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To My Parents

“All the different nations in the world, despite their differences of appearance and
language and the way of life, still have one thing in common, and that is what's inside in
all of us. If we X-rayed the insides of different human beings, we wouldn't be able to tell
from those X-rays what the person's language or background or race is.”
Abbas Kiarostami
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Abstract
The conventional 2D geometrical scaling of transistors is now facing many challenges
in order to continue the performance enhancement while decreasing power
consumption. The decrease in the device power consumption is related to the scaling
of the power supply voltage (Vdd) and interconnects wiring length. In addition,
monolithic three dimensional (M3D) integration in the form of vertically stacked
devices, is a possible solution to increase the device density and reduce interconnect
wiring length. Integrating strained germanium on insulator (sGeOI) pMOSFETs
monolithically with strained silicon/silicon-germanium on insulator (sSOI/sSiGeOI)
nMOSFETs can increase the device performance and packing density. Low
temperature processing (<550 ºC) is essential as interconnects and strained layers limit
the thermal budget in M3D. This thesis presents an experimental investigation of the
low temperature (<450 ºC) fabrication of group IV semiconductor-on-insulator
substrates with the focus on sGeOI and sSiGeOI fabrication processes compatible
with M3D.
To this aim, direct bonding was used to transfer the relaxed and strained
semiconductor layers. The void formation dependencies of the oxide thickness, the
surface treatment of the oxide and the post annealing time were fully examined. Low
temperature SiGe epitaxy was investigated with the emphasis on the fabrication of
Si0.5Ge0.5 strain-relaxed buffers (SRBs), etch-stop layer, and the device layer in the
SiGeOI and GeOI process schemes. Ge epitaxial growth on Si as thick SRBs and thin
device layers was investigated. Thick (500 nm-3 µm) and thin (<30 nm) relaxed GeOI
substrates were fabricated. The latter was fabricated by continuous epitaxial growth of
a 3-µm Ge (SRB)/Si0.5Ge0.5 (etch stop)/Ge (device layer) stack on Si. The fabricated
long channel Ge pFETs from these GeOI substrates exhibit well-behaved IV
characteristics with an effective mobility of 160 cm2/Vs.
The planarization of SiO2 and SiGe SRBs for the fabrication of the strained GeOI
and SiGeOI were accomplished by chemical mechanical polishing (CMP). Low
temperature processes (<450 ºC) were developed for compressively strained GeOI
layers (ɛ ~ -1.75 %, < 20 nm), which are used for high mobility and low power
devices. For the first time, tensile strained Si0.5Ge0.5 (ɛ ~ 2.5 %, < 20 nm) films were
successfully fabricated and transferred onto patterned substrates for 3D integration.
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Sammanfattning
Den historiska skalningen av transistorer i två dimensioner står nu inför många
utmaningar för att fortsättningsvis kunna förbättra prestandan och minska
effektförbrukningen i integrerade kretsar. Effektförbrukningen beror på
transistorstorlek, matningsspänning samt längden på metall ledningarna som förbinder
transistorerna. Monolitisk 3-dimensionell (M3D) integration, där transitorer byggs
vertikalt ovanpå varandra, är en möjlig lösning för att öka packningsdensiteten av
transitorer och samtidigt reducera ledningslängden. Integration av töjt germanium på
isolator (sGeOI) pMOSFET och med töjt kisel/kisel-germanium på isolator
(sSOI/sSiGeOI) nMOSFET kan öka transistorernas prestanda och packningstätheten.
Låg tillverknings temperatur (<550 ºC) är nödvändig på grund av att metalledare och
töjda materialskikt finns på skivornas då transitorer tillverkas i M3D. Avhandlingen
presenterar
en
experimentell
undersökning
av
tekniker,
med
låg
tillverkningstemperatur (<450 ºC), som är kompatibla med M3D för att erhålla
halvledarmaterial i grupp IV på isolationssubstrat med fokus på sGeOI och sSiGeOI.
För detta syfte användes direkt bondning för att överföra relaxerade och töjda
halvledarskikt. Formering av håldefekters beroende av olika ytbehandlingar av oxiden,
oxidtjockleken samt värmebehandlingen efter bondning undersöktes fullständigt. Låg
temperatur SiGe epitaxi undersöktes med fokus på tillverkningen av relaxerade
Si0.5Ge0.5 buffertar (SRB), ets-stopplager och komponentskiktet i processflödena för
SiGeOI och GeOI. Epitaxiell tillväxt av Ge på Si med tjocka Ge SRB och tunna
komponentlager undersöktes. Tjocka (500 nm - 3 µm) och tunna (<30 nm) relaxerade
GeOI substrat tillverkades. Den senare tillverkades genom kontinuerlig epitaxiell
tillväxt av 3 μm Ge (SRB)/Si0.5Ge 0.5 (etchstopp) /Ge (komponentskikt) på Si substrat.
De tillverkade långkanals Ge pFETs från dessa GeOI-substrat uppvisar typiska IV
egenskaper med en uppmätt mobilitet på 160 cm2/Vs.
Planarisering av SiO2 och SiGe SRB för tillverkningen av töjt GeOI och SiGeOI
undersöktes genom kemisk mekanisk polering (CMP). Lågtemperaturprocesser (<450
ºC) utvecklades för kompressivt töjda GeOI lager (ɛ ~ -1.75%, <20 nm), som kan
användas för transistorer med hög mobilitet och låg effektförbrukning. För första
gången tillverkades draguttöjda Si0.5Ge0.5 (ɛ ~ 2%, <20 nm) filmer framgångsrikt och
överfördes på mönstrade substrat för 3D integration.
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Chapter 1. Introduction
Dennard‘s scaling rule for shrinking transistors has dominated the semiconductor
industry for decades (1975-2000); as transistors shrank in size, their performance
increased along with keeping the power density constant [1]. According to Moore's law
by keeping the fabrication cost per unit area constant while shrinking in size, more
transistors per chip could be fabricated with lower cost per transistor. However, two
dimensional scaling has slowed down due to the restrains by delay and power
consumption [1]. Decrease in device power consumption is related to scaling of the
power supply Vdd and the interconnect wiring length which currently as much as 50 %
of the dynamic power can be consumed by switching the interconnects in a modern
microprocessor [2]. To address this issue monolithic 3D integration is a potential
candidate to overcome the interconnect energy losses, where tiers of device layers are
built sequentially with isolation and interconnect layers in between. That leads to a
shorter wiring length which causes a reduction in RC-delay and the load capacitance.
Therefore, shorter wiring length in 3D integration, will translate into reduced power
consumption in the wires during switching. By stacking the transistors on top of each
other, and connecting them with inter tiers vias, the packing density increases
therefore it is possible to achieve higher device density without scaling down the
device dimensions [3]–[7].
Meanwhile, in order to obtain a lower power supply, high mobility channel
materials are applied to improve the drive current and reduce the power supply [3], [4],
[8]–[11]. For that purpose, strained Si channel devices have been extensively used to
increase electron and hole mobility, and it is reaching the end limits [11]–[16]. To
continue this trend, various materials and structures have been investigated to replace
Si as the channel material. Germanium with higher mobility than Si has gained a lot of
attention as a promising channel material [5], [9], [11], [13], [14], [17]. Although high
performance Ge-pFETs have been reported previously, strained Ge in the channel is
required to outperform state-of-the-art strained Si MOSFETs[11], [13], [17]. On the
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other hand, short channel effects and junction leakage current are more prominent in
Ge MOSFETs because of the higher dielectric constant and lower band gap of Ge.
To suppress these problems Germanium on insulator (GeOI) is a potential solution
and high mobility strained Ge nanowire trigate p-MOSFET shave been fabricated
using these substrates [5], [9], [14], [16], [18], [19]. Therefore, considering the benefits
of high mobility strained semiconductor (SiGe, Ge) layers and by embedding these
high mobility layers into monolithic 3D integration scheme, it is possible to increase
the device density and at the same time, reduce the overall energy consumption in
integrated circuits by reducing both device and interconnect energy consumption.
Considering the lower Ion value of GeOI nMOSFETs compare to the Ge
pMOSFETs, the GeOI pMOSFETs integrated with SOI or SiGeOI nMOSFETs can
offer a great opportunity for monolithic 3D integration [3]–[5], [7], [9].
There are some crucial requirements and challenges in monolithic 3D integration;
the first one is the transfer of defect free single crystalline semiconductor layer on top
of the first device layers; the second one is the limitation in thermal budget during
upper tier device manufacturing, since interconnect layers exists on the 1st tire and
avoiding the plastic relaxation of the strained films on insulator. Therefore, low
temperature fabrication processes (<450 ºC) are essential in monolithic 3D integration
of strained semiconductor layers.
In order to address these issues of 3D integration in this thesis, we propose a low
temperature (<450 ºC) fabrication process for transferring strained Ge and SiGe layers
on top of the patterned devices using low temperature direct bonding.
This thesis focuses on the fabrication of relaxed and strained SiGe and Ge layers on
blanket and patterned insulators in a low temperature scheme (< 450 ºC). Within this
project, a 3D integration compatible, SiGe and Ge layer transfer on insulator
fabrication process, has been designed and developed. For that purpose first SiGe and
Ge epitaxial growth was extensively studied; SRB Ge layers with a defect density of ~
107 cm-2, fully strained Si0.5Ge0.5 layers, constant composition SRB Si0.52Ge0.48 and
graded Si0.52Ge0.48 buffers were grown. These layers were later utilized as active device
layers or buffer layers to grown thin layers on top of them. Low temperature direct
bonding was employed for the epitaxial layer transfer on insulators; various methods
for direct bonding SiO2surface preparation were examined; the effect of oxide layer
thickness and post annealing steps, in bonding voids removal were examined. Thick
relaxed GeOI substrates without the help of CMP were fabricated; ALD Al 2O3 was
utilized as an insulator cap layer on Ge SRB and facilitated the high energy hydrophilic
room temperature bonding; the GeOI layers exhibited a defect density of ~ 10 7 cm-2
with an RMS roughness <0.5 nm.
20

Thin GeOI substrates (<25 nm) were produced by wafer bonding and etch back
process (<350 ºC), embedding Si0.5Ge0.5stop layer in epitaxial structure consisting Ge
(SRB)/ Si0.5Ge0.5 (etch stop)/Ge (device layer) stack on Si; pFETs fabricated on thin
GeOI substrates exhibited a well-behaved IV characteristic with 60% higher mobility
than the SOI pFET reference device. With the help of CMP SRB Si0.5Ge0.5 layers were
smoothed (RMS roughness < 1 nm) and prepared for strained layers epitaxy. In
addition, PECVD SiO2 were smoothed and flattened by CMP making the sGeOI and
sSiGeOI direct bonding possible, on blanket and patterned oxide layers. Finally
compressive strained Ge layers which were grown on SRB Si0.5Ge0.5, and tensile
strained Si0.5Ge0.5 layers which were grown on SRB Ge, were successfully transferred
on blanket and patterned insulator substrates.

Thesis Outline
The aim of this thesis is to develop and fabricate SiGe and Ge on insulator
substrates for monolithic 3D integration. For this purpose, a low temperature (< 450
ºC) and CMOS compatible approach was developed. This thesis is organized in the
next 7 chapters.
Chapter 2 describes the history of CMOS scaling and its challenges and the need
for new materials or structures to continue the scaling trend.
In chapter 3 voids formation in low temperature hydrophilic direct bonding is
examined in terms of various surface treatment methods and post annealing processes.
Chapter 4 is dedicated to low temperature epitaxy of SiGe films which play an
important role in the fabrication of SiGeOI and GeOI processes.
Chapter 5 demonstrates the epitaxial growth of high quality low defect density Ge
SRBs on Si and thin Ge layers as device layers using different gas precursors.
In chapter 6 the fabrication process of group IV semiconductors on insulator is
described in details. That contains the fabrication of thick relaxed GeOI, thin relaxed
GeOI, thin compressive strained GeOI and thin tensile strained SiGeOI. The 60 nm
thick relaxed GeOI nanowires fabricated by side wall transfer (STL) lithography
technique. The result on of CMP process on SiO2 and SiGe films are described in
details in this chapter.
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Finally chapter 7 conclude this work by highlighting the achievements.
Furthermore, a future research outlook, in the continuation of this project is
proposed.
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Chapter 2. Challenges and Advances in
Moore’s Law and CMOS scaling
Dennard scaling rule for shrinking transistor had dominated the semiconductor
industry for decades (1975-2000); as transistors shrank in size, their performance
increased along with keeping the power density constant. According to Moore's law by
keeping the fabrication cost per unit area constant while shrinking in size, then more
transistors per chip could be fabricated with lower cost per transistor. That gave rise to
two version of Moore's law (1.0 and 2.0). Moore's law 1.0 is about scaling up, meaning
the doubling the number of transistors every 1-2 years, but due to the economics of
semiconductor fabrication more power chips have been fabricated for the same
price[1], [20], [21].
Moore's 2.0: By shrinking down a transistor while keeping the cost per unit area of
making those transistors constant, the cost of each transistor will be keeping to
decrease. We have had a rate of reduction of about 30% per year in the cost of the
transistor. Therefore, the same chip with a lower price could be fabricated in the next
year. Both versions have enabled many new applications but it is due to the 2.0 law
that ICs have integrate into all kind of applications. But many problems emerged as
the Dennard's scaling continued. Due to the presence of thermal noise a higher
voltage is needed to control the device (>0.2 V). When supply voltages dropped below
1V, the problems emerged such as the sub-threshhold leakage current [1]. That results
in power consumption, especially when billions of transistors are operating and the
sum of all leakage currents becomes significant, which consumes a large amount of
power, and power consumption has become the big issue in IC manufacturing today
that dominate all the other issues about trying to shrink the dimension. The clock
speed has also affected by scaling because clock speed is scaling by voltage and voltage
scaling has stopped today. The only benefits of shrinking transistors today are more
demanding functions per chips and/or lowering the cost of fabrication per function
[1], [20], [21]
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For most of the applications of integrated circuits today the only reason that we are
shrinking it is to lower the cost. Moore's law is about cost. Despite the rising cost of
materials and equipment, and increasing the process complexity, the cost per unit area
of finished Si substrate has remained about constant or increased slightly over the
years [1]. That results in lower cost per transistor each year. But there is a new trend of
Moore's law: law 3.0 is called scaling out and is about innovation through integration
by implementing: New materials (high k as an insulator, strain and high mobility
materials in the channel); 3D integration; Silicon photonics; memory on
microprocessor; MEMs and smart sensors and etc. In semiconductor industry all three
version of Moore's law have always been present but with a shift in the emphasis over
time. Moore's law is primarily an economic law; however, as it become hard to keep
the cost of fabrication down, future of Moore's law is uncertain; but Moore's law 3.0
has many opportunities yet [1], [20], [21]

