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Abstract 
 
Silicon photonics offers great benefits in terms of cost, performance and power 

consumption. This is increasingly important as the demand for internet bandwidth 

continues to grow. Optical detection in silicon photonics is performed via the integration 

of germanium, one of the more challenging integration steps during fabrication. This 

thesis describes research into a novel technique to grow silicon-germanium on silicon and 

its application in waveguide detectors and research performed into the application of 

germanium at extended wavelengths of light.  

Chapter 1 provides a brief introduction to silicon photonics and chapter 2 covers 

background material on p-n and p-i-n detectors as well as germanium growth on silicon 

and it’s applications in silicon photonics. Chapter 3 presents work done on a germanium 

condensation technique using high fluence ion implantation, suitable for straightforward 

silicon-germanium fabrication. Using this technique a crystalline layer of silicon-

germanium with a high concentration of 92% germanium was demonstrated. In addition a 

semi-empirical model was developed using a segregation coefficient, an enhanced linear 

oxidation rate and transient enhanced diffusion. This technique was then used to fabricate 

a photodetector for operation at a wavelength of 1310 nm. While the responsivity of the 

detector of 0.01 A/W was modest, this work presents the first demonstration of a detector 

fabricated in this way, and as such provides a foundation for future improved devices. 

Chapter 4 presents work done on p-i-n germanium detectors to increase their detection 

limit in the thulium doped fibre amplifier band. This work originally focused on using 

mid-bandgap lattice defects introduce via ion implantation to improve the detection limit. 
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However, during this experimental work it was determined that the unimplanted samples 

had a responsivity of 0.07 A/W at 1850 nm and 0.02 A/W at 2000 nm which was higher 

than that of the defect implanted samples and so the unimplanted samples were 

investigated further. From this work it was found that the absorption of the germanium 

detectors was 0.003 µm
-1

 at 1900 nm, which is approximately a factor of 10 greater than 

that of bulk germanium. The increased responsivity and absorption coefficient were 

attributed to tensile strain in the germanium. In Chapter 5 Raman spectroscopy was 

employed in order to investigate the detectors described in chapter 4 and confirm the 

presence of tensile strain. When compared with Raman spectra from a bulk germanium 

sample it was found that the detectors were experiencing 0.27 to 0.48 % tensile strain, 

consistent with the enhanced absorption at extended wavelengths. Nanowire bridges were 

then fabricated in germanium and silicon-germanium and characterized using Raman 

spectroscopy. Germanium was found to have enhanced strain in the nanowire with an 

enhancement of up to 13.5 demonstrated, whereas for the silicon-germanium samples the 

structures were shown to reduce the compressive strain in the samples. It is concluded 

that strain engineering is a very promising route for the development of extended 

wavelength detectors integrated with silicon photonic systems. 
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Chapter 1 – Introduction  

1.1 Optical interconnects  

 

Improvement in computing power and the development of optical fibre networks over the 

last three decades have enabled individuals to use devices with relatively low 

functionality (for example a smartphone) to access a wide range of services. As a result 

this has enabled the rise of social media (notably via companies such as Facebook, 

Twitter and Instagram), video streaming (Netflix, Youtube, Hulu, Amazon Prime) and 

cloud computing and storage (Dropbox). The infrastructure backbone of all of these 

services are datacenters- large scale systems housing thousands of processors. However, 

with the amount of internet traffic predicted to grow [1], datacenters in their current 

incarnation will begin to reach their limitations in terms of bandwidth and while it is 

possible to address these limitations by adding more processors to these systems, this will 

lead ultimately to a consumption of an unsustainable amount of power [2]. 

For some years, a new method of interconnection without metal has been sought 

such that optical interconnects, using photons instead of electrons, will send signals 

between processors [3]. This is motivated because of several metal interconnect 

limitations. For metal interconnects at room temperature the number of bits per second 

that can be transmitted is limited to: 

1 6

2
1 0

A
B

L
                                                        (1.1) 

with area A of the line fixed by the so-called skin effect, where for an AC source most of 

the current is concentrated in the area around the surface of the wire; while the length L 



2 

of the interconnect is dictated by the physical setup of the datacenter [3]. In addition, 

electrical buses can only be designed to work at a small range of frequencies due to 

differences in loss, cross talk and impedance mismatch associated with different speeds 

of modulation [4–6]. Optical interconnects do not suffer from any of the above-

mentioned problems, can increase transmission rates by using Wavelength-Division-

Multiplexing (WDM) where multiple wavelengths of light are transmitted on the same 

optical bus [7]; and also provide reduced power consumption when compared with metal 

interconnects as a result of the lack of resistive heating [8]. Connections can be replaced 

with active optical fibres [9], most efficiently taking full advantage of integration where 

the photonic components such as a laser, modulator and detector are integrated directly 

onto a single platform [10]. 

 

1.2 Silicon photonics  

 

While there is a definite need for optical interconnection, there are multiple potential 

solutions all of which can operate with comparable performance. However, the scale of 

volume required to produce the necessary number of interconnects makes cost a priority 

[11–13]. Silicon photonics, which is based on the use of Silicon-on-Insulator (SOI) as the 

material platform, from the perspective of cost and maturity of technology, is one of the 

best potential solutions as it leverages years of research and development from the 

complementary metal-oxide-semiconductor (CMOS) industry, with devices produced at 

the wafer level at a relatively low cost. While SOI was originally developed for use in 

electronics ][14, 15], it is an excellent choice of material for optics as the buried oxide 



3 

(BOX), which is made up of silicon dioxide (SiO2), has a large index contrast from that 

of Silicon (Si) (~3.4 for Si and ~1.4 for SiO2), at the wavelengths of interest (1.3-1.62 

μm), allowing for optical confinement of light. In addition, Si’s optical band-edge is 

~1100 nm which is below the wavelength range of modern communication. This allows 

for the fabrication of low loss waveguides, a schematic diagram of an example 

waveguide is shown in Fig. 1.1, a fundamental building block of any optical circuit [16].   

As the cost of outfitting and maintaining a state-of-the-art semiconductor 

fabrication facility is prohibitively high, from both a research and small business 

perspective, Si photonics also offers benefits due to the access to Multi-Project Wafers 

(MPWS). MPWS are offered by large facilities to multiple-users utilising a common 

process flow, thus the cost of fabrication is shared between users. Designs are submitted 

by said users and then fabricated at a CMOS foundry such as IME A-Star in Singapore or 

IMEC in Belgium. In addition to the reduction in cost, this allows for better repeatability 

of design as the fabrication methods and tolerances at such foundries are well-understood. 

The biggest disadvantage of MPWS runs is the need for stringent design rules, so while 

Fig. 1.1 Schematic diagram of a Si waveguide. Figure reproduced from [11] © 2014 NPG. 
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there may be elegant solutions to a specific problem in Si photonics, for example 

enhancing strain in Ge to increase the detection limit and emission properties, if it does 

not meet the rules of a given fabrication facility, then the solution cannot be explored 

during standard fabrication [17–19]. This does not however preclude its adoption by the 

foundry at a later date following process verification. 

While Si photonics, from a cost perspective is one of the best solutions for a route 

to optical interconnection, it is not without its own problems, specifically in relation to 

the building blocks of an optical circuit. For example, as stated above, the Si optical 

bandgap is much smaller than the wavelengths of interest. Thus, what makes Si good at 

guiding light makes it unsuitable as a detector and possible light source (although the 

indirect bandgap of Si precludes the fabrication of a Si laser at this time). In addition, Si 

has no Pockel’s effect and weak 2
nd

 order properties, due to the symmetry of its 

crystalline structure, making modulation difficult. These challenges are now further 

described, together with the most successful approaches to their resolution. 

 
 1.2.1 Light source 

The development of light sources for Si photonic circuits is of great interest, with 

the goal being an electrically pumped source which emits at either 1310 nm or 1550 nm 

and is fully CMOS compatible [20]. Whether it is necessary for the light source to be on-

chip or off-chip may depend on the application, however. On-chip light sources are more 

desirable as they avoid the extra coupling loss associated with fibre coupling to an off-

chip source, and allow for ease of integration and packaging [21]. For on-chip light 

sources Si Raman lasers, Si nanocrystals, III-V based devices fabricated both by direct 
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growth and wafer bonding techniques, Ge and GeSn, and erbium doped materials have all 

been investigated. Si Raman lasers [22] do not meet the current requirements for lasers in 

Si photonics as they both require high power optical pumps, while it is still unclear as to 

whether Si nanocrystals actually produce optical gain [23]. III-V wafer bonded devices 

have been demonstrated with high optical gain and output power, with the downside 

being that the wafer bonding technique increases the fabrication complexity making high 

volume production costly [24, 25]. III-V devices grown directly on Si either using buffer 

layers such as silicon-germanium (SiGe) or GaAs to reduce threading dislocations have 

been demonstrated as well as quantum dots grown directly on Si, an example of which is 

shown in Fig. 1.2. [26]. Both of these direct growth techniques currently have worse 

device characteristics than for wafer bonded devices but are a very promising area of 

future research. Electrically pumped Ge lasers have also been demonstrated, however, 

devices have a very high current threshold. This is a consequence of Ge lasers being 

Fig. 1.2 a) Schematic diagram of an InP quantum dot laser and b) a Transmission electron microscope 

(TEM) image of the active layer of an InP quantum dot laser. Figure reproduced from [26] © 2016 

NPG. 

 

a) 

 

b) 
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highly n-doped close to the point of solid solubility in Ge [27]. Strain can be used to 

reduce the need for n-doping but this has several drawbacks as some device schemes 

require optical pumping [28] and also result in red-shifting the emission wavelength to 

beyond the point where it can be used for current Si photonic devices [29]. Another 

method for avoiding high n-doping is introducing tin (Sn) into the lattice; to date though 

only optically pumped GeSn light sources have been demonstrated [30]. In addition, Sn 

redshifts the wavelength higher than would be desired for current optical links. GeSn is 

also difficult to grow due the lattice mismatch between Ge and Sn and poor equilibrium 

solubility of Sn in Germanium [31]. While both strain enhanced Ge and GeSn are poor 

candidates for 1.3-1.62 μm, the red shifting of their optical bandgap makes them 

interesting candidates for mid-infrared applications. Therefore, it is possible that there 

will be development of an optical link at a wavelength where Ge or GeSn is used as both 

the emission source and detector [32, 33]. Erbium-related light sources offer a very 

interesting area of research especially given the success of the erbium doped fiber 

amplifier (EDFA) with optically pumped erbium lasing being demonstrated [34, 35]. 

These devices however, have poor electrical characteristics due to the dielectric nature of 

the materials doped with erbium such as SiOx [36], SiNx [37] and erbium silicates [38]. 

For the wavelength window of 1300-1620 nm, III-V lasers bonded to Si have been seen 

as the defacto laser for commercial applications where off-chip coupling is undesirable. 

However, with the development of direct growth of III-V’s on Si, it is perhaps only a 

matter of time before this is no longer the case.  
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1.2.2 Modulators 

For high speed optical communication there is an obvious need to modulate the signal, 

and while it is possible to perform direct modulation of a laser, this is undesirable as it 

adds another level of complication to designing a light source, and in general direct 

modulation technologies are bandwidth limited [39]. Therefore, it is often preferable to 

introduce the modulator as a separate component. By exploiting the use of the plasma-

dispersion effect, whereby the refractive index of Si is changed by altering the carrier 

concentration [40] (either via carrier injection [41] or depletion), Si modulators [42] can 

be integrated monolithically into Si photonic circuits. These modulators most often 

employ carrier depletion as it avoids the long minority carrier lifetimes in Si allowing for 

increased speeds of modulation. The most commonly used devices in Si photonics which 

exploit this effect are Mach-Zender Interforemeters [43] and microring resonators [44]. 

While the most important characteristics for a modulator is clearly the speed at which it 

can modulate there are several other factors which must be considered such as the 

footprint of the device, the extinction ratio and the power consumption. As shown in Fig 

Fig.1.3 Schematic diagram of a Mach-Zender modulator. Figure reproduced from [43] © 2004 

NPG. 
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1.3 Mach-Zehnders operate by altering the phase difference between two waveguide arms 

allowing for constructive and destructive interference. Mach-Zehnders offer good speeds 

of modulation (>40 GHz), high extinction ratio, are temperature insensitive and have a 

large optical bandwidth. Unfortunately, they require a large footprint, up to several mm
2
, 

and as a consequence of this also require a high amount of energy per bit. 

Microring resonators, a schematic of which is shown in Fig. 1.4, operate by 

moving the resonant wavelength of the ring. They are relatively compact (the bend radius 

can be on the order of 10’s of μms), have relatively low power consumption, and can be 

used for WDM. However, they have a small optical bandwidth and are very sensitive to 

manufacturing tolerances and the temperature at which the device will operate. It is 

Fig. 1.4 Schematic diagram of a Si microring resonator modulator. Figure reproduced from [44] © 

2005 NPG. 
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feasible to stabilize such devices with respect to temperature, however this results in 

increasing the energy consumption per bit.   

While the above mentioned devices operate by employing changes in the real part 

of the refractive index, work has also been performed on modulators which change the 

imaginary part of the refractive index and are referred to as electro-absorption modulators 

[45]. These devices are generally fabricated for high-speed operation using SiGe and 

have been demonstrated in waveguides using both the Franz-Keldysh effect, where as 

shown in the schematic diagram in Fig .1.5 [46] the modulation occurs in a uniform SiGe 

layer, and the quantum confinement stark effect [47] which employs the use of SiGe 

quantum wells. While these devices offer comparable performance to monolithic Si 

modulators, they too are susceptible to thermal stability while the fabrication of quantum 

wells is complex. 

 

 

 

Fig. 1.5 Schematic diagram of a SiGe electro-absorption modulator. Figure reproduced from [46] 

© 2012 Optical Society of America. 
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1.2.3 Detection  

There are several viable options for detectors in Si photonics: integrated III-V’s [48], 

defect mediated detection [49] and directly grown germanium (Ge) [50]. III-V’s appear to 

provide an optimal solution offering high speed detection at the desired wavelengths. 

Integration may take place via bonding or direct growth in a manner similar to that used 

for light source integration. However, integration of III-V material with Si always 

presents issues with CMOS process compatibility. To enable defect mediated detection, 

defects are created in the Si lattice, which introduce mid gap states in the band structure. 

This is readily achieved by implanting an inert element such as Si. Defect mediated 

detection poses an interesting solution as it is compatible with CMOS processing, 

requires no difficult growth step and is easy to control. An SEM of such a device is 

shown in Fig. 1.6, and there have been demonstrations of high-speed operation beyond 2 

μm [51]. However, these detectors require a large footprint and have a reduced 

Fig. 1.6 Scanning electron microscope (SEM) image of an all Si photodetector using defect mediated 

detection. Figure reproduced from [51] © 2015 NPG. 
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responsivity as compared with both III-V’s and Ge. Ge detectors are compatible with 

CMOS processing and have a much higher absorption coefficient as compared with 

defect detectors allowing for a small device footprint. While the growth of high-quality 

Ge-on-Si is now available through central fabrication facilities, sophisticated and 

expensive technologies are required to overcome issues associated with the significant 

lattice mismatch of 4% between Si and Ge. This mismatch can result in, for example, 

islanding and a large number of defects providing an unwanted dark current and  reduced  

responsivity [52]. These problems have been addressed over the last several years 

through the use of a low-temperature/high-temperature growth method (to be detailed in 

later sections) resulting in high quality Ge detectors. A schematic diagram and SEM of 

one such detector is shown in Fig 1.7 a and b respectively [53]. These devices have good 

speed of operation and good responsivity from 1.3-1.55 μm, with detection at higher 

wavelengths being enabled through the use of strain [54]. However, there is still a desire 

Fig. 1.7 a) Schematic diagram and b) SEM of a Ge photodetector. Figure reproduced from [53] © 

2008 IEEE.  
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to reduce the dark current of such detectors into the nA range to keep power requirements 

low [55]. 

1.3 Statement of thesis work 
 

This thesis contributes to knowledge on the integration of Ge with silicon-based 

technologies, primarily through the use of ion implantation for fabrication or post-growth 

modification; or through the use of strain engineering. 

 In Chapter 2 a brief summary of the theoretical operation of a detector is 

presented, followed by a literature review of the growth of Ge-on-Si and the use of Ge-

on-Si as a platform for detection.  

In Chapter 3 the formation of Silicon-Germanium-On-Insulator (SiGeOI) through 

implantation and condensation is presented. The composition and strain of the SiGe layer 

and rate of oxidation are analyzed and discussed and a model is presented for the 

formation of the SiGeOI. Finally, the developed process is used to fabricate a 

photodetector. Loss and electrical measurements are included to give a full understanding 

of the detector. The model was developed in collaboration with Prof. Yaser Haddara of 

McMaster University and Dr. Iain Crowe of Manchester University facilitated Raman 

analysis. 

Chapter 4 describes the results from operation of a PIN Ge detector at extended 

wavelengths in the range 1.85 – 2.01 μm. The use of defect mediated detection in Ge is 

also presented for the first time. The high speed operation of the PIN detector is presented 

and the optical absorption length of Ge at 2 μm is calculated. 
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In Chapter 5 the use of strain engineering for both SiGe and Ge bridges is 

presented with an examination of the enhancement of Ge’s absorption when subjected to 

strain. Raman data in this chapter was collected by myself with the assistance of Dr. Iain 

Crowe of Manchester University who provided access to the Raman spectrometer and 

training in analyzing the spectra. 

The thesis concludes with chapter 6; a summary and suggestions for future work. 

