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Abstract

There is presently increased interest in using germanium (Ge) for both electronic
and optical devices on top of silicon (Si) substrates to expand the functionality of
Si technology. It has been extremely difficult to form an Ohmic contact to n-Ge
due to Fermi level pinning just above the Valence band. A low temperature nickel
process has been developed that produces Ohmic contacts to n-Ge with a specific
contact resistivity of (1.6+0.4)x10” Q-cm’*, which to date is a record. The low
contact resistivity is attributed to the low resistivity NiGe phase, which was
identified using electron diffraction in a transmission electron microscope. Light
emission from Ge light emitting diodes (LEDs) was investigated. Ge is an indirect
bandgap semiconductor but the difference in energy between the direct and
indirect is small (-136 meV), through a combination of n-type doping and tensile
strain, the band structure can be engineered to produce a more direct bandgap
material. A silicon nitride (SizN4) process has been developed that imparts tensile
strain into the Ge. The stress in the Si3N4 film can be controlled by the RF power
used during the plasma enhanced chemical vapour deposition. LEDs covered with
Si3N4 stressors were characterised by Fourier transform infrared spectroscopy.
Electroluminescence characterisation (EL) revealed that the peak position of the
direct and indirect radiative transitions did not vary with the SisN4 stressors due
to the device geometries being too large. Therefore, nanostructures consisting of
pillars smaller than a micron were investigated. Photoluminescence
characterisation of 100 nm Ge pillars with Si3zN4 stressors show emission at much
longer wavelengths compared to bulk Ge (> 2.2 ym). In addition, the EL from Ge
quantum wells grown on Si was also investigated. EL characterisation
demonstrates two peaks around 1.55 and 1.8 pym, which corresponds to the
radiative recombination between the direct and indirect transitions, respectively.
This result is the first demonstration of EL above 1.45 ym for Ge quantum wells.
Finally, the fabrication of Ge-on-Si single-photon avalanche detectors are
presented. A single-photon detection efficiency of 4 % at 1310 nm wavelength was
measured at low temperature (100 K). The devices have the lowest reported noise

equivalent power for a Ge-on-Si single-photon avalanche detector (1x10-'4 WHz
1/2).
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1 Introduction

1.1 Introduction

Integrated circuits (IC) based on silicon (Si) have been revolutionizing the world
for more than fifty years. In 1965, Gordon Moore stated that the number of
transistors that could be incorporated into ICs would increase at an exponential
rate over time [1]. This historical trend is known as “Moore’s law”. The aggressive
scaling of metal-on-silicon field effect transistors (MOSFETs) since 1970, has
allowed the number of transistors on an IC to double approximately every two
years. As transistors have become smaller, they also become cheaper and consume
less power. The overall cost of an IC is dependent upon the Si footprint. Therefore,
smaller feature size directly corresponds to a reduction in cost. Aggressive scaling
has reduced gate lengths such that transistors have also become faster (shorter
transit time of carriers) and because of this increase in speed and the number of
transistors, it has enabled more functionality per unit area of Si. The industries
ability to follow Moore’s law has been the driving force of a virtuous circle as
presented in Figure 1.1 [2]. Scaling leads to an improved performance to cost ratio
that helps fuel market growth, which in turn leads to more investment into new

technologies, which allows more aggressive scaling and thus the cycle repeats.

r.}Transistor Scaling

Better Performance
/Cost

Market Growth

Figure 1.1. An illustration of the virtuous cycle of the semiconductor industry.
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1.2 Transistor scaling

However, as transistor size has continued to be aggressively scaled, the benefits
of an increased number of transistors on chip is starting to be outweighed by the
increased power dissipation from the passive metal interconnect layers used for
data transmission, signalling, and clocking. The increasing amount of metal
interconnects for the latest microprocessors has reached the point where faster
clock speeds leads to severe heating from the increased power dissipation and
thus there is an increase in attenuation from the copper tracks. Therefore, since
2005 there has been a shift away from increasing clock speeds to multi-core
architectures to sustain Moore’s law with the performance increase now sought
from parallelism [3]. Aside from the severe power dissipation there is also a

bottleneck from the propagation delay that is resistance-capacitance (RC)

related.
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Figure 1.2. A comparison between the gate, local, and global interconnect delays versus the process

technology node, plotted from data in reference [3].
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This is depicted in Figure 1.2, which compares the delay associated with the
transistor, local interconnects, and global interconnects as a function of the
process technology node. It is clear that as the technology node decreases the
delay is dominated by global interconnects. This is due to the length of the metal
interconnects at the global level being fixed by the chip size; therefore, there is
an exponentially increase in the RC delay as global interconnects do not keep pace

with scaling.
1.3 Multi-core architectures

However, shifting towards a multi-core architecture can only avoid interconnect
problems in the short term as more and more cores are added on chip, power
dissipation and latency of metal interconnects will become a fundamental
roadblock to future performance increases. An example of this bandwidth problem
is witnessed from the cell processor contained within Sony’s PlayStation 3 games
console that contains nine cores on-chip. Chip-to-chip communication between
the discrete graphics processor and memory runs at 25 GBps, which is challenging
to copper interconnects. This is a situation where optical chip-to-chip
interconnects would be beneficial [4]. Therefore, the greatest impact for Si
photonics could potentially be optical interconnection between digital electronic

chips, as this would address the communication bottleneck of VLSI electronics [5].
1.4 Optical communication

Optical communication is the backbone behind telecommunications systems for
long haul networks. This is due to the considerable lower attenuation of optical
fibres over long distances compared to copper wire and this has enabled the rapid
growth of the internet. In addition, since photons of different wavelengths do not
interact with each other this allows a technique called wavelength division
multiplexing (WDM) to be employed. The ability to transmit multiple wavelengths
of light within a single optical fibre increases the bandwidth substantially. A
comparison of the bandwidth provided by a number of electronic and photonic

technologies is presented in Figure 1.3. It is clear that there is a market transition
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point between communication distance and the required bandwidth. For the
displacement of electrical interconnection by optical, the requirement is high
bandwidth over short distance applications. The switch to optical communications
presents good value when it will provide lower cost compared to increasing the
number of parallel electronic channels. The MIT Microphotonics roadmap suggests
this occurs around 1.2 Gbits'm™ [6]. It is clear from Figure 1.3 that the bus
technologies used on the computer backplane and in display videos are areas that
could benefit the most from the improved performance by optical communication
as well as SDRAM, which is at present using multiple parallel channels in the bus

to achieve the present performance.
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Figure 1.3. A comparison of the bandwidth versus the communication distance for existing electronic

and optical communication technologies [6].
1.5 Optical interconnects

Mature long-haul optical fibre technology is already being investigated for short

scale rack-to-rack (1-100 m) and board-to-board (0.5-1 m) applications. However,
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for chip-to-chip (1-50 cm) and on-chip (< 1 cm) the current technology used in
WDM would have to be significantly redesigned. One way of implementing this cost
efficiently would be to have all the required photonic components integrated onto
a single Si chip. There is an opportunity to take advantage of the huge investments
that have been made in complementary metal oxide silicon (CMOS)
microelectronics fabrication technologies, which has resulted in processes that
offer yields significantly greater than any alternative materials for photonics.
Thus, large-scale integration of Si photonic devices that are monolithically
integrated with electronic circuits in the same platform at ultrahigh density is
feasible [7].

Ge/SiGe . _
photodetector Ge | SiGe HBT Strained Si
€ 1€l Bicmos CMOS
Si waveguide 7 7
Ge/SiGe optical 2
modulators -
' ‘a/
Si/SiGe v S
quantum (& 1&) (&)
devices
,/_ = = RF i
/ passive
,’"f f A components
/' / Sior SOl substrate
9V Fibre Si/SiGe Resonant
- optical Tunnelling Diode SRAM

Figure 1.4. A schematic diagram of the envisioned system on chip of the future, where CMOS
electronics and Si photonic components such as waveguides, modulators, emitters and detectors

are all integrated onto a single Si chip [8].

The components required for the integration of chip-to-chip or on-chip optical
photonics along with CMOS electronics are depicted in Figure 1.4, which shows
the system on chip of the future, where CMOS electronics and Si photonics
consisting of a laser, modulator, waveguide and detector all integrated on the one

chip. A fortuitous development was the emergence of silicon-on-insulator (SOI) as
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the platform of choice for high-performance CMOS. SOI also offers an ideal
platform for creating planar optical circuits. The strong optical confinement
offered by the high index contrast between Si (n = 3.45) and SiO2 (n = 1.45) makes
it possible to reduce the footprint of photonic circuits. Such lateral and vertical
dimensions are required for economic compatibility with IC processing. The case
for Si photonics is also more advantageous than just compatibility with CMOS. Si
has excellent material properties that are important in photonic devices. These
include high thermal conductivity (~10 x higher than GaAs), high optical damage
threshold (~100 x higher than GaAs), and high third-order optical nonlinearities
(~100 x higher than optical fiber) [4]. Si is also highly transparent from 1.1 to
7 um [9]. Furthermore, the lack of two-photon absorption at wavelengths greater
than 2.25 pym renders silicon an excellent nonlinear optical material in the mid
infrared (IR). At the same time, entirely new functionality can be realised when

electronics and photonics are combined onto the same chip.
1.6 Silicon photonics

The first Investigation into Si photonics was established by the work of Soref and
colleagues more than 20 years ago [10, 11]. Since then Si photonics has been
regarded as one of the most promising solutions to the communication bottleneck
facing CMOS based integrated circuits. As a result, the integration of Si photonics
components into an integrated chip using CMOS platform has been pursued by
several companies with a view to obtaining the performances of optics at the same
price of the electronics. For server clusters and data storage centre applications,
Luxtera and Kotura have already made commercially available silicon photonics-
based 100 Gigabit (Gb) optical transceivers[12] [13]. Intel has demonstrated end-
to-end Si photonics integrated link at 50 Gb/s using a single optical fibre [14].
Generally, these photonic integrated chips consist mainly of Ill-V lasers integrated
on silicon [15, 16], Si optical modulator [17-20], and fully integrated germanium
(Ge) detector [21-23]. One of the key components that has still to be realised is

an efficient monolithic light source on Si.
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1.6.1 Silicon based lasers

1.6.1.1 Raman and rare earth doping

There have been several demonstrations of lasing on Si but very few have proven
to be adequate for integrated Si photonics. Lasing from Si has been achieved
through stimulated Raman scattering. It requires optically pumping and to
overcome the optical losses created by free carrier absorption requires a lateral
p-i-n junction that is reverse biased to sweep out carriers from the central Si
waveguide. This is not a suitable approach for integrated photonics [24, 25].
Another technique to obtain lasing through Si has been demonstrated through
rare-earth doping. Since light amplification was demonstrated in optical fibres by
Erbium (Er) doping, it has been seen as an avenue to achieve lasing by Si. However,
Si is not a suitable host for Er. Therefore, Si nanocrystals formed in rich Si oxide
are commonly used as an effective host for Er atoms [26]. Both photoluminescence
and electroluminescence have been demonstrated [9, 27] but the optical gain
from such extrinsic emitting materials is small [28] due to the limited Er solubility.
In addition, lasing has only been shown in very low loss resonators such as toroidal
structures [29]. Since these Er doped Si nanocrystals are formed in an oxide,
injecting carriers for lasing can only done under very high electric fields via
tunnelling [30], therefore this approach is not suitable for an efficient electrical

pumped on-chip Si laser.