2.1 History of CMOS scaling and its Challenges
The improvement in CMOS technology has been continued in last decades and caused
an incredible advancement in electronics. Downscaling of the metal metal-oxidesemiconductor field-effect transistor (MOSFET) has resulted in device performance
gains and significant economic benefits. By scaling the physical dimensions of the
MOSFET in recent decades, the number of transistors in a chip every two years has
doubled, following the Moore‘s law [21] and it makes the fabrication of each transistor
cheaper. The increase in the number of transistor per unit area decreases the power
consumption per device and increases the performance speed; however, the scaling
has become increasingly challenging due to the limitation in fabrication technologies
and an increase in the power dissipation. In sub-100nm regime, new elements and
architectures added to continue scaling. At 90nm node, SiGe source/drain was
embedded to induce uniaxial strain on Si in the channel. At 45nm high-k-metal-gate
was invented for further scaling and performance improvement. And 22nm Tri-gate
FinFET transistors are now under production by Intel with increased performance. 14
nm FinFET transistors are under production by Intel [22], [23]. However, the scaling
trend below 10nm regime is challenged by technical and physical limitations [24]–[26],
recently 7 nm and 5 nm strained Si and SiGe nanowire CMOS transistors have been
fabricated by Sumsung and IBM [27]–[30]. In order to extend the scaling limits,
various channel materials other than Si [31]–[34], new device structures such as TriGate [35]–[37] and devices with different physics have been investigated [38]–[40].
New materials for Si replacement in the channel have been considered such as
Germanium (Ge), III-V, carbon nanotubes, and Graphene [27], [29]–[32],
[39]˗[42].While the transistors are scaling down, the drive current needs to be
enhanced and supply voltage should to be decreased; however, these are companied
24

with an increase in off-state leakage current. The scaling trend is followed by increase
in active power density on a chip but a faster increase in static power density. The
active power density originates from the dissipation of charges in switching between
transistor gates and ground terminals during switching. Static power or subthreshold
power arises from the dissipation of charges in the form of leakage current in the
absence of any switching. While the scaling has been continued over the decades the
static power dissipation has become comparable in magnitude to active power.
Therefore suppression of the static power dissipation is one of the biggest challenges
in CMOS scaling to obtain higher performance. Figure 2.2. represents the transistors
performance in terms of leakage. By slowing down the scaling of conventional bulk Si
MOSFETs, introducing novel materials and structures are necessary to continue the
performance improvement [45]. Figure 2.1. presents Intel scaling trend, in which the
scaled transistors provide higher performance, lower power and lower cost per
transistor.

Figure. 2.1. MOSFET transistors scaling trend [source: Intel]
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Figure 2.2. Transistor performance in terms of leakage current [Source: Intel].

The innovation in CMOS technology are shown in Fig. 2.3. The drive current Ion is
described as

Where L is the channel length, W is the width,
is the gate capacitance, µ is
effective carrier mobility and Vdd is the supply voltage [43].

Figure 2.3. Innovations in CMOS technology roadmap [43].
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The basic requirement in scaling CMOS transistor is that it must electrostatically
hold together, and the gate plays a key role in fulfilling that purpose. The gate should
provide a high on current in the ‗ON‘ state while keeping the ‗OFF‘ state leakage
current to the lowest possible value [43].
As discussed above by continuing the scaling various problems arise which degrade
the MOSFET performance. The problems with scaling are briefly described below. In
a MOSFET gate terminal is built to control the charge carries (electrons or holes) in
the channel. The scaling theory provides guidelines in order to scale the MOSFET
dimensions without sacrificing its reliability and performance. In the simplest form of
scaling the vertical and horizontal dimension of the MOSFET and the supply voltage
will be scaled by the same factor to keep the electric field in the scaled MOSFET as
before (constant-field scaling). However in actual scaling, the geometry and supply
voltage are being reduced by different factors (generalized scaling). When the gate
length (Lg) is scaled by a factor α, then it is needed to scale down the gate oxide (tox),
depletion layer width (xd) and supply voltage (Vd) by the same factor to keep the
electric field as before in the scaled device [42], [45].
In long channel MOSFETs the vertical electric field in the channel induced by gate
is larger than the lateral electric field which is due to the drain voltage. In such devices
the physics of the transistor is divided into two parts, i.e. gate-controlled carrier
formation and drain-controlled carrier transport. The threshold voltage (VT), which is
the voltage when the MOSFET turns on, is only dependent on the gate voltage in long
channel devices. The subthreshold swing (SS) is a measure of how quickly the device is
switching from Off to On state. In other words, is the number of millivolts (mV)
required to increase the VG in order to produce a factor of 10 increase in the drain
current (ID). In normal MOSFET operation the SS is limited to be greater than KT/q
(60 mV/dec) at room temperature [45]. In short channel devices as the gate length is
reduced, the drain voltage control on the channel becomes stronger and it gets harder
for the gate to control the source barrier and the charges in the channel. In this case
we use 2D electrostatic effects which cause: a) a reduction in threshold voltage as the
gate length reduces (VT roll-off), b) a change and a reduction in VT as the drain voltage
increases (drain-induced-barrier-lowering, DIBL). c) a degradation in subthreshold
swing. These phenomena are called short channel effect (SCE) and they cause an
increase in off state leakage current. Therefore the MOSFET designer try to inhibit
these SCE effect in short channel devices. Every technique which has been used to
suppress SCE has its own drawbacks in term of performance and new static leakage
mechanism. One approach to reduce the short channel effects is to increase the gate
control over the channel. This can be obtained by thinning down the gate oxide.
Although, as the gate oxide gets thinned, due to the quantum mechanical tunneling the
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gate leakage increases and subsequently the static power dissipation increases. One
solution is to replace the silicon dioxide (SiO2) as the gate oxide with a dielectric with
higher permittivity (high-k) e.g. zirconia (ZrO2) or hafnium (HfO2). Using high-k
material which has a higher capacitance allows us to use a thicker insulator to inhibit
the tunneling. However, introduction the high-k material as the gate insulator is
accompanied with new challenges such as surface roughness, interface trap, fixed
charge in insulator, etc. Another approach to suppress the SCE is to increase the
channel doping and terminating the electric field induced by the drain voltage.
However, as the doping in the channel increase the carrier mobility is reduced due to
the increased carrier scattering. In addition, the subthreshold swing gets degraded
because some parts of the gate voltage will be stolen from the surface by a higher
depletion capacitance in the channel. Besides, in the very high doping regions near the
source and drain extensions, band-to-band tunneling and consequently the leakage
current become higher [45], [46]. However, by keeping the doping in the middle of the
channel low while increasing the doping under the gate edges, one can benefit the new
doping profile; which inhibits leakage at the S/D with high carrier mobility and low
resistance in the part of the channel needed [43]. Such doping profile is obtained by a
tilted ‗halo‘ implant. The ‗shallow extension‘ and ‗local halo‘ are the fundamental
technique in device scaling since late 80‘s. The loss of gate control over channel when
channel length is scaled is represented in Fig. 2.4; by adding a shallow extension of the
S/D the gate recovers its control over channel.

Figure 2.4. Gate length scaling (a) long channel transistor, (b) short channel with S/D extensions, (c)
short channel when gate voltage is applied.

By reducing the source/drain junction depth (near the gate edge) the SCE will be
suppressed by reducing the drain coupling to the source barrier. However, as the
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junctions‘ depth gets reduced their doping should be increased in order to keep the
sheet resistance constant; in addition, the solid solubility of the dopants is limited
(~1020cm-3). Hence, the reduction in junction‘s depth makes an increase in the series
resistance in accessing the channel. In addition, by having ultra-shallow junctions it is
difficult to keep the junctions abrupt after annealing the dopants and their following
diffusion. All these phenomena will degrade the MOSFET performance. Therefore,
new materials and structures are needed to replace Si and have a potential to change
the conventional bulk MOSFETs in future [31], [33], [34], [41], [42], [47]. In order to
increase the drive current of the MOSFET, carrier transport needs to be enhanced and
there are various approaches to realize that, including: introducing strain into the
channel [32], [42], [48], [49] incorporating novel high mobility materials in the channel
[31], [33], [34], [36], [38] finding the optimal substrate and channel orientations [50],
[51], [52] or a combination of all of them.

2.1.1 The Effect of Strain on Mobility
NMOS) It has been shown in Si when a tensile strain is applied to Si in the channel
the conduction band will split [45], [53], and this splitting lead to an increase in the
electron mobility since the occupancy of the 2-fold valleys, which have a lower
effective mass, will be increased. The electron mobility enhancement by applying
tensile strain to Si channel using SiGe SRB has been reported previously on planar
long channel MOSFETs [45], [54]. Similar effect of electron mobility enhancement
due to the strain is expected in tensile strained SiGe films; yet there is no report on
nMOS tensile strained SiGe devices. In this thesis in Chapter 6.5 we propose, for the
first time, a fabrication method to realize tensile strain Si0.5Ge0.5OI substrates; however
nMOS devices have not been fabricated yet and are under production in our group.
In 2016, IBM and Samsung reported the 7 nm and 5 nm tensile strained Si Fins for the
NMOS transistor accompanied by compressive SiGe PMOSs, all epitaxially grown on
SiGe SRB [27], [28]. Figure 2.5.(a). illustrates the biaxial and uniaxial stress in the
device layer. Figure 2.5. (b). presents the long channel electron mobility enhancement
of 40% in tensile Si compare to unstrained Si fabricated by Samsung. A two times
boost in electron mobility in 7nm, tensile strained Si long channel FinFETs fabricated
on Si0.75Ge0.25 SRB is reported at the same time by IBM; the Fin structures are shown
in Fig. 2.5. (c)[27].
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(a)

(b)

(c)

Figure 2.5.(a). Schematic view of biaxial and uniaxial stress with SiGe SRB [55]. (b) long channel
electron mobility enhancement in tensile strained Si Fin on SiGe SRB [28]. (c) Schematic view and
TEM view of dual stressed channel materials on SiGe SRB, with (left) tensile strained Si Fin (right)
Compressive strained SiGe Fin [27].

PMOS) The effect of strain on hole mobility is more complicated than electrons
[56], [57]. Here the strain splits the light hole and heavy hole bands and changes their
curvatures in the valance band. That causes the light hole band to shift upward on top
of the valance band which results in a lower effective mass and a higher mobility [51].
The effects of various strains on Si hole mobility are summarized in Fig 2.6.
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Figure 2.6. Dependencies of the Si hole mobility on compressive and tensile strain (uniaxial and
biaxial) [45], [51].

The biaxial tensile strain on Si in the channel can be implemented in various ways
such as 1) epitaxial growth of Si on relaxed SiGe buffer layer [58]. 2) making strained
Si/relaxed SiGe on buried oxides which results in strained Si on insulator [32]. 3)
bonding and transfer a strained Si layer directly to oxides [59]. Uniaxial compressive
strain on Si can be implemented by 1) selective epitaxial growth of SiGe in the
source/drain regions (for pMOSFETs) [57], [60]. 2) applying local strain using
techniques such as shallow trench isolation [61]. SiGe and Ge PMOS transistors have
shown higher hole mobility and improved performance compare to Si PMOS
transistors [10], [11], [62], [27], [28], [30], [44]. IBM and Samsung have chosen SiGe
PMOS transistors for their 5 nm and 7 nm FinFETs [27], [28].
Another approach to boost the performance of MOSFETs is fabrication of devices
on silicon on insulator (SOI) substrates, which can provide a solution for electrostatic
issues[61], [63]. Implementing SOI substrates offer a great opportunity for further
scaling the CMOS transistors. The buried oxide underlying the device layer can limit
the punch-through which may occur on very short gate length bulk devices. Novel
structures using semiconductors on insulator substrates such as double gate, FinFET,
and surrounding gate devices have become very attractive in recent MOSFET
technology[64]–[70]. However, Intel is still using bulk substrates for its novel 22 nm
and 14 nm trigate transistors [71]. In order to minimize the leakage currents while
delivering the high performance bulk Si transistors have become ever more complex,
adding additional levels of manufacturing complexity at an ever increasing rate. In
extremely reduced short channel devices[63], new solutions need to be found to
reduce complexity while bringing the benefits of reduce Si geometries that the industry
expects. Fully depleted Si on insulator (FDSOI) is an approach to deliver these
benefits while enabling a simplification of the manufacturing process [72]. FDSOI
does not change the fundamental geometry of the transistor. In FDSOI the innovation
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lies in adding a thin layer of insulator called the buried oxide positioned just below the
channel and eliminating the need to add dopants to the channel thus making it fully
depleted. Another key, innovative step is that the Si on oxide layer is very thin and this
technology is called Ultra-Thin Body and Buried oxide (UTBB)[64]–[70]. Now we
look how FDSOI makes the better transistor performance. On a same technology
node, the FDSOI transistor has a shorter effective channel compare to a bulk Si
implementation. The shorter channel reduces the time necessary for the electrons flow
from the source to the drain, leading to a faster transistor. In order to improve
transistor performance a voltage can be applied to the substrate this method called
body biasing, that facilitates the creation of the channel between the source and the
drain, resulting in faster switching of the transistor. In FDSOI due to the presence of
the thin insulator below the channel, the biasing creates a buried gate below the
channel making the FDSOI work like a vertical double gate transistor. In bulk
technology the ability to do body biasing is very limited due to the parasitic current
leakage. The buried gate on the FDSOI transistor prevents any leakage in the
substrate; this allows a much higher voltage on the body leading to a significant boost
in performance. An FDSOI chip is able to operate at a lower voltage than its bulk
counterpart while delivering the same level of performance this makes the FDSOI
chip cooler with lower power consumption. The characteristics of the FDSOI vertical
double gate transistor allow the creation of new concept in processors design; different
voltages can be applied independently to the top and to the buried gates which
effectively change the characteristic of the transistor. By choosing optimal
combination of the voltages on the top and buried gates, the transistors characteristics
can be transformed from those of a very high performance transistor to those of a
very low power transistor, a processing core built up of such transistors can operate as
if it were in fact two cores: one optimized for high performance and the other for low
power[71], [73], [74]. If the device layer on insulator is between 20-40 nm some undepleted regions remain; such devices are called partially depleted SOI (PDSOI); while
for thicknesses below 10 nm fully depleted SOI is achieved (FDSOI). Figure 2.7.
represents transistors built on various substrates such as bulk Si, PDSOI and FDSOI.
The junction leakage is significantly reduced using FDSOI substrates.
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Figure 2.7. Schematic image of MOS transistors built on (a) Bulk silicon (b) partially depleted SOI
(PDSOI) and (c) fully depleted SOI (FDSOI) substrates.

In industry Intel has been manufacturing FinFETs in volume on bulk Si substrate
since 2011 starting with its 22nm node processors. And nowadays14 nm node is under
production by Intel. Intel 14 nm technology has dimensional scaling compare to 22
nm. The transistor fins are taller, thinner, and more closely packed for improved
density and lower capacitance[75]. Figure 2.8. illustrates 3D images of Intel‘s 22 nm
and 14 nm FinFETs.

