power this discrepancy can be readily 

explained by the fact that each sample was fabricated in a separate run. The amount of 

lateral underetching at the pad boundaries varied slightly from one run to another and 

this lateral underetching distance noticeably affects the strain in the wire [150]. This, 



126 
 

coupled with the uncertainty resulting directly from the Raman measurement and 

fitting, easily explains the small observed discrepancy. In reality this stiction has a 

negligible impact on the strain distribution because the thickness of the sacrificial 

layer is very small compared to the total device diameter and this was apparent over a 

larger informal sample of structures. 

 

 

Figure 5-6. Dependence of the Raman peak redshift on the excitation laser power for both 

suspended and substrate-adhered germanium wires with ~4% strain. Both curves are the 

difference between the wire’s Raman peak location and the Raman peak location of relaxed 

bulk germanium. [23] 

 

It is clear from Fig. 5-6 that Raman excitation laser powers below ~40 μW produce no 

significant heating effect in our suspended germanium wires. A laser excitation power 

of ~6 μW was therefore used in all subsequent Raman measurements, which is a factor 

of ~6.5 less than the maximum acceptable excitation power to avoid heating effects. 

Due to time constraints and competing research priorities, we have yet to fabricate 
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substrate-adhered wires with more than the ~4% strain shown in Fig. 5-6. However, 

our work on suspended wires is more mature and we have observed substantially 

larger strains in these wires. Raman spectra of suspended wires with varying pad 

dimensions, shown in Fig. 5-7, reveal Raman peak locations as low as 292.37 cm-1, 

compared to the Raman peak of 301.05 cm-1 for relaxed germanium. The observed 

redshifts of up to 8.68 cm-1 of the Raman peak correspond to uniaxial strains of up to 

5.71% using the 152 cm-1 Raman strain-shift coefficient [22], [157]. According to the 

deformation potentials for germanium [39], this largest observed strain of 5.71% 

corresponds to a direct bandgap of 0.369 eV and an indirect bandgap of 0.403 eV. 

This means that the bandgap of this 5.71%-strained germanium wire is direct. 

 

 

Figure 5-7. Raman spectra for suspended germanium wires with various pad dimensions, 

showing uniaxial strains from 0.79% to 5.71%. [23] 
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5.3.2 Photoluminescence 

We have also characterized our samples using photoluminescence (PL) measurements 

with a 532 nm pump wavelength operated at a power of 20 mW for substrated-adhered 

samples. This excitation power was low enough to preclude any significant heating 

effects in our substrate-adhered structures due to the extremely effective heat sinking 

providing by the silicon substrate. The lowest possible PL power was used when 

measuring suspended structures. Germanium’s optical absorption length at this pump 

wavelength is only ~20 nm deep, indicating that carriers are only generated within the 

top ~20 nm of the sample, whereas the thickness of all our samples in this dissertation 

was approximately 500 nm. However, the diffusion length our germanium is several 

microns (as will be experimentally confirmed later in Fig. 5-11) and so all of the 

photogenerated carriers will diffuse very quickly along the vertical axis. As a result, 

we expect the carrier density to be approximately uniform along the vertical axis 

before any substantial the recombination can take place, and hence our PL 

measurements can be considered as measurements of uniformly excited germanium. 

The relative contributions of surface recombination and bulk recombination in these 

germanium samples has been discussed by research collaborators in a separate work 

[112]. 

In terms of optical properties, PL measurements on the suspended wires 

confirm that strain causes both a redshift of the emission wavelength due to the 

bandgap reduction and an enhancement of the PL intensity due to increased 

occupation of the direct conduction valley, as shown in Fig. 5-8. In fact, the PL 

intensity enhancement with strain is actually greater than the theoretical predictions of 
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Fig. 4-2 in the preceding Chapter due to pseudo-heterostructure effects [24] between 

the pads and the wires as will be explained in Section 5.4. This redshift and 

enhancement of the PL confirms that the strain is indeed affecting germanium’s 

optical properties as expected. 

 

 

Figure 5-8 Photoluminescence from suspended germanium wires with various strains. The 

peak near 0.8 eV represents emission from the unstrained pad regions and is therefore 

invariant with the measured strain in the nanowire. PL on suspended wires used the lowest 

possible excitation power due to the poor heat sinking associated with suspended geometries.  

[23] 

 

Due to the limitations of our detection setup, PL from wires with strains beyond ~3% 

could not be measured because the emission was redshifted beyond the detector cutoff 

of ~2060 nm (0.6eV photon energy) in our micro-PL setup. From Fig. 5-8 it is clear 

that even the 2.98% strained wire has been largely redshifted beyond this detection 

limit. Since only germanium wires with >4.6% strain have a direct bandgap, no optical 
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measurements were possible on our direct bandgap germanium samples. We must 

therefore reserve such measurements for a future work. 

 

5.4 Pseudo-Heterostructures 

While these highly strained wires are indeed desirable because of how uniaxial strain 

improves germanium’s optical properties, there is an additional utility that results from 

the fact that the highly strained wire is connected to germanium pad regions that are 

essentially relaxed. As has been discussed in-depth in a previous dissertation [61], 

these microbridge structures actually recreate the electronic band profiles of traditional 

semiconductor double-heterostructure but within a single material. Semiconductor 

heterostructures are an indispensable part of modern photonics, in particular 

semiconductor lasers [128], [158]. However, creating semiconductor heterostructures 

typically involves vertical heteroepitaxy of multiple materials [158], drastically 

limiting the number of dissimilar heterojunctions that can be fabricated on a single 

wafer. Here we bypass this limitation by creating pseudo-heterostructures that are 

homo-compositional but whose electronic band profiles and behavior are 

indistinguishable from traditional multi-material double heterostructures. This is 

achieved within our microbridge structures because they employ a lithographically-

determined tensile strain to selectively and controllably narrow the bandgap in a 

highly localized region of a single semiconductor [24], namely germanium in this 

work. If we consider the axis of the nanowire, indicated by a dotted green line in Fig. 

5-9(a) [156], we have a region of tensile strained germanium (the nanowire) 

sandwiched between two regions of relaxed germanium (the pads). From Fig. 4-1 in 
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the preceding Chapter, we know that the tensile strained region will have a smaller 

bandgap than the relaxed regions. Thus, if we draw the band diagram along the axis of 

the nanowire, shown in Fig. 5-9(b) [151], the result is unmistakably the band profile of 

a double heterostructure. 

 

Figure 5-9. Illustration of the pseudo-heterostructure. (a) The axis of the pseudo-

heterostructure, indicated as a dotted green line, (b) illustrated of the band diagram along the 

axis of the pseudo-heterostructure, showing electrons (yellow circles) and holes (empty 

circles) being confined in the region of highly strained germanium (Ge). 

 

In addition, arbitrary well shapes can be created by considering the fact that the strain 

in any cross-section of the structure will, to first order, be inversely proportional to the 

width of that cross-section. For an abrupt double heterostructure this is simple: we 

simply fabricate an abrupt microbridge as shown in the scanning electron micrograph 

of Fig. 5-10(a). The resulting strain distribution therefore involves an abrupt increase 

in the nanowire relative to the pads, as shown in the Raman area scan of Fig. 5-10(b). 