1.6.1.2 1lI-V lasers on silicon

An alternative method to achieving an efficient laser on Si is through epitaxially
growth of IlI-V compounds such as GaAs and InP, which are direct bandgap
semiconductors and therefore are very efficient light emitting materials. There
are difficulties associated with this approach such as the large lattice mismatch
that results in misfits and dislocations that cause optical losses. This has been
overcome by lattice matching to a SiGe buffer grown on Si [31]. However, the
most advanced lasers demonstrated on Si to date have come from a hybrid

approach that makes use of SOl wafer bonding technology. The IlI-V lasers are
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initially grown on SiO; and then transferred to a Si substrate and have
demonstrated impressive performance [15, 16]. Although fundamentally both
approaches using IlI-V semiconductors are not ideal since they are not CMOS

compatible because they are dopants within Si.

1.6.1.3 Germanium on Silicon

Recently work by MIT based on tensile strained Ge epitaxially grown on Si has
shown to be an exciting route to achieving a CMOS compatible laser for Si
photonics. The first Ge on Si continuous-wave laser was demonstrated in 2010 by
optically pumping [32] and this was closely followed by the first electrically
pumped laser in 2012 [33]. Although the optically and electrically pumped lasers
demonstrated very high thresholds before the onset of lasing, it provides a very
novel approach to realise an efficient laser on Si. Ge has already been
incorporated into state of the art CMOS production as SiGe source and drain
regions in p-MOSFETs to increase channel strain and improve mobility in Si

transistors [34].

1.7 More-than-Moore

Besides optical interconnects there is much more applications that could benefit
from low cost Si photonics integrated with CMOS electronics. More-than-Moore is
the combined research effort to give more functionality from a CMOS system on
chip (SOC). One likely application is the so-called lab-on-a-chip in which both
reaction and analysis are performed on a single device. Such sensors, along with
integrated intelligence and wireless communication circuitry, may form nodes of
an intelligent sensor network or environmental monitoring. Another potential area
for Si photonics is at mid-infrared wavelengths. Where potential applications
envisaged for this technology include chemical and biological sensing, trace gas
detection and environmental monitoring. Figure 1.5 shows the dual trend between
digital functions (“More Moore”) and functional diversification (“More-than-

Moore”).
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More than Moore: Diversification
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Figure 1.5. The combined need for digital and non-digital functionalities in an integrated system is
translated as a dual trend in the ITRS: miniaturization of the digital functions (“More Moore”) and

functional diversification (“More-than-Moore”) [35].
1.8 Integration of Germanium on Silicon

To take advantage of the mature CMOS foundry technology and reduce the overall
cost of Si photonic chips, integrating Ge expands the spectral active range of Si.
There is a trade-off though since Ge has a lattice constant that is 4 % larger
compared to Si. When Ge is grown directly on Si misfits and threading dislocations
form that are detrimental for photonic devices by acting as a loss mechanism. The
maximum Ge film that can be grown on Si without threading dislocations forming
is governed by the critical thickness, which is roughly 2 nm as depicted in Figure
1.6, which is a plot of the critical thickness of a SiGe layer grown on Si as a function
of the Ge content [34]. This limit maybe tolerated in electronic devices such as
the proposed Ge MOSFET but for photonic devices, substantially thicker films are
needed for guiding at 1.55 yum wavelength and above. This requirement increases

for detection at these wavelengths where ~1-2 um of Ge will be needed due to
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the absorption coefficient. Depositing films of such thicknesses results in 108-10°
threading dislocations per centimetre squared. To reduce the threading
dislocation density (TDD) a number of different growth techniques have been

investigated.
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Figure 1.6. The critical thickness plotted as a function of the Ge content for pseudomorphic SiixGex

layers grown on bulk (100) silicon [34].

1.9 Germanium epitaxy on silicon

1.9.1 Molecular beam epitaxy

There are a number of techniques available for epitaxially growing Ge-on-Si.
Molecular beam epitaxy (MBE) was the original technique used for the growth of

SiGe alloys on Si in the late 1970s [36]. However, due to the high particle count
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within the growth chamber that forms from material growth on the walls of the
chamber that over time falls off and contaminates future growths this method
produces low yield and is not ideal for mass production and has been used mainly

for research purposes.

1.9.2 Chemical vapour deposition

An alternative to MBE is chemical vapour deposition (CVD). This has been the
principal growth technique used in Si foundries since the 1960s due to the higher
yield compared to MBE. There has been significant research and investment into
this technology and as a result, there are high purity gas sources readily available
for Si and Ge epitaxy. Source gases available include SiH4, Si;He, SiH.Cl;, and
GeH4. In-situ doping can be achieved through AsH3, PH3, and B;Hs. A variety of
CVD growth techniques have been developed for high quality Ge and SiGe epitaxy
since the 1980s.

1.9.2.1 Atmospheric pressure CVD

Early Ge/SiGe epitaxy by CVD was performed at atmospheric pressure and involved
a hydrogen prebake at 1100 °C to volatilise contaminating species such as water,
oxygen, or carbon. The high growth temperatures used for the epitaxial growth of
Si cannot be tolerated for Ge. At such high temperatures, there is significant
surface roughness [37] and diffusion of Ge into Si. Therefore, to compromise
between an adequate growth rate and the prevention of roughness occurring from
relaxation of a metastable strained layer the growth temperature was reduced
below 800 °C. Even with a decrease in growth temperature, atmospheric pressure
CVD has inherent problems that make it less popular for growing high quality Si
and Ge epitaxial films. At atmospheric pressure the chamber condition cannot
avoid impurities from ambient and therefore necessitates high temperature pre-
bake and growth that causes auto-doping [38] where dopants diffuse from doped
regions from the substrate into the epitaxial layer. As the growth temperature is
reduced lower background pressures are required to maintain an oxide-free Si

surface.
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1.9.2.2 Ultra-high vacuum and reduced pressure CVD

Ultra-high vacuum CVD (UHVCVD) overcomes the problems associated with
atmospheric pressure CVD, where the base chamber is usually within the range of
10-8-10° mbar when idling and 10-3 mbar during growth. At ultra-high vacuum, the
contamination level can be minimised and high quality Ge can be grown at
relatively low temperatures (400-700 °C). Another method similar to UHVCVD is
reduced pressure CVD (RPCVD), where the base pressure during growth is higher
than UHCVD but lower than atmosphere and can achieve similar quality growth
with similar threading dislocation densities [39, 40]. The most recent
development for epitaxial Ge growth has been low energy plasma enhanced
chemical vapour (LEPECVD), which can achieve very high growth rates (7 nm s™')

ideal for growing thick strain relaxed virtual substrates [41].

1.9.3 Techniques to reduce threading dislocations

Whilst there has been numerous growth techniques developed, there is still the
fundamental issue of the lattice mismatch between Si and Ge. One solution is to
gradually grade a SiGe buffer from Si to pure Ge concentration. This method relies
upon a fully relaxed SiGe buffer layer to confine all the dislocations and provides
a virtual substrate for high quality Ge growth that results in very low TDD of
roughly 10° cm™ [42]. The only drawback to this approach is that it is time
consuming and costly since most of the growth is for the thick buffer layer (-10
pm) and not for the active Ge region. In addition, some photonic devices simply
cannot incorporate buffer layers into the design, such as the Ge-on-Si single
photon avalanche detector, which will be discussed in chapter 6. An alternative
method for reducing the TDD is the two-step growth method [43, 44]. A thin Ge
buffer layer (- 30 nm) is first grown at a low temperature (< 400 °C). The low
temperature growth prevents the formation of islanding by plastically releasing
lattice strain energy with misfit dislocations at the Si/Ge interface when the
thickness of the Ge is greater than the critical thickness. The result is a very high
TDD (~108-10° cm?) that enables the next higher temperature layer to be grown

on a relaxed substrate. There are three modes of hetero-epitaxial growth: Volmer-
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Weber, Frank-van der Merwe, and Stranski-Krastanow. Volmer-Weber is island
growth (3D), Frank-van der Merwe is layer-by-layer growth (2D), and Stranski-

Krastanow proceeds initially as layer-by-layer, followed by islands formation and

these are depicted in Figure 1.7.

N\ \ /]

(a) (b) (c)

Figure 1.7. An illustration of the three possible growth mechanisms for hetero-epitaxial growth of

semiconductors; (a) Volmer- Weber, (b) Frank-van der Merwe, and (c) Stranski- Krastanov.