(a)

(b)

Figure 2.8. Schematic figure of the Intel 22 nm FinFETs (a) and 14 nm FinFETs (b). (the picture are
the snapshots of the intel video in [75])

In 14-nm technology node, Intel is using advanced doping techniques to maintain
low doped fins and prevent the leakage current under the fins. The saturated drive
current of the Intel 14nm FinFETs is 15% higher for the NMOS and 41% higher for
the PMOS transistors compare to the Intel's 1st generation 22nm FinFETs.
Employing FinFET structures suppresses leakage in short channel transistors by
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wrapping the gate around the fin and have more electrostatic control of the gate over
channel. The wrapped gate around the fin can fully or nearly-fully depletes the channel
and inhibits the leakage current; therefore, it makes it possible to use either bulk or
SOI substrates.
IBM has produced 14nm FinFETs on SOI [76], but In 2016, IBM and Samsung
announced 7 nm and 5 nm tensile strained Si Fins for the NMOS and compressive
SiGe PMOSs FinFETs fabricated on SiGe SRB (Fig 2.5) [27], [28].

2.1.2 Ge Properties and GeOI
Another approach to extend the CMOS scaling is the integration of novel high
mobility materials such as Ge, strained SiGe, III-V group, Graphene, etc. into the
channel. Due to the on-current saturation (Ion) in scaling conventional Si transistors,
high mobility materials into the channel can further increase the on-current [42], [58].
In very short channel Si transistors this saturation phenomenon is limited by injection
velocity from source to channel (vs) [77]–[79]. Furthermore, it has been shown
experimentally that the measured carrier velocity is proportional with the low field
effective mobility (µeff)[80]. Therefore, high mobility materials lead to higher Vinj and
consequently higher Ion. The performance metrics such as drive current and gate delay
can be written in terms of Vinj , showing the advantage of employing high mobility
materials.
2.1
2.2

Where Qinv is the inversion layer charge density, τ is the logic gate delay, VDD is the
supply voltage, Lg is the gate length, CL is the load capacitance, , and Vt is the
threshold voltage. By substituting 1.1 into 1.2 it can be identified that implementing
high mobility materials which lead to higher Vinj and higher IDsat cause a reduction in
gate delay τ [42]. Ge is a group IV element with zinc blend crystal structure like Si.
While the first transistors were made of Ge it was replaced by Si due to the high
electrical quality of thermal SiO2 and low defect high quality Si/SiO2 interface.
However, by aggressive scaling of Si MOSFETs in order to achieve better
performance and higher packing density, the SiO2 thickness should be scaled down
below 2nm. At this thickness tunneling current through the SiO2 becomes unbearable.
Therefore, it was necessary to replace the SiO2 gate insulator with another insulator
with higher permittivity in order to increase the capacitance and keeping the required
thickness to prevent tunneling. At this point the high-k materials started a new era in
CMOS industry [32], [81]. By changing the gate insulator from SiO2 to high-k materials
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Ge got back to focus since it has the highest hole mobility among semiconductors and
a higher electron mobility than Si (Table.2.1)[81]. The fundamental physical properties
of Si, Ge and different SiGe compositions are listed in Table 2.1.
Ge has smaller effective mass (mt) for electrons and smaller effective masses for
heavy hole (mhh) and light hole (mlh) compare to Si, and a smaller effective mass lead
to higher mobility. Table 1.2 shows the bulk mobility comparison between Ge, Si and
III-V materials[41].

Si

Ge

GaAs

InAs

InSb

Electron
mobility
(cm2/V-s)

1600

3900

9200

40000

77000

Hole mobility
(cm2/V-s)

430

1900

400

500

850

Bandgap (eV)

1.12

0.66

1.424

0.36

0.17

Dielectric
constant

11.8

16

12.4

14.8

17.7

Material
Property

Table 2.1. bulk mobility comparison of various semiconductors.

Some groups have performed various simulations on Ge MOSFETs to benchmark
their performance. Considering different architectures, substrate orientations, channel
directions and strain effects for Ge pMOS and nMOS. For PMOS a systematic
comparison has been performed on strained Ge nano-scale (Lg=15nm, tox=0.7nm and
Vdd=0.7V) p-DGFETs[82]. Different simulation techniques have been employed to
accurately capture the essentials of device metric including strain (uniaxial and biaxial,
compressive and tensile), mobility, drive current, substrate orientation, channel
direction, switching delay and off-state leakage [82]. In general, Ge has 2X higher
mobility than Si and the trend for both in terms of orientation is (110)>(111)~(001).
The highest mobility for both is along (110)/[-110] with Ge~285 (cm2/V-s) and
Si~215 (cm2/V-s) [82].
There are several experimental results of hole mobility enhancements in Ge pMOSFETs [10], [83], [84]. Experimental results from compressive biaxial strained Ge
p-MOSFET fabricated on strained relaxed SiGe buffer with 45-55 % Ge has been
shown to yield a 8x higher inversion hole mobility (p=770 cm2/Vs) compared to Si
universal hole mobility. The device has been fabricated on (100) Ge surface along
<110> direction [10]. For uniaxial compressive strain in the <110> direction 15x
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higher hole mobility has been demonstrated[84]. Table 2.2 presents a summary of
some of the highest experimentally recorded Ge hole motilities.

Hole
mobility

structure

technique

Reference

(Ns=5x1012 cm-2)
1500

uniaxial
compressive
strain NW

high k, trigate,
metal gate

bonding

MIT[11]

855

uniaxial
compressive NW

metal S/D, Al2O3
dielectric

Condensation

K.Ikeda[83]

770

biaxial
compressive
strain

high k, metal gate,
implanted S/D

SiGe buffer

Intel[10]

250

Strain-relaxed
Ge MOSFET

High k, metal
gate, implanted S/D

SiGe buffer

Intel[10]

100

Si Universal

Table 2.2. Previously published results for non-planar and state of the art planar Ge-pFETs with highk dielectrics.

2.2 GeOI Fabrication Techniques
By considering the superior carrier transport in Ge over Si, one can benefit from
the advantages of SOI substrate, mentioned earlier, to fabricate high performance
MOSFETs using germanium on insulator (GeOI) substrates. The small band gap of
Ge results in high leakage currents in Ge MOSFETs and high dielectric constant of
Ge increases the short channel effect. However, by employing a thin Ge layer on
insulator one can suppress these effects. GeOI substrates are gaining a lot of attention
as a high mobility material with the advantages of the on insulator platform for further
boost the performance and more physical stability compare to fragile bulk Ge
substrates. Furthermore, they have been considered as a template for high quality
GaAs epitaxy[14]. Now we briefly review the main fabrication techniques for GeOI:
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2.2.1 SIMOX, Liquid Phase Epitaxy and Smart Cut Techniques

 SIMOX
Separation by implanted oxygen (SIMOX) is one of the methods to fabricate
semiconductor on insulator materials. It works by implanting high doses of hydrogen
followed by a high temperature annealing to remove implant damages and form a
buried oxide layer. When applied to Si it results in a good uniformity and a low defect
density. SIMOX is one of the few techniques in SOI technology that is capable of
supporting thin film SOI application, in volume production. It is not possible to use
SIMOX technique to fabricate silicon germanium on insulator (SGOI) with Ge
content more than 30%, because implantation needs a high temperature >1300 °C
post-annealing in order to heal the defects. Therefore, such a high annealing
temperature results in melting and surface oxidation of SiGe or Ge [85].

Figure 2.8. Principle of SIMOX process[86].

 Ge Condensation
In this process first a SiGe layer with low content of Ge is grown on a thinned SOI
(formed by SIMOX) substrate[85], [87]. Due to the oxidation, SiGe layer forms a
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mixed oxide of SiO2 and GeO2. At high temperatures GeO2 formation is reducing due
to the steady usage of Si to form SiO2 layer and repelling Ge (i.e. GeO2 +Si→SiO2
+Ge). At high temperatures while the SiO2 layer grows, Ge is repelled from the SiGe
layer and condenses into the underlying Si layer and forms SGOI [85], [87]. As the
oxidation proceeds, the thickness of the SiGe layer decreases and the Ge fraction
increases. The total Ge amount is conserved; therefore, the final Ge fraction depends
on initial Ge fraction in SiGe layer and its final thickness. The final high Ge content
layer can be as thin as 7 nm and it has a small compressive strain which will boost the
hole mobility as we discussed earlier [85], [88]. However, fabricated Ge MOSFETs on
GeOI substrate made by condensation process exhibited a large off state leakage
current due to the large amount of defects in Ge layer [88]. In Ge condensation
technique there is a lose control over threading dislocation nucleation. By applying the
condensation technique to micron-sized mesa structures one can eliminates the
dislocation formation but with a trade off in the active area‘s size [81], [85].

(a)

(b)

Figure 2.9. Schematic of the condensation technique (a) epitaxial growth of SiGe layer on an SOI with
low Ge content. (b) Following oxidation at high temperature causes the Ge repulsion into the
underlying SiGe layer and forming high Ge content SiGe on insulator.

 Liquid Phase Epitaxy (LPE)
Due to the low melting point of Ge researchers use this method to form GeOI
from liquid Ge [89], [90]. First a SiN layer is deposited on Si substrate and seed
windows are patterned on SiN layer. A layer of Ge is deposited, by evaporation,
sputtering or PECVD. Then, the Ge layer is patterned into rectangular shapes with a
width of few microns and a length of tens of microns. After that the structures are
covered with PECVD SiO2 layer. Next, a rapid thermal annealing (RTA) just above
the melting point of Ge for few seconds is performed; a natural cool-down initiates in
regions where Ge is in contact with Si and proceeds to the regions on insulator
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(SiN)[81]. The Ge layer follows the crystal structure of the Si seed layer. As the solid
Ge layer gets thicker it forms threading dislocations along (111) planes to release the
strain in the lattice and relaxes. The dislocations terminate on the SiO2 layer and result
in a dislocation free Ge layer on insulator[81]. The etch pit density (EDP) below
cm-2 was reported for GeOI layers fabricated using this process [88], [81].
The surface roughness of the LPE Ge is similar to the deposited Ge and RMS values
of 1.98 nm for the deposited layer and 2.11 nm for LPE layer have been reported[80],
[88]. However, the lateral length of the solidified low defect density Ge layer is limited
to typically 20 mm [14], [81].

Figure 2.10. Schematic figure of the LPE growth of the Ge layer on the Si seed layer and its lateral
extension on insulator.

 Bonding and Etch-Back
a) Grinding and SmartCut (without a stop layer)
In order to achieve high quality, low TDD layers of Si, SiGe or Ge on insulator, a
method to incorporate such high quality layers directly onto insulator is preferred. This
can be obtained via wafer bonding of a donor wafer consisting of a thick transfer layer
(Si, SiGe or Ge) to oxidized handle wafers[91]. The successful direct bonding process
requires a surface roughness below 1 nm for the donor and handle wafer, both. In one
approach, after bonding the back side of the donor wafer is grinded and then
chemically etched [85]. As an example, for SiGe buffer layers after grinding, a solution
of KOH or tetramethylammonium hydroxide (TMAH), will etch SiGe buffer and
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inherently stops on SiGe layer with Ge content more than 20% [15]. After grinding
and wet etching, the surface becomes rough; therefore, a CMP step is required to yield
a smooth bonded transfer layer. In SmartCut approach, the process starts with the
implantation of H2 atoms to a desired depth into the thick transfer layer [85]. Then,
the wafers are cleaned and bonded, next they are annealed at a low temperature to
strengthen the bond. After the initial annealing, the bonded wafers are annealed at a
higher temperature so that, the wafer will split at the hydrogen implanted region[85].
In SmartCut method similar to the grinding technique, the surface of the splited wafer
is rough and must be polished via CMP in order to have a smooth surface required for
device fabrication (see Fig 2.11.) The need for CMP in these processes, makes the
fabrication of thin transfer layers on insulator difficult; Therefore, an improved
method using a stop layer was developed [85], [92].

Figure 2.11. Cross-section TEM image of split silicon-germanium on insulator SGOI formed by
SmartCut process [92].

b) Grinding and Smart Cut (with a stop layer)
Stop layers can be incorporated in both approaches. In the case of SmartCut
approach, shown in Fig 2.12 the stop layer and the transfer layer are grown after the
growth of a planarized Si1-xGex virtual substrate. After implantation, cleaning, bonding
and splitting, the created structure on handle wafer consists of a remaining SiGe, stop
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and transfer layers[85]. The remaining rough SiGe layer will then be removed using
any selective chemical etch toward the stop layer[15], [16]. After that the stop layer can
selectively be removed and leaving only the smooth transfer layer behind. Similarly the
stop layer can be added to the grind and etch back method. On the assumption that all
layers are defined epitaxially, the thickness of the transfer layer can then be arbitrary
thin, ideal for high fully-depleted MOSFETs[85].

Figure 2.12. SmartCut process with stop layer(s): (a) epitaxial growth of SiGe layer and surface
planarization, (b) growing stop and transfer layers followed by ion implantation, (c) wafer bonding, (d)
annealing and splitting, (e) chemical selective removal of the SiGe layer, (f) selective removal of stop
layer(s).

The transfer layers can be strained or strain relaxed. They can be from group IV
semiconductor layers such as Si, SiGe or Ge. In case of using a Si1-xGex (x0.2-0.5)
buffer with moderate Ge content the stop layer can be strained Si layer with a critical
thickness about 4-20 nm. In order to increase the critical thickness of the stop layer,
metastable layers grown at low temperatures can be used[85], [15].

41

Chapter 1. Introduction

2.3 Direct Bonding Mechanism
Now we briefly explain the direct bonding process which is vital for GeOI
fabrication. In 1985 several groups reported a hydrophilic (surface covered with OH
groups) direct wafer bonding between mirror polished cleaned Si wafers at room
temperature followed by a high temperature anneal. Lasky et al. from IBM grew a
thick thermal oxide layer on one or both wafers prior to bonding [93]. Direct bonding
does not utilize any adhesive or additional materials to initiate the adhesion between
surfaces. It allows stacking various materials together with no concern on lattice
mismatch. The stacked materials can withstand high temperature processing which is
not possible for anodic bonding and they have a CMOS compatible process. It‘s an
alternative to other bonding processes such as thermo-compression bonding [94],
anodic bonding [95], eutectic bonding [96], and polymer adhesive bonding [97]. Direct
bonding could be either hydrophilic or hydrophobic. Smooth surfaces (RMS<1 nm)
with low particles and contaminations and surface bonds are essential to enable direct
bonding. Direct bonding usually needs to be followed by thermal-annealing in order to
strengthen the bonds. However, other issues such as outgassing species and trapped
particles can extend the defects. Therefore, surface conditioning processes must be
specifically optimized [98]. In the case of hydrophilic bonding among Si-Si, Si-SiO2,
and SiO2-SiO2 hydrogen bonds form between Si-OH groups on each surface and
between absorbed water molecules onto the same Si-OH groups [99]–[102]. As
mentioned above surface cleaning is necessary for successful direct bonding.
Contaminations affect the bonding and disturb the close contact between wafers.
Particles locally disturb chemical bonds; organic compounds which originate from the
environment or from the storage boxes also disturb the formation of the bonds [98],
[102]. Metal contaminations that come from the tool or consumable chemicals affect
the electrical properties of the bonded materials. To remove organic contaminations a
solution based on sulfuric acid (H2SO4) hydrogen peroxide (H2O2) mixture called
Piranha is commonly used. Piranha is a strong oxidizing agent which efficiently
removes organic contaminants. The etch rate of SiO2 in Piranha is very low; therefore
the solution does not affect the surface micro roughness. In addition to chemical
removal of contaminants other alternative methods such as plasma activation and
thermal treatment are proven to be effective for organic removal and surface bonds
modifications and result in a high bonding energy with very low bonding defects [101],
[102]. In the case of hydrophobic bonding a Si surface is deoxidized by hydrofluoric
acid (HF). Then the Si surface will be hydrogen passivated (Si-H) or (Si-H2) or (Si-H3)
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and the bonding is driven due to pure van der Waals forces. The bonding energy at
room temperature is very low and a surface roughness <0.3 nm is needed to have a
stable bonding [98], [102], [103].