 

1.4 Publications 

Journal papers that resulted from the research reported in this thesis are listed as follows: 

R. Anthony, D. Hagan, D. Genuth-Okon, J. Mullins, I. F. Crowe, M. P. Halsall, and A. 

P. Knights, “Extended wavelength responsivity of a germanium photodetector integrated 

with a silicon waveguide” IEEE Journal of Lightwave Technology, 2019 (submitted) 

R. Anthony, Y. M. Haddara, I. F. Crowe, and A. P. Knights “SiGe-on-insulator 

fabricated via germanium condensation following high-fluence Ge
+
 ion implantation” J. 

of Appl. Phys., vol. 122, no. 6, 2017. 

Conference proceedings that are also part of the thesis work are listed as follows: 

R. Anthony, A. Gilbank, I. Crowe, A. Knights, “Strain Analysis of SiGe Microbridges” 

Proc. of SPIE, 10537, Silicon Photonics XIII, San Francisco, 2018 
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Chapter 2 – Background and Theoretical 

Considerations 

 

Overview 
 

 This chapter is divided into three sections. The first will describe the theory that 

underpins photodetectors, the primary application of Ge in silicon photonics. The second 

will review approaches to the growth of Ge and SiGe on Si. The third section will review 

the fabrication techniques used in the thesis. 

 

2.1 Ge photodetectors 

 

This section reviews the theory of semiconductor photodetectors, specifically that of p-n 

and p-i-n detectors. While there are many types of semiconductor photodetector, I will 

limit the section to describing the p-n and p-i-n detector because these are the designs 

most used using Ge-Si. For further background the reader is referred to the classic text 

Physics of Semiconductor Devices by S. M. Sze [1]. 

 

2.1.1 p-n and p-i-n photodetector 

p-n junctions are produced in semiconductors with altered carrier concentrations 

with the p-type region being more highly doped with acceptor atoms (where a dopant 

atom replaces an intrinsic atom in the lattice and has one less electron than the intrinsic 

semiconductor thus introducing a hole into the lattice) and the n-type region being more 

highly doped with donor atoms (where a dopant atom replaces a intrinsic atom in the 
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lattice and has one more electron than the intrinsic semiconductor thus introducing an 

electron). The formation of a p-n junction, as demonstrated in Fig. 2.1, occurs when the 

p-doped and n-doped regions are adjacent. To establish equilibrium, there is a diffusion 

of free charge carriers, known as the diffusion current, with electrons moving to the p-

type region, leaving behind positively charged donor ions, and holes moving to the n-type 

region, leaving behind negatively charged acceptor ions. The displacement of the carriers 

creates an electric field which in steady-state prevents further diffusion, while creating a 

potential across the p-n junction. As a result of the potential, free carriers are driven away 

from the junction resulting in a volume lacking in free charge carriers called the depletion 

region.  

 Applying a positive external potential to the positive side of the junction (forward 

Fig. 2.1 Schematic representation of the formation of the depletion region in a p-n junction.  
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biasing the junction) reduces the potential barrier allowing the flow of a diffusion current. 

Applying a positive potential to the negative side of the junction increases the potential 

barrier. The ideal diode equation describing current flow through an ideal p-n junction is 

given by: 

( 1)b

q V

k T

s
I I e                                                           (2.1) 

where Is is the saturation current, q is the elementary charge, V is the applied potential, k 

is the Boltzmann constant and T is the temperature of the junction.  

 A p-n junction can function as a photodetector due to the built-in electric field in 

the depletion region which allows for charge separation of electron-hole pairs generated 

by an incident photon exciting an electron from the valence to conduction band, as shown 

in Fig. 2.2. As a result a p-n junction can be used as a photodetector with photocurrent 

generated from absorption occurring in the depletion region, or within a diffusion length 

of the depletion region. The efficiency of the detector thus requires the optimization of 

the depletion width Wd which is given by:  

Fig. 2.2 Schematic Diagram of the band gap of the p-n junction with the creation of an electron-

hole pair via electron excitation due to photon absorption.  
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where ε is the electric permittivity, Vo is the built-in junction potential, V is the applied 

potential, and Na and Nd are the acceptor and donor carrier concentrations respectively. 

The depletion width is required to be large enough to absorb the majority of incident 

light. While it is possible to increase the width of the depletion region by altering the 

carrier concentrations and applying an increasing potential bias, a more common method 

of increasing its width and thus efficiency is to introduce an intrinsic (undoped) region 

between the p and n regions allowing for a larger volume where carrier drift can take 

place. This type of device is known as a p-i-n detector. 

 

2.1.2 Dark current 

Dark current is the leakage current that the photodiode experiences when under reverse 

bias, in the absence of illumination. It is often caused by defects in the lattice or at the 

surface of the device which create localized states in the band gap allowing for the 

thermal generation of charge carriers. Low dark current densities are highly desirable as 

not only does an increase in dark current lead to an increase in power consumption of a 

detector it also leads to a decreased signal to noise ratio (SNR) and ultimately higher bit 

error rates. For a p-i-n detector the SNR is defined using the following:   

2

2 2

P

p o w e r s T

iS

N i i




                                                      (2.3) 

where ip is the rms photocurrent, and is is the shot noise and iT is the thermal noise. Using 

the definition for each we obtain: 
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where Ip is the average photocurrent for a given signal, IB is the background current and 

ID is the dark current, kb is the Boltzmann constant, T is the temperature, B is the 

bandwidth and Req the equivalent resistance is given by the following: 

1 1 1

eq j L
R R R

                                                         (2.5) 

where Rj is the resistance of the junction, and RL is the external load resistance. From this 

equation it can be seen that in order to maximize the SNR, quantum efficiency and the 

equivalent resistance should be enhanced whereas background current and dark current 

must be minimized. In the context of Si photonics, the dark current for Ge detectors has 

been thoroughly examined and determined to be a result of bulk leakage current via 

lattice defects and surface leakage current. Thus, the growth of high quality Ge and 

passivation of its surface are key elements of processing with the goal of obtaining dark 

currents less than 1 μA to obtain a suitable SNR. 

 

2.1.4 Quantum efficiency and responsivity 

 Quantum efficiency is a measure of charge carriers generated per number of 

photons. While quantum efficiency is most often defined as the external quantum 

efficiency which is the number of electron-hole pairs generated and collected per the 

number of the incident photons, it can also be defined as the internal quantum efficiency 

which is the number of electron-hole pairs which are collected after photons are 

absorbed. While both definitions have their uses, external quantum efficiency is used 
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more often as internal quantum efficiency is an idealized version. For a waveguide 

integrated (WGI) detector, the external quantum efficiency ηext is given as [2]: 

in
(1 )

LIB

e x t
e


 




                                                 (2.6) 

where Γ is the modal confinement αIB is the intraband loss coefficient, L is the length of 

the detector, ηin is the internal quantum efficiency and α is the loss coefficient which is 

defined as: 

IB F C s
                                                       (2.7) 

where αFC is the free carrier absorption loss coefficient and αs is the scattering loss 

coefficient. The equation for a normal-incidence (NI) detector is very similar although 

one must consider the reflections from the surface, the modal confinement does not play a 

role and L no longer represents the length of the detector but the width of the intrinsic 

region for a p-i-n detector or the depletion width for a p-n detector.  

 Another common way of defining the efficiency of a photodetector is through the 

use of responsivity which is the ratio of photocurrent IP generated as compared with the 

incident optical power Popt. For a given detector the responsivity R is defined using the 

following: 

e x tP

o p t

qI
R

P h




                                                       (2.8) 

where q is the elementary charge h is Planck’s constant and υ is the frequency of the 

light. This expression can be reduced to the following: 

1 .2 4
e x t

R


                                                      (2.9) 
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where λ is the incident wavelength in microns and the responsivity is given in A/W. For 

an experimental setting, responsivity is more used than quantum efficiency as its 

calculation is sufficiently simple.  

 

2.1.5 Light coupling schemes 

 There are several different light coupling schemes which are used for 

photodetectors. The ones covered in this section will be NI, WGI and resonant cavity 

enhanced (RCE) detectors. Before discussing these schemes, a brief overview of the 

speed of response of detectors will be given.  

For a p-i-n detector there are several properties that limit speed of operation: 

transit time, the RC time constant and time delay from carrier diffusion. In any given p-i-

n detector the carriers generated in the intrinsic region will move at a given drift velocity 

d
v E  where μ is the mobility of the charge carrier and E is the electric field. As the 

electric field is increased in strength the drift velocity will eventually saturate and further 

increases will result in collisions from charge carriers transferring energy to the crystal 

lattice. For a detector which is limited by the transit time the 3-dB small-signal bandwidth 

is given by the following:  

3

2 .4

2
d B

r

f
t

                                                     (2.10) 

where tr, the transit time of charge carriers is given by: 

s

r

D

v
t

W
                                                        (2.11) 
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where vs is the saturation velocity and WD is the depletion width for a p-n detector or the 

length of the intrinsic region in a p-i-n detector.  

 NI detectors, an example of which is shown in Fig 2.3 [3], where light is incident 

on the top or bottom of the detector, are often favoured due to ease of fabrication. A main 

disadvantage of these detectors is that they suffer from a trade-off between quantum 

efficiency and response time. An increase in the speed of response through reduction of 

the intrinsic region results in a reduction in the quantum efficiency of the detector. For 

example, assuming a detector with 100% internal quantum efficiency, and using a charge 

carrier velocity v=6x10
6
 cm/s

 
and absorption coefficient of α=4000 cm

-1
 (consistent with 

Ge at 1550 nm with an intrinsic region of 0.6 μm), the 3-dB bandwidth is 40 GHz and the 

external quantum efficiency is limited to 25%.  

Fig. 2.3 a) Schematic diagram, and b) top view SEM of a NI  detector. Figure reproduced from [3] © 

2009 IEEE. 

 

 In order to enhance the efficiency while maintaining speed of response there has 

been some use of resonant cavity enhanced detectors in which light is trapped between 

two highly reflective facets allowing for increased absorption and quantum efficiency. 
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These detectors also have the advantage that if a Bragg-grating reflector is used, only a 

specific wavelength of light will be reflected which is ideal for wavelength de-

multiplexing systems. An example of this is shown in Fig. 2.4 where Dosunumu et al. 

used a double SOI structure to create a reflective coating for the 1300-1600 nm range of 

wavelengths. Doing so they were able to obtain a quantum efficiency of 76% using a 

layer of only 860 nm [4].  

 

 

Fig. 2.4 a) Schematic diagram, and b) cross-sectional SEM of a resonant cavity enhanced Ge-on-Si 

detector. Figure reproduced from [4] © 2004, IEEE. 

a)            b) 

Fig. 2.5 a) Cross-sectional  and b) top-view SEM of a Ge-on-Si waveguide detector. Figure 

reproduced from [5] © 2009 Optical Society of America 

a)                b) 
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 Waveguide detectors, by contrast, do not suffer from this trade-off of speed and 

efficiency as the quantum efficiency is related to the length of the detector as opposed to 

the width of the intrinsic region. An example of a waveguide detector is shown in Fig. 

2.5[5] 

 

2.2 Epitaxial growth of Ge on Si 

 

 The epitaxial growth of Ge on Si has been an area of focus for research in optical 

communication applications for many years [6]. The direct bandgap, which is the energy 

required by a photon to excite an electron to the conduction from the valence band at the 

same k-space value, of Ge is 0.8 eV which corresponds approximately to 1550 nm 

making Ge suited for photodetection in the O, C and L communication bands from 1.3 to 

1.6 µm [7] and avoids the cost issues associated with bonding III-V’s with Si [8]. 

Additionally, Ge supports superior hole, and electron mobility compared with Si (Ge has 

a hole and electron mobility of l900 and 3900 cm
2
V

-1
s

-1
 respectively compared with 430 

and 1600 cm
2
V

-1
s

-1
 for Si[8]), and Ge can be used potentially as a template for growth of 

III-V semiconductor material [9]. However, the direct growth of Ge on Si can be a 

difficult process due to the mismatch of lattice spacings- the lattice constant of Ge is 5.65 

Å whereas the lattice constant for Si is 5.43 Å, a relatively large mismatch of 4%. Initial 

work [10] found that while the planar, defect free growth of Ge on Si was possible for 

layer thicknesses below a critical value (approximately 3 monolayers), for thicker films 

there is the formation of threading dislocation defects which leads to serious device 

performance problems such as high leakage currents and increased recombination of 
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electron-hole pairs, which decreases the signal to noise ratio and increases the power 

consumption of the detectors. These defects also lead to the formation of islands due 

Stransky-Krastanov growth as shown in Fig. 2.6 which makes the material unsuitable for 

CMOS processing.  

In this section some methods which have been used to overcome problems 

associated with Ge growth on Si will be explored and interesting recent developments in 

the use of these techniques is reviewed. 

 

2.2.1 Ge growth via SiGe buffer layers 

 The early attempts at growing planar Ge used the growth of an initial SiGe buffer 

layer with the concentration of Ge gradually increased to reduce the strain caused by the 

large lattice mismatch between Ge and Si. The first experimental demonstration of this 

method was by Luryi et al. in 1984 [11]. In this work, nine layers of 200 nm of Si1-xGex 

was grown at 550 ᵒC via molecular beam epitaxy (MBE) on Si, with the Ge concentration 

increasing from x = 0.1 to x=1. A pure Ge structure was then grown on the buffer 

consisting of a 1.25 μm n
+
-Ge layer, a 2 μm intrinsic Ge layer and a 1.5 μm p

+
 Ge layer. 

The fabricated detector had a quantum efficiency of 40% with no applied bias measured 

using a 1310 nm laser source. However, there was an observed dark current of 90 μA at 

Fig. 2.6 Cross sectional TEM of Stransky-Krastanov growth of Ge on Si. Figure reproduced from 

[10] © 2010 NPG 
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0.6 V reverse bias for a detector with a 50 μm diameter. The dark current was 

subsequently reduced by a factor of four through the use of post-growth annealing at 650 

to 700 °C.  

A lower number of dislocation-type defects, ~ 10
6
 cm

-2
, in a grown Ge layer was 

demonstrated in subsequent work by Currie et al. in 1998 [12]. They determined that the 

surface roughness on each buffer layer increased the number of dislocations in 

subsequent layers, causing a pile-up of dislocations. Therefore, they introduced a 

chemical mechanical polishing (CMP) step in the growth process to reduce surface 

roughness and thus the overall number of grown-in defects. In this work 200 nm thick 

SiGe layers were grown via ultra-high vacuum chemical vapour deposition (UHV-CVD) 

where the concentration of Ge was increased by 2% for each layer. The first 5 μm was 

grown at 750 °C and 250 mTorr, until the Ge concentration reached 50%, at which point 

Fig. 2.7 Cross sectional TEM of Ge grown on a SiGe buffer layer. Figure reproduced from [12] 

© 1998 AIP. 
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a 1.5 μm cap layer of SiGe with 50% Ge was grown, 500 nm of which was then removed 

using CMP in order to reduce surface roughness. The buffer layer growth was resumed 

until the Ge concentration reached 92%. This was followed by the growth of a 1.5 μm 

cap layer of pure Ge. Through analysis of the sample via X-ray diffraction, cross-

sectional TEM, and atomic force microscopy (AFM) the authors found that the layers 

grown in this way had reduced threading dislocations, by an order of magnitude as 

compared with samples grown without the CMP step. A TEM cross-section of the 

structure is shown in Fig. 2.7. Using this same method Samavedam et al.[13] 

demonstrated a Ge detector with a 250 μm mesa which was found to have a dark current 

of <1 μA up to a 3 V reverse bias, with a corresponding responsivity of 0.133 A/W for a 

1310 nm laser source (measured under zero bias). No high-speed measurements were 

reported but based on capacitance measurements it was estimated that the -3 dB point for 

such a detector would be approximately 2.35 GHz. 

 These results were then improved upon by Oh et al.[14] who fabricated a detector 

with interdigitated surface contacts, by growing 1 μm of Ge on a 10 μm buffer layer 

using low-energy plasma enhanced chemical vapour deposition (LEP-CVD). The Ge 

layer was found to have a threading dislocation density of 10
-5

 cm
-3

, however due to the 

design of the interdigitated contacts the dark current was found to be 3.2 μA and 5.0 μA 

at 3 and 5 V reverse bias respectively with a responsivity of 0.51 A/W with no bias for a 

1310 nm laser source and associated electrical bandwidth of 3.8 GHz. 

 While the results described above are three examples of the growth of high quality 

Ge-on-Si, the thickness of the buffer layers makes them unsuitable for high speed 
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operation in the 10’s GHz. Therefore, subsequent studies of Ge detectors with SiGe 

buffer layers focused on different growth schemes to allow for much thinner buffer 

layers. The first example was demonstrated by Luo et al. [15] who were able to trap a 

significant number of defects at the heterojunction interface by optimizing the Ge 

concentration. In this work they were able to cause the dislocation defects to bend and 

terminate with other dislocation defects rather than have the dislocations travel upwards. 