A thicker Ge is then grown at a higher temperature (~ 750 °C) for a quicker growth
rate and higher quality. The last step is cyclic annealing at high temperature to
lower the TDD by an order of magnitude to ~ 10’ cm?[44]. Another approach to
reducing the TDD is to grow Ge selectively in small trenches. A Si or SOI substrate
is covered with silicon oxide (SIO2). Patterning and then removing areas of oxide
for Ge to be grown is then done. Dislocations cannot glide over the full area due
to the oxide, also dislocations at the Si/Ge interface tend to grow at an angle and

annihilate at the oxide. This allows very low TDD of ~ 10¢ cm2.
1.10 Thermal-mismatch between Ge and Si

Due to the lattice mismatch between Ge and Si, compressive strain is expected
for Ge epitaxially grown on Si. However, after growth tensile strain develops in
the Ge due to the difference in the thermal expansion coefficients between Ge
and Si. When Ge is grown on Si at high temperature and subsequently cooled to
room temperature, both Ge and Si shrink at different rates. This corresponds to

the Ge developing a biaxial tensile strain as illustrated in Figure 1.8.
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High temperature

Room temperature

N )

Figure 1.8. (a) An illustration of the tensile strain that develops in Ge grown on a Si substrate at high
temperature and then cooled to room temperature where the strain develops from the difference in

thermal expansion coefficients.

The amount of tensile strain that develops in the Ge can be calculated by the
equations that describe thermal expansion. The thermal expansion coefficient of

a material is defined as
P (1.1)

where ¢ is the strain and 7 is the temperature
e(T)=¢(T;)+aAT 1.2)

The first part of equation (1.2) is assumed to be negligible and the last part caused
by thermal expansion. When Ge is deposited on a Si substrate at high temperature,
and subsequently cooled to room temperature, the difference between the
thermal expansion coefficients of Ge and Si creates strain (see Figure 1.8).

Compatibility requires that both the Ge and Si have the same length. As the Si is
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very thick compared to the Ge, it is a good approximation to assume that the Si
contracts to the size it would have attained in absence of the Ge. With this

assumption, the strain of the Si can be expressed

€, =—a AT (1.3)

where «_ is the coefficient of thermal expansion for the Si. The Ge then

experiences the same strain because it is attached to the Si, hence

-a AT (1.4)

EGe attached — s

however if the Ge was free, its strain would be

€ =—a. AT (1.5)

Ge free Ge

where ¢ is the coefficient of thermal expansion for the Ge. The difference

between the strain with and without attachment to the substrate is the thermal

mismatch strain
6m1'smal'c/’7 = (aGe - asi )A T (16)

The thermal expansion coefficients for Ge and Si are 5.9 x10°¢ and 2.6x10°¢ °C',

respectively. By convention, tensile stress is positive and compressive stress is
negative. Since «. >a_ tensile strain develops. For a growth temperature of

800 °C this corresponds to ~ 0.25 % tensile strain [44] in the Ge. In turns out that
tensile strain actually has an advantageous effect upon the band structure of Ge.
Tensile strain transforms Ge into a direct bandgap semiconductor, which improves
its ability to generate and absorb light and this will be discussed in more detail in

chapter 4.



Chapter 1. Introduction 16

1.11 Ge-on-Si photonic devices

From the growth methods and techniques discussed, high performance Ge-on-Si
photodetectors and modulators have been realised. However, one of the missing
components is still an efficient laser on Si. Even though Ge is an indirect bandgap
semiconductor, it can be shown with tensile strain and n-type doping. One of the
last things is a single photon avalanche detector that incorporates Si as the high

multiplication region.
1.12 Organisation of the Chapters

The chapters are organised as follows:

Chapter 2 discusses fabrication techniques and processes employed to fabricate
the devices presented in this thesis. This will cover electron beam and ultra-violet
lithography. Subtractive processes such as wet and dry etching of Ge and Si. Metal
deposition by sputtering and electron beam evaporation to form electrical
contacts will be presented. Finally, device packaging such as bonding to a chip

carrier and wire bonding will be discussed.

Chapter 3 investigates Ohmic contacts to n-Ge. One of the current limiting factors
preventing Ge from being integrated into future CMOS technology, where its
higher intrinsic carrier mobility compared to Si would potential allow for faster
field effect transistors has been the formation of high resistivity Schottky contacts
on n-Ge regardless of the metal work function. This is also an issue for Ge-on-Si
optoelectronic devices where it would be desirable to have low resistivity Ohmic

contacts to p and n type Ge to minimise heating and ensure device stability.

Chapter 4 presents characterisation analysis of fabricated n-Ge light emitting
diodes (LED) and nano-pillars. Ge is known as a poor light emitter due to its
indirect bandgap structure, where photon emission relies upon a phonon-assisted
process and is therefore very inefficient compared to IlI-V direct bandgap

semiconductors. By tensile straining Ge, it has the effect of changing its band
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structure into a more direct bandgap semiconductor. This chapter looks at the
optical emission of n-Ge LEDs and nano-pillars that have been covered with high

stress silicon nitride films.

Chapter 5 looks at Ge quantum wells grown on Si for light emission. Ge quantum
wells with SiGe barriers provide type 1 band alignment. It is envisioned that a Ge
multi quantum well structure will allow a reduction in the threshold current
required for lasing. The band structure from modelling is presented followed by

the fabrication of LEDs for characterisation.

Chapter 6 describes efforts to fabricate Ge-on-Si single photon avalanche
detector (SPAD) diodes. Commercially available SPADs for telecommunication
wavelengths are formed from relatively expensive InP. Ge has comparative
absorption coefficients to InP at a wavelength of 1.55 ym. This is due to its direct
band absorption edge at room temperature (0.80 eV). The design of the Ge-on-Si
SPAD followed by the fabrication and then the single photon detection efficiency

of the devices will be presented.

Chapter 7 concludes the thesis and suggestions for future work are discussed.
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2 Fabrication Techniques

2.1 Introduction

This chapter provides a description of the fabrication techniques that were
employed in order to fabricate the Ge-on-Si photonic devices discussed in the
subsequent chapters. As integration with CMOS is one of the key drivers all
fabrication processes developed were designed to be compatible for both the Si

and Ge material systems.
2.2 Fabrication

The fabrication topics covered are sample-preparation, lithography,
metallization, etching, and dielectric passivation. As the devices fabricated are
on the micro and nanometre scale, processing was undertaken within a cleanroom
environment. The reason for this is to minimise the probability of device failure
from environmental contaminants, such as dust, airborne microbes, and chemical
vapours. Therefore, fabrication performed in the controlled setting of the James
Watt Nanofabrication Centre (JWNC), which houses a mixture of class 10, 100, and
1000 cleanrooms. This number represents the classification on the maximum

amount of particles larger than 0.5 ym found in a cubic feet per air.
2.2.1 Sample Preparation

2.2.1.1 Wafer cleaving

Before device fabrication, the Ge-on-Si wafers were cleaved into the required
sample size, which for this work was 1-cm? chips. The benefit of working with
small sample sizes is that the devices fabricated during the course of this work
are novel. This provides plenty of material for device optimization. Since the Ge

used during the course of this work was epitaxially grown on top of Si (100) wafers,
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all cleaving was performed at 90 degree angles along the <111> crystallographic
plane. Wafers were cleaved by a wafer scriber or cut by a diamond saw. To protect
the surface of the wafer from contaminates created during cleaving, a polymer

that is soluble in acetone was applied.

2.2.1.2 Germanium and Silicon cleaning

After cleaving, the sample surface is thoroughly cleaned to prepare it for
lithography. The standard solvent clean that was used to remove impurities and
residues from the Ge surface was a 5 minute soak in acetone whilst under
ultrasonic agitation, followed by a rinse in isopropyl alcohol (IPA), and then lastly,
a nitrogen (N2) blow dry. One of the main differences between cleaning Ge and Si
surfaces is that the RCA standard cleans (SC1 and SC2) usually used for Si are not
compatible with Ge . Si forms a thin passivating oxide (SiO;) in Hydrogen peroxide
(H202), which limits the etch rate in solutions that contain no hydrofluoric acid
(HF). Ge on the other hand has an oxide (GeO2) which is water soluble [45],
therefore Ge in H202 etches at a significant rate [46]. As an alternative to the RCA

clean, a cyclic buffered HF (5:1) and deionised water (DI) clean was used.

2.2.2 Lithography

In semiconductor device fabrication, lithography is the process of transferring a
desired pattern onto a substrate, from which an additive or subtractive process
can then take place. Devices are built-up one layer at a time. There are a number
of lithography methods available; nanoimprint [47], electron-beam [48], photo
[49] and x-ray [50] lithography to name just a few. Each method has its own
advantages and disadvantages. For the devices fabricated during the course of this
work, only electron-beam and photolithography were used. The minimum feature
size that is achievable by each method is dependent upon the wavelength
associated. The JWNC operates a Vistec VB6 UHR EWF electron-beam tool, which
is capable of producing extremely small features < 10 nm [51-53].

Photolithography in the JWNC is performed by a Karl Suss Microtec MA6, which
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uses an ultra violet (UV) light source and an i-line filter (365 nm wavelength). This

setup is suitable for feature sizes larger than 0.5 ym.
2.3 Photolithography

2.3.1 Negative and positive tone photoresists

To transfer a desired pattern to an underlying substrate requires the use of a
polymer that is sensitive to photon radiation, also known as a photoresist.
Photoresists fall into two distinct categories, positive or negative tone. This
describes how the chemical composition of the resist is altered after exposure to
radiation. For a positive tone resist, the exposed area becomes soluble in a
developer solution, whereas the opposite occurs for a negative tone resist, the

exposed area is cross-linked and becomes solid and is insoluble in the developer.

radiation

mask 144

— o
v

+
Etching/
stripping
Positive resist Negative resist

Figure 2.1. A schematic diagram highlighting the difference between positive and negative tone
radiation sensitive resists. After exposure of the same pattern and then after a subtractive process

such as etching the negative tone resist produces the inverse to the positive tone resist.
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This difference between positive and negative photoresist is illustrated in Figure
2.1 for the transfer of the same pattern. After development and a subsequent
etch the negative tone resist produces features that are the inverse to the positive
tone resist. The majority of the photolithography carried out involved using
positive tone photoresists such as the Shipley Microposit S1800 series and the AZ
4500 series. Both of these photoresists are optimised for 365 nm ultraviolet light
[54, 55].

2.3.2 Dehydration bake

Before the application of photoresist, it is important that there is no water on the
sample surface. Therefore, a dehydration bake is performed in a convection oven
for 10 min at 120 °C. The sample is then cooled back to room temperature inside
a laminar flow spinning cabinet for 5 min in a humidity-controlled environment
(~ 40%). This is to ensure that the correct level of moisture is reabsorbed onto the
sample surface before spinning, which helps with resist adhesion. To further,
improve adhesion on Ge and Si surfaces, a surface primer (hexamethyldisilazane)

is applied in the same way as photoresist, as depicted in Figure 2.2.