Because the strain changes abruptly, so too does the band diagram exhibit an abrupt 

change as illustrated in Fig. 5-10(c). For graded heterostructures it is only slightly 

more complicated to compute the necessary geometry: one must simply add a taper 
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between the pads and the nanowire, and the width of this taper must vary with the 

reciprocal of the intended strain distribution. For the example of a linearly graded 

heterostructure we require a linearly varying strain between the barriers (pads) and the 

potential well (nanowire). Since the reciprocal of a linear function is a hyperbolic 

function, we have fabricated a microbridge with a hyperbolic taper between the pads 

and the nanowire as shown in the scanning electron micrograph of Fig. 5-10(d). A 

Raman area scan, shown in Fig. 5-10(e), experimentally confirms that the resulting 

strain distribution is indeed linear, and thus we have a linearly graded heterostructure 

as illustrated in Fig. 5-10(f). Naturally, the abrupt and linearly graded heterostructures 

shown in Fig. 5-10 are only two examples of the possible designs and much more 

complex band profiles can be realized with relative ease: it is possible to create 

essentially arbitrary heterostructures using our technique. For heterostructures in 

which the band profiles are to be graded in a more complex manner, for instance in the 

case of a graded index separation and confinement heterostructure “GRINSCH” laser 

[159], the required taper dimensions are again determined by simply having the taper 

width vary as the reciprocal of the desired strain distribution. 
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Figure 5-10. Abrupt and graded pseudo-heterostructures. (a) Zoomed-in SEM of an abrupt 

pseudo-heterostructure. (b) Uniaxial strain distribution of an abrupt pseudo-heterostructure 

from Raman spectroscopy. (c) Approximate band diagram for an abrupt pseudo-

heterostructure. (d) Zoomed-in SEM of a linearly-graded pseudo-heterostructure. (e) Uniaxial 

strain distribution of a linearly-graded pseudo-heterostructure from Raman spectroscopy. (f) 

Approximate band diagram for a linearly-graded pseudo-heterostructure. [151] 

 

As explained in Section 5.3.1 and shown in Fig. 5-7, a uniaxial strain of up to 5.71% 

was observed. Using the deformation potentials of [39], these strains correspond to a 

bandgap as low as 0.369 eV in the germanium potential well, considerably less than 

the 0.667 eV bandgap in the relaxed pad regions. This bandgap reduction of nearly 

300 meV in the potential well is much larger than the thermal energy kT (~26 meV) 

and thus more than sufficient for room-temperature carrier confinement. Further 

investigation using a self-consistent Poisson solver to compute the precise band 

bending in such structures confirms that the energy barrier for electrons and the energy 

barriers for holes are both well above the thermal energy kT [24]. In fact, due to a very 

strong tendency for the bands to tend toward charge neutrality, the total bandgap 

reduction in the potential well is nearly evenly split between providing an energy 

barrier to electrons and providing an energy barrier to holes, further reinforcing the 

theoretical suitability of these pseudo-heterostructures for strong and effective carrier 

confinement at room temperature [24]. 

In addition to the above theoretical investigation, we also present compelling 

experimental evidence in the form of room-temperature micro-photoluminescence 
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(micro-PL) measurements which confirm that these pseudo-heterostructures are 

capable of room-temperature carrier confinement just like traditional multi-material 

heterostructures. As shown in Fig. 5-11 for a nanowire under 2.98% strain, there is 

always a strong signal from the highly-strained nanowire, even when the excitation 

spot is more than 20 μm away from the nanowire. This means that carriers diffusing 

away from the excitation spot are captured and confined in the potential well even at 

room temperature. The wavelength of the photoluminescence emission also confirms a 

localized bandgap reduction with strain. As shown in Fig. 5-8, applying strain up to 

2.98% redshifts the nanowire emission from ~0.8 eV (~1550 nm) to the detector cutoff 

of ~0.6 eV (~2070 nm), a ~500 nm range. This pseudo-heterostructure platform may 

therefore be suitable for accessing a greater range of optical wavelengths than would 

normally be possible on a single wafer. 

 

Figure 5-11. Experimental observation of room temperature carrier confinement within a 

pseudo-heterostructure. Counter-clockwise from top-right: (a) Optical micrograph of 
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nanowire and pad barriers for the 2.98% strain case, with green circles indicating 

approximate excitation locations. Scale bar, 5 μm. (b-d) Integrated PL as a function of 

position along the pseudo-heterostructure for (b) excitation directly at the nanowire, (c) 

excitation ~15 μm away from the nanowire, and (d) excitation ~22 μm away from the 

nanowire. (e) PL spectra for excitation ~22 μm away from the nanowire, measured at the 

nanowire itself (black) and near the excitation location in the pad (red). [151] 

 

While this work has focused exclusively on Ge, the pseudo-heterostructure approach 

can be readily applied to any arbitrary semiconductor with an initial tensile stress. 

Lithographically controlled strain amplification has already been demonstrated in 

suspended silicon for instance [150]. For the case of other semiconductors, the range 

of accessible bandgaps would be solely a function of that semiconductor’s 

deformation potentials and the maximum strain that can be realized before material 

fracture. By enabling arbitrary strain distributions to be precisely tailored by 

lithography, this platform enables a new degree of freedom for photonic device 

integration by allowing band profiles to be strongly customized from one device to 

another on the same die, with sufficient carrier confinement for room temperature 

operation. Potential applications include expanded wavelength-division multiplexing 

by accessing a wider range of bandgaps, and reduced-cost lateral-injection lasers by 

removing expensive heteroepitaxy process steps. 
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5.5 Summary and Discussion 

By employing germanium-on-insulator (GOI) substrates we have achieved a record 

<100> uniaxial tensile strain of 5.7% in suspended germanium wires. Since 4.6% 

strain is believed to transform germanium into a direct bandgap semiconductor [39] as 

indicated in Fig. 4-1 in the preceding Chapter, these highly strained germanium wires 

represent a direct bandgap Group IV semiconductor integrated on silicon. This strain 

was measured by Raman spectroscopy, and great care was taken to ensure that the 

observed Raman shifts were not due to heating effects. Micro-photoluminescence (PL) 

measurements confirmed that the germanium wires with strains up to ~3% exhibited 

enhanced and redshifted emission as expected due to the lowering of the direct 

conduction valley relative to the indirect valley and the overall bandgap narrowing. 

Germanium wires with >3% strain are also expected to show continued redshifts and 

enhancements of the PL, however for strains beyond ~3% the PL emission is 

redshifted beyond our present detection capabilities. Optical measurements on our 

most highly-strained germanium wires, including those with >4.6% strain which we 

infer to have a direct bandgap, must therefore be reserved for future efforts. 

In addition to achieving the highest CMOS-compatible uniaxial tensile strain 

even reported in germanium, we have also introduced an entirely new paradigm for 

creating heterostructures without the expense or complexity of multi-material 

heteroepitaxy. We have shown experimental evidence of strong carrier confinement in 

our pseudo-heterostructures and theoretical calculations indicate that we have realized 

band offsets well in excess of the thermal energy kT at room temperature. 

Furthermore, our technique makes it possible to create arbitrary band profiles, whether 
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abrupt or graded, with nanoscale precision by simply choosing the correct lithographic 

dimensions for the desired result. Moreover, because the band profiles are 

lithographically determined, it is trivial to create any number of unique 

heterojunctions side-by-side on the same die using a simple one mask process. 
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Chapter 6 

Etched Microdisk Structures for Large Biaxial 

Tensile Strain 

 

6.1 Overview 

In the previous Chapter we presented very substantial advances in realizing large 

uniaxial strains in germanium using nanowire and micro-bridge structures, including a 

maximum reported uniaxial strain of 5.7% along the <100> axis which represents 

direct bandgap germanium-on-silicon [23]. In this Chapter we will present analogous 

advances in biaxially strained germanium-on-silicon. This is important because biaxial 

strain is best suited to the radial symmetry of microdisk and microgear resonators 

which combine high Q factors and compact form factors. While researchers have been 

actively pursuing ways of inducing large biaxial strains in germanium, these previous 

approaches were typically not CMOS-compatible [62], [63], [160] or else would 

hinder the final laser cavity design due to issues such as strain inhomogeneities [57], 

[102], out-of-plane deflections [71], [72], [161], and/or metals that would introduce 

large optical losses [71]. Very recently, researchers have demonstrated a biaxial strain 

technique which could in principle become CMOS-compatible [64], but at present that 

technique still involves III-V materials and large quantities of gold in the fabrication 

process. There was therefore a need for a CMOS-compatible structure that induces 

large homogeneous biaxial tensile strains in germanium-on-silicon that can truly be an 
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effective platform for germanium lasers. Here we present such a structure, illustrated 

conceptually in Fig. 6-1, which concentrates and amplifies a small pre-existing strain 

biaxially, and we report experimentally measured biaxial tensile strains up to 1.11% 

using this structure [25]. Our structure consists of an ultrathin germanium disk with 

several slits etched in a radially symmetric pattern as shown in the simplified 

schematic of Fig. 6-1(a) which helps visualize the stress concentration process 

intuitively. As shown in the finite element method mechanical modeling of Fig. 6-

1(b), which will be explored in greater detail in Section 6.3, etching this pattern of slits 

concentrates the initial strain into the central microdisk region where it is localized and 

amplified to a larger value.  This strain can be conveniently customized from one 

device to another by lithographically modifying the dimensions of each structure, 

thereby allowing multiple strains – and therefore multiple bandgaps – to be realized 

across a single wafer in a simple one-mask process [25].  