This technique was then used for the formation of a detector by Huang et al. [16] growing 

a 0.6 μm layer of SiGe with 55% Ge followed by a 0.4 µm layer of SiGe with 65% Ge 

follow by a 2.5 μm thick layer of Ge using UHV-CVD. As a result of this optimization 

scheme they were able to develop a detector with responsivities of 0.37 A/W and 0.57 

A/W at 0 V and 2 V reverse bias respectively for a 1310 nm laser source that could 

operate at 8.1 GHz at 10 V reverse bias. While the dark current density was found to be 

higher for devices fabricated using this growth scheme, due to the relatively small size of 

the device (mesas were fabricated with a 12 μm radius) the dark current was found to be 

1.07 μA at 10 V reverse bias. This was then improved upon to increase the responsivity 

and high-speed operation by modifying the growth scheme such that a 1.7 μm Ge layer 

was grown on a 0.28 μm layer of SiGe with 58% Ge and a 0.18 μm layer of SiGe with 

42% Ge. For a device with a 10 μm radius they determined the responsivity to be 0.62 

A/W at 0.1 V reverse bias and found that the detector could operate at 21 GHz at 10 V 

reverse bias for a 1310 nm laser source. They also examined the detector using a 1550 nm 

laser source and determined the detector had a responsivity of 0.26 A/W and could 

operate at 17 GHz at 10 V reverse bias [17]. The lower bandwidth is attributed to the 
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reduced absorption coefficient at 1550 nm resulting in fewer electron hole pairs generated 

near the SiGe/Ge interface as compared with 1310 nm. The dark current was measured to 

be 2.07 μA at 10 V reverse bias which was attributed to the small size of the mesa.  

 While all of the above are demonstrations of high-quality growth of Ge on Si 

using SiGe buffer layers, Ge integration with Si optical circuits in the paradigm of Si 

photonics requires direct growth of Ge on Si waveguides with light interacting with the 

Ge via evanescent coupling. As a result, even buffer layers of only a few 100 nm’s are 

unsuitable for use in today’s state-of-the-art devices and more sophisticated growth 

techniques are required. 

 

2.2.2 Low-temperature/high-temperature growth 

 In 1998 it was proposed and demonstrated by Colace et al. [18], that a two-step 

process leads to low defect density Ge-on-Si. The first step is a short, low temperature 

growth of Ge to supress the formation of islands. The second is a longer, higher 

temperature growth which, as a result of the previous thinner layer, is no longer 

influenced by the lattice mismatch between Si and Ge. Growth took place using UHV-

CVD growing a 50 nm layer at 330 °C followed by a growth of a 500 nm layer of Ge at 

600 °C. They were able to fabricate a photodetector with a responsivity of 0.24 A/W at 1 

V reverse bias for a 1310 nm laser source.  

It was subsequently demonstrated by Kimerling et al. [19] that through the use of 

a post-growth, cyclic thermal annealing of the Ge between 900 and 780 °C, the number 

of threading dislocations could be reduced from 9.5x10
8

 cm
-2

 to 2.3x10
7
 cm

-2
. Fig. 2.8 

shows an example of the improvement in quality of the Ge after using cyclic thermal 
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annealing. This method was then adopted by Colace et al. [20] where they demonstrated 

an improvement in responsivity to 0.89 A/W for a 1310 nm laser source and 0.75 A/W 

for a 1550 nm laser source.  

 The success of this technique has led to the development of a low-

temperature/high temperature growth scheme for Ge-on-Si using MBE [21] and 

Reduced-pressure chemical vapour deposition (RPCVD) [22]. With the elimination of the 

need for a thick buffer, photodetectors have increased speeds of operation, with 3-dB 

bandwidths of up to 38.9 GHz demonstrated for NI detectors grown in this way [23]. 

Another advantage of this technique, as compared with the SiGe buffer technique, is its 

suitability for use in WGI devices. The relatively thin Ge structure used in the evanescent 

coupling geometry has produced responsivities of up to 1 A/W for 1550 nm sources with 

speeds of operation of 42 GHz [24]. 

 

2.2.3 Poly-crystalline Ge 

 The low-temperature/high-temperature growth scheme works well to produce 

high quality Ge-on-Si. However, it is a time consuming and challenging process. In 

addition to this, the high temperature step and further annealing can make the process 

incompatible with some standard CMOS processes. Therefore, it was proposed by Masini 

et al. [25] to use a low temperature evaporation of polycrystalline Ge. Using thermal 

Fig. 2.8 Cross sectional TEM of Ge grown using the low and high-temperature annealing a) before  

and b) after cyclic thermal annealing. Figure reproduced from [19] © 1999 AIP. 

 

a)                           b) 
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evaporation, 200 nm of Ge was deposited on Si at temperatures ranging from 25 °C to 

400 °C. Analyzing their samples with Raman spectroscopy it was found that poly-

crystalline Ge could be deposited at temperatures as low as 300 °C, with the samples 

produced at lower temperatures being amorphous. Using polycrystalline Ge in a NI 

detector, high-speed operation at 2.55 Gbit/s [26] and monolithic integration of CMOS 

devices was demonstrated [27], [28]. However, the obtained responsivity of 0.016 A/W 

and of 0.005 A/W for a 1310 and 1550 nm source respectively is by comparison to other 

Ge growth techniques very low due to the poor quality of the material. This original work 

was then improved upon by implementing a WGI detector and maximizing the overlap of 

the mode with the active region close to the Si/Ge interface allowing for a reduction in 

carrier recombination [29–32]. Using these WGI detectors, responsivities ranging from 

0.1 A/W to 0.3 A/W and high-speed operation at 2.5 Gbit/s were demonstrated. More 

recent work done by Sorianello et al. [33], [34] on thermal deposition has demonstrated 

the growth of crystalline Ge on Si for temperatures ranging from 250 to 500 °C. In 

particular, samples grown at 300 °C and doped using a spin coating of phosphorus were 

used to fabricate a NI detector which was found to have a responsivity of 0.1 A/W at 1 V 

reverse bias for a 1.55 μm laser source. While these results are inferior compared to high 

quality Ge described in the previous two sections, the low cost and relative simplicity of 

this technique may make it suitable for some applications. 

 For clarity the characteristics of the detectors which have been discussed in this 

section and the previous two sections are summarized in Table 2.1 
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Table 2.1 Summary of Ge detector growth and detector characteristics described in 

this work. *Voltages recorded are reverse bias voltage. *Responsivity is calculated 

from reported quantum efficiency and eqn. (2.9). †Estimated 3 dB bandwidth. 

 

Growth 

Process 
Tool Growth Scheme 

Light 

coupling 

Scheme 

Dark 

Current* 
Responsivity 

3-dB 

Bandwidth 

(GHz) 

Ref. 

SiGe 

Buffer 
MBE 

1.8 μm buffer layer 

with x=0.1 to x= 0.9, 

4.75 μm Ge layer 

grown at 550 °C 

NI 
90 μA at 

0.6 V  

0.43 A/W** 

at 1310 nm 
- [11] 

SiGe 

Buffer 

UHV-

CVD 

9.2 μm buffer layer 

graded at 10% Ge/μm 

to 92%, 2.8 μm Ge 

layer, grown at 

750/550 °C. CMP 

included during 

growth 

NI 
0.5 μA at 

3 V 

0.133 A/W 

at 1310 nm 
2.35†

 
[13] 

SiGe 

Buffer 

LEP-

CVD 
10 μm buffer layer NI 

3.2 μA at  

3 V 

0.51 A/W at 

1310 nm 
3.8 [14] 

SiGe 

Buffer 

UHV-

CVD 

0.6 μm 55% Ge and 

0.4 μm 65% Ge 

buffer grown at 500 

°C annealed at 750 

°C, 2.5 μm Ge layer 

grown at 400 °C 

NI 
1.07 μA 

at 10 V 

0.57 at 1310 

nm 
8.1 [16] 

SiGe 

Buffer 

UHV-

CVD 

0.18 μm 42% Ge and 

0.28 μm 58% Ge 

grown at 500 °C, 50 

nm Ge layer at 350 

°C and 1.7 μm Ge 

layer grown at 600 °C 

NI 
2.41 μA 

at 10 V 

0.62 A/W at 

1310 nm, 

0.28 at 1550 

nm 

21.5 at 

1310 nm, 

17  at 1550 

nm 

[17] 

LT/HT 
UHV-

CVD 

50 nm at 300 °C, 500 

nm at 600 °C 
NI - 

0.24 A/W at 

1310 nm 
5† [18] 

LT/HT 
UHV-

CVD 

60 nm at 350 °C, 4 

μm at 600 °C. Ten 

cyclic anneal steps  

between 900 and 780 

°C 

NI 
13 μA at 

1 V 

0.89 A/W at 

1310 nm, 

0.75 A/W at 

1550 nm 

2.5 [20] 

LT/HT 

SiGe 

Buffer 

hybrid 

MBE 

20 nm 40% Ge at 120 

°C, 40 nm 40% Ge at 

550 C, 1 μm Ge at 

550 °C 

NI 
0.2 μA at  

2 V 
- 38.9 [23] 

LT/HT 
UHV-

CVD 

50 nm at 375 °C, 

1400 nm at  600 °C.  

Ten cyclic annealing 

steps between 900 

and 780 °C 

RCE - 
0.73 A/W** 

at 1540 nm 
6.7 [4] 
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Table 2.1 Continued from previous page. Summary of Ge detector growth and 

detector characteristics described in this work. *Voltages recorded are reverse bias 

voltage. *Responsivity is calculated from reported quantum efficiency and eqn. 

(2.9). †Estimated 3 dB bandwidth. 

 

Growth 

Process 
Tool Growth Scheme 

Light 

coupling 

Scheme 

Dark 

Current* 
Responsivity 

3-dB 

Bandwidth 

(GHz) 

Ref. 

LT/HT 
UHV-

CVD 

30 nm at 375 °C, 830 

nm at  600 °C.  Ten 

cyclic annealing 

steps between 900 

and 780 °C 

RCE - 
0.95 A/W** 

at 1550 nm 
25 [7] 

LT/HT RPCVD 

40 nm layer at 400 

°C, 390 nm layer at 

730 °C  

WGI 
30 μA at  

4 V  

1 A/W at 

1550 nm 
42 [24] 

Poly-Ge 
Thermal 

Evap. 
120 nm at 300 °C NI 

0.4 μA at  

1 V 

0.016 at 

1310 nm, 

0.05 A/W at 

1550 nm 

5.2 [26] 

Poly-Ge 
Thermal 

Evap.  
120 nm at 300 °C WGI 

1.5 μA at 

30 V 

0.3 A/W at 

1550 nm 
5 [32] 

 

2.2.4 Ge condensation 

 The Ge condensation technique is a method whereby Ge accumulates through the 

removal of Si from a low-Ge concentration SiGe thin film, via thermal oxidation. Under 

the appropriate conditions the Ge is rejected from the growing oxide resulting in an 

increasing Ge content. Of importance, the resulting SiGe layer is single crystal in nature. 

While most recent publications have demonstrated this technique through oxidation of 

SiGe epitaxially grown on SOI, the earliest work using this technique was performed by 

Fathy et al. [35], [36] with the Ge introduced via high-fluence implantation of Ge into 

bulk Si. In that case Si samples were implanted with Ge
+
 ions with doses of 1x10

16
 cm

-2
 

and 1x10
17

 cm
-2

 and oxidized at temperatures ranging from 800 to a 1000 °C in a steam 
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environment. The samples were then analyzed using Rutherford backscattering (RBS) 

and TEM and it was found that high Ge content SiGe (Ge fraction = 82%) could be 

achieved, with the thickness ranging from 3 nm for samples implanted with a dose of 

1x10
16

 cm
-2

 to 20 nm for samples implanted with a dose of 1x10
17

 cm
-2

. An image of 

these layers is reproduced in Fig. 2.9.  

  Furthermore, it was found that during oxidation there was a marked enhancement 

in the oxidation rate as compared with unimplanted Si which could not be explained by 

enhancement due to crystal lattice damage. Initially the pile up of Ge at the oxide/Si 

interface was attributed to a lack of solubility of Ge in SiO2, as well as the slow diffusion 

of Ge in Si as compared with the rate of oxide growth allowing for the oxide/Si interface 

to move faster than the Ge could diffuse into the Si. While, the enhanced growth rate of 

the oxide was attributed to the weaker bond energy of Si-Ge as compared with the bond 

energy of Si-Si. While both of these statements are true, they do not completely reflect 

Fig 2.9 Cross sectional TEM of Ge grown via oxidation with an implantation does of a) 1x10
16

 cm
-2

 

and b) 1x10
17

 cm
-2

. Figure reproduced from [36] © 1987 AIP.. The figure has been scanned from the 

original paper and as a result is of low quality. 
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the growth process, especially as mixed Si and Ge oxides have been observed previously. 

Therefore, subsequent publications on the oxidation of SiGe have devoted much effort to 

a complete description of the microscopic growth process [37–43]. From these studies it 

has been determined that the enhancement in the oxidation and the lack of Ge in the 

oxide is attributed to three key components: (1) point defects at the oxide interface, (2) 

the weakened bond strength of Si-Ge as compared with Si-Si and (3) the instability of 

GeO2 where if the flux of Si to the oxidation interface is higher than that of oxygen the 

following reaction takes place: 

2 2
S i +  G eO S iO  +  G e                                            (2.12) 

Subsequent demonstrations of Ge condensation using high-fluence implants of Ge by 

Holland et al. [44], [45] have shown that it is possible to observe enhancement in 

oxidation rate with both wet and dry oxidation, and that it is possible to achieve thin films 

that almost entirely consist of Ge. The dose, energy of implant, and 

temperature/conditions of the oxidation play a significant role in the composition of the 

layer. 

Fig 2.10 Cross sectional TEM of Si grown on SiGeOI formed via a condensation process. Figure 

reproduced from [47] © 2001 AIP. 
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 These previous examples of condensation were performed using bulk Si as the 

starting substrate. When the condensation technique is performed on SOI the buried oxide 

layer can be used as a diffusion barrier for the Ge (due to the low solubility and low 

diffusion coefficient of Ge in SiO2) resulting in a thin layer of pure Ge being grown. 

While this technique has not been used to fabricate a photodetector prior to the work 

described in this thesis, the ease of manufacture and compatibility of the process with 

photonic/electronic device fabrication makes this technique of great interest. In addition, 

GeOI fabricated by condensation has been used as a template for growth of GaAs [46] 

opening a method for straightforward integration of Si and III-V devices. The first 

demonstration of growth on SOI was performed by Tezuka et al. [47] in which a 9 nm 

layer of SiGeOI with 56% Ge was produced by oxidizing a 67 nm layer of SiGe with a 

Ge content of 8% originally grown on SOI via UHV-CVD, this was then followed by the 

growth of Si on the SiGe, the resulting layers are shown in Fig. 2.10. It was then 

demonstrated that this technique could be used to generate Ge-on-insulator (GeOI) as 

Fig 2.11 Cross sectional TEM of GeOI formed via Ge condensation process. Figure reproduced from 

[48] © 2003 AIP. 
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shown in Fig. 2.11 [48]. Analyzing the sample with Raman spectroscopy it was found 

that the sample was essentially pure Ge, and that the layer was compressively strained.  

 Subsequent publications on this topic have analyzed the mechanisms of formation 

of the Ge layer specifically with a focus on loss mechanisms for Ge i.e. oxidation, and 

diffusion into both oxide layers [49], [50], as well as the formation of defects in relation 

to strain relaxation such that the number of defects and strain can be efficiently controlled 

via the Ge content, thickness, and oxidation temperature of the process [51–59]. 

 

2.2.5 Physical deposition methods 

High quality epitaxial techniques such as CVD and MBE currently dominate the 

growth of Ge-on-Si. However, there still has been a considerable amount of research 

performed on physical vapour deposition (PVD) techniques as the associated tools are 

often low cost and require a lower thermal budget. Examples of epitaxial grown 

crystalline Ge on Si via electron beam and thermal evaporation were demonstrated on Si 

as early as 1982 by Vitali et al. [60]. 

 Work on sputter deposition of Ge-on-Si can also be traced back to 1982 where 

Bajor et al. [61] used RF sputtering to deposit 1.5 μm thick Ge films onto Si at 470 °C. 

To reduce the formation of defects via strain relaxation, they used low-energy ion 

bombardment to grade the composition of the Ge. Using X-ray diffraction and electron 

channelling spectra the films were confirmed to be crystalline. More recent work has 

been performed with both pulsed DC-magnetron sputtering and continuous DC-

magnetron sputtering with both demonstrating the growth of crystalline Ge on Si [62], 

[63]. For pulsed DC magnetron sputtering it was found that samples deposited at 370 °C 
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were crystalline and that a further anneal at 400 °C could be used to improve crystalline 

quality. For continuous DC magnetron sputtering it was found that the growth regime of 

the Ge switched from amorphous to crystalline at 380 °C with islanding being observed 

at 410 °C as shown in Fig. 2.12. As both of these techniques are scalable to industrial 

levels and can incorporate doping via the sputtering target, sputter deposition of Ge offers 

an interesting prospect for the fabrication of devices. 

 

2.2.6 Tensile strain and bandgap shrinkage 

 Due to the difference in the thermal expansion coefficients of Ge and Si, samples 

annealed at high temperature and then cooled result in a tensile strain build-up in the Ge 

layer. This is an advantageous effect for photodetectors as tensile strain shrinks both the 

direct and indirect bandgap of a material, which is of interest for extending the detection 

band edge of Ge devices [64]. This was first documented by Kimerling et al. [65] where 

they calculated that a 0.2% tensile strain corresponded to a difference in band gap energy 

of 0.03 eV. This resulted in an enhancement in longer wavelength detection such that the 

absorption coefficient of the Ge-on-Si was increased by a factor of 2 from that of bulk 

Ge. Additionally, the direct bandgap will shrink faster than the indirect bandgap allowing 

Fig 2.12 TEM of Ge grown on Si via DC magnetron sputtering. Figure reproduced from [63] © 2013 

AIP. 



45 

 

Ge to be converted to a direct band material given sufficient tensile strain which is of 

interest for the development of a group IV laser [66]–[68].  