Resist dispenser

Photoresist N

Excess resist is driven
off sample 4=
during rotation

Sample to be coated c D Vacuum chuck

Figure 2.2. A schematic diagram of the standard setup for manual spin coating a radiation sensitive

resist.
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2.3.3 Spin Coating

It is important to achieve a uniform thickness of resist on the substrate so that
features transfer accurately during subsequent additive or subtractive processes.
The method for doing this is spin coating. The sample is held in place on a vacuum
chuck and then resist is applied manually by a syringe. It is important that there
are no air bubbles introduced before spinning. The substrate is then spun for a
fixed period and spin speed. This drives off any excess resist and leaves the desired

resist thickness. The resist thickness can be calculated by equation (2.1), where

k is the spinner constant, p is the resist solid content in percent, and w- is the

rotational spinner speed.

kp®

Jw

t=

(2.1)

The standard process used for spinning the Shipley Microposit S1800 series resists
is a spin speed of 4000 rpm for 30 seconds. The thickness can also be identified
from the last two numbers in the series name, such as S1818 corresponds to a

thickness of 1.8 yum when spun at 4000 rpm.

2.3.4 Prebake

After the photoresist has been applied, a prebake is performed to evaporate the
coating solvent and densify the resist. For Shipley photoresists, this corresponds
to a softbake on a hot plate set at 85 °C for 2 minutes. As the AZ 4500 series resists

are thicker, they need a longer softbake time of 5 min at 115 °C.

2.3.5 Lift-off process for positive photoresists

An issue that can occur whilst using a single layer of positive photoresist is if the
next stage of the device fabrication is metallization. After development if the
sidewalls of the photoresist are parallel then the deposited metal film will be

continuous over the photoresist (see Figure 2.3 (a)) and there will be no separation



Chapter 2. Fabrication Techniques 23

between the undesired and desired metal and poor lift-off results. One method to
overcome this problem is to soak the top surface of the photoresist in
chlorobenzene. This has the effect of hardening the top surface of the photoresist
and reducing the development rate, which results in an undercut profile, to aid
metal lift-off (see Figure 2.3 (b)). Alternatives that also create an undercut profile
consist of a pre exposure developer soak without agitation to harden the top
surface and the use of LOR/PGMI resists that act as a bilayer and are isotropically

etched during development.

(a) (b)

Figure 2.3. Schematic diagram of the lift-off profile for (a) single layer of positive photoresist

developed and patterned for metal deposition and (b) chlorobenzene soaked to promote an undercut
in the resist profile for metal deposition. In case, (a) poor lift-off results due to the continuous metal

film, whereas for (b) desired metal lift-off is achieved.

2.3.6 Mask-aligner and exposure

The basic components involved in photolithography are presented in Figure 2.4.
A ultra-violet lamp supplies the radiation that is collimated by a lens and passed
through open windows in a chrome mask onto a photoresist covered substrate.
The Karl Suss Microtec MA6 mask-aligner/exposure tool handles the alignment
between the substrate and photo-mask, and the exposure. There are a number of
contact methods available for the MA6 [56].
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Figure 2.4. The basic components that are involved photolithography. Two different contact methods

are compared. (a) Vacuum contact is shown on the left and (b) proximity contact on the right.

The most commonly used contact modes for the MA6 are vacuum and proximity.
Vacuum contact is when the photo-mask and resist-covered substrate are brought
into intimate contact and exposed. This produces the best resolution levels at the
expense of degradation to the mask (see Figure 2.4 (a)). Proximity contact on the
other hand eliminates mask damage by introducing a small gap (3 - 50 ym)
between the mask and substrate that is set by the user. However, due to the
increased separation distance between the mask and photoresist (Figure 2.4 (b)),
the pattern resolution is decreased by Fresnel diffraction and can be

approximated by equation (2.2) [57]

A d
Lmin = 3\/:X [g + _] (2-2)
n 2

Where A is the exposing radiation wavelength, ,; is the resist refractive index,
g is the gap spacing between mask and photoresist, and d is the resist thickness.
The poor resolution of proximity systems can be overcome by using a collimated
optics system between the mask and the wafer, which is known as a wafer stepper

commonly employed in CMOS. The UV light is shone through a mask called a
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“reticle” in which the patterns are usually 5 or 10 times larger than the features
to be printed onto the photoresist. The system optics reduces the size of the

features and projects them onto a wafer.

2.3.7 Photo-mask designed by L-edit

Photo-masks for photolithography are created internally in the JWNC by electron
beam lithography. The patterns to be transferred are first created by computer-
aided design (CAD) software such as L-edit by Tanner EDA. The patterns for each
lithography layer are drawn together and then exported as a GDS file. An example
of a designed photo-mask is presented in Figure 2.5. Each of the colours in Figure
2.5 represents a single lithography stage and for this particular mask, there is six
stages in total. The GDS file is then imported into Layout Beamer where proximity

error correction is applied before fracturing.

Alignment markers

Figure 2.5. An example of a computer aided design photo-mask used during the course of this work.

Each colour represents a different lithography stage.

Finally, the output file from Layout Beamer is imported into in-house software

called Belle, which sets the required electron spot size and dose for writing. The
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photo-mask consists of a quartz substrate coated with chromium and topped with
an electron beam resist, where the patterned areas are developed and etched

into the chromium.

2.3.8 Alignment between lithography stages

Alignhment between photolithography stages is achieved by incorporating metal or
dry etched markers. Alighment markers are included at the first lithography stage
from which subsequent stages are aligned. The MA6 provides 3 degrees of control
between the mask and the sample (x, y, 6). To ensure accurate alignment (1 ym),
vernier scales are included along with standard crosses, such as the design shown

in Figure 2.6.

Figure 2.6. An L-edit design of a photolithography alignment marker, the red pattern corresponds to
the first lithography layer to be transferred to the sample. The blue pattern represents the next layer
to be aligned. The crosses are used for coarse alignment (5 um) before vernier markers are then

used for fine (~ 0.5 um).
2.3.9 Development

After alignment and exposure, the sample is ready for development. This stage
removes the exposed resist (positive resist) or leaves only the exposed areas
(negative resist). For the S1800 series, the standard development is an immersion
in Microposit MF 319 whilst agitating for 75 seconds, followed by a rinse in reverse
osmosis (RO) water. For the AZ 4500 series resists, development is achieved by

immersion in a solution of AZ 400K and RO water (1:4) for 3 min.
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2.3.10 Post-Bake

After development, a post-bake (hard-bake) is required if the subsequent
processing step is a dry or wet-etch, where a 30 min bake at 120 °C in a convection

oven will stabilise and harden the resist and improve etch masking performance.
2.4 Electron beam lithography

2.4.1 Overview

For devices requiring resolution and alignment less than one-micron, e-beam
lithography was used. The fabrication steps involved in e-beam lithography are
similar to photolithography in terms of sample preparation, spin coating etc. The
main difference is the resist used is sensitive to electrons. As the wavelength of
electrons are extremely small (- 4 pm at 100 keV), the minimum feature size is
no longer determined by diffraction. Therefore, this allows extremely small
features to be realised compared with photolithography. Electron-beam
lithography is a direct write process where a beam of electrons is focussed to
pattern each feature instead of a blanket exposure of photons through a photo-
mask. This is one of the trade-offs with electron-beam lithography as each feature
is written individually it is considerably slower and much more costly compared
with photolithography and especially deep UV stepper lithography used in CMOS.
However, it does have the advantage of being much more flexible since there are
no lithography masks involved. Therefore, designs can be altered without cost,
which is extremely important in research where devices are requiring
optimization. The patterns for writing are created by L-edit in the same manner

that is used to design photo-masks.

2.4.2 Schematic of electron-beam lithography tool

A schematic diagram outlining the main components of an electron-beam

lithography tool is presented in Figure 2.7. The electron source is a Schottky
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emission gun, which uses a zirconium oxide-coated tungsten cathode that after

heating to 1800 K emits electrons that are accelerated up to 100 keV.

Emitter
Lens - electrostatic gun = __ | Suppressor
Extractor
Anode Focus
, ¥ U Tile
Gun alignment ¥ i Shift
Lens - magnetic [ [
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Selectable
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Lower Subfield tﬁ;
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Lens - magnetic [X]*® g Fast focus and
J e #il elements

Substrate

Figure 2.7. A schematic diagram of an electron-beam lithography tool [58].

The higher accelerating voltage produces a smaller spot at the expense of lower
beam densities. This results in greater resolution at the expense of increased
writing time. The suppressor and extractor create a flow of electrons from a
cathode in the emitter through an electrostatic gun lens focussing the beam
towards the anode. The electron beam then passes through gun alignment coils,
which align the electron beam to the central 2D axis for optimal spot formation.
A magnetic lens then focuses the beam and the blanking cell is used to deflect the
beam away from the sample. The patterns are generated by different deflectors
before a final magnetic lens, which has to be adjusted for a given working
distance. This system allows for a selective exposure within a limited region

without having to move the substrate. The sample chamber contains a precision



Chapter 2. Fabrication Techniques 29

translational stage. This stage is piezoelectrically driven and is controlled by
feedback from laser interferometers that measure the x and y travel. The
mechanical precision of the stage is off a lower resolution compared to the
precision of the beam deflectors and will predominantly determine the field
stitching accuracy. The visual representation of the samples are provided by a
backscatter detector, which is similar to the operation of a scanning electron
microscope. The visual representation can also be used for automatic sensing and
alignment markers registration, which is all software controlled. The Vistec VB6
has a digital pattern resolution of 1.25 nm, corresponding to a field size of 1.3 mm?

and a minimum spot size of 4 nm.

2.4.3 Proximity error correction

The resolution in e-beam lithography is mainly limited by the scattering of
electrons in the resist and underlying substrate. First, when the electron beam
hits the resist surface it causes additional lateral exposure. Secondly, electrons
can back scatter from the substrate and that increases the exposure, which results
in feature expansion. These electron scattering effects are known as the proximity
effect. Proximity correction can reduce the proximity effect by modulating the
exposure dose according to the density of the pattern. This is calculated at the
pattern fracturing stage by Layout Beamer. There are standard proximity

correction files available for different substrates and e-beam resists.