2.3.1 Surface and Bonding Energies
Hydrophilic direct bonding begins due to the van der Walls attraction between
surfaces, further strengthen by capillary forces, electrostatic Coulomb forces and
hydrogen bonding. After bonding at room temperature the bonding energies are still
low. The bonding energy for a pair of bonded wafers is twice the surface energy (γ)
[104]. Figure 2.13. shows the dependence of surface energy (γ) to thermal annealing
for both hydrophobic and hydrophilic bonded Si wafers[102], [105].

Figure 2.13. Surface energy as a function of thermal annealing temperature for a pair of hydrophobic
and a hydrophilic thermally oxidized bonded Si wafers[102], [105].

For hydrophilic bonding, weak values of bonding energy (0.1-0.2 J.m-2) and for
hydrophobic small values of a few tens of mJ.m-2 are obtained which means the
bonding process can be reversible. In order to strengthen the bonding, thermal
anneals are performed to enhance the adhesion properties between bonded wafers by
modifying the silanol (Si-OH) groups into covalent siloxane bonds (Si-O-Si) in
hydrophilic bonding and producing Si-Si covalent bonds in hydrophobic bonding
[102], [105], [106].
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2.3.2 Interfacial Defects
In addition to the defects from particles or contaminations remained on the surface
of the wafers, there are other types of defects which stem from the bonding reactions.
They can be seen using infra-red (IR) imaging or scanning acoustic microscopy (SAM).
In hydrophilic bonding they originate from water which is absorbed on the surface
and trapped at the interface after bonding. This water is beneficial for room
temperature bonding to enhance the bonding but is detrimental during thermal
annealing step which can react with Si and form SiO2 and gaseous H2 [102]. When the
pressure of the H2 gas increases during reaction until becomes greater than the
mechanical strength of the interface, causing the formation of a defect blisters or
bubbles (see Fig. 2.14.) [107]. At higher temperatures, hydrogen solubility in Si
increases that reduces the pressure at the interface causing small blisters to disappear
but large ones remains unchanged. By tuning the thermal annealing, researchers have
developed solutions to overcome this issue. Ventosa et al. [107], applied pre-bonding
thermal treatment at 500 °C in N2 atmosphere on Si wafers. The SAM image showed
clear reduction of defects after this pre-bonding treatment followed by thermal
annealing at 400 °C [108]. Therefore, these pre-bonding treatments are efficient for
water desorption prior to bonding, especially in PECVD SiO2 bonding [109],[102],
[108].

Figure 2.14. IR image of the bonded SiO2-SiO2 which, were cleaned by Piranha, after annealing at 450
°C for 100h in N2 and atmospheric pressure.

2.3.3 Low Temperature Direct Bonding
In order to bond wafers made of different materials with different coefficients of
thermal expansion, a bonding process is needed which yields to high bond strengths at
a moderate temperature (<500 °C). These alternative bonding techniques are usually
based on surface activation plasma treatments[103]. Such treatments have been used
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to fabricate strained SOI, SiGeOI [32], [110] and GeOI [85], [92], [111] substrates. It
has been reported that the plasma treatment efficiently removes organic contaminants
or other unwanted absorbed materials on the surface [112] and induces subsurface
disordered layer [102], [112]. In addition, plasma treatment enhances the hydrophilicity
of the surface by increasing the silanol (Si-OH) density on the surface which leads to a
larger number of available bonding sites on the surface. Therefore, the bonding
strength increases by group polymerization of Si-OH on the surface [102], [106].
Figure 2.15. demonstrates the surface energies as a function of annealing temperature
after various surface treatments using different plasmas [102]. It indicates strong
bonding energies even after low temperature annealing [113]. The increase in the
surface energy and consequently the bonding energy due to plasma activation is not
very clear yet. Such increase can be due to the enhancement in water diffusion at the
interface and/or a siloxane bond formation which can be obtained by subsurface
disordered layer [102]. Figure 2.15. represents the bond energy of the Si-SiO2 surface
after surface activation by different plasma treatments, for different times of standard
clean-1 (RCA-1).

Figure 2.15. The Si-SiO2 surface energies vs. annealing temperature obtained after surface activation
by various plasma treatments and for different RCA-1 cleaning times. The plasma exposure time was
30 sec for all samples with 2h annealing [114].

Low temperature direct wafer bonding is suitable to transfer layers with circuit
features, since it does not change the functionality and integrity of the devices. It is a
solution for stacking layers and monolithic 3D (M3D) integration which is compatible
with standard CMOS processes[5]–[7]. As it was discussed earlier in this chapter
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transistor scaling is facing many challengers to continue scaling, improving device
performance (higher speed and lower power consumption) and increasing the number
of transistors per footprint. Considering the lower Ion value of GeOI nMOSFETs
compare to the Ge pMOSFETs, the GeOI pMOSFETs integrated with SOI/SiGeOI
nMOSFETs can offer a great opportunity for monolithic 3D integration which can
increase the device performance and packing density. Furthermore M3D integration
will also improve the power-delay trade-off and enable more energy efficient ICs [5]–
[7].

2.4 Monolithic 3D Integration
The categories of 3D technology in semiconductor industry are:
a) 3D transistors: conventional planar MOSFETs are 2D and facing limitations of
devices because the short channel effects are severe. Therefore, 3D transistors are
designed to extend the life-span of MOSFETs by modifying the gate control over
channel.
b) 3D IC, which is the single chip technology implementing high performance
active devices on top of metal interconnect layers and other high performance active
devices. 3D stacking of passive devices, such as stacked capacitors and poly resistors,
are not considered as 3D IC.
c) 3D package, with or without through silicon via (TSV), which is simple 3D
stacking of multiple conventional 2D ICs. It is not related to Moore's law at all. In
general, additional cost is required for 3D package with TSV. However, it is a good
solution for high package density for mobile devices.
Conventional 2D ICs have transistors formed on the top surface of the
semiconductor wafer. In order to build 3D ICs, additional semiconductor layers are
needed on top of existing devices and interconnect layers. There are some crucial
requirements for this 3D layer formation. The first one is defect free single crystalline
semiconductor layer. The second one is low temperature processing in order to avoid
disturbance of existing devices and interconnect lines underneath the forming 3D
layer. 3D layer formation is extremely challenging because it is practically impossible to
deposit single crystalline semiconductors on top of amorphous layers such as SiO2
films which work as inter-layer dielectric or passivation [4]–[7].

2.4.1 Different Fabrication Techniques
a) Seed window (SW) technique, which is the local epitaxial (laser induced) layer
growth through the small openings to the ingle crystalline semiconductor substrate by
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the means of a seed layer. However, this method cannot avoid high temperature
processing and high defect density on the 3D layer [7].
b) Laser recrystallization of the deposited amorphous or poly-crystalline
semiconductor layer. This method has been used to melt deposited amorphous or poly
crystalline layers by laser beam, in order to crystallize the layers. But there are major
issues associated with this method. One is the requirement of high temperature
processing for the localized melting of the amorphous layer. The other issue is the
presence of high defect density from the uneven recrystallization. Even with
recrystallization of the semiconductor layer, the resulting layer, which has large
amounts of grain boundaries, is much different from single crystalline semiconductor
layer. The reasons mentioned above eventually prevent this method to be used as 3D
layer formation for high performance M3D ICs [7].
c) Wafer bonding and layer transfer methods.
Wafer bonding and layer transfer method is a well-known SOI or semiconductor
on insulator technology to fabricated single crystalline (strain relaxed and strained)
layers on insulator. Figure 2.16. presents the three well-known methods for the top
active realization in M3D integration [7].
Seed window (SW)

Poly-Si

Wafer bonding

Description

Density

limited due to SW

Same than bottom level

Same than bottom level

Crystalline
quality

Defect in SW region wi
th controlled location

Random defects
location

Perfect quality

Thickness
control

10s nm range

Layer
orientation

same orientation

nm range
random orientation
for top substrate

~SOI supply quality

Å range
Different orientation possib
le

Thermal
Seems incompatible
OK with ns laser
<400 °C
budget
with bottom max TB
Figure 2.16. Benchmark for the 2nd tire device layer fabrication methods[7].
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2.4.2 Low Temperature 3D Integration by Wafer Bonding
In monolithic 3D integration scheme when the first tire of the device layers is built
on a substrate, an insulator layer (PECVD SiO2) will be deposited on top of that in
order to bond the second layer on top. However, due to the topography created by
contacts of the first layer, the deposited SiO2 film has a large topography and step
height, which must be removed and smoothed by a CMP step prior to direct bonding.
Figure 2.17. illustrates the schematic photo of the M3D integration, where tiers of
device layers are built sequentially on a wafer, enabling transistor level
interconnections with small inter tier vias. In traditional 2D integration all active
devices are manufactured on the wafer substrate and only interconnects are built on
top in a sequential manner. In M3D integration, after the fabrication of the 1st device
layer (tier), an insulator layers is deposited and smoothed by CMP. Then the active
layer for the 2nd tier is bonded on the top surface of the 1st tier.

Figure 2.17. Schematic figure of the M3D integration.

48

Chapter 3. Low Temperature Direct Wafer
Bonding
Hydrophilic direct bonding occurs between smooth, flat and surfaces without the use
of any adhesive or external forces in atmospheric pressure and room temperature [91],
[103], [115]. The direct bonding takes place due to van der Waals attraction forces
between molecules on the wafers surfaces. The bonding energy is low after the
bonding; therefore, a subsequent annealing step is required to increase the bonding
strength. In hydrophilic bonding, which polar molecules such as H-F, H-N and H-O,
are present at the surface; that leads to the formation of termed hydrogen bonds,
between molecules. These hydrogen bonds are present between the hydrogen atoms
of one surface and the electronegative atoms such as N, F, O on the other surface[91],
[102], [103]. In Addition, if the number of the polar molecules on the surfaces are
large, hydrogen bonds can be formed between the polar molecules themselves[103],
[115].
For the hydrogen bonds to take place directly between the two surfaces, the water
molecules must be removed from the interface. These water can dissolve into the
wafer materials or diffuse out of the interface; then, the polymerization reaction
between O-H groups occur and strong covalent Si-Si bonds can form[102], [103],
[115], [116].
[103], [115]
Since the above reaction is reversible at low temperatures (T<425 °C), an annealing
step is required to facilitate the water molecules removal and obtain a stable Si-Si
covalent bonds [103], [115], [117], [118].
Long time low temperature annealing is one way to remove the water from the
bonded interface. The bonding strength energy equal to a half of the bulk Si fracture
energy (2500 mJ/mm) is reported for annealing at 150 °C for one day [103], [115]. In
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SiO2- SiO2 bonding the water molecules can diffuse and dissolve in the oxide film if it
is thick enough; in the case of a thin oxide the water molecules will reach the Si wafer
and react with Si and form SiO2 and H2.
It is reported that, the bonding energy can increase above 200 mj/mm after a very
long storage time up to 100 days, because the water molecules have diffused out of the
interface [118]. Plasma treatments on the surfaces, before bonding, has a major effect
on the number of silanol (O-H) groups and consequently the bonding energy. It is
reported that the plasma treatments can also be effective in removing contaminations
from the surfaces prior to bonding [91], [103], [114], [118]–[122].
If we exclude the circular shape voids which appear due to the particle on the
surface after the bonding, the other main sources of the voids in the low temperature
direct bonding can be classified into three groups: 1) trapped voids or air which are
visible immediately after the bonding 2) voids due to the thermal decomposition of the
hydrocarbon contaminants remained at the surface and called, thermal voids. 3)
released water from the silanol groups or the hydrogen byproducts of the oxidation
reactions [117], [118].
In these set of experiments we have examined the origin of interfacial voids in the
hydrophilic SiO2-SiO2 direct bonding. Various methods have been employed as
surface pretreatment before bonding. The voids have been systematically observed at
low and high temperatures. The effect of the SiO2 thickness on the void formation
and removal has been investigated. PECVD SiO2 bonding is investigated and finally
bonding strength for different samples is approximated.

3.1 Surface Cleaning and Treatment Methods for Hydrophilic
Bonding
In these experiments four different surface pre-treatments for hydrophilic direct
bonding were examined including 1) a solution of H2SO4- H2O2 (3:1), so-called
Piranha solution, 2) acetone and isopropanol alcohol, 3) warm nitric acid and 4) O2
plasma in a reactive ion etching (RIE) tool. The details of the experiments can be
found in the appended Paper I.
Direct bonding after pretreatments were manually conducted in a clean atmospheric
ambient. The bonded pairs were inspected by a FLIR E6 infrared (IR) camera with the
detector resolution of 160*120 pixels, on a hot plate immediately after bonding and
after annealing processes. The dark areas in the green regions, represent the voids at
the interface. Due to the limitation in the resolution of infrared images and reflections
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from surrounding objects, blurry dark surroundings around the voids in the images
were observed; that causes a difficulty in exact measurement of the voids sizes.
In order to measure the bonding strength of the bonded wafer pairs, the Maszara or
dual cantilever bending (DCB) test methodology was employed [91], [103]. A razor
blade with a thickness of 0.14 mm was manually inserted between the bonded wafers
with a total thickness of ≈ 1 mm (Fig. 3.1.). A well-known formula, showing the
relationship between the crack length and the surface energy was employed to
approximately calculate the bonding strength.

where E is the Young

modulus of the material (in our case (0 0 1) Si), u is the thickness of the wedge or the
razor tip, w is the thickness of one wafer, and l is the crack length. Diced samples with
a thickness of (10 mm) from the bonded pairs were prepared for the bonding strength
measurement. The bonding strength measurement for each bonded pair was
performed on at least four identical samples. The blade was inserted manually in the
interface to approximate the bonding energy value. Accurate calculation of the
bonding strength can be achieved by controlling the blade insertion speed, force, the
environment and high resolution IR picturing.