 Several techniques have been developed in order to enhance the strain which 

occurs in Ge-on-Si structures, one of the most prominent being the use of Si3N4 stressors 

with nanowire bridge structures, first demonstrated by Jain et al. using GeOI [69], as 

shown in Fig 2.13. In this process the Ge is etched away except for a thin nanowire, Si3N4 

is then deposited onto either end of the Ge nanowire which is then released by etching 

through the BOX and then etching the Si underneath. This allows the strained Si3N4 pads 

to relax, transferring the stored energy into the nanowire resulting in enhanced tensile 

strain up to 1.5% and an enhanced photoluminescence by a factor of 260 over bulk Ge.  

Similar trends have been reported without the use of Si3N4 stressors for both GeOI 

[70] and Ge grown on SOI [71] as shown in Fig. 2.14. Using this technique, 

enhancements of up to 5.7%, which is enough to cause Ge to become a direct band 

Fig 2.13 SEM of a nanowire bridge structure with Si3N4 stressors formed on GeOI. Figure 

reproduced from [69] © 2012 NPG. 
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material, have been demonstrated [72]. The nanowire release technique has resulted in an 

optically pumped Ge laser operating at 83 K [73]. The disadvantage to the enhancement 

of tensile strain for a Ge laser is the red shifting of the wavelength outside of currently 

used communication bands. However, with the rise of thulium doped fiber amplifiers 

there is potential for highly tensile strained Ge at higher wavelengths for use as both a 

photodetector and a laser source. 

 

2.3 Fabrication techniques used in this work 

This section reviews the processing techniques used during the research that led to this 

thesis. For further background, the reader is referred to the text Silicon VLSI technology: 

fundamentals, practice, and modeling by Plummer, Deal and Griffin [74]. 

 

Fig 2.14 a) Schematic diagram of the processing for a Ge nanowire bridge and b) SEM of a Ge 

nanowire bridge.  Figure reproduced from [70] © 2106 AIP. 

a) b) 
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2.3.1 Ion implantation 

Ion implantation has been one of the key components of the semiconductor industry since 

the 1970’s. It uses are wide ranging from the formation of compound materials, where the 

dose can be up to 10
18

 cm
-2

, to altering threshold voltages, where the dose can be as low 

as 10
12 

cm
-2

. Ion implanters are essentially a particle accelerator, where atoms are ionized, 

separated using mass to charge ratios and then accelerated to a target material where they 

interact with the target atoms until coming to rest at some point in the target. Beam 

scanning is used to ensure that a uniform dose is provided to the target.  

The dopant profile is dependent on several different characteristics, ion energy 

and mass, the target material properties and the dose. The stopping range of the dopants 

depends on both the ion acceleration which can range from a few keV to several MeV 

and the target material properties. As the dopant ion moves through the target lattice it 

will elastically scatter off the nuclei already present and inelastically scatter with 

electrons. Therefore, the whole stopping power S of the target material is given by: 

n u c lea r e lec tro n ic

d E d E
S

d x d x

   
    
   

                                        (2.13) 

where the terms are the energy E loss per unit path length x from electronic and nuclear 

stopping. As the nuclear stopping is caused by collisions between atoms, the potential 

between the ion and the atom can be described using classic kinematics: 

( ) ( ) ( )
c s

V r V r f r                                                   (2.14) 

where r is the separation between the atom and the ion the fs(r) is the screening function 

of the electrons screening the nuclei and VC(r) is given by: 
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r 
                                                   (2.15) 

where z1 and z2 are the atomic number of the ion and atom respectively and εo is the 

permittivity of free space. Using the above potential and a center of mass frame, the given 

energy loss T for a collision can be calculated based on the scattering angle   of an 

incident ion: 

21 2

1 2

4
s in

( ) 2

M M
T E

M M

 
  

  

                                         (2.16) 

where M1 and M2 are the mass number of the ion and atom respectively. Therefore, using 

the above, the energy loss per unit path length can be determined by summing energy loss 

multiplied by the probability of a collision occurring which is given by: 

m ax

0

T

n u c lea r

n u c lea r

d E
S N T d

d x


 
  
 

                                      (2.17) 

where N is the number of atoms in the target per unit volume and Tmax is the maximum 

energy transfer that could occur during a collision. As the nuclear stopping is often an 

elastic scattering event, the energy that is lost from the moving ion is transferred to the 

stationary atom causing it to be ejected from its lattice site creating damage in the crystal 

lattice. For electronic stopping in the low energy regime the stopping power is similar to 

a viscous drag force and is proportional to the ion velocity. The energy lost due to 

electronic stopping is dissipated via thermal vibrations.  

 Ion implantation is a fundamentally statistical process as the path of an individual 

ion is random with the average path length of an ion referred to as the projected range and 
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the distribution of the dopants being approximated as a Gaussian around the projected 

range Rp: 

2

2

( )
( ) e x p

2

p

o

P

x R
n x n



 
  

 
 

                                        (2.18) 

where σp is the straggle around the projected range and no the peak concentration is given 

by: 

2
o

p

n


 
                                                    (2.19) 

where   is the dose. The lateral distribution of ions is also approximated using a 

Gaussian: 
2

2

( )
( , ) e x p

22

n x y
n x y

  

 
  

 

                                        (2.20) 

 

where 


 is the lateral straggle. While the Gaussian is a useful analytical approximation 

of the dopant profile, it often fails for both low and high energy implants as well as high 

dose implants where the material properties will change throughout the course of the 

implantation. 

 

2.3.2 Oxidation and thermal annealing 

 Oxidation of Si is an important component of the CMOS process, as a result it is a 

very well understood process and can be modelled successfully using the analytical Deal-

Grove model [75]. This model assumes that the oxidizing species, either O2 or H2O, 

undergoes three different phenomena: diffusion of the oxidizing species from the bulk of 

the ambient gas to the surface; diffusion of the oxidizing species through existing oxide 

layer; and the reaction of the oxidizing species with the Si. All three fluxes are set to be 
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equal, however, for practical purposes the flux for the diffusion from the gas to the 

surface is dropped as it is not a rate limiting step. As a result, the following quadratic 

equation is obtained: 

2
X X

t
B B A

                                                     (2.21) 

where t is the time of oxidation, X is the oxide thickness, B is the parabolic rate constant 

representing the diffusion of the oxidizing species, and B/A is the linear rate constant 

representing the reaction rate between the oxidizing species and the Si. B is given by an 

Arrhenius equation: 

/

0

A
E k T

B B e


                                                     (2.22) 

where Bo is the pre-exponential factor EA is the activation energy, k is the Boltzmann 

constant and T is the temperature of the process. The linear rate constant is given by an 

Arrenhius equation also with a different pre-exponential factor and activation energy.  

 During oxidation, impurities within the Si will diffuse. Diffusion of a Gaussian 

distribution (as associated with ion implantation) at high temperatures can be described 

using the following equation: 

2

0
( )

( , ) e x p
4

x xQ
N x t

D tD t

 
  

 

                                  (2.23) 

where Q is the dose of the dopant and xo is the peak position of the dopant. For the case 

where ion implantation is used to introduce the dopant this would be the projected range. 

D is the diffusion coefficient which is described by an Arrhenius equation with the 

activation energy and pre-exponential factor being dependent on the dopant species. 
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While the diffusion of dopants in Si is well understood, the diffusion which occurs for 

high dose implants is often much faster in comparison, with a rapid and short-lived 

component referred to as transient enhanced diffusion. It is caused by the presence of 

lattice defects formed during the implantation and must be carefully considered in all 

applications. 

 

2.3.3 Photolithography 

In the work presented in this thesis, contact photolithography was used in the processing 

of both detectors and Ge nanowire bridges. Fig. 2.15 shows a generic process flow using 

both lithography and reactive ion etching (RIE). As illustrated in the figure, 

photolithography operates on the principle that the photoresist’s chemical properties can 

Fig 2.15 Schematic diagram of a typical CMOS process using photolithography 
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be altered when exposed to a UV source allowing it to be removed or as is it is more 

commonly referred to “developed”. By using a mask, in the case of this work a soda lime 

mask with patterned chrome, to prevent exposure of specific areas of photoresist, the 

photoresist can be selectively removed (or developed) allowing for the transfer of the 

pattern from the mask to the photoresist. This enables selective processing of a sample 

such as etching, deposition and ion implantation of specific areas.  

 The mask aligner used in this work was a Karl Suss MJB3 UV400, as shown in 

Fig 2.16, with a spectral line at 365 nm (i-line). The resists used in this work were 

Shipley photoresists 1808 and 1827 which provide an 800 nm and 2700 nm thick layer 

respectively. The samples were developed using Shipley Microposit 351 developer and 

deionized water in a 1:5 ratio of developer to water. 

 

 

Fig 2.16 Image of a Karl Suss MJB3 

UV400 
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2.3.4 Reactive ion etching 

 Etching is an important component of processing and is used in almost all 

integrated and photonic circuit fabrication, often multiple times for a single device. Etch 

methods can be divided between wet etches where the sample is immersed in a liquid and 

dry etches which use a reactive plasma to perform the etch. While wet etchants are often 

inexpensive and allow for high throughput, they are also often isotropic which can lead to 

undercutting of the photoresist or other mask, as shown in Fig 2.17 and as a result wet 

etching is not suitable for some processes such as the formation of nanowire bridges. 

Therefore, it is necessary to use a directional etch process. One of the most common ways 

of doing this is RIE which uses a plasma activated from one or multiple reactive gases 

which cause the formation of ions, free electrons and radicals. Without a bias applied to 

the substrate, both inert and reactive species will come into contact with the surface of the 

substrate, and while the reactive species will form volatile compounds which are then 

pumped away the inert species will form non-volatile layers on the substrate preventing 

the reactive radicals from reaching the surface. When a bias is applied to the substrate 

this causes the ions to accelerate towards the substrate which will break up any inert 

species and can also cause the formation of dangling bonds which will further enhance 

ionization. What makes the etch directional is that while inert species will be deposited 

Fig 2.17 Schematic diagram of undercutting caused by a wet etch process 
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on all surfaces, ions will only break up the species that are on surfaces that are 

perpendicular to the direction of travel of the ion. The etch species which are used in this 

thesis are SF6, CF4 and O2, which are used to etch Si and Ge, oxide, and photoresist. 

 

2.3.5 Metallization 

Metallization is the general term for selective deposition of metal onto a sample, where 

the metal is used to form electrical contacts. A common method of metallization and the 

method used exclusively in this thesis is sputter deposition. For sputter deposition ions in 

a plasma are accelerated at a metal target. When these ions collide with the target some 

atoms are ejected, or “sputtered”, from the target and onto the sample. In order to pattern 

the metal, photolithography can be employed in one of two ways. Photlithography can be 

used to form a mask that patterns the metal during an etching process; or it can be used to 

form a pattern before metal is deposited, with the entire sample subsequently immersed in 

a solvent which will remove the resist causing the metal to lift off as demonstrated in Fig. 

2.18. Lift-off is generally more commonly used as the etchants for metal are highly 

corrosive. For the samples in this thesis a Kurt J. Lesker physical vapor deposition tool 

was used to deposite 350 nm of aluminum to form device contacts.  The photolithography 

was done using Shipley photoresist 1827. A 2.7 μm resist is required for effective 

processing, and the metal was lifted off using acetone to remove the photoresist. 

Fig. 2.18 Schematic diagram of a metallization and lift off process 
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2.4 Summary 

Section 2.1 described the physics and operation of a p-i-n photodetector as well as the 

definitions used to describe its operation such as the signal to noise ratio, quantum 

efficiency, and responsivity. A consideration of the advantages and disadvantages of both 

waveguide coupling and NI detectors was also examined. Photodetection remains the 

primary use of Ge in Si photonic circuits. 

Section 2.2 analyzed the growth of Ge-on-Si and its applications focusing on the 

different techniques which have been used to successfully grow Ge-on-Si specifically the 

SiGe buffer method, the low temperature/high temperature method, polycrystalline Ge, 

Ge condensation as well as some physical vapour deposition methods, concluding with an 

examination of how strain engineering can be utilized to enable Ge photodetectors and 

lasers at extended wavelengths.  

Finally, section 2.3 examined the processing techniques which are referred to 

throughout the thesis: namely, photolithography, reactive ion etching and selective 

metallization of samples using sputtering and lift-off. 
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Chapter 3 – Ge condensation via High 

Fluence Ion Implantation 

Overview 

 
This chapter presents work done on Ge condensation using high fluence ion 

implantation. The work is performed using SOI as the starting substrate. Material analysis 

determined the crystalline quality of the layer, the distribution of Ge and the enhancement 

in the rate of oxidation. Building on this analysis is a comprehensive review of the 

condensation process in SOI and description of a physical and predictive model. The 

chapter also contains detailed analysis of induced strain. The final section of this chapter 

then describes the use of the implantation and condensation process to fabricate a 

detector, with both electrical and loss measurements of the detector included. Results 

from this work have been reported by the author in the following journal publication: 

R. Anthony, Y. M. Haddara, I. F. Crowe and A. P. Knights, “SiGe-on-insulator fabricated 

via germanium condensation following high-fluence Ge
+
 ion implantation,” J. Appl. 

Phys., vol. 122, no. 6, 2017 

 

3.1 Experimental methods 

Samples of single crystal 220 nm SOI with a 2000 nm BOX were implanted with 

Ge
+
 ions to a fluence of 5x10

16
 cm

-2
 and at an energy of 33 keV. Following implantation, 
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thermal oxidation was performed in a tube furnace in a steam ambient which was 

produced by passing O2 gas through a H2O heated to 95 °C. The samples were initially 

oxidized at 870 ᵒC for 70 minutes (primary oxidation) and then oxidized again 

(secondary oxidation) at either 900 ᵒC, 1000 ᵒC, or 1080 ᵒC with the secondary oxidation 

being performed incrementally in time using multiple samples. Samples were oxidized 

from 15 to 150 minutes in 15 minute increments at 900 ᵒC; 10 to 80 minutes in 10 minute 

increments at 1000 ᵒC and 5 to 35 minutes in 5 minute increments at 1080 ᵒC. The 

furnace was calibrated by oxidizing unimplanted, low doped reference Si samples 

simultaneously with the Ge-implanted samples followed by comparison with the Deal-

Grove oxidation model [1]. The primary 870 ᵒC oxidation was introduced after 

preliminary work indicated that direct high temperature oxidation of the Ge implanted 

SOI resulted in majority evaporation of the Ge before any formed oxide layer could act as 

a diffusion barrier. This is consistent with the work reported in Ref. [2]. It is noted that 

minority dose loss occurs during the primary oxidation of the two-stage oxidation 

process; which has been quantified and is reported on in section 3.2 and 3.3 of this work.  

The fabrication process is summarized schematically in Fig. 3.1. The fabricated 

films were analysed using RBS performed at the 1.7 MV Tandetron Accelerator Facility 

at Western University. RBS is ideally suited for the extraction of concentration profiles of 

dissimilar materials from multiple samples, albeit producing results with relatively 

modest resolution. The probe was a 1.5 MeV He
+ 

ion beam incident at 7 to the normal of 

the sample surface with a Si charged particle detector mounted at 170, with an average 

counts per sample approximately 27,000. The RBS spectra were analyzed using 
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simulation software SIMNRA (SIMulation of Nuclear Reaction Analysis) [3] in order to 

determine the composition and thickness of both the oxide and SiGe layers. The system 

under study is amenable to RBS analysis due to the high Ge content and the significant 

difference in mass between Ge and Si. The uncertainties in Ge concentration, Ge layer 

thickness and SiO2 thickness obtained through RBS analysis and fitting are estimated to 

be on the order of 5%. The grown oxide thicknesses were independently measured 

optically. The tool used was a Woollam M-2000 automated angle spectroscopic 

ellipsometer. This allowed confidence in the extracted profiles obtained from RBS by 

reducing the number of variables in the SIMNRA simulation. In order to facilitate Raman  

 

     
 

Fig. 3.1. Schematic description of the two‐step oxidation process: a.) starting substrate consists of 220 

nm thick Si on 2000 nm BOX SOI; b.) implantation of 5x10
16

 cm‐2 Ge
+
 at 33 keV; c.) primary 

oxidation at 870 ᵒC used to cap the SiGeOI, resulting in a mixed oxide; d.) secondary oxidation at 

either 900, 1000 or 1080 ᵒC to form final SiGeOI structure. 

 

spectroscopy of a subset of the prepared samples, optical excitation was provided by the 

325nm line of a He:Cd laser and the scattered light was collected, confocally using a 

Thorlabs LMU-40x NUV objective lens with a numerical aperture, NA = 0.5, dispersed 
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using a Horiba LabRAM HR Evolution spectrometer and detected with a 

thermoelectrically cooled Charge-Coupled Device (CCD) camera. It should be noted that 

for excitation at longer wavelengths, i.e. at 488nm, the Raman scattering spectra was 

entirely dominated by the main Si-Si optical phonon peak (~520 cm
-1

), presumably from 

the unconsumed thin underlying Si layer. For 488nm, the relative optical penetration 

depths in bulk Si and Ge are 569 nm and 19 nm, respectively, whereas at 325 nm, this is 

~10 nm, for both Si and Ge. The dramatic increase in the Ge-Ge and Si-Ge scattering 

peaks (and relative suppression of the Si-Si substrate scattering) that were observed for 

325 nm excitation therefore implies an upper limit on the condensed SiGeOI layer 

thickness of ~20 nm for the samples probed, which will be shown as consistent with the 

RBS analysis. TEM was performed on a representative sample as a means to assess the 

crystallinity of the SiGe layer and to provide a verification of the Ge profile in the 

structures. Scanning-transmission electron microscopy (STEM) and energy dispersive X-

ray spectroscopy (EDS) analysis was also performed on the same sample. The electron 

microscopy and analysis was performed using a JEOL JEM-2010F Field Emission 

Electron Microscope equipped with an Oxford Instruments EDS analyzer. The sample 

was exposed to an electron beam accelerating voltage of 200 kV. Elemental maps for Ge, 

O and Si were obtained. The profile of Ge was obtained using INCAEnergy EDS 

software, and was plotted together with the STEM images to confirm the location of the 

Ge. No attempt was made to quantify the Ge concentration using the EDS, and as such 

the profiles only provide the relative depth distribution of the Ge in the grown oxide and 

the SiGe layer. 
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3.2 Model description 

Modeling of the implantation-condensation process was performed using the 

commercially available SENTAURUS Technology Computer Aided Design (TCAD) 

platform provided by Synopsys® [4]. The nature of the model is semi-empirical, 

however, the fits to the experimental data yield important insights into the underlying 

processes at work. The model can be described using three parameters: (1) a segregation 

coefficient; (2) an enhanced Ge diffusion coefficient (both 1 and 2 are used to model the 

incorporation of Ge into the oxide as well as the profile of the Ge in the SiGe-On-

Insulator layer) and (3) a modified linear rate constant describing the thermal oxidation.  