2.4.4 Electron beam resist

There are several e-beam resists available each with their advantages and
disadvantages. Only the electron beam resists used within this work are discussed,

poly-methyl methacrylate (PMMA) and hydrogen silsesquioxane (HSQ).
2.4.4.1 PMMA

PMMA is a positive tone e-beam resist that is excellent at producing high-resolution
(= 20 nm) pattern definition and can be used in various bilayers, which make it

the ideal e-beam resist for metal lift-off. There are two types of molecular weight
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PMMA available within the JWNC, 2041 and 2010. The process of forming a PMMA
bilayer begins with the application of the lower molecular weight variant (2010)
that is more sensitive to electron exposure. After the 2010 PMMA has been spun
at a spin speed of 5000 rpm for 60 s and given a pre bake at 180 °C for 45 min
within a convection oven. The second layer (2041) that is less sensitive to electron
exposure is applied. After the same spin and pre bake procedure, the bilayer is
ready for exposure to e-beam radiation. Figure 2.8 illustrates the resist profile
after e-beam exposure and development. Depending on the required resolution a
combination of different thicknesses of 2010 and 2041 are available. Methyl
isobutyl ketone (MIBK) and IPA developer solutions are optimised for the various
thicknesses of PMMA. Development is performed within a temperature controlled
water bath set at 23 °C.

- LN-ER

Figure 2.8. A schematic diagram of a PMMA bilayer before and after electron beam exposure. The

first PMMA layer (2010) is more sensitive to e-beam radiation compared to the top layer (2041).

Therefore, this produces an undercut profile suitable for metal lift-off.

One of the disadvantages with PMMA is its poor etch masking ability that usually
results in a 1:1 selectivity between the mask and the etched material. Therefore,
for subtractive processes a better alternative is to use H5Q, which has excellent

dry etch properties.

2.4.4.2 HSQ

HSQ is a negative tone e-beam resist and the chemical structure consists of Si,
oxygen (02), and hydrogen (H) atoms that are initially within a three-dimensional
cage structure. After exposure to e-beam radiation, the Si-H bonds are broken and
the structure resembles SiO;. The thickness of HSQ can be controlled by diluting

in MIBK and the spin speed. The standard process used throughout this work was
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a 1:1 MIBK dilution spun at 5000 rpm for 60 s, which results in a film thickness of
300 nm. The unexposed resist is removed during development in tetra-methyl-

ammonium hydroxide (TMAH) at 25 % concentration in water at 23 °C for 30 s.

2.5 Metallization

To form electrical contacts to the Ge-on-Si photonic devices requires
metallization, which is an additive process. The three most commonly used
methods for depositing metals are plating, evaporation, and sputtering. Since
metal plating is mainly used for thick film (> 1 yum) depositions and has a relatively
low resolution compared to evaporation and sputtering it was not used for the

fabrication of the devices in this work.

2.5.1 Electron-beam metal evaporation

Metal evaporation is the process of heating a metal contained within a crucible to
a temperature where the metal starts to transform into a gaseous phase. The
vaporised metal coats the sample and cools forming a thin film. Heating of the
metal can be achieved by a number of methods but most commonly it is done by
an electron beam. The e-beam is generated in the same manner as the one used
for e-beam lithography. The beam is focussed onto the metal and the interaction
between the accelerated electrons and the metal causes the metal to heat and
vaporise. The reason why e-beam evaporation is popular is due to the reduced
contamination from a combination of local heating and water-cooled sources that
prevent the crucible from overheating and causing contamination. This results in
a high purity film deposition. A basic diagram of an electron beam evaporator is
presented in Figure 2.9. There are two shutters (dashed lines) between the metal
crucible and the substrate. The sample chamber shutter is initially closed whilst
the crucible is heated to a temperature to begin metal vaporization. The
evaporation rate of the metal is monitored by a quartz crystal whose oscillation
frequency reduces as additional layers of source material are deposited. Once a
stable evaporation rate is reached, the sample chamber shutter opens and exposes

the substrate to the metal vapour until the desired film thickness is reached.
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Figure 2.9. A schematic diagram of an electron beam metal evaporator.

The evaporation is done within a high vacuum (1x107 mbar) to prevent oxidation
and particle contamination. The evaporation is directional and therefore it is non-
conformal. There are two electron beam evaporators available within the JWNC
with a wide selection of metals: Au, Ti, Pd, Pt, Ni, Al, and NiCr.

2.5.2 Metal sputtering

The other method used to deposit metal films during the course of this work was
sputtering. Metal sputtering is a physical process, where the metal to be deposited
is struck by an argon plasma that sputters fine metal particles into the vacuum of
the deposition chamber for substrate coating. The argon plasma is excited by
either a DC or RF source. The metal crucible is negatively biased and the plasma
sputters neutral atoms away from the crucible towards an anode, where the

neutral atoms are deposited on the sample. Since a plasma is required, the
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working pressures of sputtering systems are higher (1x10* mbar). As a result
most atoms collide before reaching the sample resulting in a large spread of
incident angles. The deposited metallic coating is therefore extremely conformal
and is ideal for coating sidewalls. The advantage of a sputtering tool is that
materials with a relatively high melting point such as tungsten can be deposited.
The sputtering tool within the JWNC was used for sputtering Al bond pads for wire
bonding. Since sputtering is conformal, it helps complete electrical contact on

mesa-etched devices.
2.6 Etching

As the majority of the fabricated devices in this work are surface normal
geometry, they require a mesa etch to define the active area. Etching is a
subtractive process and can be achieved by either a chemical water bath (wet
etch) or in a plasma (dry etching). The aim of etching is to selectively remove an
unmasked material. The advantages and disadvantages of each method will be

discussed.

2.6.1 Wet etch

Chemical etchants are very selective for example HF that etches SiO; and GeO;
rapidly (certain solutions ~ 1000 nm/min) has virtually no interaction with the
surface of Si or Ge. This is why HF is used to remove native oxides on Ge and Si
surfaces before metal deposition for Ohmic contacts. This is one of the advantages
of wet etches they are very selective and introduce little damage to the underlying
substrate. For a detailed list of wet etchants and target materials please refer to
references [59, 60]. Due to the chemical nature of the etchant, etching is usually
isotropic; it etches in each direction at the same rate. As a result, etch profiles
show an over etch from the desired feature and this is depicted in Figure 2.10,
where the target etch material SiO; is etched in HF at the same rate in the x and
y directions. Wet etching is typically used when high etch rates are required

(micromachining), and low surface damage is important.
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Figure 2.10. An illustration of an isotropic wet etch of SiOz by a hydrofluoric acid solution.

2.6.2 Dry etching

When feature sizes are less than one micron the over-etching associated with wet
etching becomes severe. Therefore, for etching small features that require
vertical sidewalls, dry etching in plasma is used as it can produce completely
anisotropic etches. There are two main types of dry etch available within the
JWNC, reactive ion etching (RIE) and inductively coupled plasma RIE (ICP-RIE). A
schematic diagram for both types of dry etch tool is shown in Figure 2.11 (a) and

(b), respectively.
2.6.2.1Reactive ion etching

Reactive ion etching (RIE) removes undesired material through a combination of
chemical and physical interaction with accelerated ions. RIE can provide both
highly anisotropic profiles and good selectivity between the mask and the target
material to be etched. RF power is applied to two parallel plates that control both
plasma generation and ion acceleration. The etching rate directly depends on the
plasma density. Increasing the RF power has the effect of increasing the self-
biasing voltage on the cathode where the sample is located. The consequence is

an increase in the ion bombardment energy and hence a deterioration of the

etching selectivity and increased sample damage.



Chapter 2. Fabrication Techniques 35

2.6.2.2 Inductively coupled plasma

In an ICP-RIE the etch rate is controlled by high energy and reactive radical ion
concentration and RF bias. Low plasma pressure will then result in increased etch
times. Increasing the RF bias is unattractive, as the high-energy ions cause too
much damage in many applications. Therefore, ICP-RIE technique was developed
to allow independent control of the density of the plasma and the pressure in the
processing chamber. The technique uses one RF source to control the built in
potential to accelerate the high-energy ions and a second RF source to control the
density of the plasma. The independent control of the plasma density and ion

energy allows for fast anisotropic etches in a low pressure environment.
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Figure 2.11. Schematic diagram of a (a) reactive ion etching (RIE) tool and (b) inductively coupled

plasma RIE dry etch tool.
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2.6.2.3 Dry etching Si and Ge

For etching the Ge-on-Si devices discussed in this work, an ICP-RIE was performed
using a Surface Technology Systems (STS) etch tool with a mixture of SFe/CsFs

gasses. The full process parameters of the etch are provided in Table 2.1.

Parameter Value
Gas SFe/C4Fs
Flow (SCCM) 25/90
Platen power (W) 12
Coil power (W) 600
Pressure (mT) 10
Etch rate Ge/Si (nm/s) 4.2/2.2

Table 2.1. Germanium and silicon etching parameters in the STS ICP-RIE tool using SFe/CaFs.

This recipe was originally developed for etching low loss Si waveguides by reducing
sidewall roughness. It also etches Ge anisotropically but at a slightly faster rate
than in Si. A test etch of its ability to etch Ge anisotropically is shown in a scanning

electron microscope image of 70 nm wide Ge ridges etched 500 nm in Figure 2.12.

e —— o —
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Figure 2.12. A scanning electron microscope image of Ge ridges 70 nm wide etched 500 nm by the
STS ICP-RIE tool with SFe/CaFg gasses.

This process produces anisotropic etching by protecting the sidewalls from etching
by depositing a non-reactive film. The bottom surface is exposed and is etched.