Figure 3.1. Schematic figure of the razor blade technique employed for bonding strength measurement

3.2 The Effect of Surface Treatment and Post-bonding Annealing
on Voids Formation
The Bonded wafers were n-type (0 0 1) Si wafers with: 100 nm thermal oxides on
one set of wafers and 15 nm thermal oxides on the other wafers.
a) First we demonstrate the surface treatments by Piranha solution (110 °C, 10
min) and HNO3 solution (80 °C, 5 min)
In Fig. 3.2 infrared images of the bonded SiO2-SiO2 pairs immediately after
bonding are presented.
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(a)

(d)

(b)

(c)

(e)

(f)

Figure 3.2. Infrared pictures of the bonded SiO2-SiO2 wafers treated by Piranha prior to bonding: (a),
(b) and (c), and treated by HNO3 before bonding: (d), (e) and (f)

As it is shown in Fig. 3.2 both cleaning methods are effective in contamination
removal, and after bonding few voids have appeared at the interface. In Fig. 2 (b) and
(d) almost void free bonding was achieved. Then all six bonded wafers were annealed
at 450 °C for 100 h in air filled furnace and atmospheric (atm) pressure. Figure 3.3.
shows the bonded wafers as the same order shown in Fig. 3.2.
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(a)

(b)

(d)

(e)

(c)

(f)

Figure 3.3. Infrared pictures of the bonded SiO2-SiO2 wafers after annealing at 450 °C for 100 h in air
and atm pressure: (a), (b) and (c) were cleaned by piranha and (d), (e) and (f) were cleaned by warm
HNO3

Comparing the Fig. 3.2 and Fig. 3.3 it can be observed that after annealing at 400
°C for 100 h the size of the voids which were already existed at the interface, was
increased. In addition, new voids have also appeared at the interface. It has been
reported that the size and the density of the voids depend on the annealing time and
temperature [123]. The increase in the void‘s size indicates the blister of the bonded
area due to the pressure of the trapped gas in sounding area of the void. The increase
in the number of voids can be attributed to the effect of hydrocarbons, which can
remain on the surfaces after treatments, and can be polymerized during the annealing
[123]. In the next experiment the bonded pair shown in Fig. 3.2 (c) and 3.3 (c), was
first annealed in a reduced pressure chamber (20 Torr) filled with H2, at 1100 °C, for 4
h; then it was further annealed at 1100 °C but in N2 filled atm pressure chamber for
2h; the IR pictures are presented in Fig. 3.4 (a) and (b). From Fig. 3.4.it can be
concluded that at high temperatures, N2 and atm pressure are more effective in voids
removal than H2 and low pressure. Some groups have reported that the vacuum
annealing after bonding at high temperatures postpones the appearance of the voids
and is not effective in removing voids [118].
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(a)

(b)

Figure 3.4. Infrared images of the bonded wafers shown in Fig. 3.2 and 3.3 (c) underwent another
annealing at (a) 1100 °C, 20 Torr, H2, for another 4 h, and (b) 1100 °C, atm, N2, for another 2 h

b) Surface treatment by O2 plasma activation and by Acetone-Isopropanol

In M3D integration, where a high bonding strength is required and the highest
temperature limit of the processes is at moderate temperatures (<550 °C); plasma
activation is utilized to achieve high bonding strength at low temperatures [103], [116].
It has been shown that plasma activation can modify the physical and chemical
properties of the surfaces and the sub-surfaces. This could be beneficial in changing
the topology of the surface and increasing the density of OH groups, and that results
in an increase in the bond strength, owing to condensation of hydrogen bonded OH
groups into covalent bonds [7], [11]. [102], [116]. In the next experiments one group
of thermal SiO2 surfaces were treated by O2 plasma created in reactive ion etching
(RIE) tool. Other groups have examined the effect of the plasma parameters on voids
formation [121], but here we have investigated the effect of plasma exposure time in
annealing void formation. The wafers for this experiment were treated by O2 plasma
for 5 sec, 10 sec and 20 seconds; then they were rinsed and dried and bonded at room
temperature. Other bonded pairs were cleaned by dipping Acetone (5 min), and then
in Isopropanol Alcohol (5 min) prior to bonding; followed by rinsing and drying and
54

direct bonding. One pair was cleaned by Piranha solution as a control sample. Infrared
images after bonding are shown in Fig. 3.5.

(a) H2SO4-H2O2

(b) Ace+Iso (1st)

(d) O2 plasma-5 sec

(e) O2 plasma a-10 sec

(c) Ace+Iso (2nd)

(f) O2 plasma -20 sec

Figure 3.5. IR images of SiO2-SiO2 bonded wafer treated by (a) Piranha (b) acetone+ isopropanol 1st
sample, (c) acetone+ isopropanol 2nd sample, (d) O2 plasma for 5 sec, (e) O2 plasma for 10 sec, (f)
O2 plasma for 20 sec.

All bonded wafers show a small number of aggregated voids after bonding as
presented in Fig. 3.5. After bonding the bonded pairs were annealed at 400 °C for
100 h in air ambient and atm pressure (Fig. 3.6). Thermal voids and annealing voids
start to appear in all pairs; but more voids have emerged in Fig. 3.6 (f) which was
activated for 20s by O2. This boned pair was further annealed at 1100 °C for 2h, in N2
and atm pressure, and but in contrast to Fig. 3.4.(b) no reduction in voids was
observed after such high temperature annealing; this is probably due to a very high
bonding strength value achieved by O2 plasma, which inhibits the diffusion of
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interface gas byproducts along the interface and blocks their movement [118] and/or
it is due to the limitation in thermal oxide thickness.

(a) Piranha

(d) O2 plasma-5 sec

(b) Ace+Iso (1)

(e) O2 plasma-10 sec

(c) Ace+Iso (2)

(f) O2 plasma-20 sec

Figure 3.6. IR images of the bonded wafers which were shown in Fig. 3.5, now after annealing at 450
°C for 100 h, in air and atm pressure: (a) Piranha, (b) acetone+ isopropanol 1st sample, (c) acetone+
isopropanol 2nd sample, (d) O2 plasma for 5 sec, (e) O2 plasma for 10 sec, and (f) O2 plasma for 20
sec.

From these set of experiments it can be observed that: 1) the number of voids after
annealing increases with the plasma exposure time. 2) The size and the number of
voids in plasma activated wafers (20 s) increases with increasing annealing time and
temperature, similar to previous reports [118]. Similar to the previous reports we have
observed that voids in plasma treated surfaces do not arise from the remaining
hydrocarbon decomposition on the surface; but they are due the large number of
interface reaction byproducts at the interface and/or the presence of micro defects.
These voids can be called annealing voids to discern them with thermal voids [118].

3.3 The Effect of Thermal Oxide Thickness in Voids Removal
In the next experiments the effect of thermal oxide thickness in voids formation
and voids removal was examined. Thermal oxide layers with different thicknesses (50
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nm, 220 nm, 500 nm) were all bonded to 20 nm thermal SiO2 films on Si wafers. The
wafers were cleaned by Piranha for 10 min prior to bonding. Figure. 3.7. represents
the IR pictures of the bonded wafers.

(a) 50 nm

(b) 220 nm

(c) 500 nm

Figure 3.7. IR images of SiO2-SiO2 bonded wafers with different oxide thicknesses before annealing
(a) 50 nm, (b) 220 nm, (c) 500 nm. All bonded wafers were treated by Piranha prior to bonding.

As it is shown in Fig. 3.7, few voids have appeared due to the particles or trapped
air after the bonding. All bonded wafers were then annealed at 450 °C for 100 h, in air
and atm pressure; the IR images are shown in Fig. 3.8.

(a) 50 nm

(b) 220 nm

(c) 500 nm

Figure 3.8. IR images of SiO2-SiO2 bonded wafers after annealing at 450 °C for 100 h, in air and atm,
(a) 50 nm, (b) 220 nm, (c) 500 nm.

It can be observed from Fig. 3.8. that, the number of voids for Fig. 3.8 (a) has
increased and for the others they have remained unchanged. However, the size of the
voids has increased for all bonded wafers. The increase in size is possibly due to a low
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bonding energy at the interface, which allows the diffusion of trapped gases to the
voids. For further investigation of outgases diffusion, the bonded wafers in Fig. 3.8.
were annealed at 1100 °C for 2h, in N2 and atm; the IR images are presented in Fig.
3.9.

(a) 50 nm

(b) 220 nm

(c) 500 nm

Figure 3.9. IR images of SiO2-SiO2 bonded wafers after annealing at 1100 °C for 2h in N2 and atm, (a)
50 nm, (b) 220 nm, (c) 500 nm.

Figure 3.9. shows that the thermal voids which were appeared after long time
annealing at 450 °C (Fig. 3.8.a) were removed after the high temperature annealing at
1100 °C. The remaining voids which are the trapped voids after the bonding, slightly
decreased in size but, they have not disappeared even after 1100 °C annealing (see Fig
3.9). From these experiments we did not observed a clear difference in the
effectiveness of removing the thermal voids among various thermal oxide thicknesses.
Further annealing for two hours more, under the same conditions mentioned for Fig.
3.9. had no more effects in voids removal.
In the next experiment, the effect of the thermal oxide thickness on annealing
voids, which appear after plasma activation, was investigated. A bonded pair consisting
of a 20-nm thermal SiO2 and a 500-nm thermal SiO2 wafers were exposed to O2
plasma for 20 s prior to bonding. Figure 3.10 (a). represents the IR images of the
bonded pair. Fig 3.10 (b) shows the IR image of the bonded pair after 400 °C
annealing for 100 h, in air and atm pressure. Thermal voids have emerged at the
interface after the annealing step. The number and the size of the voids were remained
almost unchanged after an annealing at 800 °C for 2 h, in N2 and atmospheric
pressure; the IR image is shown Fig. 3.10. (c). However, all annealing voids were
disappeared after an annealing step at 1100 °C for 2 h, in N2 and atmospheric pressure,
as depicted in Fig 3.10. (d). Comparing Fig 3.10 (d) with Fig. 3.6 (f), it can be observed
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that contrary to Fig. 3.6 (f) which was annealed at 1100 °C under the same condition as
Fig 3.10 (d), all the annealing voids in Fig. 3.10 (d). were removed. The only difference
between these samples was the thermal oxide thickness 100 nm in 3.6 (f) and 500 nm
in 3.10 (d). Therefore, as it has been discussed in [91], [118] we observed that, the
thermal oxide thickness has an effect in dissolving the annealing voids.

(a) After bonding

(c) after 800 °C-2h -N2-atm

(b) after-450 °C-100 h-air

(d) after 1100 °C-2h-N2-atm

Figure 3.10. IR images of the SiO2 (500 nm)- SiO2 (20 nm) bonded wafers treated by O2 plasma for 20
sec before bonding: (a) immediately after the bonding, (b) after annealing at 450 °C for 100 h, in air
and atm, (c) after annealing at 800 °C for 2 h, in N2 and atm, (d) after annealing at 1100 °C for 2 h., in
N2 and atm.
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3.4 PECVD SiO2 Bonding
As discussed in Chapter 2.4.2. in M3D integration scheme when the first tire of the
device layers is built on a substrate PECVD SiO2 will be deposited on top of that in
order to bond the second layer on top. Therefore, we have examined the direct
bonding of PECVD SiO2 layers. For that purpose we prepared 500-nm PECVD SiO2
layers, which were smoothed by CMP, and 20-nm thermal SiO2 layers, both grown on
n-type (0 0 1) Si wafers. The PECVD SiO2 layers were deposited at 400 °C. It is
reported that the PECVD SiO2 layers contain gaseous molecules inside them, which
can be released at temperatures higher than the deposited temperature. Therefore, in
direct bonding of the PECVD SiO2 layers, these gaseous by-products result in voids
formation in post-bonding annealing steps. In the following experiments we have
examined the direct bonding of PECVD SiO2 layers to thermal oxide layers, with and
without pre-bonding annealing step. First the direct bonding without pre-bonding
annealing step is investigated. Figure 3.11. shows the IR images of the bonded
PECVD SiO2-thermal SiO2 immediately after bonding and after annealing at 400 °C
for 48 h and for then, for a total time 100 h at 400 °C in air environment and
atmospheric pressure.

(a)

(b)

(c)

Figure 3.11. IR images of the bonded 500-nm PECVD SiO2 to 20-nm thermal SiO2, immediately after
bonding (a), after annealing at 400 ºC for 48 h (b), after annealing at 400 ºC for the total time of 100 h
in air and atmospheric pressure.

As can be seen from the Fig. 3.11. the number and the size of the voids have
increased significantly after post-bonding annealing, when no pre-bonding annealing
has been performed on the PECVD SiO2 sample. Then, we examined the effect of
pre-bonding annealing on PECVD SiO2-thermal SiO2 direct bonding. The PECVD
SiO2 layers were annealed at 450 ºC for 12 h, in N2, H2 and air filled furnaces prior to
bonding. After bonding all bonded pairs were annealed at 400 ºC in air, for 100 h.
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Figure 3.12. depicts the IR images of the bonded pairs immediately after the bonding
and after the post-bonding annealing step at 400 ºC for 100 h.

(a) in H2

(b) in N2

(c) in air

(d) in H2

(e) in N2

(f) in air

Figure. 3.12. IR images of the bonded PECVD SiO2-thermal SiO2, when the PECVD SiO2 layer is
annealed at 450 °C for 12 h, in N2, H2 and air filled furnaces prior to bonding, immediately after
bonding (a), (b) and (c), and after post-bonding annealing at 400 °C for 100 h in air, (d), (e) and (f).

A very small increase in the number of voids and their size can be seen in Fig.
3.12.(d) and (f), respectively, and the void is Fig. 3.12.(c). has disappeared after
annealing. We can conclude that, all pre-bonding steps, despite their gaseous
environment, are effective in eliminating the gaseous byproducts of the PECVD SiO2
layers. However, in our fabrication process of sGe and sSiGe layers on insulator for
M3D integration, we employed pre-bonding annealing in air, due to its easier process
and lower cost.

3.5 Bonding Strength Evaluation
As explained earlier in this chapter a razor blade test was used for the bonding
strength measurement (Fig. 3.1.). For that purpose the bonded wafers were diced into
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10 mm lines as shown in Fig. 3.13.(a); then a blade with a thickness of 0.22 mm was
manually inserted into the interface, which resulted in cracking or breaking one of the
wafers. The crack length was measured for bonding energy measurement. For the
samples annealed at the high temperature (1100 ºC) regardless of their surface
treatment a bonding strength higher than the bulk Si fracture energy was achieved;
images of de-bonded samples (Fig. 13.b) shows a pull out of material from one of bulk
wafers to the other due to a very high bonding energy. The samples treated by
Piranha, isopropanol-acetone, and O2 plasma, which had annealed at 400 °C for a long
period of time (100 h) exhibited a bonding strength higher than the bulk Si with an
exception of the HNO3 treated samples, which possessed a bonding strength in the
range of 1-1.5 J/mm. Therefore, a proper surface treatment and a subsequent long
time low temperature annealing, result in a very high bonding strength of the order of
bulk Si fracture energy.