 

 

Figure 6-1. Overview of the proposed stress concentrating microdisk structure. (a) 

Conceptual illustration of the proposed microdisk structure to be employed for stress 
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concentration. The structure consists of several radially symmetric slits emanating outward 

from a circular central region. (b) Biaxial strain distribution in the disk structures as 

computed by finite element method (FEM) COMSOL simulations for the case of a 5 µm inner 

microdisk diameter and a 50 µm outer (total) diameter, with 20 µm of lateral under-etching. 

Scale bar, 10 µm. Inset: Zoomed-in view of the central region. [25] 

 

6.2 Microdisk Fabrication 

To begin, a Si/SiO2/Ge substrate was created by wafer bonding a 0.2% strained 

germanium layer onto an Si/SiO2 substrate using the technique of Ref [112] as 

illustrated in Fig. 6-2(a). This approach results in very high quality germanium and the 

0.2% strain remains after wafer bonding [112]. Then, using electron-beam lithography 

and anisotropic dry etching, the top germanium layer of our Si/SiO2/Ge substrate is 

patterned into a disk with many slits as shown in Fig. 6-2(b-c). Finally, during the last 

fabrication step, the oxide from the material stack is removed using a wet etch in 

liquid hydrofluoric acid. Toward the end of this step, after the oxide has been fully 

etched away but while the sample is still immersed in the liquid etchant, there is a very 

brief moment where the germanium layer is suspended. During this brief moment 

where the germanium is suspended, the small pre-existing tensile stress redistributes 

and concentrates in the microdisk at the center of each structure. The small microdisks 

with diameters of 5.0-7.5 µm therefore become very highly strained, while most of the 

remaining germanium in the structure relaxes somewhat to compensate. During the 

removal of this final liquid hydrofluoric acid etchant, each entire structure was 

deflected downward by capillary forces and then permanently adhered to the 
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underlying silicon substrate by stiction [60] as described in Section 5.2.3 in the 

preceding Chapter. This permanent downward deflection due to stiction is illustrated 

in the cross-section schematic of Fig. 6-2(d) and is evidenced experimentally in the 

measured surface profile of the fabricated structure shown in Fig. 6-3. The stiction has 

a negligible impact on the strain distribution because the thickness of the sacrificial 

layer is very small compared to the total device diameter. Having now successfully 

completed the microdisk fabrication, top-view micrographs showing the resulting 

structure are provided in Fig. 6-3. 

 

 

Figure 6-2. Microdisk fabrication process flow schematic. (a) The initial germanium-on-

insulator (GOI) substrate. (b) E-beam lithography for resist patterning. (c) Dry etching of the 

germanium (Ge) layer. (d) Undercut of the sacrificial oxide layer. [25] 
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Figure 6-3. Optical surface profile of a fabricated microdisk structure, confirming that the 

structure is indeed deflected downward due to stiction. Note that the etched lines appear raised 

due to limitations of the optical interferometer setup; in reality these etch features are ~300 nm 

deep valleys in the profile rather than ~40 nm high raised features. Scale bar, 20 µm. [25] 

 

 

Figure 6-4. Micrographs of successfully fabricated structures. (a) Optical micrograph of the 

entire structure. Scale bar, 20 μm. (b) Scanning electron micrograph of the central region of 

the structure. Scale bar, 2 μm. [25] 
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An important feature of our new biaxial strain structure is that the strain in the inner 

microdisk is purely a function of the initial stress in the germanium and the ratio of the 

inner microdisk diameter to the total structure diameter. The initial stress in the 

germanium is usually fixed at ~0.2% which arises from the mismatch in the thermal 

expansion coefficient between germanium and silicon during the epitaxial growth of 

germanium on silicon [36], leaving the ratio the total diameter to the inner microdisk 

diameter as the most meaningful design parameter. By varying this ratio, the strain in 

the microdisk can be varied lithographically from device to device. For instance, if the 

inner microdisk diameter is held constant, then the strain in the inner microdisk can be 

increased simply by making the total (outer) diameter of the structure larger. By 

varying this ratio of outer diameter to inner microdisk diameter, it is also possible to 

make the strain arbitrarily large, limited only by material fracture of the Ge. 

 

6.3 Mechanical Simulations 

6.3.1 Overview 

In addition to physically fabricating these structures, we have performed finite element 

method (FEM) modeling of the stress distributions to better understand the underlying 

physics and to optimize our design. All of our FEM simulations were performed using 

commercial software, namely COMSOL Multiphysics version 4.4. The “fine” mesh 

size in COMSOL was used in all FEM simulations. The germanium was assumed to 

have a 0.2% initial strain, and germanium’s Young’s modulus and Poisson ratio were 

taken to be 103 GPa and 0.26, respectively. Assuming a constant value for Young’s 

modulus implies that all anisotropies in Young’s modulus are ignored in our FEM 
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simulations, even though in reality this anisotropy is quite large for germanium [140]. 

Nevertheless, given the radial symmetry this omission of the modulus anisotropy 

should not substantially affect our overall results except to perhaps introduce some 

small and consistent systematic error in any corner stresses. 

 

6.3.2 Understanding the Structure 

The first takeaway from our FEM modeling is that, as shown in Fig. 6-1(b), is that our 

structure is theoretically expected to indeed concentrate strain into the central region. 

However, it is also worth considering exactly how and why this structure works to 

concentrate the pre-existing stress. A first point is that our FEM studies assumed 

perfectly flat suspended geometries, thus establishing that the observed strain 

enhancement is overwhelmingly due to the patterned etch slits as opposed to other 

mechanisms such as the deflection from the final stiction step. In terms of the 

mechanism by which our structure’s etch slits concentrate strain, this can be 

understood by considering only the eight etch slits which touch the central microdisk 

region; all of the additional etch slits in Fig. 6-1 (i.e. all slits other than the eight 

touching the inner microdisk) were present only to facilitate the lateral etching of the 

underlying oxide by exposing more of this oxide for removal in the final fabrication 

step. These additional slits could just as well have been a series of holes or any other 

shape that would reduce the maximum distance between exposed areas in order to 

facilitate lateral etching. By considering a structure with only the main eight etch slits, 

shown in the FEM simulation of Fig. 6-5(a) we see that the slits create eight of 
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germanium “wedges” which are all pulling on the central microdisk region. 

Considering any given pair of opposing germanium wedges reveals a structure 

qualitatively similar to the uniaxial microbridges of the preceding Chapter: a wide slab 

of germanium tapers down to a narrow region in the middle where the stress is 

concentration. However, because there are germanium wedges pulling on the central 

regions from all directions, which is in contrast to the microbridge design of the 

previous Chapter, the resulting strain is biaxial.  