It has been established previously that the presence of Ge enhances the rate of 

thermal SiO2 growth [5–8], although Ge should only affect the linear rate constant (as 

described by the Deal-Grove model [1]) since this is determined by the reaction rate at 

the growth interface. The presence of Ge should not affect the parabolic rate constant 

since that is determined by the diffusivity of the oxidizing species through the oxide 

given that the oxide grown is predominantly SiO2. As a result, the oxidation is modelled 

using a linear rate constant that is a function of temperature only. Fig. 3.2 shows the 

values of the linear rate constant used in simulation of the experimental data, compared 

with the constant used to describe the oxidation of low-doped, (100) Si. The activation 

energy for the enhanced linear rate constant (deduced from the Arrhenius relationship) is 

1.52 eV, consistent with the predictive modeling by Rabie et al. [9].  

The most important aspect in modeling and deriving a physical understanding of 

the experimental measurements is the simulation of the Ge pile-up in the remaining 
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SiGeOI layer after thermal oxidation. In this respect, the Ge segregation coefficient (i.e. 

the ratio of Ge in the SiGe to that in the oxide at the SiGe/SiO2 interface) is only 

important insofar as it determines the total dose of Ge in the oxide and the SiGeOI layer. 

Several authors have modeled Ge pile-up by assuming a rejection of Ge from SiO2 into 

the Si: effectively an infinite segregation coefficient [see, e.g., Ref. [10]]. 

 
Fig. 3.2 Simulated linear rate constant for oxidation of Ge implanted SOI samples fabricated in this 

study (solid square markers) in the temperature range 870‐1080 ᵒC. The solid line is an Arrhenius fit 

to the experimental data yielding an activation energy of 1.52eV. The dashed line represents the 

Arrhenius description of the linear rate constant for low doped Si, with associated activation energy 

of 2.05eV.  

 

Others have used a segregation coefficient that is a function of the Ge fraction [4]. 

Neither of these approaches accounts for the observed formation of mixed oxides under 

certain experimental conditions (see Ref. [11] and references therein). In the experimental 

data (for example see Fig. 3.6 and Fig. 3.11 in section 3.3) a complex pattern is observed 

whereby during oxidation at 870 ᵒC there is an initial oxide layer with no Ge content, 

followed by the incorporation of Ge in a thin layer, followed by rejection of Ge from the 

oxide at all subsequent times (and at all higher temperatures). To simulate this pattern, an 

empirical approach in modeling the incorporation of Ge into the oxide is used. 
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Specifically, the segregation model incorporated in SENTARUS is used as an ON/OFF 

‘switch’ for the incorporation of Ge in the growing oxide. With segregation ON, a 

constant segregation coefficient = 1000 is used. This is sufficient to exclude all Ge from 

the growing oxide. There was no requirement to make the segregation coefficient 

dependent on Ge concentration or temperature. With segregation OFF, a segregation 

boundary  condition  is  still used but  with a  segregation  coefficient = 1. This ON/OFF  

 

Fig. 3.3. Simulated effective diffusivities of Ge in the SiGeOI layer versus oxidation time at 900 ᵒC 

(diamonds), 1000 ᵒC (triangles), and 1080 ᵒC (circles). The lines are calculated based on the 

assumption of an enhanced diffusivity decaying exponentially to equilibrium. 

 

switch is used only to describe the experimental results obtained for the primary 870 ᵒC 

oxidation. For all higher, secondary oxidations, which take place following the capping 

870 ᵒC oxidation, the segregation coefficient was set to ON with a value of 1000. The use 

of the segregation switch in this purely empirical portion of the model ironically allows 

us to conclude that segregation is not the dominant mechanism responsible for the 
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incorporation of Ge in the growing oxide. This conclusion is supported through detailed 

discussion in section 3.3. 

To simulate the Ge profile in the SiGeOI layer at different times and temperatures 

an effective interdiffusivity of Si and Ge is used as a fitting parameter. The peak 

concentration of Ge at the growth interface is almost entirely determined by the bulk 

diffusion behavior [4] whereas the details of the flux of Ge across the growth interface 

plays only a minor role, primarily in determining the dose of Ge left in the SiGeOI layer. 

The effective Ge diffusivity at each oxidation temperature, needed to obtain an acceptable 

fit, is shown in Fig. 3.3. The lines are fits to the experimental data assuming that the 

instantaneous diffusivity decays exponentially from an initial value that is significantly 

higher than equilibrium. While there are differences in previous work regarding the 

effective interdiffusivity of Si and Ge (see Ref. [12] and references therein) 

the values in Fig. 3.3 are seen to correspond to diffusion enhancements on the order of 

1000, 10, and 1 for anneals at 900, 1000, and 1080 ᵒC, respectively. The time constants 

for the decay in the diffusion enhancement are 41, 21, and 3.4 minutes, respectively. 

Assuming an equilibrium diffusivity, D = 310 exp (-4.65/kbT) [4], this behavior is 

fully consistent with Transient Enhanced Diffusion (TED) due to the increased defect 

density caused by the Ge
+
 implantation. Most often, TED is associated with residual end-

of-range (EOR) defects following amorphizing ion implantation. It is generally assumed 

that such defects do not play a significant role in enhanced diffusion on the time-scales of 

the experiment because dissolution of such defects is assumed to take place in a matter of 

a few seconds at such elevated temperatures [13]. However, recent work on the impact of 
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amorphizing implantation on the performance of solar cells has suggested that extended 

thermal budgets, used both in solar cell fabrication and in this work, are not sufficient to 

remove clustered defects even for anneal temperatures >950 ᵒC and duration of >10 

minutes [14]. An alternative explanation for the observation of enhanced diffusion is the 

phenomenon of concentration dependent diffusion. For example, Ref. [15] describes an 

experimental study of Ge diffusion in Si1-xGex with x ranging from 0 to 0.5. The 

activation energy for diffusion decreased from 4.7 eV to 3.2 eV across this range, a result 

of increased diffusion via a vacancy mechanism with increasing Ge content. The 

simulated values of diffusivity (Fig. 3.3) are consistent with the values obtained in Ref. 

[15] while the steep gradient of Ge in the SiGe layer (and its temporal evolution) may 

explain the simulated decrease in Ge diffusivity with time. The diffusion of Ge in the 

samples is complex and a study of the detailed kinetics is beyond the scope of this work. 

It should be noted though that there is no doubt that an enhancement of the (apparent) 

effective diffusivity of the Ge exists on a timescale that decreases with increasing 

temperature. 

 

3.3 Results and discussion 

3.3.1 As-implanted profile and that following the primary 870 ᵒC oxidation  

Figs. 3.4 and 3.5 show the as-acquired RBS spectra and the simulated profile 

generated using SIMNRA for an as-implanted sample and a sample after the primary 70 

minute oxidation at 870 ᵒC. The agreement of the fitted curves with the experimental data 

is typical of all of those obtained and thus these serve as representative examples. The 
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experimentally determined as-implanted fluence is 4.8×10
16

 cm
-2

, (i.e. 4% lower than the 

nominal implanted fluence of 5x10
16

 cm
-2

), likely reflecting a combination of 

implantation  fluence  calibration,  measurement uncertainty and sample sputtering during  

Fig. 3.4 RBS spectrum of the as‐implanted sample. The markers are the experimental data and the 

line is generated using SIMNRA. 
 
 

Fig. 3.5 RBS spectra of a 220 nm sample implanted and subsequently oxidized for 70 minutes at 870 

°C. The markers are the experimental data and the line is the spectra generated using SIMNRA. 

 

Si edge 
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the implantation process. The two Ge peaks in Fig. 3.5 show the incorporation of Ge into 

the growing oxide layer, and the retention of Ge in the SiGeOI layer. The total retained 

Ge following the 870 ᵒC oxidation is 4.7×10
16

 cm
-2

, suggesting an approximate further 

3% Ge loss during the primary oxidation step, due to Ge evaporation in the early stages 

of the process. Of the total retained Ge dose, post- 870 °C oxidation, approximately 60% 

was incorporated into the oxide. 

Fig. 3.6 shows the profile of Ge for the 870 ᵒC oxidized sample determined by 

fitting the RBS data, while the solid line represents simulated results obtained from the 

TCAD modeling described in section 3.2. Using the segregation ‘switch’ it was found 

that  Ge  was rejected from the growing oxide for the first 27 minutes of oxidation time at  

 

Fig. 3.6 Measurement and simulation of the Ge profile following wet oxidation at 870 ᵒC for 70 

minutes. The markers are experimental data and the line the simulation. 
 

870 ᵒC (segregation switch set to ON); incorporated into the oxide for 6 minutes 

(segregation switch set to OFF); then rejected from the oxide for the remaining 36 

minutes (segregation switch returned to ON). The quality of the fit to the experimental 
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data, shown in Fig. 3.6, obtained with this binary empirical simulation leads to two 

important conclusions. First, the fit to the Ge profile in the oxide with no segregation at 

all during the narrow time window when Ge is incorporated in the growing oxide 

supports the thesis that segregation alone is not the dominant process determining Ge 

incorporation into the growing oxide. While it should be noted that the ON/OFF 

segregation switch can be useful as an empirical tool to fit the data, not only is 

segregation consideration not predictive of the conditions for Ge incorporation/rejection 

but it is actually physically incorrect in that when Ge is incorporated into the oxide it is 

incorporated at the same concentration as the Ge present at the surface. Second, if the top 

65 nm of the sample (SiO2) where there is no Ge in the oxide is momentarily ignored, the 

behavior of the Ge is more consistent with the predictions of the kinetic model of Rabie 

et al. [9]. That model is based on the assumption that Ge and Si are both oxidized 

simultaneously at similar rates (although Si oxidation is moderately faster) but that a 

portion of the Ge is then replaced in the oxide through a replacement reaction that 

removes GeO2 and forms SiO2 in its place. The amount of Ge in the oxide is determined 

by the rate of this reaction, the instantaneous oxidation rate, and the availability of Si at 

the growth interface, which is in turn controlled by the diffusion behavior of Si in the 

SiGe layer. The incorporation of Ge is therefore better explained by a rapid oxidation rate 

compared with the diffusion of Si to the interface and then drops as the oxide thickness 

increases slowing the arrival rate of oxidant at the interface compared with that of Si. 

This explanation also provides insight regarding the initial 65 nm Ge-free oxide for the 

870 ᵒC oxidation. The first 27 minutes of oxidation occur during a period that includes 
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the solid phase regrowth of the implantation amorphized SiGeOI layer, and subsequently 

a period in which residual defects persist. In the highly defective layer, both the reaction 

rate and the diffusivity of Si to the surface would be significantly higher than for the 

recrystallized layer [16] so that the replacement reaction would be sufficient to replace 

any Ge in the oxide. Similar enhanced diffusivity is evidenced by the data in Fig. 3.3 for 

a time period consistent with 27 minutes, i.e. the period of time in which excess defects 

are present in the SiGeOI layer for the 900 ᵒC oxidation. 

 

3.3.2 Oxide growth and Ge profiles for 900, 1000, 1080 ᵒC secondary oxidations 

As previously explained, it was deemed preferable to initially oxidize all samples 

at 870 ᵒC for 70 minutes in order to cap the SiGe layer and thus prevent majority 

evaporation of Ge during the condensation process. Even so, it should be noted that this 

primary oxidation results in ~60% of the implanted Ge being incorporated into the grown 

oxide in a somewhat complex process for which detailed, quantitative explanation is 

beyond the physically meaningful capabilities of the TCAD model used. It is anticipated 

that future experimental and theoretical work will permit an optimized primary oxidation 

in which suitable capping is achieved without a relatively large fraction of Ge-oxide 

incorporation. 

The Ge profile measured following the primary oxidation becomes the starting 

condition for all subsequent secondary oxidations. In Fig. 3.7 the experimentally 

determined profile of Ge in the SiGeOI layer of the sample which was subjected to a 

secondary oxidation at 1080 ᵒC for 20 minutes is shown. The Ge is piled-up at the 
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SiGe/SiO2 interface, here located at 395nm from the sample surface (i.e. the grown oxide 

has a thickness of 395nm). The solid line is the simulated profile obtained using the 

model described in section 3.2, albeit with the segregation switch ON during the 

secondary  oxidation, thus enforcing a  complete rejection of the Ge from the oxide. It is  

 
Fig. 3.7 Measurement and simulation of the Ge profile in SiGe layer, following secondary oxidation 

at 1080 ᵒC for 20 minutes. The markers are experimental data and the line is simulation. 

 

noted that Ge remains present in the oxide with the same profile as that shown in Fig. 3.6 

(following primary oxidation) although it is not shown in Fig. 3.7 as to highlight the 

agreement of the experimental and simulated profiles. Such agreement is representative 

of that obtained for all secondary oxidations indicating that the model (which in this case 

is determined by the fitted oxidation rate and Ge diffusivity) is physically representative 

of the processes which determine the Ge concentration profile, and thus offer a means for 

predictive determination. 

Fig. 3.8 shows the peak Ge concentration at the SiO2/SiGe interface as a function 

of temperature and secondary oxidation time, while Fig. 3.9 shows the simulated oxide 

thickness and experimental values as a function of temperature and oxidation time. 
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Fig. 3.8 Peak concentration of Ge at the oxide/SiGeOI interface as a function of secondary oxidation 

time for 900 ᵒC (diamonds), 1000 ᵒC (triangles), and 1080 ᵒC (circles). The lines are guides to the 

eye. The model described in section 3.2 replicated the experimental values by using the effective Ge 

diffusivity values summarised in Fig. 3.3.  
 

      
Fig. 3.9 Measured using RBS (solid markers); measured using ellipsometry (open markers); and 

simulated (lines) oxide thickness as a function of time following secondary oxidations at 900 ᵒC 

(diamonds), 1000 ᵒC (triangles), and 1080 ᵒC (circles). The simulated values were obtained using the 

modified linear rate constant values summarised in Fig. 3.2.  

 

3.3.3 TEM and STEM images  

 

Fig. 3.10 shows a representative High Resolution-TEM (HR-TEM) image; in this case for 

the SiGe layer formed after annealing at 1080 ᵒC for 20 minutes where the peak 

concentration of Ge is approximately 75 at- %. The image confirms the crystalline nature 
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of the sample indicating the successful seeding of the SiGe layer from the underlying Si 

not amorphised by the Ge
+
 implantation. While no attempt was made in this work to 

quantify residual defects (such as dislocations) the volume probed was found to be 

predominantly defect free, and as such the image is representative of the quality of this 

sample. 

 
Fig. 3.10 HR‐TEM image of sample annealed at 1080 ᵒC for 20 minutes. The region associated with 

the SiGe is indicated, as is that which predominantly consists of Si. The SiGe region extends 

approximately 20nm from the oxide/SiGe interface with a profile consistent with the images shown in 

Fig. 3.11.  
 

Fig. 3.11 shows STEM images of the same sample in both low and moderate 

magnification. The nature of the STEM measurement emphasizes contrast for species of 

different mass. Further, the species giving rise to the contrast can be determined using 

EDS. Fig. 3.11 shows the EDS spectra for Ge superimposed onto the STEM images thus 

providing an unambiguous confirmation that the contrast in the STEM is due to the 
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incorporated Ge. In this way, STEM images can be compared with profiles obtained via 

RBS  to  confirm the presence  of  the mixed Ge/Si band. In the case of STEM the band is 

 

Fig. 3.11 a) STEM image of sample oxidized at 1080 ᵒC for 20 minutes with Ge EDS spectra 

superimposed (green solid line) indicating a mixed oxide band and Ge profile in SiGe layer and b) 

higher magnification STEM image of same sample indicating SiGe layer only, again with Ge profile 

superimposed. The Ge EDS profile indicates the relative depth distribution only with no attempt to 

provide a quantification of the Ge concentration. 

 

measured to have a width ~85nm in the grown oxide at a depth of ~30nm from the 

sample surface. It is noted that for the lower magnification image in Fig 3.11 the Ge 

contained in the oxide shows signs of non-uniformity. The high concentration of Ge in 

these samples gives rise to an oxidation temperature that would increase in excess of the 

compound melt temperature for the 1080 ᵒC oxidations. This has been shown previously 

to result in non-uniform agglomeration of condensed Ge [17]. No such agglomeration 

within the SiGe is seen in the samples shown in Fig. 3.11.  