(a)

(b)

Figure 3.13. Schematic figure of the razor blade technique employed for bonding strength
measurement (a), the diced bonded pair into 10 mm line (b)
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The results of this chapter is detailed in the submitted Paper II.
Compressively strained SiGe films embedded in the MOSFET channel enables a
significant enhancement in the performance of p-type MOSFETs[19].The hole
mobility in these layers increases with increasing the Ge content in the film. The
higher mobility leads to a higher ON current and better performance [72]. Raised
SiGe:B sources and drains have become the mainstream in microelectronics. The
limiting factor in the epitaxial steps will be the thermal budget, especially in monolithic
3D integration[72]. Monolithic 3D integration will increase the packing density and
also allow for shorter wiring length of interconnects. Shorter wiring length will enable
both reduced RC-delay and also reduce load capacitance that will translate into
reduced power consumption in the wires during switching[6]. By stacking the
transistors on top of each other, and connect them with inter tier vias, the packing
density increases. In order for a 3D integration CMOS design to be comparable to
state of the art devices, strained semiconductor crystalline layers of high quality are
required. In addition, due to the limitation in thermal budget since interconnect layers
exists on the wafer during upper tier device manufacturing and keeping the strain in
the transfer layer, low temperature source and drain epitaxy and room temperature
wafer bonding has been proposed as a reliable technique for growing source and drain
and transferring high quality crystalline layers[124], [125]. Therefore; low temperature
process will be beneficial for silicide stability, avoiding dopant diffusion and oxide
regrowth between the gate and the channel material.

4.1 CVD Process
In a SiGe chemical vapor deposition (CVD) process two types of reactions exist
depending where the reaction happens. In a gas-phase (homogeneous) reaction both
reactant are in the gas phase when they react. A homogenous reaction is not desirable
since it produce solid byproducts which land on the surface causing defects, particles
and poor uniformity. In a solid-surface (Heterogeneous) reaction, the reaction occurs
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on the wafer surface. The reactant molecules adsorb to the surface; then, the reaction
happens and a solid film is formed. A heterogeneous reaction is sought after since it
results in higher quality and more uniform films[1]. In a simplified mechanism of a
CVD process we have:
a) Transport of the reactant molecules in the gas phase to the surface by diffusion.
(

)

(

) (1)

Where is the flux of the reactant gas to the surface,
reactant gases.
is the bulk reactant concentration,
concentration,
is the boundary layer thickness, and
coefficient [1].

is the diffusivity of the
is the surface reactant
is the mass transfer

b) Adsorption of the reactants on the surface where the reaction occurs.
(2)
Where is the flux of the reactant as it reacts,
is the reaction rate constant, and
is the reactant concentration at the surface. By assuming the surface-reaction is the
rate limiting step; then, we can ignore the two steps including desorption of
byproducts and transporting them out of the chamber [1]. In this case a steady state is
reached where all fluxes are equal:
. Then a simplified rate equation
would be:
[1].
For N number of atoms per cubic centimeter in the deposited films we have:
Deposition rate

and the overall deposition rate:

(3)

Where
is the overall rate constant, is the surface-reaction rate constant,
is the
mass transfer coefficient, is the partial pressure of the reactant in the gas phase and
is the Boltzmann constant. If
increases, a homogeneous reaction can takes place
[1].
If

diffusion-controlled regime

If

surface-reaction-controlled regime

The effect of the temperature on the process can be described as:
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a) At high temperatures
b) At low temperatures

diffusion-controlled regime
surface-reaction-controlled regime

In a CVD process the surface-reaction step and the diffusion step have different
activation energies. In general,
Since mass transport diffusivity Dg varies slowly with T ( T3/2), whereas the
reaction at the surface varies exponentially with temperature [1]. One can switch
between two regimes from the diffusion-limited to the reaction-limited by changing
the temperature. The reason is that, the reaction-controlled regime has a very high
activation energy and its rate constant changes a lot with temperature. Mass transport
has low activation energy and the magnitude of the mass transport coefficient changes
very slowly with temperature. In the reaction-controlled regime, deposition rate is very
sensitive to variation in temperature; therefore, the chamber must be designed to
achieve excellent temperature control and thickness uniformity. In addition, the partial
pressure of the reactants needs to be kept small in order to avoid homogeneous
reactions in the gas phase. However, the total pressure can be increased by filling the
chamber with non-reactive species [1].
The aims of the following experiments were: first finding the optimal experimental
conditions in order to grow SRB SiGe layers with 50% Ge; the SiGe buffer will induce
strain into the Si and Ge films grown on top of it. Second goal was growing high
quality thin SiGe layers as etch stop layers in the fabrication of thin GeOI substrates
or using them as a device layer in tensile strained SiGeOI structures. A uniform high
quality film with a linear growth rate is desirable. SiGe films were grown at low
temperature range by two different sets of gas precursors including SiH4-GeH4 and
Si2H6-Ge2H6. In both cases consisting SiH4-GeH4 and Si2H6-Ge2H6 gas pairs, the flow
rate or partial pressure of the SiH4 and the Si2H6 gas precursors were kept constant.
The temperature was varied from 450 ºC -650 ºC for both cases. The flow rates of the
GeH4 and the Ge2H6 gas precursors were varied in order to change the P (GeH4)/P
(SiH4) ratio from 0.055 to 0.55. In all experiments the flow rate of the H 2 carrier gas
and the total pressure of the chamber were kept constant at 20 L/min and 20 Torr
(2666 Pa), respectively. Figure 4.1. shows the single wafer quartz reactor of ASM
Epsilon 2000 RPCVD tool used for the epitaxial growth.
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Figure. 4.1. Quartz reactor of ASM Epsilon 2000 RPCVD tool with rotating SiC susceptor, halogen
lamps located on the top and bottom of the quartz and gas flow controllers.

4.2 Spectroscopic Ellipsometry for Ge Content and Thickness
Measurement
Various methods were employed such as spectroscopic ellipsometry (SE), HRXRD,
RBS and differential weighting for thickness and Ge content measurement. SE is
based on the measurement of the change in polarization state of a light beam due to
the reflection or transmission thorough the material. The relation between
ellipsometric angles Ψ and ∆ with the reflection coefficients for parallel and
perpendicular polarization is given by the fundamental equation of ellipsometry [126]:
[9]
The SE characterization works as follow: The typical light source with a spectral
range from near IR to the UV shines the light (70o for our experiments) on the sample
surface. After the reflection of the light from the surface the ellipsometric angles ∆
and Ψ are obtained. Then a model of the sample is made in order to determine the
sample parameters. Once the model is created, calculated data of the model should be
fitted to the experimental data and best match between them must be found. Finally,
the best fit model needs to be evaluated so that the predictive model is physically

66

reasonable. The model was made of several layers from bottom to top, starting with Si
substrate, then SixGe1-x alloy model and ended with an overlaying consisted of the
native oxide and surface roughness. SE measurements were performed in the photon
energy range of 1.5-4.5 eV, the light spot size of 100 µm x 300 µm, immediately after
the samples growth using Horiba UVISEL ER tool. A Philips X‘pert PANalytical tool
with a copper x-ray source, a 4 bounce symmetric Ge (220) monochromator was used
for XRD measurements. RBS and differential weighting characterizations were also
used to calibrate and confirm the results. The thickness and Ge content of strained
and relaxed Si1-xGex films in the 15<x<70 range were successfully measured. Figure
4.2. represents thickness and Ge content of SiGe layers as a function of growth time
determined by several techniques mentioned above at P(Ge2H6)/P(Si2H6)=0.067 and
T= 450 ºC. The SE results are in a very good agreement with other techniques in
terms of both the Ge content and the layer thickness.

Figure. 4.2. Different techniques employed to measure the thickness and the Ge content of the SiGe
layers as a function of growth time at P(Ge2H6)/P(Si2H6)=0.067, T= 450 ºC, and Ptot = 20 Torr.
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4.3 SiGe Epitaxy by Silane and Germane
In these experiments we SiGe films were grown by SiH4 and GeH4 precursors. The
partial pressure ratio P(GeH4)/P(SiH4) was varied from 0.055 to 0.55 by changing the
flow rate of the GeH4 from 50 to 500 standard cubic centimeter per minute (sccm)
and keeping the flow rate of SiH4 constant at 90 sccm. Figure 4.2. shows the Ge
content and the growth rate as a function of P(GeH4)/P(SiH4) at 450 ºC (a) and 560
ºC (b) . SiGe films with Ge contents from 21% to 70% with growth rates of 0.17-12.5
nm/min (Fig. 4.3. a); and from 17% to 70 % with growth rates of 10-85 nm/min (Fig.
4.3. b) were grown. At both temperatures the Ge content in the films increases with
increasing the P(GeH4)/P(SiH4) ratio. The SiGe growth rate at 450 ºC in Fig. 4.3 (a)
shows an increase with increasing partial pressures ratio and Ge content; i.e. that even
at high flow rates of the GeH4 precursor, the reactant molecules heterogeneously
decompose on the wafer surface at the expense of small growth rate. At 560 ºC Fig.
4.3 (b) the growth rate first shows an increase up to the Ge flow rate of 300 sccm or
P(GeH4)/P(SiH4) ratio of 0.33, then starts to decrease. The decrease in the growth rate
could be attributed to the homogenous decomposition of GeH4 gas at high GeH4 flow
rate which has been reported previously [127].

(a)

(b)

Figure 4.3. Ge content and growth rates of SiGe layers versus P(GeH4)/P(SiH4), at (a) 450 ºC and (b)
560 ºC.

Figure 4.4. illustrates Ge contents and growth rates as a function of temperature in
the SiGe films grown at a fixed P(GeH4)/P(SiH4) equal to 0.24. Here two regimes for
the growth rate are visible:1) a heterogeneous decomposition regime where an
increase in growth rate is noticed with increasing the temperature up to 600 ºC;
However, Ge content in the film shows a small reduction with increasing temperature.
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2) a homogeneous decomposition regime where with increasing the temperature
further up to 650 ºC the growth rate decreases. This effect can also be attributed to
the fact that the GeH4 molecules decompose homogenously at high temperatures
[127]. A growth rate of 2.5 nm/min was obtained at 450 ºC with a Ge content of 49%
and the highest growth rate was 80 nm/min in heterogeneous regime at 600 ºC with
Ge content equal to 48%.

Figure 4.4. Ge content and growth rates of the SiGe layers versus temperature at P(GeH4)/P(SiH4) =
0.24.

Figure 4.5. presents the Omega-2Theta HRXRD scans around the (004) diffraction
orders for the samples grown from 450 ºC -650 ºC. For pseudomorphic layers there
are well defined SiGe peaks with clear interface fringes on both sides of the peak
which their angular spacing is inversely proportional to the film thickness (450 ºC -560
ºC). The extracted Ge content and thicknesses of the pseudomorphic SiGe layers are
in good agreement with the SE measurement. The angular separation of the SiGe
peaks with Si substrate peak (at ω = 34.7081o) increases, with decreasing the
temperature that give rise to an increase in Ge content of the films. However, for
partially strain relaxed films grown at higher temperatures (600 ºC and 650 ºC) the
interface fringes have disappeared and the SiGe peak has broaden due to the defects
and exceeding the critical thickness.
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Figure 4.5. ω-2θ scan around the (004) x-ray diffraction Bragg peak of the SiGe layers grown at 450
ºC -650 ºC and P(GeH4)/P(SiH4) = 0.24. The Ge contents together with the SiGe layer thicknesses
are provided in the figures.

The SE wafer mapping (25 points of measurements with 10 mm edge of exclusion)
was performed on the SiGe thin films grown at different temperatures. The mean
thickness, standard deviation and non-uniformity of the SiGe films are listed in Table.
4.1. We calculated the non-uniformity using the formula below:
[11]
The standard deviation and the non-uniformity decrease with increasing the
temperature (Table. 4.1) due to the better temperature control uniformity at high
temperatures in our reactor. It can be mentioned that our ASM Epsilon 2000 CVD
reactor operates in surface-reaction controlled regime.
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Temperature

Mean
Thickness

StandadD
ev.

Nonuniformity

450

33.0

0.93

2.82

500

33.3

0.43

1.32

560

31.3

0.13

0.41

600

41.0

0.13

0.32

650

24.8

0.07

0.28

560 Thick

340.6

7.74

2.27

Table 4.1. SE mapping results on the SiGe layers grown by SiH4-GeH4 at various temperatures.

Atomic force microscopy (AFM) was utilized to examine the surface quality of the
SiGe films. Figure 4.6. presents the
AFM images of SiGe films
grown by SiH4-GeH4 in the temperature range of 500 ºC -650 ºC under the conditions
mentioned in Fig. 4.4. The thickness of the SiGe layers are in the range of 25-40 nm.
The surface roughness at 450 ºC is not shown since it is below 1 nm and similar to 500
ºC. By increasing the temperature, the surface roughness increases due to the
transition in the growth mode from a 2D growth mode (Frank–Van der Merwe) to a
3D growth mode (Stranski–Krastanov) [128].
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Figure 4.6.
atomic force microscopy (AFM) images of the SiGe surfaces grown at
P(GeH4)/P(SiH4) = 0.24 in a temperature range of (a) 500 ºC, (b) 560 ºC, (c) 600 ºC, and (d) 650 ºC.
Surface root-mean-square (RMS) roughness and the growth temperatures are provided in each image.

4.4 SiGe Epitaxy by Disilane and Digermane
SiGe films were also grown by the disilane (Si2H6) and the digermane (Ge2H6) gas
precursors. Si2H6-Ge2H6precursors compare to SiH4-GeH4 result in a higher SiGe
growth rate at low temperatures, since the Si-Si bond dissociation energy (2.3 eV) is
lower than the Si-H bond dissociation energy (3.29 eV) [129]–[131]. In the first
experiment by varying the P(Ge2H6)/P(Si2H6) ratio from 0.055-0.55, the Ge content
and the growth rate of SiGe films were examined; growth conditions were: T = 450
ºC, (Ptot=2666 Pa or 20 Torr and Si2H6 flow rate of 90 sccm were used or all
experiments). As depicted in Fig. 4.7. the growth rate and the Ge content of SiGe
layers increase with increasing the P(Ge2H6)/P(Si2H6) ratio. The growth by Si2H6Ge2H6 at 450 ºC takes place in a heterogeneous (surface-reaction controlled) regime.
In a surface-reaction limited regime the growth rate of SiGe by digermane is
controlled by hydrogen desorption from the surface [132], [133]. The hydrogen
desorption from the surface is accelerated due to the presence of excess Ge atoms on
the surface and that leads to increase in the growth rate [132], [133].
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A growth rate up to 190 nm/min was obtained at P(Ge2H6)/P(Si2H6): 0.55 with a
Ge content of 80%; and a growth rate of 20 nm/min was obtained for Si0.5Ge0.5 films.

Figure 4.7. Ge content and growth rate of SiGe layers as a function of P (Ge2H6)/P (Si2H6), at 450 ºC
and Ptot= 2666 Pa (20 Torr).