 

 

Figure 6-5. Finite element method (FEM) simulations of a 100 μm diameter structure with a 5 

μm diameter inner microdisk (a) without the additional etch slits, and (b) with the additional 

etch slits. [25] 

 

6.3.3 Effect of the Additional Etch Slits 

Having established that only the eight etch slits which touch the central region are 

responsible for the stress concentration, it is worth ascertaining what impact the 
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“additional” etch slits have on the strain distribution. In order to investigate the effect 

of these additional slits we have performed two FEM simulations, shown in Fig. 6-5. 

Both of these FEM simulations are for a 5 μm inner microdisk diameter and a 100 μm 

total structure diameter, with 20 μm between the total structure dimensions and the 

fixed boundary. This 20 μm approximates the outward etching of the sacrificial oxide 

during the final fabrication step. All etch slits were taken to be 500 nm wide with 

rounded tips on each end, in accordance with our experimental design parameters. In 

the first FEM simulation, shown in Fig. 6-5(a), only the eight main etch slits have 

been included. In the second FEM simulation, shown in Fig. 6-5(b), additional etch 

slits have been included as they were in our actual devices. It can be readily seen that 

the stress distribution remains qualitatively extremely similar. Looking at the zoomed-

in views of the microdisk region, we find that the simulation without additional etch 

slits resulted in a 0.590% biaxial strain at the microdisk center, whereas the simulation 

with the additional etch slits resulted in a 0.582% biaxial strain at the microdisk 

center. In both cases the maximum biaxial strain in the corner regions was 

approximately ~0.88%. Thus, we conclude that the only substantive effect of adding 

additional etch slits is to very slightly reduce the strain at the microdisk center without 

otherwise altering the overall strain distribution. 

 

6.3.4 Homogeneity of the Strain Distribution 

By carefully observing Fig. 6-1(b) and Fig. 6-5, we find that resulting strain in these 

structures is exceedingly homogeneous. For instance, the biaxial strain at the center of 

the inner microdisk (inner 5 µm diameter region) of Fig. 6-1(b) is 0.435%, and 
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remains constant to the third decimal place over an area of >10 µm2. This represents a 

negligible variation over a substantial area, indicating an extremely homogeneous 

strain. This variation remains negligible according to our FEM simulations even as the 

total diameter, and hence the strain in the inner microdisk, is increased. Although 

already negligible, this variation can also be further reduced by increasing the number 

of etch slits touching the inner microdisk, as shown by additional FEM simulations in 

the Supporting Information. 

 

6.3.5 Corner Stresses 

These FEM simulations also point to the expected failure mechanism for very highly 

strained disks: corner stresses near the inner edges of the main eight etch slits. This is 

plainly seen in the zoomed-in FEM simulations of Fig. 6-1(b). For this particular 

simulation, the biaxial strain, to be the average of εx and εy for the purposes of FEM 

simulations, reaches as high as 0.60%, even though the center of the inner microdisk is 

under only 0.435% biaxial strain, indicating a fracture risk near the corners. Thus, for 

devices with dimensions yielding larger strains than germanium can tolerate given the 

present material quality, we expect failure of these devices to occur by material 

fractures originating near these corner regions. Such mechanical failure was indeed 

observed experimentally and will be discussed in Section 6.4.3 but the key takeaway is 

simply that we wish to minimize these corner stresses while maximizing the strain at 

the center of the microdisk. 
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6.3.6 Optimizing the Number of Main Etch Slits 

Lastly, while our fabricated devices all had exactly eight “main” etch slits touching the 

inner microdisk, we have nevertheless performed FEM simulations to investigate how 

the stress distribution would be affected by changing the number of etch slits which 

touch the inner microdisk. For these simulations, shown in Fig. 6-6, we have fixed the 

inner microdisk diameter to 5 μm, the total structure diameter to 50 μm, and assumed 

a constant 20 μm between the total structure dimensions and the fixed boundary to 

approximate the outward etching of the sacrificial oxide. All etch slits were again 

taken to be 500 nm wide with rounded tips on each end, in accordance with our 

experimental design parameters. Meanwhile, the number of main etch slits was varied 

from 3 to 20. It is immediately clear from Fig. 6-6(a) that increasing the number of 

main etch slits drastically increases the spatial homogeneity of the strain in the 

microdisk. The relationship between the number of etch slits and the microdisk strain 

and the corner strain, shown in Fig. 6-6(b) is more complex. For the design parameters 

used in this series of FEM simulations it would appear that somewhere between 10 

and 15 main etch slits offers the optimal combination of relatively high microdisk 

strain and relatively low corner strain, though we expect this number to change 

significantly if the microdisk diameter is changed and/or the width of the etch slits is 

changed. Nevertheless, this suggests that changing the number of main etch slits may 

be another avenue to further improve this structure in a future work.  
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Figure 6-6. Optimizing the number of main etch slits. (a) Finite element method (FEM) 

simulations of the structure with different numbers of main etch slits. (b) Biaxial strains at the 

microdisk center and in the corner regions as a function of the number of main etch slits. [25] 

 

 

6.4 Microdisk Characterization 

6.4.1 Raman Spectroscopy 

The strain in successfully fabricated structures was then measured by Raman 

spectroscopy, where a strain-shift coefficient of 390 cm-1 was used following the 

method of Ref [162]. As was the case in the preceding Chapter, a 514nm wavelength 

excitation laser was used for all Raman measurements. Although this nominally limits 

our strain measurements to the sample’s top surface, we can again safely assume that 

the strain was uniform along the vertical axis because our suspended structures 

showed no vertical deflections (a hallmark of vertical strain gradients) and also 

because finite element method COMSOL simulations again indicated that no vertical 

strain gradients were to be expected.  According to the observed Raman spectra of Fig. 
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6-7(a), the observed biaxial strains in the structures’ inner microdisks ranged from 

0.2% to 1.11%; the lower bound of 0.2% strain represents the residual germanium 

strain in the absence of patterning. The relationship between the observed strain and 

the outer diameter is shown in the inset of Fig. 6-7(a) for a series of devices fabricated 

side-by-side in the same run. From the inset of Fig. 6-7(a) it is clear that the measured 

strain has not saturated even for our largest unbroken sample (130 µm outer diameter), 

and FEM simulations predict no hard limit on the achievable strain if fracturing is 

ignored. Thus if the material fractures can be eliminated, perhaps by reducing the 

initial defect density in the Ge or by alleviating the corner stresses from which the 

fractures originate, even larger biaxial strains may be within reach with larger 

dimensions. 

 

 

Figure 6-7. Raman characterization of the microdisks. (a) Raman spectra for various 

structure diameters. Inset: observed strain vs. outer diameter. (b) Biaxial strain distribution in 

the structure, measured by a Raman area scan. Scale bar, 2 μm. [25] 
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Another important advantage of our structure is that the biaxial strain is very 

homogenous over a large area, as suggested by our FEM modeling in Fig. 6-1(b) and 

Fig. 6-5. Vertical homogeneity of the strain distribution, which we expect 

theoretically, was inferred experimentally from the complete absence of any 

noticeable out-of-plane deflections since such deflections inevitably accompany 

vertical strain gradients. To confirm the strain’s lateral homogeneity we have 

performed a Raman area scan and converted the measured Raman shifts to an 

“equivalent biaxial strain” by following the example of Ref [162]. As shown in Fig. 6-

7(b), the observed strain is nearly constant over a large area in the inner microdisk, 

indicating excellent strain uniformity except for some sharp increases near the corner 

regions. While the use of “equivalent biaxial strain” here is imperfect for the very 

strongly non-biaxial strains in the corner regions, this is a non-issue over most of the 

central region where the strain is observed to be quite homogenous except for small 

variations which we ascribe to noise in the Raman measurements. This confirms that 

our structure achieves a uniform strain over a large area in practice as well as in 

theory. 