In this process the etching gas is SFs and the passivation gas is CsFs. C4Fs in the
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plasma can form a fluorine-carbon compound that can prevent fluorine from
further reacting with the Si or Ge and prevent etching. This process was derived
from the Bosch process [61] that is a switching process from etch to passivation,
although this can generate very fast etch rates it also leads to scalloping of the
sidewalls. Therefore, this is a non-switching process, where both gasses flow at
the same time. It generates much slower etch rates, the C4Fs protects the
sidewalls, and the SFe¢ ion bombardment is directional and does not attack the

sidewalls.
2.6.2.4 Dry etching SiO2 and SisNa

Another dry etch process that was commonly used was etching via holes through
a passivation layer such as SiO2 or SisN4. The BP80 RIE tool from Oxford Plasma
Instruments was used. The gasses used in the BP80 were CHF3/N2.The etch is
extremely selective over Ge and metal contacts can be used as an etch stop since

it does not etch readily by the gasses.
2.7 Passivation and planarization

For the deposition of dielectrics for passivation or planarization, they were
deposited by plasma enhanced chemical vapour deposition (PECVD). The
fundamental principles are quite similar to dry etching with a plasma. The energy
of the plasma provides the necessary activation energy rather than using high
temperatures comparable to the growth temperature of the epitaxial growth of
Ge-on-Si. This has the advantage of not affecting the growth quality or causing
any dopant segregation from highly doped growth regions. The PECVD conditions
can be optimised to be have very low damage to the substrate. For the devices
fabricated in this work, mainly SisNs was used. An even lower processing

temperature can be obtained by using ICP-CVD.
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3 Ohmic contact to n-Ge

3.1 Introduction

Before discussing the Ge-on-Si photonic devices, one key area that was
investigated was the ability to form an Ohmic contact to n-Ge. There is an
increased interest in using Ge for both electronic and optical devices on top of Si
substrates to expand the functionality of Si technology. Ge integrated with CMOS
is being investigated for end-of-roadmap electronic devices where the high
mobility of Ge would replace Si as the channel material to potentially allow
reduced-power operation [62]. Epitaxial Ge-on-Si is being used as a photodetector
for 1.55 ym telecoms [6], and Ni contacts on Ge are being investigated for
spintronic devices [63]. All of these applications require low resistivity n- and p-
type Ohmic contacts, which are essential for high performance devices and

circuits.

For the integration of Ge into such applications, the challenges faced are poor
solubility of dopants, large diffusion coefficients, and the incomplete activation
of dopants, which have led to high-off currents and low on-drive currents in
transistors [64]. The poor device performances have stemmed from the large
contact resistances found in the source and drain regions. The large contact
resistances to n-Ge have been attributed to Fermi level pinning near the valence
band, which results in large Schottky barrier heights (SBH) independent of the
metal work function. Low resistive contacts are especially important for
cryogenically cooled research devices and for reducing the RC time constant off
high frequency devices and the overall resistance. In CMOS, the Contact resistance

is now the dominant resistance as scaling has moved below 100 nm gate lengths.

This chapter will start by investigating the theory behind metal-semiconductor
junctions. The ideal Schottky-Mott model will be introduced and then | will discuss
why this breaks down for Ge. Current literature methods to alleviate Fermi level
pinning will be discussed before presenting the Ni-Ge contacts formed in this work.

It will then discuss the most common test structures that can be fabricated to
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calculate the specific contact resistivity, which is the key parameter for
comparing contact technology. The advantages and disadvantages of each test
structure will be touched upon before finally, electrical characterization of metal
n-Ge contacts fabricated during the course of this work will be presented and

compared against literature results.
3.2 Metal-semiconductor junction

3.2.1 Ideal Schottky-Mott barrier

When a metal makes contact with a semiconductor, a barrier is formed at the
metal-semiconductor interface. This barrier is responsible for controlling the
current conduction. The band diagram for the ideal case of a metal and an n-type

semiconductor that are separated is depicted in Figure 3.1 (a).

Vacuum

(a) (b)

Figure 3.1. Band diagram of an ideal metal-semiconductor contact (a) separated and (b) in contact,

where the Fermi level of the semiconductor is lowered relative to the Fermi level of the metal.

The work function of the metal (¢M) describes the minimum energy required to

remove an electron from the surface to vacuum and is calculated as the difference

in energy from the Fermi level of the metal and vacuum. The work function for
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the semiconductor is equal to the electron affinity (;() plus the semiconductor

work function(¢”). As the metal and semiconductor are brought into intimate

contact the Fermi levels align and the conduction (EC) and valence (£, ) energy

bands bend in order to reach thermal equilibrium as is shown in Figure 3.1 (b).

From this band diagram, the barrier height (¢3) is calculated simply as the

difference between the metal work function and the electron affinity.

G, =0, —X (3.1)

Therefore to engineer an Ohmic or Schottky contact to Ge, it should be as simple
as changing the barrier height by choosing metals of different work functions to
select the required contact. To obtain an Ohmic contact to n-Ge would require an
accumulation type contact, where electrons in the metal would encounter the

least barrier flowing in and out of the semiconductor, whereas to form a Schottky

contact, would require a large ¢, . However, in reality, the barrier height for Ge

is independent of the metal work function and a depletion contact forms. This
effect is known as Fermi level pinning, where the Fermi level of Ge is pinned at a
fixed energy in the bandgap, regardless of the majority carrier doping
concentration [65, 66]. It is not fully understood what causes Fermi level pinning
but the two most widely used theories are surface interface states and metal
induced gap states (MIGS).
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3.2.2 Fermi Level pinning

3.2.2.1 Interface states
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Figure 3.2. Energy band diagram of a metal on n-type semiconductor with an interfacial layer of a

few angstroms.

The ideal model does not take into account interface states. An expression for the
barrier height that includes interface states can be found by following a few
assumptions. The first is that there is intimate contact between the metal and
semiconductor but there is also an interface layer (s ~ 4 A), which is transparent
to electrons but can still withstand a potential across it. The second is that the
interface states are a property of the semiconductor surface and are independent
of the metal. The band diagram for a metal on an n-type semiconductor that

includes interface states is presented in Figure 3.2. Above the Valence band, the
energy level ¢, is called the charge neutral level (CNL), where the states above

are acceptor type and below are donor type. In Figure 3.2, the semiconductor is
acceptor type, since the Fermi level is above the CNL. The interface trap charge

on the semiconductor is negative and given by
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Q,=-ab,(E,—at,—as,,) (3.2)

Where D is the interface-trap density. The space charge that forms in the

depletion layer of the semiconductor at thermal equilibrium is given by

kT
QSC = qNDWD = \/quSND [¢B - ¢n N 7} (33)

Where the depletion layer width W, is calculated as

28V

w, = —q;v b (3.4)

D

V.. is the built in potential, N, is the doping concentration, ¢, is the dielectric

constant of the semiconductor, and k7 is the product of the Boltzmann constant

and temperature. In the absence of any space-charge effects in the interfacial

layer, an equal and opposite charge, ¢, , develops on the metal surface, which

can be expressed as

Q,=-(0,+0.) (3.5)

The potential A across the interfacial layer can be found from Gauss law’ as

(3.6)

where ¢, is the permittivity of the interfacial layer, & is the thickness of the

interfacial layer. Another relationship for A can be found from the band diagram

in Figure 3.1 and expressed as

A=¢ —(x+9,) (3.7)
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This relationship stems from the fact that the Fermi level must remain constant

throughout the system at thermal equilibrium. By equating equation (3.6) and

(3.7), and substituting equation (3.5), an expression can be found for the ¢B.

I I

2qs N 5 kT qD,5
¢mZ¢B_\/TD[¢B¢n7j€—t(qu¢Oq¢3) (38)

This expression can be simplified by substituting expressions that contain the

interfacial properties into equation (3.8)

2qe N 6"
GE—_ (3.9)
81’
8[,
c,= 3.10
* e+q'oD, (319
Equation (3.8) thus reduces to
Eg
¢B:Cz(¢m—l)+(1—cz) ;—% (3.11)
There are two limiting cases, when D, — o, then ¢, >0 and therefore
99, =E,—q4, (3.12)

In this situation, the Fermi level of the semiconductor is pinned by the interface
states at the value g¢, above the Valence band. Therefore, the barrier height is
independent of the metal work function and is determined by the interface states

of the semiconductor. When D, —0, then ¢, >1 and therefore

q6,=q9(¢,— 1) (3.13)
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which is the equation for the ideal barrier height, where interface states play no
role. Covalent semiconductors such as Ge give rise to a large density of states due
to unsaturated bonds at the surface and therefore suffer from Fermi level pinning
at the CNL. An estimation of the Fermi level pinning can be found from the pinning

factor that is found from the slope of barrier height versus metal work function.

5= (3.14)
op.

3.2.3 Experimental values of barrier height for metals on Ge

It has been shown experimentally that the pinning factor in Ge is close to the
Bardeen limit (5 =0) [67], resulting in large Schottky barrier heights for metal/n-
Ge junctions, which leads to rectifying contacts, regardless of the metal
deposited. Dimoulas and Nishimura both investigated a wide range of metal/n-Ge
contacts and extracted the barrier heights (0.5-0.6 eV), pinning factor (0.05,
0.02), and CNL (0.09, 0.08 eV) [65, 68]. Figure 3.3 is a plot of the barrier height
versus metal work function and it clearly shows that the barrier height is
predominately fixed. Nishimura proposes that Fermi level pinning arises due to
MIGS and not surface interface states. This assumption was established after
observing no change to the barrier height after applying forming gas anneals to

passivate the surface interface states.

3.2.4 Metal induced gap states

MIGS is an intrinsic property for the metal/semiconductor interface [69]. It can be
explained as a free electron wave function from the metal that penetrates into
the semiconductor bandgap, inducing gap states that are either acceptor or donor
like states. Depending on the surface state distribution and the Fermi level of the
semiconductor, these states will be partially filled and can lead to a positive or
negative net surface charge. Although theoretically it is a different explanation
on why Fermi level pinning occurs, it has the same result as surface interface

states. The Fermi level is pinned at the CNL. Based on these two theories, the
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majority of the previous work on Ohmic contacts to n-Ge has focussed on reducing
the SBH by alleviating the Fermi level pinning either by insertion of an interfacial

layer or by passivating the surface.
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Figure 3.3. (a) Barrier height versus metal work function. The solid line represents a linear fit to the
experimental points. The dotted line (a) represents the ideal Schottky limit (S = 1). The horizontal
dash-dotted line (b) represents the Bardeen strong pinning limit (S = 0). The inset shows the

alignment of the different energy levels at an arbitrary metal-semiconductor interface [65].
3.2.4.1 Insertion of an interfacial layer

Based on the MIGS theory, a number of different methods have attempted to
suppress the metal wave function from penetrating into the Ge in order to unpin
the Fermi level. They are based on the concept of inserting a thin interfacial layer
such as AlO; [70], TiOz [71], Ge3N4 [66], SisN4 [72], or Si [73] between the metal

and the n-Ge. They have showed promise in reducing the barrier height and

obtaining Ohmic behaviour but specific contact resistivities (p.) have remained

large (>2x10° Q-cm®), mainly due to the added series resistance of the

interfacial layer.
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3.2.4.2 Surface passivation

Approaches based on the surface interface states theory consist of terminating
dangling bonds at the Ge surface to unpin the Fermi level. One way to implement
this is to epitaxially grow lattice matched FesSi (- 0.565 nm) on Ge to atomically
control the interface. Another more commonly used method is to use wet chemical
treatments such as ammonium sulphide to sulphur passivate the Ge surface and
this demonstrated success in unpinning the Fermi level [74-78]. An illustration of
how these approaches reduce the interface trap density by terminating dangling

bonds is presented in Figure 3.4.