In Fig. 4.7. the lowest Ge content at 450 ºC is 46% (P(Ge2H6)/P(Si2H6): 0.055)
compare to the Fig. 4.3(a) which was 21%; this is because of higher incorporation of
Ge atoms in digermane gas chemistry.
In Fig. 4.8. Ge content and growth rate of SiGe layers are plotted in terms of
varying temperature at P(Ge2H6)/P(Si2H6) = 0.067. At such a low value of partial
pressures ratio the growth occurs in a heterogeneous regime in the whole temperature
range (450 ºC -650 ºC). In contrast to the SiH4-GeH4 precursors (Fig. 4.4) Ge content
in the SiGe varies noticeably by varying temperature. This can be explained by the
difference in the digermane and the disilane decomposition rates at lower
temperatures. In addition, it has been reported that Ge content in SiGe layers
increases with decreasing temperature while the growth rate decreases [132]; similar
behavior is depicted in Fig. 4.8. At 450 ºC a growth rate of 20 nm/min with a Ge
content of 50% was achieved, and at 650 ºC a growth rate of 160 nm/min with 15%
Ge content was obtained. A higher growth rate was observed for the Si2H6-Ge2H6
precursors compare to the SiH4-GeH4 precursors. This can be attributed to higher H
desorption by Ge2H6 gas molecules with their lower dissociation Ge-Ge bond energy

73

Chapter 4. Low Temperature SiGe Epitaxy

of 1.94 eV compare to GeH4 with Ge-H bond energy of 2.98 eV [129]. That results in
more free sites for Si and Ge atoms, and consequently, a higher growth rate.

Figure 4.8. Ge content and growth rates of SiGe layers in terms of temperature at P(Ge2H6)/P(Si2H6)
= 0.067.

Conventional ω-2θ HRXRD scan around the (004) planes and SE measurements
were obtained for the SiGe layers grown between 450 ºC -650 ºC and the results
showed a very good agreement between two techniques. HRXRD rocking curves for
SiGe films grown at different temperatures are illustrated in Fig. 4.9. At a high
temperature of 650 ºC the interface fringes still have well defined shapes since the Ge
content in the SiGe films changes rapidly by temperature, resulting in atomically
smooth surfaces and interfaces. As the temperature decreases the angular separation of
the SiGe peaks with Si substrate peak (at ω = 34.5686 o) increases, which leads to an
increase in the Ge content.
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Figure 4.9. Conventional ω-2θ scan around the (004) x-ray diffraction Bragg peak of the SiGe layers
grown at 450 ºC -650 ºC and P(Ge2H6)/P(Si2H6) = 0.067. The Ge contents together with the SiGe
layer thicknesses are provided in the figures.

The SE mapping results performed on the samples shown in Fig. 4.8. are listed in
Table 4.2. For Si2H6-Ge2H6 precursors, even at 450 ºC and a growth rate of 20
nm/min the SiGe non-uniformity is below 3% (Table. 4.2). However, the nonuniformity after 500 ºC increases with increasing the temperature; this is possibly due
to the very high growth rate equal to 160 nm/min at 650 ºC temperature (Fig. 4.7).
For the thick relaxed SiGe sample grown at 500 ºC (~310 nm) the non-uniformity is
about 1.6% and has changed slightly from 1.23 for the thin sample.

Temperature

Mean
Thickness

Standar
d Dev.

Non-uniformity

450

24.5

0.67

2.73

500

18.0

0.22

1.23

650

41.3

0.52

1.27

500 Thick sample

314.2

4.97

1.58

Table 4.2. SE mapping results on the SiGe layers grown by Si2H6-Ge2H6 at various temperatures.
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The surface analysis performed on the SiGe layers for the case of Si2H6-Ge2H6 in a
temperature range of 450 ºC -650 ºC under the conditions mentioned in Fig. 4.8.
resulted in a roughness below 1 nm for all samples. In the case of Si2H6-Ge2H6 gas
chemistry the Ge content in the films decreases significantly with increasing the
temperature, therefore RMS roughness for all layers was very small (<1 nm). All the
SiGe layers were pesudomorphically strained and no sign of relaxation had appeared
on the surfaces.
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5.1 Strain-Relaxed Ge Epitaxy on Si
The results shown in his chapter is described in appended Paper III. Ge has a
lattice constant of 0.5657 nm which is 4.18% larger than Si lattice constant (0.5431
nm), but it perfectly matches the lattice constant of GaAs. Therefore, Ge epitaxy in Si
is challenging due to the large lattice mismatch between Ge and Si. Si and Ge are
miscible and they can form Si1-xGex alloys. The lattice constant of the relaxed Si1-xGex
alloy can be calculated using Vergard‘s law (linear approximation):

aSiGe = xaSi+(1-x)aGe
Indeed a more suitable approximation is given by the parabolic laws:

aSiGe = xaSi+(1-x)aGe+ x(1-x)θSiGe
Where the deviation from linear approximation is quantified by the bowing
parameter θ, which is -0.026 Å for SiGe alloy[134].
When Ge or SiGe are grown on Si substrate below a certain thickness which is
called critical thickness, then the top film will be compressively strained in the plane of
the film, meanwhile there is a perpendicular tensile strain in the top film due to the
lattice mismatch. Therefore, the lattice mismatch can be compensated in this way by
biaxial strain, leaving the top film misfit free. This early stages of the epitaxial growth
is called pseudomorphic growth [135]. When the epitaxial film thickness exceeds the
critical thickness, the induced strain in the lattice will form dislocation defects at the
interface, causing a relaxation happening in the epitaxial film and after full relaxation it
grows with its original lattice constant. The maximum thickness for coherent or
pseudomorphic heteroeptaxial growth is called the critical thickness hc, and above this
thickness the misfit dislocations start to relieve the strain in the film. The critical
thickness hc depends on several factors such as the misfit (f) between the substrate and
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the epitaxial layer, composition (x) of the Si1-xGex alloy, and the growth temperature
[136], [137].
There are three different models for epitaxial growth in terms of lattice mismatch
and interface energy. When the misfit between the epitaxial film and substrate is nearly
zero or in the case of homoepitaxy, we have a 2D defect free, layer-by-layer growth;
where atoms are more strongly attracted to the substrate than to themselves. This
mode is called Frank-Van der Merve mode. When atoms are more strongly attracted
to each other than to the substrate, the interface energy is enough to form islands
during growth, this 3D growth mode with island nucleation is called Volmer-Weber
mode. In the third mode the island strain energy is lowered by few monolayers in 2D
form below the islands; here the growth starts by deposition of few monolayers in the
2D mode as a wetting layer and continues with the growth of islands due to the
gradual accumulation of strain in the epitaxial layer in the 3D mode. This growth
mode is called Stranski-Krastanov mode. Figure 5.1. shows the schematic figure of the
three epitaxial growth modes mentioned above [135], [137].

Figure 5.1. Schematic figure of the three the different epitaxial growth modes: From the left to the
right: Frank-Van der Merve (2D), Volmer-Weber (3D) and Stranski-Krastanov modes[135].

Ge epitaxial growth on Si starts with the layer-by-layer growth (2D); soon by
increasing the thickness due to the induced strain in the epilayer it shifts to the island
formation (3D) to relive the strain energy (Stranski-Krastanov mode) [136], [137].
The major epitaxy techniques for Ge on Si are molecular beam epitaxy (MBE) and
chemical vapor deposition (CVD). The MBE system works in ultra-high vacuum
(HUV), has better control on deposition rate and in-situ monitoring of the epitaxial
surface. However, it is an expensive process with low throughput and generally being
used in research. In SiGe growth on Si using MBE, the Ge content of the epilayer
depends on the source fluxes and independent of the substrate temperature or the
chamber pressure. On the other hand, the substrate temperature plays an important
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role in surface morphology due to its influence on the surface migration length of
adatoms [136], [137].
CVD process for Si/Ge epitaxy is being use as the main system for mass
production, due to its lower price and higher throughput. The CVD system employs
gas sources for Si/Ge epitaxy such as SiH4 (Silane), Si2H6 (Disilane), SiCl2H2
(Dichlorosilane), SiCl4 (Tetrachlorosilane), GeH4 (Germane) or Ge2H6 (digermane).
CVD offers excellent control and reproducibility of SiGe deposition rate. Despite
MBE, the Ge content of the epilayer in CVD is dependent on flow rate of the gases,
substrate temperature and chamber pressure [136], [137].
Owing to high lattice mismatch of 4.2% between Ge and Si, the critical thickness
for Ge on Si is of the order of few nanometers. The epitaxial growth beyond the
critical thickness leads to the formation of misfit dislocations at the interface, and
typically they propagate as threading dislocations toward the surface. In addition, the
3D island growth results in high surface roughness and high threading dislocation
density (TDD) which both worsen the device characteristics. Besides, high surface
roughness makes problems in process integration. In order to suppress 3D island
growth therefore, lowering the surface roughness and TDD, several methods have
been proposed. One approach employs a thick graded fully relaxed Si1-xGex buffer
layer as a template to lower the mismatch between substrate and epilayer. In addition
to the reduced lattice mismatch, the SiGe buffer layer has lower surface energy than Si.
Hence, the introduction of graded SiGe buffer layer leads to a 2D pseudomorphic
growth of Ge epilayer in Frank-Van der Merve mode. In this approach, the SiGe
buffer layer needs to be optimized in terms of the grading rate and growth
temperature, so that a low TDD and surface roughness can be achieved [137]. By
employing an intermediate CMP step a low TDD of
cm-2 can be achieved
[138]. The thickness of the graded SiGe buffer grown in this fashion can be of the
order of several micrometers; such a thick buffer complicates the growth control and
material structure and increases the time and the cost of the process. Therefore, from
fabrication point of view a much thinner buffer layer is sought after. Another
techniques which has been widely utilized in recent years, consists of low temperature
(LT) and high temperature (HT) two-step epitaxial growth of Ge on Si substrate [137],
[139], [140]. The LT (300-400 ºC) growth results in a thin Ge layer (30-50 nm) on Si
which is followed by the growth at HT (600-700 ºC) to form a thick relaxed Ge layer
of the order of several micrometers. The LT growth is able to relieve misfit stress,
prevent 3D nucleation of Ge atoms and maintain a smooth surface due to the mobility
reduction of Ge adatoms at LT. The HT results in a faster growth rate and lower
defects and normally is combined with thermal annealing methods to achieve lower
roughness and TDD [140], [141]. Several thermal annealing methods have been
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reported including cyclic thermal annealing embedded during the growth [142] and
post-thermal annealing carried out after the growth [143].

5.1.1 Ge Epitaxy by Germane and Digermane as Gas Precursors
In our process a monocrystalline n-type Si (100) wafer was used as a substrate for
the Ge epitaxial growth. A reduced pressure chemical vapor deposition (RPCVD)
Epsilon 2000 ASM reactor was used for epitaxial purposes. The Si wafers first cleaned
in piranha solution (H2SO4 : H2O2 = 3: 1) for 5 min in order to remove organic and
metal contaminants, and then dipped in 5% HF solution for 30 s to remove the native
oxide layer prior to epitaxy. After being transferred into the reactor chamber, initially
the wafer was baked at 1050 ºC for 60 s in H2 to ensure the removal of native oxide
on the surface. Strain-relaxed Ge buffers on Si substrate were investigated using two
Ge gas sources: germane (GeH4) and digermane (Ge2H6) precursors. However, due to
the high cost and scarcity of digermane gas source, in the development of GeOI and
SiGeOI substrates GeH4 gas source was mostly employed in the fabrication processes.

5.2 Strain-Relaxed Ge Growth by Digermane (Ge2H6)
In strain-relaxed (SR) Ge epitaxy by digermane two different techniques were
utilized both consisting a two-step epitaxial growth: 1) in the first techniques a 0.5 µm
thin Ge SRB on Si was grown. The first SR Ge layer was grown below 300 ºC (20 min,
40nm), followed by a growth of the second SR Ge layer at 680 ºC (460 nm) with a
surface roughness < 1nm, TDD ≈
, and hole Hall mobility at room
2
-1
-1
temperature and 77 K were 950 and 1450 cm .V .s , respectively[140].
2) An optimized 2 µm thick Ge SRB on Si was grown using conventional two step
method were first layer was grown at 400 ºC (27 min, 100 nm) followed by a growth
of the second SR Ge layer at 680 ºC (1.9 µm) finalized by a post thermal annealing >
800 ºC for 20 min; the Ge buffer exhibited a surface roughness < 1nm, TDD
≈
, and hole Hall mobility at room temperature and 77 K are 450 and 780
2
-1
-1
cm .V .s , respectively [140]. To achieve high quality low surface roughness relaxed
Ge layer on Si substrate, a two-step epitaxial growth was employed. First a low
temperature (LT) Ge growth which provides plastic relaxation of the strain in the Ge
film and inhibits three-dimensional (3D) island nucleation due to a reduced surface
roughness of Ge adatoms. The second step consists of a high temperature (HT) with a
higher growth rate of Ge. The HT layer confines the dislocation formed in LT film
[141], [144].
The Ge samples were characterized using atomic force microscopy (AFM). The
thickness of Ge layer was measured by scanning electron microscopy and differential
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weighting. Finally the result was compared with AFM step height measurement.
Figure 5.3. shows the Ge film relaxation using high resolution reciprocal lattice
mapping (HRRLM). In order to reveal the TDD, the etch pit density (EDP)
measurements were performed using Secco and Iodine solutions. Secco solution
consists of 1 part K2Cr2O7 0.15 M, 2 part HF (49%) , and 3 part H2O, [140], [145]–
[147]; the Iodine solution consisted of [CH3COOH (65mL)|HNO3
(20mL)|HF(10mL)|I2(30mg)] [140], [145], [146].

(b)
(a)
Figure 5.2. (a). AFM image of the smooth epitaxial Ge layer on Si substrate. (b) SEM images of the Ge
layer thickness after epitaxy on Si substrate. The sample is grown by Ge2H6

81

Chapter 5. Strain-Relaxed and Strained Ge Epitaxy

Figure 5.3. XRD measurement of as-grown Ge buffer on Si using Ge2H6.The calculated relaxation for
Ge layer is 92%.

5.2.1 Optimization on Relaxed Ge Buffers Grown by Ge2H6
Compare to the Ge SRBs published in (Paper III.), we optimized the Ge SRB
thickness from 3 µm to 2 µm while keeping the EPD value constant. The
characteristics of the optimized Ge layer by Ge2H6 are summarized in Table. 2.1.