 

6.4.2 Photoluminescence 

Finally, the biaxially strained structures were characterized by photoluminescence 

(PL) measurements, as shown in Fig. 6-8(a), taken at the center of the inner 

microdisks. As explained in Section 5.3.2 of the preceding Chapter, although the 532 

nm PL excitation laser is absorbed near the top surface of our samples, the 

photogenerated carriers rapidly diffuse along the vertical axis before recombining. As 



152 
 

a result, we can safely assume a vertically uniform carrier distribution for the purposes 

of our PL measurements. In order to preclude any significant heating effects the PL 

excitation laser power of 20 mW was again used for measuring germanium samples 

that were directly adhered to the silicon substrate, except in Section 6.5 where a lower 

power of 5 mW (and correspondingly longer integration times) was used due to a 

somewhat reduced heat sinking capability associated with a design change in that 

section. The structures characterized by PL had a relatively larger inner microdisk 

diameter of 7.5 µm to accommodate the finite spot size of the excitation laser, and the 

use of substrate-adhered germanium structures in this work precludes any significant 

heating effects from the 12 mW laser excitation [23] as evidenced in Fig. 5-6 of the 

preceding Chapter. Biaxial strain is well understood to enhance germanium’s 

luminescence by increasing the fraction of electrons in the direct conduction valley 

[45], [53], [71], [72], [163], and we observe this phenomenon in our PL 

measurements. As shown explicitly in the inset of Fig. 6-8(b), the integrated intensity 

of the PL emission from our Ge structures increases by a factor of ~2.3x as the strain 

increases from zero to 0.98%. This is somewhat smaller than the enhancement in 

direct () valley occupancy expected from our tight-binding model, shown in Fig. 3-4 

of Chapter 3, however this discrepancy can be explained by the fact that valence band 

splitting and polarization selection rules favor in-plane emission over out-of-plane 

emission as the biaxial strain increases [63]. Moreover, the presence of a large and 

uniform strain in the disks is unambiguously confirmed by analyzing how the 

wavelength of the PL emission changes with strain, and by confirming that the 

redshifts follow the energy separations between the Gamma (Γ) valley and the two 
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separate valence bands, the heavy hole (HH) and light hole (LH) bands, as has been 

observed in previous works [60], [164]. As shown in Fig. 6-8(b), employing larger 

strains does indeed redshift the PL emission in accordance with the narrowing of the 

Γ–HH and Γ–LH bandgaps predicted by theory. 

 

 

Figure 6-8. Photoluminescence characterization of the microdisks. (a) Photoluminescence 

(PL) spectra at various strain levels. (b) PL wavelength vs. strain. Inset: PL intensity vs. 

strain. [25] 

 

6.4.3 Fractured Microdisks 

A key point reiterated several times thus far is that our approach enables arbitrarily 

large biaxial strains, limited only by material fracture. In this section we will 

investigate this material fracture and how it inhibits us from achieving even larger 

strains. For the specific case of a structures with an inner diameter of 5 µm, structures 

were successfully fabricated with outer (total) diameters ranging from 30–130 µm, but 

structures with outer diameters of 140 µm or larger failed due to material fracture as 
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shown in Fig. 6-9. As expected from the FEM simulations of Fig. 6-1(b) and Fig. 6-5, 

we find that the fracture lines typically emanate from the corner regions – an effect 

plainly visible in Fig. 6-9. A study of several failed devices also revealed a strong 

tendency of the fracture lines to be aligned with the <110> cleavage planes, i.e. the 

standard cleavage planes for face-center cubic crystalline materials such as germanium 

and Si [165]. 

 

 

Figure 6-9. Micrographs of fractured microdisk structures. (a) Optical micrograph. Scale bar, 

20 μm. (b) Scanning electron micrograph. Scale bar, 2 μm. [25] 

 

Since the structures fail when the strain exceeds our germanium’s fracture limit, it is 

worth considering exactly what this limit is. For our results in this work we can infer 

that material fracture occurs approximately when the “equivalent biaxial strain,” i.e. the 

average of the x- and y-components of the strain tensor, exceeds about ~1.7%. This is a 

crude estimate based on the FEM modeling in Fig. 6-6 which shows that the equivalent 

biaxial strain in the corner region is ~50% larger than the central region strain, and so 
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we very roughly assume the equivalent biaxial strain at material fracture to be ~50% 

larger the maximum achievable strain in the central region which was found to be 

1.11%. Although theoretically this fracture limit occurs when a uniaxial strain exceeds 

~18% anywhere in the sample, in practice any defects present have a tendency to 

dramatically reduce this maximum strain limit by increasing crack formation and 

propagation [166], thus explaining the much smaller value of ~1.7% which we just 

inferred. This means that, in practice, the fracture tolerance that limits the achievable 

strain is highly dependent upon the germanium material quality rather than being a 

fundamental material property of germanium [166]. The n-doped germanium-on-

insulator substrates we have used are of comparatively high quality with a carrier 

lifetime known to be approximately ~3.1 ns [112] which is much better than simple n-

doped germanium-on-Si material stacks which exhibit carrier lifetimes of only ~0.4 ns 

[121] due to the high defect density associated with the lattice-mismatched 

heteroepitaxy. However, bulk germanium is known to show carrier lifetimes as high as 

500 µs [113], indicating that there remains considerable room to reduce defects and 

improve the material quality of our germanium. Since the fracture limit is a strong 

function of the germanium defect density, it logically follows that if independent 

research advances make it possible to create higher quality germanium-on-insulator 

substrates then the fracture limit would increase and considerably larger strains could 

be achievable using our biaxial stress concentration technique. 
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6.5 Optical Cavity Integration 

6.5.1 Optical Mode Leakage from Strained Microdisks 

Having successfully fabricated germanium microdisks with large and homogeneous 

CMOS-compatible biaxial tensile strains, the next step toward realizing a tensile 

strained germanium is to integrate an optical cavity into our strained microdisks such 

that the optical mode is confined in the highly strained central region. As indicated in 

Fig. 6-10, there are currently two paths through which the optical mode can leak out of 

the active region. First, the optical mode can leak straight down into the substrate as 

illustrated in Fig. 6-10(a). The fact that our stiction process brings the germanium into 

direct contact with the underlying silicon substrate was highly desirable in that it 

greatly helps with heat sinking by allowing very efficient thermal dissipation from the 

germanium into the silicon, however this contact between germanium and silicon also 

allows the optical mode to easily leak into the substrate due to the low refractive 

contrast between germanium and silicon. While we could solve this problem by 

employing suspended geometries, i.e. forgoing the stiction by replacing the liquid 

hydrofluoric etch with an isotropic vapor etch, this is undesirable because suspended 

geometries tend to suffer heating problems at high powers as shown in Fig. 5-6 in the 

preceding Chapter. We therefore require a solution that will combine the vertical 

optical mode confinement of suspended geometries with the efficient thermal 

dissipation of stiction-based germanium-on-silicon geometries. In Section 6.5.2 we 

will present such a solution by employing a novel dual-dielectric fabrication process. 

The second problem is the optical mode can leak out laterally away from the active 

region within the germanium as illustrated in Fig. 6-10(b). We must therefore 
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somehow prevent this lateral mode leakage without substantially degrading the strain 

distribution. In Section 6.5.3 we will present an additional patterning step which 

prevents this lateral mode leakage, along with some tricks for maintained the large and 

homogeneous biaxial strain that we require in the active region. 

 

               

Figure 6-10. Schematic cross-section of the germanium (Ge) microdisks, showing optical 

mode leakage paths in the substrate-adhered microdisk structure. (a) Vertical optical mode 

leakage path directly into the silicon substrate, and (b) lateral optical mode leakage path 

within the germanium microdisk. Optical mode leakage is indicated by light green arrows. 