Dangling bonds Fe,Si or Sulphur atoms
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Figure 3.4. A schematic diagram of the side view of the [0 1 1] direction of (a) clean and (b) FesSi or

sulphur passivated Ge (001) surfaces.
3.2.5 Ohmic contact to n-Ge regardless of Fermi level pinning

Even in the presence of a large Schottky barrier height due to Fermi level pinning
at the CNL (Figure 3.5 (a)) an Ohmic contact can still be engineered. The

conventional method to overcome a large SBH relies upon on a large doping density

(V,), as the depletion layer width () is inversely proportional to N,, as shown

in equation (3.4). A narrow W, allows tunnelling of electrons through the barrier

(Figure 3.5 (b)) and results in metal contacts with good electrical behaviour.
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Metal Nn-Ge Metal N"Ge Ge

Figure 3.5. (a) The usual case for a metal contact to moderately doped n-Ge where the EF is pinned

near the CNL, which is located just above the valence band and therefore induces a large SBH,
regardless of the metal work function. (b) Ideal case where the material is doped sufficiently to reduce

the barrier width to allow tunnelling of electrons.
3.2.6 Conduction mechanisms

Dependent upon the doping concentration of the semiconductor there are three
conduction mechanisms that can dominate as presented in Figure 3.6. For lightly
doped semiconductors, the main conduction mechanism is thermionic emission,
where only electrons from the semiconductor that have sufficient energy can
overcome the Schottky barrier. The total current density for thermionic emission

(TE) under forward bias can be expressed [79]

. —-q¢ qVv
=AT*exp| —22£ |exp| 2—
Soom p( kT ] p(kTJ

(3.15)
*y2
e 47rq]1]737 k

where 4" is the effective Richardson constant and for n-Ge (100) is 143 A-cm 2K 2
[80].
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(b) ()

Figure 3.6. The three main conduction mechanisms for depletion contacts on an n-type
semiconductor: (a) low-doped with thermionic emission, (b) moderately doped with thermionic/field

emission, and (c) highly-doped with field emission.

As the doping concentration increases to an intermediate doping range,
thermionic-field emission (TFE) dominates, where electrons are thermally excited
to an energy where the barrier is sufficiently thin enough for quantum mechanical
tunnelling to take place. The current density due to TFE can be expressed as
equation 3.16, where the relative contributions of the components depend upon

temperature and doping concentration.

J_ATTEGG, 0, V) | [-ad, a,=d)],, (aV
rE kcosh(E,, / kT) kT E, ] £, (3.16)
N E
where E -2 —>= and £ =E, COth(ﬂ
e, kT

At extremely high doping concentrations, the depletion width is sufficiently thin
that tunnelling occurs close to the Fermi level and therefore this process has a
weak temperature dependence compared to TE and TFE. The current density

under forward bias for FE can be expressed as

~ A**Tﬂ- €xXp [_q(¢3n _VF) / E()o]
¢, ksin(zc kT)

4 -V
where ¢, 52; log{ (¢5”¢ F)}
00 R

/FE
(3.17)
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Each regime can be differentiated in terms of doping density by comparing £,
against k7 as shown in Figure 3.7 for n-Ge at 7 = 300 K. When£ , <kT

(N, <6x 10 cm™), TE dominates where the probability of electrons tunnelling
through the barrier is extremely low and a rectifying contact is formed. As the
doping concentration increases, £, = k7 , the contribution of electrons tunnelling
increases and the TFE regime becomes the dominant conduction mechanism.

When £, > kT (N, >1x10* cm™), FE becomes dominant.
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Figure 3.7. The tunnelling characteristic energy (£,) and thermal energy (k7") as a function of

doping density for Ge at T = 300 K. The black dashed lines indicate the doping densities for each
conduction regimen: thermionic emission (TE), thermionic field emission (TFE), and field emission
(FE).
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3.3 Ge n-type dopant challenges

It is evident from Figure 3.7 to obtain an Ohmic contact to n-Ge, regardless of a

large Schottky barrier height then the doping requires being within the TFE or FE

regimen. Therefore, a doping concentration of at least NDz6><1018 cm” s

required. The reason why the majority of the previous work on n-Ge contacts has
focussed on unpinning the Fermi level to reduce the Schottky barrier height,
compared to narrowing the depletion width through doping, has arisen from the
difficulty in achieving sufficiently high doping concentrations. This difficulty stems
from the large diffusion coefficients associated with n-type dopants that are many
orders of magnitude greater than their p-type counter parts [81] and the
difference between the chemical solubility limit and the electrically activated

one. As an example phosphorus, which has the highest chemical solubility limit
(~2x10*° cm™) of all the group IV n-type dopants [82], only reaches an electrical

activation of N,~5x10" cm”[83] after conventional activation anneals.

However, the implantation dose needed to reach this level of electrical activation
does severe damage to the Ge, resulting in an amorphous surface [84] and to date
no level of annealing has been demonstrated to activate this level of doping.
Therefore, for this work it was decided that the n-type doping should be in-situ,
whilst the Ge was epitaxially grown on Si, to minimise surface damage and reduce

defect formation.
3.4 Epitaxial growth of n-Ge for Ohmic contacts

Collaborators at Warwick University epitaxially grew the n-Ge by using an ASM
Epsilon 2000E low-pressure chemical vapour deposition tool. A 650 nm strain
relaxed virtual substrate of undoped Ge was directly grown onto a 200 mm p-Si
(100) wafer using the two-temperature method [44] (previously discussed in
chapter 1) followed by a 830 °C anneal to reduce the threading dislocation density
to around 107 cm2. Then, 300 nm of n-type Ge was grown at relatively low-
temperatures (< 500 °C) using phosphine as a dopant precursor. The growth

conditions were optimised in order to minimise the phosphorous segregation and
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to achieve a uniform doping profile across the 300 nm Ge epilayer, and to obtain
a high level of electrically activated dopants. The resistivity of the 300 nm n-Ge
layer was calculated by electrical measurements using standard four-point probe

techniques, and samples all produced nominally identical resistivities
(~0.7x107° Q-cm), indicating a doping density of N, ~3x10" cm®[85] (see
Figure 3.8). This was subsequently confirmed by Hall-effect measurements on

mesa etched Hall bar samples with an accuracy of greater than 1 %. Due to this

level of dopant concentration, TFE will be the main conduction mechanism and

since the I, is calculated to be narrow (~ 4 nm), quantum mechanical tunnelling

of electrons should be the dominate current transport, as shown in Figure 3.6 (b).
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Figure 3.8. The resistivity versus doping density for p and n-type Ge at 300 K [85].
3.5 Metal on n-Ge contacts

As the n-Ge grown by Warwick is at a doping level where conduction should be
dominated by TFE it is predicted that an Ohmic contact can be formed, even when
there is a large Schottky barrier height. Therefore, it was decided that it would
be worthwhile to try direct deposition of metal contacts onto the n-Ge, without

using any of the techniques already discussed, such as interfacial layers or surface



Chapter 3. Ohmic contact to n-Ge 52

passivation. Gaudet carried out a systematic study of 20 transition metals on Ge
substrates to identify the optimum metal contact for the integration of Ge into
high mobility CMOS. The two germanides that approached the best resistivity
phases for current silicide technology in CMOS (10 z€-cm) were NiGe (22 ;£-cm)
and PdGe (30 ©-cm) [86]. For this work, Ni was chosen over Pd not only because
it has a slightly lower resistivity phase but also as the commodity price of Ni is
significantly lower (Ni ~ $ 31/kg and Pd ~ $ 12,000/kg) [87]. In addition, Ni starts

reacting with Ge at a relatively low temperature (250 °C) [88], is stable over a
wide temperature range, has the lowest sheet resistance (R, ), of all the common

transition metal-germanium alloys, and does not easily oxidise [86].

3.6 Electrical characterization of the Ni-Ge contacts

To characterise the Ni-Ge contacts and benchmark them against existing

literature, it is crucial that the characterisation and metrology correspond to what
is commonly used. The specific contact resistivity (p_ ) is a key parameter for
comparing different contact technologies as it is independent of the contact area.
To calculate the p_ a number of different test structures are available each with

their own advantages and disadvantages.

3.6.1 Lateral current flow test structures

Metal-semiconductor contacts fall into two basic categories, current that flows
either vertically or horizontally. For the characterization of the Ni-Ge contacts in
this work, only lateral current flow test structures were investigated. The main
reason behind this choice is that the vertical test structures require ion-
implantations to define the vertical contact area. This is difficult to control from
the large diffusion coefficients of the dopants as previously discussed and Glasgow
University does not have the capabilities to do this. The commonly used test
structures that were investigated for this work were the cross-bridge Kelvin
resistor (CBKR), the transfer length method (TLM), and the circular TLM (CTLM).
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3.6.2 Cross bridge Kelvin resistor

The CBKR test structure allows a direct measurement of the p_, while eliminating

the contribution of parasitic resistances [89]. There is one single contact area
between the metal and the semiconductor material. The structure consists of four
contact pads. Two that are connected to the doped semiconductor and two that
are connected to the upper metal arm. Figure 3.9 (a) outlines the basic idea of a
CBKR. By applying a current through the semiconductor arm and up through the

contact interface into an upper metal layer, a voltage drop can be measured

between the two voltage taps and R can be calculated from equation (3.18),

where p_ can then be found from equation (3.19).

v,V
R = 7 (3.18)
p.=R x4 (3.19)

Voltage Tap 1

Contact Interface

Semiconductor

(a) Voltage Tap 2 (b)

Figure 3.9. (a) A schematic diagram of a four-terminal cross bridge kelvin resistor test structure. (b)
The case where there is a misalignment between the contact and the semiconductor arm. The current

flows through the contact and the overlap region leading to errors.