3.3.4 Raman spectroscopy 

Fig. 3.12 shows the evolution of the Raman scattering spectra with thermal budget 

for samples receiving secondary oxidation anneals at 900 ᵒC, for 135 minutes, 1000 ᵒC 

a b a) b) 



84 

 

for 60 minutes and 1080 ᵒC for 35minutes. Raman measurements were performed after 

removal of the top (grown) oxide via etching in dilute HF acid. In order to enable direct 

comparison of the Si-Si alloy scattering in the SiGe layer with the Ge-Ge scattering peak, 

contributions from the underlying (pure) Si layers, owing to their different frequency, 

were subtracted from the total scattering spectra, after fitting these with a Lorentzian line-

shape function. All of the samples exhibit peaks associated with the Ge-Ge, Si-Si and 

SiGe scattering with the peak positions varying during the oxidation. In SiGe alloys the 

scattering peak positions are known to be sensitive to both strain and composition, in this 

work the Ge-Ge, Si-Si and SiGe peaks vary from 284-295 cm
-1

, 402-413 cm
-1

 and 497-

511 cm
-1

 respectively. As a result of the variation it is difficult to extract reliable values 

for either strain or concentration as both may be changing. However, one can use the 

relative scattering intensities as a means to determine the compositional fraction because, 

in a simplified treatment of the SiGe layer as a purely random mixture of Si and Ge 

atoms, the probability of finding either Si-Si or Ge-Ge vibrating pairs as a function of the 

Ge composition, is simply proportional to the relative numbers of corresponding bond 

types [18]. If the Raman scattering intensity for either of these modes is then assumed to 

be proportional to the number of these vibrating pairs within the layer, then the ratio of 

scattering intensities should vary according to: 

 

                                                     (3.1) 
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Fig. 3.12 Evolution of the scattering spectra from the SiGe layer as a function of thermal budget 

during oxidation annealing. The contribution from the Si substrate has been subtracted to enable 

direct comparison of the Si‐Si alloy scattering in the SiGe layer with the Ge‐Ge scattering peak. 

Integrated peak intensities and frequencies were determined from the fitted lines, which are 

asymmetric (Fano) line‐shape functions, after Ref. [23].  
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This function reveals the Ge concentration in the SiGe layers to be 44 at-% at 

900 ᵒC, 26 at-% at 1000 ᵒC and 12 at-% at 1080 ᵒC. This result appears to be in 

disagreement with the RBS measurements which indicate (for example) that the peak 

concentration for a sample annealed at 900 ᵒC for 135 minutes, is close to 95 at-%. The 

consistently lower Ge composition determined using single wavelength excitation (UV) 

Raman scattering is attributed to the narrow width of the SiGe layer and a consequent 

optical probing of the tail of the Ge distribution. That is to say, although the two 

techniques appear to be reporting very different Ge compositional fractions, this is most 

likely only the result of probing different regions of the highly non-uniform (that is, non-

uniform in depth) thin SiGe layer. Having determined the Ge compositional fraction at a 

specific depth using the ratio of integrated Raman peaks, the peak positions of the three 

main scattering modes; Si-Si, Si-Ge and Ge-Ge were examined in order to determine 

whether and to what degree there is any inherent strain in the SiGe layer. The precise 

scattering frequency of these peaks depends on both layer composition and strain,  

according to the following empirical relations [19], [20]: 

                                         (3.2) 

                         (3.3) 

    ε                                  (3.4) 

where the coefficients bm are phenomenological parameters that depend on the elastic 

constants of the specific materials; Si, SiGe and Ge. Taking the coefficients determined 

previously by Pezzoli et al [21] to be: bSi = -730 cm
-1

, bSiGe = -570 cm
-1

 and                   

bGe = -450 cm
-1

 the strain for all three modes is found to be in highly consistent 
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agreement. Fig. 3.13 is the graphical representation of Eqs. (3.2)-(3.4) illustrating the 

Raman shift with Ge alloy composition and strain for the three main optical phonon 

modes in SiGe. The measured peak positions and Ge alloy compositions that have been 

determined here indicate that where the Ge fraction is highest, (i.e. for the measurement 

taken from the sample annealed at 900 ᵒC for 135 minutes) there exists a significant 

compressive strain  1%. As the thermal budget is increased, the combined intermixing 

of the Si with the SiGe layer (or out diffusion of Ge from that region) acts to reduce this 

compressive strain so that for annealing at 1000 ᵒC for 60 minutes,  is reduced to 0.7% 

and for the sample annealed at 1080 
o
C for 35 minutes, it is almost completely relaxed 

(within experimental error). These increased values of compressive strain with Ge 

composition in ultra-thin SiGeOI layers are in very good agreement with previous work 

on similar ultra-thin SiGe layers [22], although contrary to the implantation-condensation 

samples of Ref. [2]. 

Fig. 3.13 Predicted Raman shift for a) Ge‐Ge, b) Si‐Ge and c) Si‐Si alloy modes as function of Ge 

concentration (1‐x) for various values of strain, either tensile (T) or compressive (C) in the range of 

1.3% tensile strain to 1.3% compressive strain in 0.1% increments. The points determined for the 

samples studied here (connected by lines to guide the eye) show a strongly correlated behaviour for 

all three modes; a significant (1%) compressive strain in the sample with the highest Ge content, 

44 at‐% (annealed at 900 °C for 135 minutes) is gradually relaxed as the Ge fraction diminishes 

with thermal budget during annealing.  

 

a)                                                       b)                                                    c) 
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3.3.5 Discussion  

The data in Fig. 3.7 demonstrate that a maximum peak concentration approaching 95 at-

% has been obtained which suggests a technique capable of producing high Ge content 

SiGeOI. In order to construct a completely predictive, physically-based model, a full 

system of equations must be solved as in Py et al. [24] and Uematsu [25] to take into 

account the behavior of point defects and conservation of lattice site density as in the 

model of Hasanuzzaman et al. [26], [27]. For the concentrations of Ge used here and in 

other similar experiments, ignoring the conservation of lattice site density can lead to the 

unphysical result of a greater number of substitutional atoms than lattice points, for 

example. Further, it was not attempted in this study to model the diffusion behavior of Ge 

in the oxide or to experimentally determine the state of Ge in the oxide to confirm the 

mixed oxide expected if the Rabie model [9] is correct. In order to produce such results a 

full model of the process described here would require the use of kinetic oxidation 

simulation, the full interdiffusion of Si and Ge, including the conservation of lattice site 

density, and the diffusion of Ge in the oxide. However, the preliminary model presented 

does shed light on the dominant physical processes of the implantation condensation 

process, and in a limited sense the model provides predictive capabilities.  
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3.4 Application of condensation technique in the 

formation of waveguide photodetectors 
 

3.4.1 Detector fabrication and experimental Methods 

Structures (essentially partially fabricated devices) suitable for Ge incorporation via 

implantation/condensation were fabricated using the IME A-Star 220 nm SOI platform. 

The processing done at IME consisted of Si patterning, N+ and P+ implants to form the 

p-i-n detector region and a frontside oxide etch to allow for implantation of Ge. Post 

processing was performed at McMaster University where samples were implanted with a 

fluence of 2.7x10
16

 cm
-2

 of Ge
+
 ions at 30 KeV. These samples were then oxidized at 900 

ᵒC in wet O2 environment for 5, 15, and 30 minutes respectively. For comparison, 

unimplanted samples were also oxidized for 5, 15, 30 and 45 minutes. Completion of 

device fabrication was achieved through contact metallization performed using a Kurt J 

Lesker sputtering system where 350 nm of aluminum was deposited. Fig. 3.14.a shows a 

schematic diagram of the final detector where L refers to the length of the device and Fig. 

3.14.b shows a schematic cross section of the final detector. All devices were 

characterized using a Luminent laser diode with a central wavelength of 1301.6 nm with 

a spectral width of 2.9 nm, and an output power of 5.3 mW, driven by a ILX Lightwave 

LDX-3270B Precision Current Source. Optical coupling was achieved using grating 

couplers centered around 1310 nm with the coupling loss estimated to be 8.5 dB. 

Electrical measurements were taken using a Keithly 2400 Source Meter.  
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Fig. 3.14 a) Schematic diagram of a detector fabricated via Ge implantion and condensation with top 

oxide removed for clarity and b) cross-sectional schematic of device.  

 

3.4.2 Optical loss measurements 

 

Loss measurements allow for the comparison of loss due to the presence of Ge, and 

parasitic loss due to waveguide reduction [28]. 

        
Fig. 3.15 Loss for unimplanted and implanted devices with L=250 µm after different lengths of 

oxidation. 
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Fig. 3.15 shows the optical loss measurements for both Ge
+
 implanted and 

unimplanted devices with L=250 μm oxidized for various times. Loss increases with 

oxidation time and while this is consistent with increasing absorption due to an increasing 

concentration of Ge, additional possible sources of loss must be considered. The size 

reduction of the waveguide would likely be the largest source of such parasitic loss. 

Specifically, increasing oxidation will lead to loss caused by modal mismatch between 

the unoxidized waveguide and the implantated waveguide due to the consumption of Si. 

While loss for lower oxidation times is comparable for an unimplanted and Ge
+
 

implanted sample (-1.0dB and -1.5 dB), for longer oxidations the loss is significantly less 

for an unimplanted sample. This strongly suggests that the dominant loss mechanism is 

associated with the presence of Ge in the waveguide, and not the reduction of the 

waveguide size. 

 

3.4.3 Optical to electrical conversion 

 

Fig. 3.16 shows the current-voltage characteristics for a detector with L=250 μm 

oxidized for 15 minutes and Fig. 3.17 shows the current-voltage characteristics for a 

detector with L=200 μm oxidized for 30 minutes. As can be seen in both figures, 

photocurrent is generated under illumination with significantly more photocurrent, a 

factor of 4, being generated for the sample undergoing the 15 minute oxidation. This is 

believed to result from a combination of increased detector length, reduced parasitic loss 

and results from section 3.3.1 where it can be seen that the Ge reaches a peak 

concentration, inferred from the Ge profile in the oxide, before gradually decreasing and 

Ge being at a higher concentration at 15 minutes which is consistent with Ref. [29] 
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Fig. 3.16 Current – voltage characteristics for a detector with L=250 μm, oxidized for 15 minutes, for 

dark and illuminated conditions. 

 

While these detectors are the first to be reported, to the author’s knowledge, 

demonstrating use of the condensation technique in fabricating a detector,the responsivity 

of these detectors is quite low, ~0.01 A/W at 30 V reverse bias. Comparatively, Ge-on-Si 

detectors utilizing directly grown Ge have been demonstrated with responsivities of up to 

1 A/W at similar wavelengths [30]. It is noted that such grown Ge detectors are on the 

order of 1μm in thickness, whereas the Ge layer in the condensation case is on the order 

of 20nm. While the high speed response of these devices was deemed to be outside the 

scope of this study we estimate the 3 dB frequency to be approximately 7.6 GHz. This is 

based on an estimation of the field strength in the depletion region to be 6x10
4 

Vcm
-1

, 

which is high enough that the velocity of charge carriers should saturate to ~1x10
7

 cm/s. 

Using eqn. 2.11 the transit time across the intrinsic region which is approximately 5 μm 

should be 5x10
-11

 s which corresponds with the 3 dB frequency given above. While the 

estimated field strength should be sufficient to cause avalanche effects, the impact of 
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avalanche has been ignored for this calculation as the number of impact ionizations at this 

field strength will be relatively low. Indeed, the presence of avalanche is difficult to 

distinguish in Fig. 3.16 suggesting it should not be an important consideration. As might 

be  expected, the  3 dB  bandwidth of 7.6 GHz is significantly  lower than those for Ge-Si  

Fig. 3.17 Current – voltage characteristics for a detector with L=200 μm, oxidized for 30 minutes, for 

dark and illuminated conditions. 

 

devices in which the transit distance is <1 μm (compared to the 5 μm in the current 

detectors) which have been shown to exceed 40 GHz[31]. These results do however 

demonstrate the first photodetector to be fabricated using the implantation-condensation 

technique, and suggest that if scaling of the Ge can be achieved, comparable performance 

with grown Ge devices may be obtained.   

 

3.5 Conclusion 
 

A Ge implantation-condensation technique using Ge-implanted SOI utilizing a 

two-step wet oxidation process has been demonstrated in this chapter. The experimental 
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matrix is preceded by an initial oxidation at 870 ᵒC to minimize evaporation of Ge, 

followed by a higher temperature oxidation at either 900 ᵒC, 1000 ᵒC or 1080 ᵒC for 

incremental periods of time in order to examine the formation of the oxide and Ge layer 

over time. Samples were characterized using RBS analysis to examine the composition 

and thickness of the oxide and Ge layer and then compared with a semi-empirical model. 

The dominant fitting parameters in this model are a modified segregation boundary 

condition and a linear oxidation rate enhancement which are attributed to the replacement 

reaction of Ge in oxide with Si; and an enhanced diffusion coefficient for Ge which is 

consistent with transient enhanced diffusion. TEM and STEM analysis of a representative 

sample shows that the SiGe is relatively uniform and defect free, while EDS profile data 

is consistent with the RBS anaylsis of the same sample. Raman spectroscopy shows that 

significant compressive stress can be induced in the SiGe layers at levels consistent with 

previous condensation studies in which epitaxially grown SiGe provided the primary 

structure. Furthermore, using the ion implantation and condensation of Ge technique a 

CMOS compatible detector at 1310 nm was fabricated. Both loss and electrical 

measurements of these devices were taken, with the sample oxidized for 15 minutes 

found to have the highest photocurrent which is attributed to several different factors. 
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Chapter 4 – Photodetection at extended 

wavelengths around 2 μm  

Overview 

This chapter presents results of work to develop p-i-n Ge detectors suitable for 

extended wavelength operation. An initial hypothesis (following previous work by past 

members of the Knights research group) was that mid-bandgap lattice defects would 

enhance the absorption of Ge at wavelengths close to and beyond its optical bandgap. 

This is shown to be incorrect, but the experimental work to reach this conclusion resulted 

in the discovery that as-grown Ge-on-Si does have a reasonable responsivity up to a 

wavelength of 2000 nm.  

First in this chapter is a discussion presenting the interest in a new optical communication 

window based on the use of a Thulium Doped Fiber Amplifier (TDFA). The design and 

fabrication of Ge-on-Si waveguide detectors is then described (both with and without 

intentionally defected lattices). The operation of the implanted Ge detectors is then 

described. This is followed by an examination of the high-speed operation, responsivity, 

and absorption coefficient for an undefected detector between 1550 to 1640 nm and 1850 

to 2000 nm. The chapter concludes with a discussion on the potential uses of Ge in the 

TDFA enabled optical communication band. Results from this work have been reported 

by the author in the following Journal publication and Conference proceedings: 



 

101 
 

R. Anthony, D. Hagan, D. Genuth-Okon, J. Mullins, I. F. Crowe, M. P. Halsall, and A. 

P. Knights, “Extended wavelength responsivity of a germanium photodetector integrated 

with a silicon waveguide” IEEE Journal of Lightwave Technology, 2019 (Submitted) 

4.1  Detection using Ge beyond 1550 nm 

4.1.1 Introduction 

The interest in integrated functionality around wavelengths of 2 m is fueled by 

the relatively recent suggestion that a new communication window at these extended 

wavelengths could be developed [1]. Such a band would be centered on the output of the 

Thulium-Doped-Fiber-Amplifier (TDFA) [2] which has been shown to provide broad 

amplification potentially from 1700 nm to 2100 nm, a range wider than that associated 

with the EDFA. 

The optical bandgap of Ge provides for excellent responsivity in the O and C 

bands, detection in the L-band (particularly at longer wavelengths) is reduced, 

demonstrating considerable “roll-off”. Increasing the responsivity of integrated Ge 

detectors beyond the optical direct band-edge has been achieved previously through the 

introduction of tensile strain, which has the effect of shrinking the optical bandgap of Ge 

[3]. For detection of wavelengths beyond the L-band, it is generally assumed that the 

reduced bandgap of binary, Ge-based alloys is required. For example, Dong et al. have 

shown that GeSn can be integrated with Si substrates, with surface illuminated detectors 

providing a response of 0.04 A/W at a wavelength of 1900 nm [4]. However, very little 

work has been done on characterizing Ge at wavelengths beyond 1620 nm.  
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4.1.2 Defect Mediated Detection 
 

A technique which has seen considerable success for detection in Si in both 

EDFA and TDFA bands is that of defect mediated detection [5]. This technique operates 

on the principle that when defects are introduced into a crystal lattice so called “deep-

level states” are introduced in between the conduction and valence bands. Electrons can 

then be thermally excited from the valence band to the deep level, and then optically 

excited to the conduction band as shown in Fig. 4.1. The same process can also occur in 

reverse with an optical excitation to the deep level followed by a thermal excitation to the 

conduction band. This allows for detection in Si at sub-band gap wavelengths. Using this 

technique monolithic waveguide detectors in Si have been fabricated with bandwidths in 

excess of 30 GHz, while the excellent amplifying properties of Si permit high-field 

responsivities in excess of 5 A/W [6] for a wavelength of 1550 nm. More recently, this 

technique has been shown to permit detection of wavelengths up to 2800 nm
 
[7]. Despite 

the successes of defect mediated detection in Si, there has been no work exploring the 

potential of defect mediated detection in Ge.  

Fig. 4.1 A schematic diagram of the optical process that occurs in defect mediated detection. 
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4.1.3 Device Fabrication and Characterization 

Devices for which results are reported in this study were fabricated at IME A-

Star, Singapore using their Silicon Photonics MPW process, based on 248 nm deep-

ultraviolet lithography. Access to the MPW was facilitated by CMC Microsystems. Fig. 