 

6.5.2 Dual-Dielectric Fabrication Process for Vertical Optical Confinement 

As explained in the previous section, we would like to combine strong vertical 

confinement of the optical mode, normally associated with suspended geometries due 

the large refractive index contrast between germanium and air, with efficient thermal 

dissipation, normally associated with stiction-based germanium-on-silicon geometries 

due to the large thermal conductivity of silicon. To meet these requirements we must 

have germanium ultimately in contact with a material that is reasonably thermally 

conductive, or at least more thermally conductive than air, and that also offers a large 
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refractive index contrast to germanium. To this end, we have developed a revised 

fabrication process, shown in Fig. 6-11, that has two dielectric layers, aluminum oxide 

and silicon dioxide, sandwiched between germanium and the silicon substrate in the 

starting material stack. Whereas the silicon dioxide is thermally grown, this new layer 

of aluminum oxide is deposited by atomic layer deposition and is only a few 

nanometers thick. 

 

Figure 6-11. Process flow schematic for the dual-dielectric fabrication process. (a) The initial 

germanium-on-insulator-on-insulator (GOIOI) substrate showing the two dielectric layers: 

aluminum oxide and silicon dioxide. (b) E-beam lithography for resist patterning. (c) Dry 

etching of the germanium (Ge) layer. (d) Selective undercut of the sacrificial aluminum oxide 

(Al2O3) layer, leaving germanium/silicon-dioxide/silicon as the final material stack. 

 



159 
 

As shown in the Fig. 6-11, this dual-dielectric process is essentially the same as before 

(Fig. 6-2), but now with a layer of aluminum oxide between the germanium and the 

silicon dioxide. This aluminum oxide now acts as the sacrificial layer which, as 

illustrated in Fig. 6-11(d), can be isotropically and selectively removed in a wet 

potassium hydroxide (KOH) etch. This KOH etch leaves the silicon dioxide layer 

intact so that in the final stiction step germanium is now permanently adhered to the 

~800 nm thick silicon dioxide layer, resulting a final material stack of 

germanium/silicon-dioxide/silicon as shown in Fig. 6-11(d). This now provides good 

optical confinement due to the large refractive index contrast between germanium and 

the ~800 nm thick silicon dioxide layer while also providing an efficient thermal 

dissipation path from germanium downward through the silicon dioxide into the 

underlying silicon substrate. While silicon dioxide may not be a particularly good 

thermal conductor it is a dramatic improvement over the previous air gap, and this is 

borne out in our experimental observations. For suspended geometries (i.e. with an air 

gap) we found that PL excitation laser powers of ~5 mW would cause the samples to 

melt. By replacing the air gap with the silicon dioxide layer in our dual-dielectric 

process, our SiO2-adhered structures could tolerate up to ~50 mW of PL excitation 

laser power before melting. This is not quite as thermally resilient as those structures 

which were directly adhered to silicon and could tolerate excitation powers beyond 

100 mW, but the SiO2-adhered samples of from our dual-dieletric process nevertheless 

represent a tenfold improvement over the suspended geometries with respect to 

thermal dissipation. We also found, by modulating the PL pump power, that a full 5 

mW of excitation power could be used without significant heating the SiO2-adhered 
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samples. (Although 5 mW is a full 10% of the power required to melt the sample the 

heating at this power is indeed minimal; the melting occurs in a thermal runaway 

process and so the temperature changes non-linearly, and spikes very abruptly, as the 

melting excitation power is approached). Thus, our dual-dielectric fabrication process 

note only fully resolves the issue of vertical confinement of the optical mode but also 

maintains adequate heat sinking since.  

 

6.5.3 Circular Patterning for Lateral Optical Confinement 

There remains the issue of the optical mode leaking away from the active region 

laterally through the layer. At first glance this may seem like a more fundamental 

challenge since our stress concentration approach requires the highly strained active 

region to be physically connected to the rest of the structure, as shown in Fig. 6-12(a-

b), in order for the initial stress from the entire structure to be transferred to the central 

region. However, after the germanium in our structure is briefly released and then 

permanently adhered to the underlying material by stiction, we find that the stress 

redistribution has already taken place and the germanium is now fixed in place by its 

bottom surface. We therefore hypothesized that perhaps we could dry etch the active 

region into a more traditional circular resonator, about 3.5 µm in diameter as shown in 

Fig. 6-12(c-d), that is laterally surrounded by air on all sides. This virtually eliminates 

any lateral leakage of the optical mode and should, at least in principle, enable an 

efficient optical resonator with whispering gallery modes. 
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Figure 6-12. Micrographs of a resonator created by post-patterning a microdisk. (a) 

Scanning electron micrograph of a microdisk before optical cavity patterning, (b) Zoomed-in 

view of the region of Fig. (a) indicated by the red box, (c) Scanning electron micrograph of a 

microdisk after optical cavity patterning, (d) Zoomed-in view of the region of Fig. (c) 

indicated by the red box. 

 

There were two concerns in creating these circularly-patterned optical cavities. First, 

there was a concern that the germanium may delaminate from the underlying substrate 

if the adhesion from Van der Waals forces (i.e. due to stiction) is too weak. In our 

previous work [71], [72], [161] using highly strained silicon nitride we observed a 
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tendency of the nitride to delaminate if the nitride’s strain was too high and the layer 

was too thick. If our germanium active region were to delaminate it would become 

completely unusable. To pre-emptively address this issue, we have always performed 

an anneal at ~400oC for ~2 hours before patterning the circular resonator. Our hope 

was this anneal would create covalent bonds between germanium and the underlying 

silicon dioxide layer, and that this bonding would be strong enough to prevent 

delamination of the highly strained germanium resonator. As shown in Fig. 6-12(c-d), 

we successfully prevented any delamination of the germanium despite the large strain. 

 A second concern was that removing the lateral connection to the rest of the 

germanium would result in strain relaxation at the top surface, particularly near the 

outer perimeter of the top surface. This is common phenomenon in situations such as 

ours where the strain is maintained solely from the bottom surface. Thinking ahead, 

we proposed resolving this problem, should it arise, by depositing a compressively 

stressed silicon nitride layer on top of the entire structure. This is essentially the 

approach favored by Capellini et al. who showed that depositing compressively 

stressed silicon layers on germanium will impart tensile strain to germanium, but with 

a large inhomogeneity such that considerably more stress is imparted to the edge 

regions of the top surface than to the rest of the structure [162]. Since we are 

concerned about strain relaxation in these outer edges of the top surface, we propose 

using a silicon nitride stressor layer technique to compensate any strain losses at the 

top surface perimeter that may be observed in the next section. 
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6.5.4 Raman Characterization of Optical Cavities 

Having fabricated these new circular resonators, the first question is whether or not the 

large and spatially uniform biaxial strain remains. As shown in Fig. 6-13(a), even 

before patterning the circular resonator we find that our new dual-dielectric fabrication 

process has caused some reduction in the strain homogeneity compared to our single-

dielectric process (Fig. 6-7(b)). We suspect that this may be due to the annealing step, 

but the strain still retains a usable degree of homogeneity. However, after patterning 

the circular resonator we find that the strain has become severely inhomogeneous. As 

shown in Fig 6-13(b), while the initial strain of about 0.8% remains at the center, the 

outer edges are almost completely relaxed. If this were the final result, our microdisks 

would be potentially unusable for laser applications. However, as explained in Section 

6.5.3, we anticipated this effect and have attempted to correct for this inhomogeneity 

by depositing about ~200 nm of compressively strained silicon nitride. As shown in 

Fig. 6-13(c), this post-patterning nitride deposition completely restores the desired 

strain inhomogeneity. In fact, this nitride deposition has not only completely 

compensated for the strain inhomogeneity that results from patterning the circular 

resonator (Fig. 6-13(b)) but it has also perfectly corrected for the initial unexplained 

inhomogeneity in Fig. 6-13(a) that resulted from our new dual-dielectric process 

and/or the annealing. Thus, we have fabricated circular optical cavities while 

maintaining nearly perfect spatial uniformity of the strain distribution, while of course 

maintaining efficient thermal dissipation for heat sinking too. 
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Figure 6-13. Raman area scans of the strain distribution (color scale) in the structure using the 

dual-dielectric fabrication process shown (a) before optical cavity patterning, (b) after circular 

resonator patterning, and (c) with ~200 nm of post-patterning silicon nitride. 