Equation (3.19) only accounts for the case where the contact area is the same as

the semiconductor arm. In reality, this is difficult to fabricate and there is
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normally a misalignment between the contact and the mesa etched sidewall,
where I/ is the width of the semiconductor arm, L is the width of the contact

and & is the misalignment (see Figure 3.9 (b)).

S=W-1L (3.20)

The & misalignment leads to a current that flows around the contact that affects

the voltage drop measured and gives rise to a largerp, .

3.6.2.1 CBKR fabrication

CBKR structures require five stages of lithography to fabricate. Electron-beam
lithography is required to reduce the 6 misalignment to less than 0.1 ym. Etching
trenches down to the intrinsic region to define the semiconductor arm. A contact
is then deposited by standard lift-off technique. Contact area usually ranges from
0.5 to 20 ym? with & ranging from 0.1 to 0.5 ym. A passivation layer (e.g. Si0;)
is deposited over the semiconductor arm, followed by via-hole etching to the
contact. The last stage is to define and deposit the metal upper layer arm. An
optical microscope image of a fabricated n-Ge CBKR is shown in Figure 3.10 (a),

with a close up of the metal interface seen on the right in Figure 3.10 (b).

Figure 3.10. (a) An optical microscope image of a fabricated cross bridge kelvin resistor showing the
four contact pads. (b) A close up image of the metal interface area.
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3.6.2.2 Disadvantages of the lateral CBKR

The biggest disadvantage of the CBKR structure is the & misalighment between
the contact area and the mesa-etched sidewalls. Larger & leads to higher

measured resistance. This & severely limits the practicality of this structure as

its main advantage is meant to be a direct measurement of the p compared to

other test structures that require extrapolation. Thus the actual p_ can only be

obtained from extrapolating to 6 =0, which therefore requires the fabrication of
several CBKR structures with different contact areas and the & spacing as
depicted in Figure 3.11 [90].
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Figure 3.11. The dependence of the contact resistance times the contact area as a function of the

O spacing for the cross bridge kelvin resistor [90].
3.6.3 Transfer length method

The TLM is a planar test structure that consists of numerous identical contacts of

width (Z ) and length (L), separated by increasing gap spacing (d ) as presented
in Figure 3.12 (a). The total resistance (R, ) for adjacent contacts is measured and

then plotted against gap spacing to extract theR . The R. between any two

contacts can be expressed as equation (3.21).
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R, d
R =—%—+2R (3.21)
A

By extrapolating to =0, this eliminates the contribution of the R, and only the

resistances from the two planar contacts are left, hence R. =2R . The p_ can then

be calculated from equation (3.19). This structure is far easier to realise compared
to the CBKR. It requires only two lithography stages, one to pattern and lift-off
the metal contacts and a second stage to isolate the current path by forming a

mesa as shown in Figure 3.12 (a) to prevent current crowding.

() by s}

gradient
=Ra/Z

Resistance, R

>

2Lr Contact spacing, d

Figure 3.12. (a) An optical microscope image of a fabricated transfer length method test structure.

(b) The total resistance for adjacent contacts plotted against the gap spacing.

3.6.3.1 Disadvantages of the TLM structure

One of the issues with the standard TLM structure is the misalighment between
the contacts and the mesa, which is required to provide isolation and prevent

current crowding. This misalignment (& ), which is also one of the limitations of

the CBKR, leads to an incorrect p, . The effect of this can be seen from Figure
3.13 (b) where different & spacing leads to errors in the extrapolation of theR _,

R,,and L.
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Figure 3.13. (a) A transfer length method structure with current isolation provided by a mesa etch.

There is a misalignment (&) between the edge of the contacts and the mesa. (b) The effect of

different & spacing on the extrapolation [91].
3.6.4 Circular transfer length method

The & misalignhment that introduces errors from the CBKR and TLM structures can
be eliminated by using a modified version of the TLM structure, the CTLM. The
CTLM is a self-isolating structure, and therefore, no mesa etch is required to
prevent current crowding which affects the other structures discussed [92]. The
design of the CTLM is presented in Figure 3.14 (a). The structure consists of a

metallic outer region and an inner circular contact of radius.. A gap spacing of d

separates the inner and outer regions. By measuring the total resistance, R,, for

each gap spacing and using a correction factor € to compensate for the
difference between the standard TLM and the CTLM [93], a linear fit can then be

applied to the experimental data, where R, L., and R, can be extrapolated.

Without using the correction factor, there would be an underestimation of the p_ .
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The R, between the internal and external contacts can be expressed as equation

(3.22).

R |L I(L/L L K(L/L
_sh| 7T oL/ T)+ r KL/ T)+ln[1+zﬂ (3.22)

" 2| LI(L/L) L+dK(L/L)

where | and K denote the modified Bessel functions of the first order. For
L>4l,, the Bessel function ratios /,//, and K /K, tend to unity and R,

simplifies to

T T 3.23

with c=£1n 1+€ (3.24)
d L

The CTLM only requires one lithography step and so can be easily integrated into

device fabrication processes as a test structure. Due to the simplicity of the
fabrication and the higher accuracy of extracting the p , CTLM structures were

used to characterise the Ni-Ge contacts formed in this work.
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(a) (b)

Figure 3.14. (a) A CTLM schematic diagram showing inner circular contact of radius L and a gap

spacing of d separating the outer metal contact. (b) A microscope image of fabricated Ni-Ge CTLMs

with L =50 ym and d varied from 1-200 ym.
3.6.4.1 CTLM fabrication

To ensure accurate characterization of the Ni-Ge contacts, the CTLM structures
were fabricated by electron-beam lithography. This minimised the errors in gap
spacing so that they were < 1 nm and therefore negligible. Scanning electron
microscope (SEM) line-width measurements of CTLM structures realised by
photolithography, revealed a gap space error of + 0.6 ym, which leads to errors
when extrapolating. 1-cm? samples for electrical measurements were prepared by
first cleaning in acetone, followed by a rinse in propan-2-ol, and then, the native

oxide was removed in a buffered hydrofluoric acid (BHF) solution (5:1). The

samples were then immediately placed in a high vacuum (5><10’7 mbar) metal

deposition system, before 100 nm of Ni was deposited by electron-beam
evaporation and patterned by a lift-off process. To promote lift-off of the Ni-Ge
CTLMs, a PMMA bi-layer of 8.0 % (2010) / 4.0 % (2041) was used, as described in
chapter 2. Along with proximity error correction and curved fracturing in Layout
Beamer, this process can provide 30 nm resolutions. Ni films of 100 nm were used
initially as it allowed the contacts to be characterised over a wide range of anneal
temperatures. All annealing was performed in a rapid thermal annealer (RTA)

using nitrogen gas (N,), and anneal temperatures ranged from 300-600 °C for 30 s.
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3.6.5 Ni-Ge electrical characterization

CTLMs had inner contact radii ranging from 50-100 ym, and gap spacing varied
from 1-200 pym. All electrical characterization of the CTLMs was carried out using
dc current with an Agilent parameter analyser. Four-terminal probing was used to
eliminate the parasitic resistance introduced by the probes. Measured current-
voltage (7 -V) characteristics are shown in Figure 3.15 (a) for a Ni-Ge CTLM (L =
100 um, 4= 150 pm) annealed at 340 °C. At room temperature, the IV
characteristic is clearly Ohmic (red line). Ohmic behaviour was also observed for
the as deposited unannealed Ni and annealed up to 550 °C before agglomeration
of the contact occurred at 600 °C. This suggests that the conduction mechanism is
thermionic field emission and to highlight this further, 7/ -V characteristics were
measured at 77 K by immersing the CTLMs in liquid nitrogen (LN2). The /-1 at
77 K is shown in Figure 3.15 (blue dash) and is still clearly Ohmic suggesting the

tunnelling current must be the dominant transport mechanism. This agrees well
with the tunnelling characteristic energy for a doping density of N, ~3x10" cm™
(see Figure 3.7), which is greater than the thermal energy A7 and with a thin
depletion width(W,~4 nm), quantum mechanical tunnelling dominates. Figure
3.15 (b) shows a measurement of a L = 100 yum CTLM for a Ni-Ge contact annealed

at 340 °C. R, is plotted against & and a linear fit is applied to the corrected data
points to extrapolate the R, R, and L.. The specific contact resistivity is then

2
calculatedasp. =R x L.
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Figure 3.15. (a) The left axis shows the linear current-voltage of the CTLM (L = 100 ym, d = 150 um)
at 293 K (solid line) and at 77 K (dashed line) for a NiGe/Ge contact annealed at 340 °C for 30s, and

the right axis is a log plot. (b) Rr as a function of d for the CTLMs. A linear fit is applied the corrected

data.

Figure 3.16 shows how the p_ varies as a function of anneal temperature. The
error bars were calculated by stepping at discrete voltage steps (1000 points) and
measuring the R, at each point and then applying statistical analysis to find the
standard deviation. This was done for each set of CTLM structures (L = 50, 75, and

100 pm). The lowest values of p =(2.3£1.8)x107Q-cm* occur at 340 °C with

L, =12+045um and R, =19.0£0.2Q [94]. These values are lower than

previously published results [66, 69, 70, 72, 73] whilst using a simpler fabrication

process.
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Figure 3.16. The calculated specific contact resistivity for 100 nm Ni on n-Ge contacts over the anneal

temperature range 0-600 °C. The inset shows in more detail the results with the lowest values.
3.6.6 Comparison against other metal Ge alloys

Figure 3.17 shows a comparison of the Ni-Ge alloy against Al and Pt. The NiGe
contact annealed at 340 °C is an order of magnitude better than the best Pt result
and over two orders of magnitude better than the best Al-Ge contact. Above 400 °C

agglomeration of the Al contact occurred and the contac