4.2 shows schematic representation of the detector structures used in this work. The 

buried oxide (BOX) is 2 μm thick, the Si layer is 220 nm and the Ge layer is 500 nm. An 

oxide cladding of 2.1 μm thickness (not represented in Fig. 4.2) was used to encapsulate 

the structure. The direct growth of Ge on the Si allows for integration of the detector with 

a Si waveguide formed in the Si layer. The waveguide tapers from a width of 5 μm to 0.5 

μm over a length of 250 µm, and eventually terminates at a nanotaper coupler, designed 

for efficient coupling of light from a single-mode-fiber. In this way, light from the input 

fiber is evanescently coupled into the Ge via the Si waveguide and taper. In some cases, 

prior to the Ge detector carrier extraction region, (labelled as LDET in Fig. 4.2) a passive 

Ge layer was incorporated (labelled in Fig. 4.2 as LGe). The length of the detector (LDET) 

varied from 5 to 500 μm; while LGe was varied from 0 to 492 µm. The width of the Ge 

was 5 μm (consistent with the wider end of the Si waveguide taper). Low impedance 

connection to the Ge detector was achieved via top doping of the Ge using phosphorus 

(n-type); and side doping of the Si using boron (p-type). Similar devices have been 

described previously in some detail [8].  

The detectors were characterized at two wavelength ranges: 1550 to 1640 nm, 

supplied by a Keysight 8164A Tunable Laser; and 1850 to 2000 nm, supplied by a Sacher 

Lasertechnik tuneable Littman/Metcalf laser. In both ranges, linearly-polarized light was 
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launched into single-mode fiber, polarization-controlled using polarization-paddles, and 

edge coupled via tapered fiber into the detector via a 180 nm wide inverse-nanotaper. For 

the short wavelength range, the amount of optical power coupled to the Ge-integrated 

waveguides was determined by applying a 3.1 dB insertion loss, measured independently 

using Si waveguide test structures. For the long wavelength range, a similar method was 

employed by applying a 5.1 dB insertion loss, also determined using Si test waveguides. 

The relative increase in coupling loss for the longer wavelength range reflects the 

difference in mode size for each range. 

 

 

 Fig. 4.2 – Schematic layout of the detector structure used in this work. 

To introduce defects into the structures, B
+
 ions were implanted into the samples 

at an energy of 1.5 MeV, which was determined using Stopping and Range of Ions in 

Matter simulations [9]. The dose of implantation was chosen to be similar to previous 

studies done on Si and ranged from 1x10
12 

to 3x10
13

 cm
-2

[10]. Implantation was 

performed using the 1.7 MV Tandetron Accelerator Facility at Western University.  
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4.1.4 Defect Mediated Detection in Ge 

 

Following implantation, dark current is seen to increase as a function of 

implantation dose, as shown in Fig 4.3, indicating that defects were successfully 

introduced into the Ge.  

 
Fig. 4.3 Dark Current for detectors in Reverse Bias. 

Fig. 4.4 Responsivity of detectors at 0 V bias. 
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However, as is shown in Fig. 4.4, with no bias applied, responsivity decreases 

with increasing implantation dose. The decrease in responsivity is attributed to an 

increase in concentration of recombination centers caused by ion implantation and defect 

formation, and a subsequent increase in recombination rate for any optically generated 

carriers. Such an increase is greater than any increase in optical absorption due to the 

introduction of deep-levels. Furthermore, even with a bias applied as shown in Fig. 4.5 

and 4.6 where a reverse bias of 1 and 2 V is applied respectively, the responsivity of the 

implanted detectors is still less than that of an unimplanted device. It is reasonable to 

anticipate that the extraction rate of charge carriers should increase considerably with 

applied bias, and thus defect mediated detection does not seem to be a promising route to 

extended wavelength detection in germanium-based devices. 

Fig. 4.5 Responsivity of detectors at 1 V reverse bias 
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defect mediated generation of charge carriers may play a small role in enhancing 

photocarrier generation (especially at higher wavelengths), although rapid recombination 

of carriers strongly suppresses photocurrent generation beyond that seen for the 

unimplanted device. This is illustrated in Fig. 4.5 as the detector implanted with a dose of  

Fig. 4.6 Responsivity of detectors at 2 V reverse bias 

1x10
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 cm
-3

 has a much flatter response across the investigated range and a better 

responsivity for wavelengths greater than 1950 nm when compared with samples with a 

lower implant dose at 1 V reverse bias. Furthermore, as shown in Fig. 4.6 at 2 V reverse 

bias the responsivity of the device implanted with a dose of 5x10
12

 is higher than that of 

the device implanted with a dose of 1x10
12 

across the entire range of wavelengths which 

shows that absorption has increased with dose in this case.  

While these results indicate that it may be possible to improve the responsivity 
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consumption as well as the poor SNR. As a result, defect mediated detection in Ge 

appears to be an ineffective method for detection in the TDFA band (at least for the 

experimental conditions used here), although the response of the unimplanted device is 

surprisingly strong. Therefore, more study of Ge-on-Si detectors at higher wavelengths 

was performed using unimplanted devices and is detailed in the following section.  

 

4.1.5 Electro-optical response of unimplanted devices 

To allow comparison with the large body of work reporting evanescent Ge/Si 

waveguide detectors, the steady-state (DC) I-V characteristic of the device with detector 

length (LDET in Fig.4.2) = 50 μm, and length of the passive Ge waveguide preceding the 

detector (LGe in Fig. 4.2) = 0 µm was measured first, with no coupled light and with light 

at a wavelength of 1550 nm and input power of 1.5 mW. The optical power interacting 

the  Ge detector is estimated to be ~0.65 mW. The data is shown in Fig. 4.7. For a reverse 

Fig. 4.7 I-V characteristic of detector with LDET = 50 µm and LGe = 0 µm. Black circles: dark current. 

Red circles: under input of 1550nm with optical power at the detector structure estimated to be 0.65 

mW. 
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bias of 1 V an internal responsivity of 0.74A/W is observed, with an associated dark 

current <1 μA which is comparable with previous work using a similar detector design 

[8]. 

An identical device was subjected to a high-speed modulation at 1550 nm using a 

PRBS31 electrical signal from an Anritsu MP1800A SQA driving an Anritsu MP9681A 

E/O converter with eye diagrams obtained using an Agilent Infiniium DCA-J 86100C 

with an 86116C module for electrical measurement of the device probe signal. Eye 

diagrams for data-rates of 5 and 12.5 Gb/s are shown in Fig. 4.8. Despite the relatively 

long LDET for this device, open eyes are clearly observed. Based on similar device designs 

reported in [8], the 3 dB bandwidth for this 50 μm detector is estimated to be ~10 GHz. 

 

Fig. 4.8 Eye diagrams obtained for 5 Gb/s and 12.5 Gb/s for the device with LDET = 50 µm and LGe = 0 

µm. Optical signal was at a wavelength of 1550 nm with optical power at the detector structure 

estimated to be 0.65 mW. 

 

The responsivity of the same detector was determined, for reverse bias of 1V, as a 

function of wavelength for the two ranges 1550 nm -1640 nm and 1850 nm -2000 nm. 

The calculated responsivity, assuming coupling losses of 3.1 dB and 5.1 dB respectively 

for the two wavelength ranges accounts for the variation in laser output power across 

each range. 
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The resulting data is plotted in Fig. 4.9. For the shorter wavelength range the roll-

off behavior is consistent with that previously observed [3], with an internal responsivity 

of 0.74 A/W at 1550 nm which decreases with increasing wavelength until at 1640 nm it 

is 0.11 A/W. In the longer wavelength range the detector has a responsivity that falls from 

0.02 A/W to 0.005 A/W with increasing wavelength. The exponential decay in 

responsivity with increasing wavelength is consistent with indirect band to band 

transitions [11].  

Fig. 4.9 Detector responsivity versus wavelength for LDET = 50µm and LGe = 0 µm. 
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Specifically, the photocurrent for devices with LGe=0 μm, measured as a function of 

detector length LDET can be approximated by: 

ipc
 
= A [1-exp (-LDET αsum)]                                              (4.1), 

where ipc is the measured photocurrent, αsum is the absorption length and A is the 

saturation photocurrent. In this case, αsum results from a combination of loss mechanisms 

[12], which include: intrinsic optical absorption in the Ge/Si waveguide; absorption via 

the free carriers that result from doping in both the Ge and the Si; and absorption via the 

metallic contact on the surface of the LDET region. Finite element simulation, using the 

commercial Synopsis software package RSoft FEMSIM, of the structure shown in Fig. 

4.2 as LDET, and reference to previous work on optical absorption in bulk Ge [13], 

suggests that the dominant loss mechanism for wavelengths in excess of 1700 nm is via 

free carrier absorption. Thus, for these extended wavelengths, using devices consisting of 

LDET only to determine the optical absorption within the Ge/Si waveguide proves 

challenging. Whereas, in the case where LDET is fixed and LGe is varied, the photocurrent 

is approximated by: 

ipc
 
= B [exp (-LGe αGeSi)]                                                  (4.2), 

where ipc is the measured photocurrent, αGeSi is the absorption length in the Ge/Si 

waveguide and B is the photocurrent for  LGe = 0.  

Fig. 4.10 shows photocurrent measurements as well as the fits derived from eqns. 

(4.1) and (4.2) for a wavelength of 1900nm and input power at the chip of 1 mW. The fits 

yield αsum = 0.03 µm
-1

; and αGeSi = 0.003 µm
-1

, confirming intrinsic absorption is not the 

dominant loss mechanism at 1900 nm. It should be noted that determination of αGeSi could  
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be achieved also via the use of passive Ge/Si waveguide structures and external 

photocurrent detection. However, this experiment is performed for Ge/Si formed during 

the fabrication of functioning detectors and thus the results demonstrate faithful 

representation of the Ge/Si absorption. Further, using the same samples, detection at 

extended wavelengths is demonstrated. 

             
 

Fig. 4.10 a) Photocurrent for devices with LGe = 0 and varying LDET; b) photocurrent for devices with 

LDET = 5µm and varying LGe. For all measurements the input wavelength and power at the input 

coupler was 1900 nm and 1 mW respectively. The error bars are calculated from measurement of 

multiple devices and are a consequence of variation in coupling efficiency. 

 

The value of αGeSi = 0.003 µm
-1

 is in excess of that expected for bulk Ge via an 

indirect bandgap transition of 0.65 eV (1900 nm), which is reported to be ~0.0001 µm
-1

 

[13]. Rather, the measured value indicates a band-gap narrowing (consistent with an 

equivalent indirect transition) of ~0.05 eV. Together with the form and extent of the roll-

off data shown in Fig. 4.9, it is postulated that this enhanced absorption is the result of 

strain induced narrowing of the indirect bandgap; a similar conclusion as was described 

for direct transitions in [3]. A bandgap narrowing of this degree is consistent with a strain 

less than 1%, as indicated by theoretical calculation [14]. 
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The enhancement of responsivity of integrated Ge detectors has been well-

described previously for operation in the L-band [for example see Ref. [3]]. The raised 

temperature epitaxial growth, together with the different thermal expansion coefficients 

for Ge and Si, results in the introduction of tensile strain in the Ge when the sample is 

cooled at the completion of the growth cycle. The effective reduction in the direct optical 

bandgap has been reported to be on the order of 0.1 eV.  

 

4.2 Summary and Conclusion 

In this chapter the use of evanescently coupled Ge waveguide detectors in the 

wavelength range of 1850-2000 nm is examined. The devices described were fabricated 

in a commercial Si photonics foundry using a process flow designed for detection in the 

O, C and L bands with some detectors being implanted post fabrication in order to 

introduce defects to examine the role of defect mediated detection in Ge. For samples that 

have been implanted with ions it is shown that while defects may play a small role in the 

detection especially at higher wavelengths the introduction of defects degrades the 

responsivity of the devices at low applied biases. It is possible that higher bias can be 

applied to improve responsivity, however, this will reduce the SNR and increase the 

power consumption due to high dark current. While the responsivity of unimplanted 

detectors with a length of 50 µm at 1850 and 2000 nm is modest for the devices described 

here (0.02 and 0.005 A/W respectively), it has been shown that this is an enhancement of 

absorption as compared with that of bulk Ge and could be increased significantly by 

reducing the parasitic absorption, which dominates for the current design. Specifically, by 
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removing the doped contact from the Ge waveguide, the intrinsic absorption of the 

indirect bandgap is likely to dominate. Such a detector design is described in [15]. Due to 

the decreased responsivity of implanted detectors it is theorized that the enhancement of 

absorption of these Ge detectors as compared with bulk Ge is due to bandgap shrinkage 

caused by tensile strain in Ge, which will be explored further in the following chapter. 

This strain could be further enhanced either through geometrical design or the addition of 

a dielectric stressor [16]. The use of Ge in a separate absorption, charge and 

multiplication (SACM) avalanche detector would also provide for order of magnitude 

improvements in the responsivity, with high electrical bandwidth compared with the 

linear devices reported here [17]. Certainly, the use of Ge detectors is a feasible route to 

integrated detection in Si PIC design for use in the extended wavelength range, which 

overlaps with the TDFA gain band. 
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Chapter 5 – Raman Spectroscopy of Ge 

and SiGe Thin Films 

Overview 
 

This chapter presents the results of Raman spectroscopy on Ge and SiGe films. The first 

section of the chapter details the analysis of Ge films, beginning with the examination of 

the Ge detectors described in the previous chapter. This is followed by an examination of 

Ge nanowire bridges formed from Ge-on-SOI. The second section of the chapter 

examines the SiGe fabricated via Ge implantation and condensation. The chapter then 

concludes with a summary. Results from this work have been reported by the author in 

the following journal publication and conference proceedings: 

R. Anthony, D. Hagan, D. Genuth-Okon, J. Mullins, I. F. Crowe, M. P. Halsall, and A. 

P. Knights, “Extended wavelength responsivity of a germanium photodetector integrated 

with a silicon waveguide” IEEE Journal of Lightwave Technology, 2019 (Submitted) 

R. Anthony, A. Gilbank, I. Crowe, A. Knights, “Strain Analysis of SiGe Microbridges” 

Proc. of SPIE, 10537, Silicon Photonics XIII, San Francisco, 2018. 

5.1 Raman analysis of Ge Detectors 
 

5.1.1 Sample characterization 

 

Raman spectroscopy was performed on both the exposed Ge (with cladding oxide 

removed) from two of the Ge detectors described in the previous chapter (spatially 
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separated but on the same chip, schematically described in Fig. 4.2) and nanowire bridges 

formed from samples of Ge-on-SOI (similar in design to those described schematically in 

Fig. 2.14). These measurements were done to confirm the presence, and estimate the 

magnitude and type of strain (postulated to be the source of the enhanced detection at 

wavelengths close to 2000 nm), and to investigates methods to further effect a band 

narrowing through strain engineering. The samples were excited using a 633 nm HeNe 

laser via 50x objective lens (0.75 N.A.) and the Raman signal was collected in 

backscattering configuration using a Renishaw in-via system equipped with a 1800 g/mm 

grating. The laser power was kept below 0.1 mW to avoid sample heating and a large 

number of measurements were taken from the LGe region; from a bulk (unstrained) Ge 

wafer; and unstrained bulk Si (the latter measurements used for precision instrument 

calibration). 

5.1.2 Raman determination of strain of Ge detectors 

In order to evaluate the presence, and estimate the magnitude and type of any 

strain in the integrated Ge photodetectors, the dominant Ge-Ge Raman scattering peak 

obtained from two detector samples was compared with that of a sample of bulk, 

unstrained Ge. Fig. 5.1 gives a schematic representation of the collection of the Raman 

spectra. The scattering peaks were fit with a single Lorentzian function to determine the 

precise peak position. In total, 45 measurements (randomly selected from across the 

wafer surface) were taken from the bulk unstrained Ge, from which a histogram of peak 

positions was generated, shown in Fig. 5.2 (purple dataset). A normally distributed fit to 

the histogram yields an average peak position of 300.84 cm
-1

 with a standard deviation 
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(σ) of 0.07 cm
-1

, which is in excellent agreement with the literature value for unstrained 

Ge [1]. 

  

Fig. 5.1 Schematic representation of the collection of Raman spectra from the a) Bulk Ge wafer and 

b) the passive length of Ge which did not have a cladding oxide. Crosses are meant to indicate the 

area which were of interest for Raman spectroscopy. 

 

A similar approach was used to determine the average peak position for the Ge/Si 

waveguides (LGe). For the first sample (sample 1), a total of 28 measurements, and for the 

second sample (sample 2) 25 measurements were taken. Similar histograms (and fits) 

were generated, and are also shown in Fig. 5.2 (blue and orange datasets), yielding 

average peak positions of 300.22 cm
-1

 (σ = 0.04 cm
-1

) and 300.37 cm
-1

 (σ = 0.04 cm
-1

), 

respectively. These measurements indicate a (statistically significant) peak shift of 

between -0.47 cm
-1

 and -0.62 cm
-1

 (indicating the presence of tensile strain) in the 

detector sample(s), relative to the bulk unstrained Ge. It is difficult to determine the strain 

precisely from these peak shifts because of the variation in the linear strain-shift 

coefficient, b (= /) with the angle that is formed between the long axis of the 

detector sample(s) and the underlying crystallographic orientation of the material [2]. 