 

6.5.5 Photoluminescence from Optical Cavities 

Having confirmed that our optical cavities maintain the desired strain distribution, the 

next step is to demonstrate the presence of optical resonances in the light emission. We 

have done that by measuring the photoluminescence from two microdisks, one with 

0.42% strain and another with 0.67% strain, before and after patterning our optical 

cavity in each case. As can be seen in Fig. 6-14, optical resonances are clearly visible 

when comparing patterned vs. unpatterned curves for any given strain value. The 

resonances are not particularly sharp, likely due to nitride surface roughness which may 

be improved with future optimizations, but establish a clear proof of concept that we 

have indeed integrated an optical cavity into our germanium microdisks while 

preserving the large homogeneous biaxial strain. 
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Figure 6-14. Photoluminescence (PL) measurements on the microdisk structures before and 

after patterning the optical cavity. Note that all patterned structures (i.e. structures with 

optical cavities) included a ~200 nm silicon nitride stressor layer to restore the original strain 

homogeneity. The PL excitation laser power was reduced to ~5mW for the measurements 

shown in this figure, coupled with longer integration times, in order to minimize heating 

effects in these SiO2-adhered structures.  

 

We can also infer whether the resulting optical modes are from longitudinal modes 

along the diameter or whispering gallery modes along the circumference by analyzing 

the spacing of the observed optical modes. Taking germanium’s refractive index to be 

about 4.35 [71], [167] and assuming a final patterned diameter of 3 µm, we find an 

optical path length of about 13 µm for the longitudinal modes (diameter) and 41 µm 

for the whispering gallery modes (circumference). For the longitudinal modes, where 

modes must have a wavelength that can be evenly divided into twice the optical path 
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length (26 µm), the mode spacing would be ~110 µm for resonant wavelengths near 

1700nm. For the whispering gallery modes we expect resonances at wavelengths that 

evenly divide the circumference (41 µm) and thus we would have a mode spacing of 

~70 µm. From Fig. 6-14 we find the observed mode spacing to be about ~60 µm for 

resonances in the vicinity of 1700nm. This observed mode spacing is much closer to 

the expect value for whispering gallery modes than for longitudinal modes, indicating 

that the observed resonances are indeed whispering gallery modes along the 

circumference of the microdisk. 

 

6.6 Summary 

In summary, we have experimentally achieved large biaxial strains of up to 1.11% in 

microdisks fabricated in germanium nanomembranes. Unlike previous works on highly-

strained germanium [57], [62], [63], [71], our strain satisfies all the conditions of being 

permanently-sustained, vertically and laterally homogenous over arbitrarily large 

volumes, and integrated directly on a silicon substrate while preserving full CMOS-

compatibility. Our process has the further advantage of reduced cost and simplicity 

since it involves only one lithography step and does not require external stressor layers 

or out-of-plane deflections [63], [71], [160]. The amount of strain in our structures and 

the lateral homogeneity of the strain distributions were experimentally determined using 

Raman spectroscopy, and found to be in good agreement with FEM simulations. 

Vertical homogeneity of the strain distribution was presumed since the geometry is 

purely in-plane with no relevant vertical features. Red-shifted, enhanced PL spectra 

from the strained disks offer further confirmation of the high strain levels in these 
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germanium structures, validating the Raman spectroscopy results. Additionally, the 

permanent stiction between the germanium nanomembrane and the Si substrate 

provides excellent thermal conductivity and eliminates heating problems which have 

traditionally plagued other membrane approaches [23].  

The strained germanium structures presented herein also offer an extraordinary 

level of design flexibility. The size of the structures can also be scaled up or scaled down 

almost arbitrarily, since the strain is determined almost exclusively by the ratio of the 

inner microdisk diameter to the total structure diameter. This is important for enabling 

versatile resonator design if the structures are further patterned into micro-disk or micro-

gear resonators. For instance, if some lasers in a final system layout need to have a 

particularly large light output then they could be made from physically larger resonators 

for improved heat sinking whereas lasers requiring a smaller light output could be made 

from resonators with a smaller and more compact form factor, provided that an 

appropriate inner diameter to outer diameter ratio is maintained when patterning the 

microdisks for such resonators. Additionally, since a resonator must always have 

dimensions optimized for the intended operating wavelength, the ability to scale the size 

up or down means that it will always be possible to create a resonator of the desired size 

without compromising the strain distribution. The actual design of such resonators, 

however, is a task which we leave for a future work. Most importantly, the strain can be 

customized lithographically by changing certain specific dimensions of the structure, 

specifically the inner diameter to outer diameter ratio. This means that multiple strains, 

and thus multiple bandgaps, can be realized across a single die using a simple one mask 

process. The presence of multiple bandgaps means that a much wider range of 
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wavelengths can be accessed for emission, modulation and detection, thus raising the 

possibility of employing these structures in extended wavelength-division multiplexing 

systems for on-chip optical interconnects. This functionality may find applications not 

only using germanium but also III-V materials, and our approach should be highly 

transferable to any arbitrary material system provided that the active material begins 

with some initial tensile stress. 

Lastly, we have integrated an optical cavity into our germanium microdisks by 

patterning circular resonators with whispering gallery modes. This provides lateral 

confinement of the optical mode, with vertical confinement provided by a layer of 

silicon dioxide between the germanium resonator and the underlying silicon substrate. 

This silicon dioxide also provides an efficient heat conduction path, ensuring efficient 

thermal dissipation which will provide effective heat sinking for practical laser device 

applications. While patterning this cavity might seem to be detrimental to the 

homogeneity of the strain distribution, we have shown that employing a final silicon 

nitride stressor layer deposition can ensure that the spatial uniformity of the large biaxial 

strain is nearly perfect. We also have experimental evidence of optical resonances from 

photoluminescence measurements on these highly-strained germanium optical 

resonators. This represents a critical step toward realizing a highly strained germanium 

laser on silicon. Another element which we have not considered in this dissertation is 

that electrical contacts must eventually be incorporated such that these structures can be 

electrically pumped. This is a significant challenge in that incorporating metal 

electrodes can severely degrade the quality of an optical cavity, a problem which is 

already plaguing research efforts in germanium lasers [101]. However, substantial 
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progress has been recently made in demonstrating tensile strained germanium optical 

cavities with electrical injection [168].  Given that our work on integrating optical 

cavities is still in the very early stages, we expect future efforts to deliver considerable 

improvements toward all of these goals.  
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Chapter 7 

Conclusions and Outlook   

 

Throughout this dissertation we have presented concrete achievements on the road 

toward realizing an efficient low threshold CMOS-compatible laser using band 

engineered germanium. In the first part of this dissertation we discussed the 

motivation for this work. More specifically, in Chapter 1 we leaned on previous 

research to present the case for on-chip and off-chip optical interconnects in the 

general sense, to show that a CMOS-compatible laser remains the “missing link” for 

realizing an on-chip optical link, and to explain why an efficient germanium light 

source is such a tantalizing prospect. In Chapter 2 we then reviewed the existing 

research to explain some critical gaps on both the theoretical and experimental fronts. 

On the theoretical side, there was simply no comprehensive model of band 

engineering germanium lasers. It was completely unknown, for instance, whether 

tensile strain or n-type doping, the prevailing technique when we began this work, 

would offer more promising performance enhancements. It was also unknown whether 

or not band engineering and n-type doping could be employed together in a useful and 

effective way. Meanwhile, on the experimental side there were simply no viable 

techniques for engineering very large tensile strains in germanium, whether uniaxial or 

biaxial, in a way that is both CMOS-compatible and that can be feasibly integrating 

with an optical cavity to build a laser. These theoretical and experimental deficiencies 

in the existing literature are what we have sought to address in this dissertation. 
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 With regard to the theoretical concerns, we have presented in Chapters 3 and 4 

of this dissertation the first comprehensive model of how band engineering and n-type 

doping affect the performance of germanium lasers. We have considered band 

engineering by means of biaxial and uniaxial strains along all three major orientations 

as well as band engineering through tin alloying, and we have investigated the 

particularities of each with respect to germanium’s laser performance, including 

subtleties related to the valence band splitting that occurs under strain. Most 

importantly, we have presented the first detailed theoretical investigation of the 

interaction between band engineering and n-type doping: whereas most experimental 

efforts up to 2010 focused on n-type doping, our models plainly show band 

engineering, whether by tensile strain or tin alloying, to be the superior approach. We 

have further shown that there is a negative interaction between all forms of band 

engineering and n-type doping. In fact, too much n-type doping is decidedly harmful 

and, if a more useful band engineering approach is employed, it will actually become 

necessary to reduce the doping from present levels. Meanwhile, our model shows that 

there is no negative interaction between tensile strain and tin alloying, indicating that 

tensile strained germanium tin alloys are a very promising route to an efficient CMOS-

compatible laser. Lastly, our model is the first to consider the slope efficiency of a 

germanium laser, which we find to be unexpectedly low even for a very ideal design 

due to a large amount of free carrier absorption from indirect valley electrons. As 

such, it will be necessary to employ much more lossy optical cavities than one might 

typically expect, even though this will come at the expense of threshold and thus 

necessitate even more band engineering for efficient overall operation. 
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 From there we pivoted to experimental realization of large strains. In Chapter 5 

we presented germanium wires with up to 5.7% uniaxial tensile strain using 

microbridge structures – enough to turn germanium into a direct bandgap 

semiconductor – while maintaining full CMOS compatibility. We characterized these 

wires using both Raman spectroscopy and photoluminescence and observed enhanced 

and redshifted emission from these strained wires. Beyond the singular achievement of 

a large uniaxial strain, we have also introduced the concept of single material 

pseudoheterostructures using a spatially varying strain. Since tensile strain modulates 

germanium’s bandgap, and since our technique allows very precise tailoring of the 

strain profiles, we are able to deliberatively and locally tailor germanium’s bandgap so 

as to reproduce the electronic band profiles of traditional multi-material 

heterostructures even though only one material (i.e. germanium) is employed. This 

opens up an entirely new paradigm for creating custom-designed heterostructures with 

control of the band profiles at the nanoscale – and without the expense or complexity 

of heteroepitaxy. Moreover, because the strain – and hence the bandgap – is 

determined lithographically, our technique makes it possible to access a larger range 

of wavelengths for extended wavelength division multiplexing. In Chapter 6 we 

presented an analogous etched microdisk structure for biaxial strain, with up to 1.1% 

strain observed, which offers the exact same degree of design flexibility: the strain is 

again precisely tunable by changing certain dimensions at the lithography stage. These 

structures were also characterized using Raman spectroscopy and photoluminescence 

which confirmed enhanced and redshifted light emission as expected. In addition, we 

have fabricated optical cavities using these biaxial microdisks, and we have 
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demonstrated optical resonances while maintain an extremely spatially homogeneous 

strain distribution. 

 Taken together, these achievements represent very tangible theoretical and 

experimental progress toward realizing an efficient CMOS-compatible laser using 

band engineered germanium. We now have a vastly improved theoretical 

understanding of how a band engineered germanium laser will behave, and we now 

have simple and elegant techniques for achieving this band engineering in practice 

through both uniaxial and biaxial tensile strain. We have shown enhancements in the 

light emission, and also a first pass realization of an optical cavity. Looking forward, 

this represents all the necessary tools for realizing an efficient CMOS-compatible 

germanium laser and we leave the final push, i.e. building this laser, to future 

researchers. 

 The question then remains of how we expect band-engineered germanium to 

progress in the coming years. One major deficiency that needs to be addressed is the 

small amount of experimental data, even simple material gain studies, available to 

validate existing theoretical models. With techniques for achieving large tensile strains 

and GeSn alloys with very high tin content finally coming to fruition within the past 

few years [22], [23], [25], [81], [82], [84], [87], more such optical gain demonstrations 

are a logical next step. The very recent demonstration of an electrically pumped direct 

bandgap GeSn laser [87] is evidence of the present vitality of this field as it progresses 

toward a viable CMOS-compatible light source. With direct bandgap Group IV 

semiconductors on silicon now a reality [23], [87], and having still not yet tapped the 

possibility of combining tensile strain with GeSn [86], it would appear that the most 
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fundamental material challenges have been mostly overcome. (Continued efforts on 

reducing material defects, though, would certainly be welcome [112], [121]). With 

practical techniques now beginning to emerge for optical cavity integration, we expect 

the next few years to be decisive in proving whether or not band-engineered 

germanium can ultimately be a suitable material for efficient CMOS-compatible light 

emission. 

On the subject of optical gain demonstrations, one particularly frustrating 

hurdle we encountered was the lack of economical detectors that can operate at the 

redshifted wavelengths associated with our heavily band engineered germanium. 

Indeed, we were completely unable to measure the optical properties of the direct 

bandgap strained germanium nanowires that we fabricated [23]. This represents a 

potentially game-changing yet underexplored application for band engineered 

germanium as a mid-infrared light emitter and, especially, a detector. While we have 

hitherto treated the emission and detection redshifts that accompany our proposed 

band engineering as nuisances to be mitigated for the application of optical 

interconnects, by pushing germanium’s operating wavelength from 1.55 µm into the 

mid-infrared we have actually developed a material which may be used for thermal 

imaging. This potentially opens up a large number of military, sensing and medical 

applications: the CMOS-compatibility of band engineered germanium-on-silicon 

makes it a very compelling candidate to deliver highly economical optical components 

in the mid-infrared which could compete very favorably with the costly existing 

technologies. Thus, while we have focused exclusively on optical interconnect 

applications in this dissertation and such applications are indeed promising, the 
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materials we have developed may also find very compelling military, sensing and life 

sciences applications if researchers are willing to think slightly outside of the box. 
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Appendix 
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 Figure A-1. Optical net gain of germanium under 1.0% biaxial tensile strain as a 

function of electron and hole concentrations (left) and as a function of doping and 

steady-state injected carrier density (right), shown at various wavelengths. 
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Figure A-2. Optical net gain of germanium (left) computed at the wavelength of 

maximum net gain (right), both given as a function of n-type doping and steady-state 

injected carrier density, and shown for an extended range of biaxial tensile strain 

values. 
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Figure A-3. Threshold current density (left) and slope efficiency (right) vs. biaxial 

tensile strain (<100> orientation) and n-type doping, shown for an extended range of 

optical cavity loss values. 
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Figure A-4. Threshold current density (left) and slope efficiency (right) vs. uniaxial 

tensile strain (<100> orientation) and n-type doping, shown for an extended range of 

optical cavity loss values. 
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Figure A-5. Threshold current density (left) and slope efficiency (right) of an 

unstrained germanium-tin laser vs. tin concentration and n-type doping, shown for an 

extended range of optical cavity loss values. 
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Figure A-6. Threshold current density (left) and slope efficiency (right) of a biaxially 

strained (<100> orientation) germanium-tin laser as a function of strain and tin 

content, shown for an extended range of optical cavity loss values. A double 

heterostructure design with a 300nm thick germanium tin (GexSn1-x) active region, 

1x1018 cm-3 n-type doping and SRH=100ns are assumed. 
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