However, if the strain is assumed to be predominantly uniaxial, then b will be in the 

range; -130 to -175 [2], which indicates a peak (tensile) strain for sample 1 of between 

a) b) 
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0.35 and 0.48 %; and for sample 2 of between 0.27 and 0.36 %. The strain measured from 

these detectors is slightly larger than that commonly reported (0.2 to 0.25%) after high 

temperature annealing of epitaxial Ge on Si [3]. For the largest measured strain this 

corresponds to a band gap of approximately 0.62 eV. It is well known that the tensile 

strain in Ge layers grown or deposited on Si develops, after recovery from high 

temperature thermal treatments, as a result of the mismatch of the thermal expansion 

coefficients of the two materials. Larger values of tensile strain (0.3 to 0.4%) were 

previously reported for Ge on Si wires grown by Lateral Liquid Phase Epitaxy as a result 

of the higher (close to melting) temperatures involved [4]. 

                               
Fig. 5.2 Histograms depicting the peak positions determined for unstrained bulk Ge (purple, n = 45) 

and samples 1 (blue, n = 28) and 2 (orange, n = 25) along with Gaussian fits used to obtain the 

average and standard deviation for each. 

 

 Although it should be noted that for sample 1, LGe is 492 µm whilst for sample 2, 

LGe is only 92 µm, the small difference in average Raman peak positions between 

samples 1 and 2 is marginally statistically significant, and thus it is concluded that the 

detector length has little physical effect on the degree of strain. The larger average Raman 
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shift for both the detectors, relative to that of the unstrained Ge peak, on the other hand 

does imply that, despite differences in device geometry and relative position on the chip, 

the Ge-Si material exhibits a consistent level of relatively large tensile strain. 

Furthermore, given the uncertainty in the theoretical expectation of the band-gap 

narrowing with tensile strain and that associated with the determination of the optical loss 

in the passive section of the waveguide detectors, that these Raman measurements are 

entirely consistent with the interpretation from the previous chapter that the enhanced 

responsivity at extended wavelengths in these devices results from the same strain 

induced band-gap narrowing mechanism as that reported in [5]. 

 

5.2 Raman Characterization of Ge Nanowire Bridges 

As the above results confirm, the Ge-on-SOI from the detectors in Chapter 4 are 

strained and the strain enhancement is consistent with the absorption at longer 

wavelengths. This confirms that further enhancement of the strain in Ge is a viable 

method for producing a detector in the TDFA band. As is discussed in chapter 2 there are 

multiple methods of enhancing the strain in Ge. The following sections will examine the 

use of the nanowire bridge technique, where the oxide beneath the nanowire is etched 

away allowing for energy transfer into the nanowire, to enhance strain in Ge-on-SOI.  

 

5.2.1 Fabrication and Characterization 

 

To fabricate nanowire bridges, samples of <100> Ge-on-SOI were patterned using 

a contact lithography system. The samples were then etched to the top of the BOX using 

an inductively coupled plasma system. The nanowire was then released by etching away 
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the BOX using a buffered HF solution. Following processing, images were taken using a 

JEOL JCM-6000Plus NeoScope Benchtop SEM. Fig. 5.3 shows a typical suspended 

bridge structure with a 2 µm wide and 10 µm long nanowire. 

             
Fig. 5.3 a) SEM of a Ge nanowire Bridge and b) schematic diagram of the layers from samples used 

in this work. 

 

Raman spectroscopy was performed using the same system detailed in section 5.1. 

An important characteristic of nanowire bridges is that of the enhancement factor of the 

strain (EF), which is the ratio of biaxial strain in the as grown material to the uniaxial 

strain introduced in the nanowire. The EF is a function of the relative sizes of the 

nanowire and pad with EF being given by the following: 

                                    

where A is the length of the nanowire, B the length of the bridge, a is the width of the 

nanowire, b is the width of the bridge, L is the length of oxide etched from around the 

bridge and η is given by the following equation:  

(5.1) 

Ge     
Si    

Si      

SiO2    

a) b) 
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where t refers to the thickness of either Si or Ge and Y refers to the modulus of either Ge 

or SiGe for the samples used in this work it 0.8 for the Ge-on-SOI samples. 

 

5.2.2 Determination of Strain for Ge Bridges  

 

Raman spectroscopy maps were created for two bridges, one for a bridge with a 6 

μm wide, 8 μm long nanowire as shown in Fig. 5.4 and another for a bridge with a 2 μm 

wide, 10 μm long nanowire shown in Fig. 5.5. Similar to the Ge detector measurements 

each Ge-Ge mode from the Raman spectra obtained from the maps was then fit with a 

Lorentzian to determine peak position. As with the Ge detectors it is difficult to 

determine the precise strain of the bridges as there is variation between the axis of the 

bridge and crystallographic orientation of the Ge. Similar to the Ge detectors it can be 

assumed that the strain in the pad is predominantly uniaxial, while calculating the 

enhancement factor eliminates some of the variability as both the nanowire and pad will 

both be oriented in the same direction.  

For both bridges it can clearly be seen that there is an enhancement in the strain 

across the nanowire with an EF of approximately 5.5 for the 6 μm wide 8 μm long 

nanowire and an EF of 13.5 for the 2 μm wide 10 μm long nanowire when calculating 

using the point of max strain, which is a relatively large deviation from the EF calculated 

from Eqn. 5.1 which are 11 and 20.8 respectively. The difference in the calculated and 

experimental values is attributed to the variation in patterning caused by diffraction 

effects that are associated with contact lithography. Using the raman spectra measured 

(5.2) 
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from the center of the 2 μm wide 10 μm long bridge and assuming the largest value of b 

the strain in the bridge is calculated to be 1.7% which corresponds to a indirect bandgap 

of approximately 0.58 eV[6]. 

Fig. 5.4 a) Optical micropscope image with strain map overlayed on a bridge with a 6 µm wide 8 µm 

long nanowire and b) Raman Spectra from the bridge and nanowire 

 

 
Fig. 5.5 a) Optical micropscope image with strain map overlayed on a bridge with a 2 µm wide 10 µm 

long nanowire and b) Raman spectra from the bridge and nanowire 
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5.3 Raman analysis of SiGe 
 

As demonstrated in chapter 3 the implantation and condensation method can be 

used in a detector however, the responsivity is relatively low. Therefore similar to the 

nanowire bridges created using Ge it is of great interest to see if the same technique can 

be incorporated to increase tensile strain 

 

5.3.1 Fabrication 

 

Samples of single crystal 250 nm SOI with a 2000 nm BOX were implanted with 33 keV 

Ge
+
 ions to a fluence of 1x10

17
 cm

-2
. Following implantation a thermal oxidation was 

performed in a tubed furnace in a wet O2 ambient at 1000 °C for 4 minutes. The thermal 

oxide was removed via etching using a buffered HF solution before microbridge 

patterning was performed using contact lithography. Subsequent SiGe and Si etching was 

performed using an inductively coupled plasma reactor. The microbridges were then 

released by etching  the  BOX  in  a  buffered HF solution. Following processing, images 

Fig. 5.6 SEM Image of a bridge device with a 1 μm thick nanowire. 
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were taken using a JEOL JCM-6000Plus NeoScope Benchtop SEM. Fig. 5.6 shows a 

typical bridge structure with a 1 µm wide nanowire. The lighter areas under the bridge 

and pad indicate BOX removal confirming that the nanowire has been completely 

released. 

 

5.3.2 Raman strain analysis 
 

The SiGe was optically excited using a 325nm line of a He:Cd laser and the 

scattered light was collected, confocally using a Thorlabs LMU-40x NUV objective lens 

with a numerical aperture, NA = 0.5, dispersed using a Horiba LabRAM HR Evolution 

spectrometer and detected with a thermoelectrically cooled CCD camera. The collected 

Raman spectra were fitted using a multi-peak Fano function of the form [7]:  
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where the peak position and width are determined from 0 and  respectively and the 

direction and degree of asymmetry is determined by the sign and magnitude of the Fano 

parameter, q. Each sample exhibited peaks associated with Si-Si (~500 cm
-1

), SiGe (~400 

cm
-1

), and Ge-Ge (~300 cm
-1

) scattering from the SiGe as well as a Si-Si peak from pure 

SOI (~520 cm
-1

). Analysis of the SOI peak from unpatterned samples shows that the 

samples have a tensile strain of 0.22%, however, for patterned samples this peak has been 

removed for clarity. Fig. 5.7a and 5.7b are examples of spectra from the pad of a bridge 

of bond types which is either x
2
 for Ge or (1-x)

2
 for Si. Therefore it can be assumed that 

the Raman scattering intensity is proportional to the number of vibrating pairs and that 

the ratio of scattering intensities as a function of Ge composition is thus [8]: 

(5.3) 
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Fig. 5.7 Scattering spectra from the SiGe layer, with background peaks removed, of a) a microbridge 

pad and b) a 3 µm nanowire fitted with asymmetric fano functions for the Si-Si, Ge-Ge and SiGe 

scattering peaks. Integrated peak intensities and frequencies were determined from these fitted 

peaks. 

 

 

Using the integrated intensities from the fitted peaks the composition of the SiGe layer 

was found to vary from x=0.38 -0.40. Using the composition, the strain was then 

determined using the following empirical relations[9–11]:  

( , ) 5 2 0 .5 7 0  ,
S i S i S i

x x b  
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Fig. 5.8 Predicted Raman shift for a) Ge-Ge, b) Si-Ge and c) Si-Si alloy modes as a function of Ge 

composition, (1-x) for various values of strain, either tensile (T) or compressive (C) in the range of 

1.3% tensile strain to 1.3% compressive strain in 0.1% increments for the Si-Ge and Si-Si modes and 

1.3% tensile strain to 1.8% compressive strain in 0.1% increments for the Ge-Ge mode. 

 

where the coefficient bm are parameters that depend on the elastic constants of Si, SiGe 

and Ge. The parameters used for these calculations are from Ref [10]. Fig. 5.8 shows the 

graphical representation of eqs (5.5) – (5.7). As can be seen in the figure, while there is 

only a small change in composition of the SiGe, which varies by 2%, there is a quite a 

large decrease in strain in the nanowire bridge structures. For example, in the Si-Si mode 

there is a strain reduction from 0.9% compressive strain on the pad to 0.3% compressive 

strain for a nanowire. It can also be seen that while the strain of each mode varies 

between Si-Si, SiGe and Ge-Ge the relative strain for each structure remains the same. 
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This relaxation indicates that the strain in these layers can be controlled via appropriate 

design of the bridge structure. 

5.4 Summary and conclusion 
 

In this chapter Raman spectroscopy has been used to examine the strain of Ge-on-

SOI in both detectors and nanowire bridges and SiGe. Examination of the Ge-on-SOI 

detectors from the previous chapter has confirmed that there is tensile strain in Ge grown 

on Si with the amount of strain in the detectors being consistent with enhanced optical 

absorption at extended wavelengths. In addition, it has been shown that by fabricating 

nanowire bridges and then releasing the nanowires via etching, the strain in the nanowire 

can be enhanced. This technique has been demonstrated for Ge-on-SOI and SiGe-on-SOI 

formed via implantation and condensation. This enhancement in strain is of great interest 

for the development of a Ge detector at extended wavelengths specifically those of the 

TDFA band. 
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Chapter– 6 Summary and Future Work 
 

6.1 Summary 
 

This thesis has focused on the use of both SiGe and Ge in silicon photonics with an 

emphasis on using these mediums for detection. It has established the compatibility of SiGe with 

CMOS processing and it’s use as a detection medium and has shown that Ge, specifically tensile 

strained Ge, is a suitable material for extended wavelength detection. 

In Chapter 2 a brief summary of the theoretical operation of a detector was presented, 

followed by a literature review of the growth of Ge-on-Si and the use of Ge-on-Si as a platform 

for detection.  

In chapter 3 the formation of SiGeOI layers via high fluence implantation and 

condensation was detailed. Samples were implanted with Ge
+

 ions to a fluence of 5x10
16

 cm
2
 and 

oxidized in a steam ambient at 900 °C, 1000 °C and 1100 °C for incremental lengths of time in 

order to examine the formation of the layer over time. Samples were characterized using RBS to 

confirm thickness and composition of the layers; and spectroscopic ellipsometry to confirm 

oxide thickness. This data was then used to create a semi-empirical model to simulate the growth 

of the SiGe films, using a modified segregation boundary condition, an enhanced linear 

oxidation constant to model the replacement reaction of Ge in oxide with Si as well as the 

decreased bond strength between Si and Ge as compared with Si and Si, and an enhanced 

diffusion coefficient which is consistent with transient enhanced diffusion seen in implantation 

and annealing processes. In addition, TEM and STEM were used to confirm the films were 

uniform and relatively defect free, while EDS was performed to confirm the profiles obtained 

from RBS. Finally, Raman spectroscopy was used to characterize the SiGe thin film, finding the 
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SiGe to be compressively strained with increasing amounts of Ge associated with higher 

compressive strain. This process was then used to form optical detectors. Partially fabricated 

structures from IME A-Star were implanted to a fluence of 2.7x10
16

 cm
2 and

 were oxidized at 900 

ᵒC for 5, 15 and 30 minutes respectively. Optical loss measurements of the samples were taken at 

1310 nm and compared with unimplanted samples which had been oxidized for similar times to 

confirm the source of the loss was absorption by Ge. Detectors were then fabricated from the 15 

and 30 minute oxidation samples and electrical measurements were taken with the device 

oxidized at 15 minutes found to have the highest generated photocurrent. This was attributed to 

an increased Ge concentration, increased detector length and reduced parasitic loss from 

waveguide size reduction.  

In chapter 4 optical detectors formed via the IME Ge growth process were implanted with 

B
+
 ions to introduce defects into the lattice to examine if Ge is a suitable platform for defect 

mediated detection. Both unimplanted and implanted samples with detector lengths of 500 µm 

were characterized using wavelengths from 1850 to 2010 nm. Originally it was thought that 

unimplanted detectors would have little to no response at these wavelengths, however, when 

compared to the implanted samples it was found that the unimplanted sample had a higher 

responsivity. In addition to this the implanted samples had high dark currents which would make 

them unsuitable for use in a photonic circuit. As a result of this finding, the unimplanted 

detectors were further characterized from 1600-1640 nm as well as from 1850 – 2010 nm to 

examine the roll-off of the responsivity. Detectors with lengths of passive Ge were examined to 

determine the optical absorption length of Ge at these extended wavelengths. Based on both the 

characterization of the responsivity and the absorption length, the response was theorized to be 
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due to the indirect transition of Ge with the enhancement at higher wavelengths caused by tensile 

strain introduced during the growth process of Ge on Si. 

In chapter 5 the Raman spectra of the Ge p-i-n detector from chapter 4 was examined and 

compared with a bulk Ge sample. Doing so it was found that the grown Ge was under tensile 

strain and the enhanced absorption at higher wavelengths of Ge examined in the previous chapter 

was consistent with the experimentally determined strain. As a result, Ge nanowire bridges were 

fabricated and examined with Raman spectroscopy to determine if the grown-in strain could be 

further enhanced in order to shrink the band gap of Ge to improve the response of a detector at 

higher wavelengths. Using this technique strain enhancements of up to 13.5 were demonstrated. 

This technique was also successfully demonstrated to reduce the compressive strain found in 

SiGe-on-SOI formed via implantation and condensation, which could be of interest for both a 

detector and for CMOS electronics, specifically for mobility engineering. 

 

6.2 Suggested future work 

 

6.2.1 SiGeOI formed via implantation and condensation 

  

While the formation of the SiGeOI is well documented in chapter 3 there are several 

experimental and theoretical aspects which should be further explored in future work. For future 

experimental work there are several aspects which must be explored more fully in order to 

understand the implantation and condensation process. These include: using higher energy 

implants and optimized initial capping oxides to increase SiGe layer thickness by reducing Ge 

evaporation and incorporation into the oxide; the examination of the Ge in the oxide to confirm 

whether or not a mixed oxide was formed or if Ge was incorporated into the oxide; the 

agglomeration of Ge which can cause non-uniformity in the films due to the melting of Ge at 

high temperature; the concentration and effects of implants induced defects which should be 
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explored more comprehensively using TEM; the determination of surface roughness using AFM; 

and finally a broader and more comprehensive examination of the strain evolution during the 

growth process. Doing so will allow for improvements in modelling of the data as well as 

allowing for comparison between implanted and epitaxially grown SiGe samples. In addition to 

the experimental aspects, there is still a need for the development of a model which would take 

into account the effect of point defects, the conservation of lattice density, and include the 

diffusion of Ge in the oxide.  

In addition to improving our understanding of the process, future work should also focus 

on the applications of this process specifically its use as a template for growth of GaAs and Ge, 

as well as improving the responsivity of the detector. As to what should be specifically focused 

on in this regard work remains to be done on the optimization of the implantation dose, the 

oxidation length and oxidation temperature. Optimizing the three of these variables may well 

lead to a thicker layer with a higher Ge concentration and as such a much improved detector. In 

addition to this it would be beneficial to fabricate future devices so that they are butt coupled 

rather than grating coupled as this will allow the investigation of a much larger range of 

wavelengths for a single device. 

 

6.2.2 Long wavelength detection in Ge 

 

Long wavelength detection is of great interest for use in the TDFA band and while the 

work in this thesis represents an important first step in the use of Ge in detection at higher 

wavelengths there is still much to be done. A relatively simple step would be the elimination of 

parasitic absorption associated with free charge carriers from phosphorus doping as discussed in 

Chapter 4. A more complex avenue of research is the use of the nanowire bridge techniques 

demonstrated in chapter 5. In order to be used successfully there needs to be the development of 
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a biaxially strained nanowire structure which would allow for the extraction of charge carriers, in 

addition to this it would be of great interest to characterize the absorption coefficient of Ge for 

both biaxially and uniaxially strained devices at higher wavelengths. Finally the development of 

a Ge-Si avalanche detector which incorporates SACM is another potential avenue of research. 