Ge layer growth by
Ge2H6

T
(oC)

Time
(min)

Flow
rate

Pressure
(Torr)

Thickness

EPD

(nm)

cm-2

RMS
roughness

(sccm)

(nm)

1st layer

400

2.7

100

20

100

2nd layer

680

10

300

20

1900

820

20

Post thermal
annealing using H2

~107

Table.5.1. Summary of the Ge growth (Ge2H6) optimization in order to decrease EDP.
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~ 0.5

5.3 Strain-Relaxed Ge Growth by Germane (GeH4)
As mentioned above relaxed Ge buffer layers on Si substrates were also developed
using germane (GeH4) gas source. Similar to the case of optimized Ge buffer grown
by digermane, the Ge relaxed buffer grown by germane was optimized to reduce its
EPD. The optimized Ge buffer grown by germane is summarized in Table. 5.2. Figure
5.4. represents the EDP (cm-2) of the Ge SRBs, measured by SEM.

Ge layer growth by
GeH4
1st layer
nd

2 layer
Post thermal
annealing using H2

T
(oC)

Time Flow rate Pressure Thickness EPD
RMS
(min) (sccm)
(Torr)
roughness
(nm) cm-2
(nm)

400

7

400

20

100

680

10

800

20

2100

820

20

~107

~ 0.5

Table.5.2. Summary of the Ge growth (GeH4) optimization in order to decrease EDP.

Figure 5.4. EDP measured by SEM on optimized sample grown by GeH4 ≈ TDD ≈

83

Chapter 5. Strain-Relaxed and Strained Ge Epitaxy

It has been reported that, the case of hydrogen annealing on Ge is similar to Si and
Pt in which H2 atoms will attach to Ge atoms and cause a reduction in diffusion
barrier by increasing the local density of states at the Fermi level [148]. Misfit
dislocations in the Ge film will form threading arms that will propagate to the surface
of the Ge and disappear at the edges. H2 annealing promotes the glide of threading
dislocations towards the edge of the wafer and results in a reduction of TDD.

5.4 Strained Ge Epitaxy on Si0.5Ge0.5 SRB
This section is described in Paper VII. In order to fabricate compressive strained
GeOI substrates the Ge and Si epitaxy on SiGe SRB needs to be investigated in order
to have a reliable control on sSi and sGe growth rate and their thickness. In order to
examine the Si and Ge growth rates on a smooth SRB Si0.5Ge0.5, thin Si and Ge films
were grown on a thin (20 nm) Si0.5Ge0.5 layer. The thin Si0.5Ge0.5 (20 nm) has a low
surface roughness similar to a thick CMP-ed Si0.5Ge0.5 SRB; however, its lattice
constant differ with the Si0.5Ge0.5 SRB. In Si epitaxy the flow rate of 90 sccm was
chosen for both precursors (SiH4 and Si2H6) and in Ge epitaxy 100 sccm was chosen
for both precursors (GeH4 and Ge2H6). The total pressure of the reactor was kept at
20 Torr (2666 Pa). The thickness of Si, SiGe and Ge layers were measured by SE. The
thickness results taken by SE were calibrated using the thicknesses obtained by
transmission electron microscopy (TEM).

5.4.1 Thin Si and Ge Epitaxy
Figure 5.5. (a). presents the growth of Si cap by SiH4 and Si2H6 at low temperatures
(450 ºC and 500 ºC) on a 20-nm Si0.5Ge0.5 film. Low temperature growth was chosen
for the Si cap, because at low temperature a Si layer exceeding the critical thickness can
be grown without relaxation and defect formation in the layer [110]. It has been
reported that the sSi thickness has a profound effect on critical thickness (h c) of the
strained Ge (sGe) deposition on SiGe SRB. In [149], [150] it is shown, as the thickness
of sSi increases the growth surface roughness and the amount of segregated Ge on the
surface of SiGe SRB will decrease. It has been published that the thicker sSi layers
grown at low temperature are useful in the etch-back process, since they can act as a
thick and robust stop layer. Beyond the critical thickness the sSi layer starts to relax by
introducing misfit dislocation segments at the Si/SiGe interface [110]. By employing
low temperature epitaxy, the growth of metastable sSi layers thicker than their
equilibrium critical thicknesses become possible by suppressing the misfit segment
formation [110].
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(a)

(b)

Figure 5.5. Si layer growth rate by SiH4 and Si2H6 at low temperatures on the 25-nm Si0.5Ge0.5 layer
(a), and the Ge layer growth rate by GeH4 and Ge2H6 at low temperatures on the 25-nm Si cap/21-nm
Si0.5Ge0.5 layer/bulk Si.

Finally the growth was finish with a thin Ge layer on top of the structure. The
growth was performed by germane (GeH4) and digermane (Ge2H6) gas precursors at
low temperatures to reduce the surface roughness and enabling 2D growth or FrankVan der Merve mode [128], [150]. The Ge growth rate in terms of temperature are
shown in Fig. 5.5.(b). Due to the lower Ge-Ge bond dissociation energy (1.94 eV)
compare to Ge-H bond dissociation energy (2.98 eV), the digermane gas molecule
dissociate at a lower temperature compare to germane molecule [129]. Therefore, the
growth temperature for digermane could be lowered below 400 ºC but for the
germane gas, the growth rate below 400 ºC is significantly low. Figure 5.6. (a)
demonstrates the TEM image of the whole stack of thin epitaxial layers consisting of
Ge layer (29-30 nm)/Si layer (25-26 nm)/ Si0.5Ge0.5 layer (21-22 nm). All layers shown
in Fig. 5.6. were grown using Si2H6 and Ge2H6 with Si0.5Ge0.5 and Si growth at 450 ºC
and the top Ge layer growth at 320 ºC. Figure 5.6. (b) shows that all layers have the
same orientation as the Si bulk, i.e. epitaxy. Fast Fourier Transforms (FFTs) from the
image for (a) the Si layer, (b) the Si-Ge layer, and (c) the Si bulk are pictured in Fig.
5.6.(b) .
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(a)

(b)
Figure 5.6. The TEM image of the stacked layers: Ge layer (29-30 nm)/Si layer (25-26 nm)/ Si0.52Ge0.48
layer (21-22 nm) shown in left side and the the top Ge layer is hsown in the rigth side (a); more info
about the SiGe and Si films (b).

It can be observed from the Fig. 5.6. (a) the Ge layer (~29 nm) seems separated
into two distinct regions with about the same thickness. The interface is not very
distinct. The top part of the Ge layer appears amorphous, while the lower part (black
in the picture) is crystalline. The amorphous growth of the Ge film is probably due to
exceeding the critical thickness of 2D growth in low temperature Ge epitaxy.
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In the next step of the fabrication process of sGeOI, we examined the growth of
sGe on a 2-µm thick Si0.52Ge0.48 SRB. Figure 5.7. presents the conventional ω-2θ
HRXRD scan around the (004) Bragg peak of a Ge layer (~30 nm) grown on a 20 nm
Si layer both on a Si0.52Ge0.48 SRB. First the growth was performed in a continuous
manner. In the next experminet, the Si0.52Ge0.48 SRB was flatted and smoothed by a
CMP step, which removes pile-up dislocations and crosshatch surface roughness, and
the Ge layer was grown on smoothed Si0.52Ge0.48 SRB (See Paper VII).

Figure 5.7. Conventional ω-2θ HRXRD scan around the (004) Bragg peak of a continuous Ge layer
growth on Si cap+SiGe SRB and Ge layer growth on the CMP-ed SiGe SRB.

Figure 5.7. illustrates a reduction in full width half maximum (FWHM) of the SiGe
peak after the CMP step. The CMP step removes the surface crosshatch and the piledup dislocations from the surface that results in a reduction in defects and subsequently
a narrower peak.
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Chapter 6. Fabrication of
on Insulator

Semiconductors

6.1 Fabrication of Strain-Relaxed GeOI
This section is described and published in Paper IV.

6.1.1 Room Temperature Direct Wafer Bonding for Strain-Relaxed GeOI
As discussed in chapter 2 and 3, direct bonding is possible due to the Van der
Waals attraction between surfaces which will be strengthened by electrostatic
Coulomb forces and hydrogen bonding. The direct bonding does not utilize any
adhesive material for bonding and it solely depends on the surface conditions
including surface roughness, contaminations and suitable surface bonds. Several
techniques of surface treatment have been developed for Si or SiO 2 surfaces [114],
[116], [118]–[121], [151]. To ensure high quality direct bonding surface treatment for
any material has to be customized. For most materials surface conditioning result in a
hydrophilic surface which is very suitable for spontaneous direct bonding at room
temperature. Non-uniformities of the surface such as micro-roughness and bowing
can result in failure in some areas in bonding [117], [118], [123]. Therefore, direct
wafer bonding rewires flat, smooth, clean and activated surfaces. In our process a 100
nm thick thermally oxidized Si (100) handle wafer was utilized for direct bonding. The
thermal oxide thickness was later increased to 500 nm in GeOI samples for a more
effective protection in the wet-etch process. Due to the low surface roughness (<
1nm) and the absence of pile up dislocations at the surface of the Ge SRB layer
(Chapter 5.2. and 5.3.) a 10 nm ALD Al2O3 layer was deposited directly on top of the
Ge SRB donor wafer as an insulator. Before initiating the direct bonding the both
surfaces (Al2O3 and the thermal oxide), were cleaned and prepared for low
temperature bonding. The cleaning process for handle wafer with thermal oxide on
the surface consisted of an etch in H2SO4 : H2O2 = 3: 1 for 5 minutes, followed by
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deionized water rinse. For donor wafer with Al2O3 on the surface, cleaning comprised
5 minutes acetone dip plus 5 minutes isopropanol dip followed by deionized-water
rinse. The surface treatment processes were further improved in favor of bonding
strength, by exposing both surfaces to O2 plasma (5 sec). After that, both wafers were
placed and cleaned in rinse and drier tool prior to bonding. The cleaning processes
obtain hydrophilic surfaces, which are crucial for spontaneous room temperature
direct bonding. It has been reported that Al2O3 and SiO2 form a very strong bonding
which can withstand a polishing processes even without a post-bonding anneal [152].
The strong bonding of Al2O3/SiO2 at the interface proceeds the following reaction
[152].
Al-OH + Si-OH → Al-O-Si + H2O
Then the conditioned wafers were placed face to face. Applying a small local
pressure in the middle or on the edges of the wafers, by a tweezer or a finger, initiates
the bonding process. The bonding wave propagates throughout the wafers as it
depicted in Fig. 6.1. in snap shots taken by an IR camera.

Figure 6.1. The snapshots taken by the IR camera depicts how the bonding wave propagates
throughout the wafers from top left to bottom right, leaving behind a very small un-bonded areas at
the edges of the bonded pair.
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The calculated velocity for the bonding wave throughout the wafer is approximately
1.6 cm/s. After bonding the wafers were annealed at low temperature (350 ºC) for a
long time up to (48 hours) in order to increase the bonding strength.

6.1.2 Etch-back Process for Strain-relaxed GeOI
The next step in the process was etching-back the structure and exposing the
relaxed Ge on insulator. Etch-back process began by thinning down the Si on the back
side of the donor wafer using Applied Materials Centura II deep trench Si etch
chamber or by Inductive coupled plasma (ICP) deep Si etch process. Using any of the
above mentioned tools the Si dry etch rate was about 4-5 µm/min. The dry etch was
performed by SF6 gas for 90-105 min in both tools. In ICP, which was utilized mostly
for the process; the process parameters were as follow: time was 105 min, pressure of
40 mTorr, SF6 with the flow of 260 sccm and platen power of 27 W.
Most portion of the bulk Si on the Ge donor wafer was dried-etched. The etch
process was stopped by time while roughly a 100 µm Si was left. The remaining Si on
the backside of the donor wafer was then selectively removed by employing a 5%
Tetrametyl ammonium hydroxide (TMAH) solution at 90 ºC for about three hours to
remove all the remaining Si. This highly selective etch removes Si and stops inherently
on Ge SRB with an etch rate close to zero. The final structure is depicted in Figure
6.2. We believe that the wet etch process removes the highly defected LT layer, leaving
the GeOI layer with only the HT-Ge layer on top of the insulator. For the sample
shown in Fig. 6.2. a 100 nm thermally oxidized Si handle wafer was chosen [153].

Figure 6.2. SEM image of the GeOI after etch-back process which only consists of HT Ge layer (the
initial Ge SRB thickness was roughly 650 nm) [153].
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Later by employing CMP, the thickness of the Ge layer could be reduced, thanks to
CMP and high bonding energy of the bonded layers. After a rather low removal rate ~
30 nm/min and low pressure CMP, the bonded GeOI remains totally intact just
thinned down and not peeled off. The surface roughness of the relaxed GeOI layer
after TAMH wet etch-back, has been shown in Fig .6.3.(a). A very low surface
roughness value (~0.5 nm) was achieved for the strain relaxed GeOI sample without
the help of CMP. The measured EPD by Secco solution for optimized Ge SRB was
~107 cm-2 (Chapter 5.2. and 5.3). The GeOI samples exhibited the same EPD value as
the Ge SRB (~107 cm-2). An optical image a 2-µm thick relaxed GeOI sample, which
is bonded to a 100 nm Si wafer, with very few voids is shown in Fig. 6.3.(b).

(b)

(a)

Figure 6.3. Surface morphology analysis of the relaxed GeOI sample after TMAH wet etch-back
process (a), and optical image of a 2-µm thick relaxed GeOI layer on a 100 mm substrate (b).

In order to measure the stress in the film and its crystalline quality Raman
spectroscopy, with the 514 nm line of Ar+ laser and a HORIBA micro-Raman system,
was performed on the GeOI sample (Fig. 6.4). The Raman peak for the GeOI sample
was compared with the bulk Ge reference. The frequency of the Raman peak around
300 cm-1 corresponds to the longitudinal optical phonon in Ge. The GeOI Raman
peak shows no frequency shift, hence no stress. The both peaks (GeOI and reference
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RMS ≈ 0.5 nm, Data Scale =5 nm

bulk which is shown in green line) have the same FWHM i.e., they have the same
crystalline quality.

Figure 6.4. Raman figure of the final GeOI sample compared to the reference bulk Ge (the green line),
shows no frequency shift for the Ge peak around 300 cm-1.

6.2 Strain-Relaxed GeOI Nano Wires (GeOI-NWs)
Side wall lithography technique is developed in our group for the fabrication of Si
and SiGe nanowires (See PaperV.) [154], [155]. The same technique was utilized to
fabricate relaxed Ge nanowires. STL is a top-down CMOS compatible technique to
fabricate FinFETs and nano-scale devices [156], [157]. Having a good control on: the
deposited layers thicknesses, conformal deposition and anisotropic dry etching plus
highly selective wet etching processes, all play key roles in the STL process. We have
developed the STL process in a cluster tool (Applied Materials Precision 5000 Mark II)
equipped with different chambers for reactive ion etching (RIE) and plasma enhanced
chemical vapor deposition (PECVD). Figure 6.6. illustrates the schematic view of the
process flow steps. First the GeOI layer was thinned down by dry etching to ~ 200
nm. The STL summoned by deposition of a three-layer stack comprising PECVD
SiO2, a-Si (amorphous silicon), and SiN (Fig. 6.6.a). A 40-nm SiO2 used as a hard mask
to pattern the Ge layer followed by a 120-nm a-Si which was utilized as a support
material for the SiN spacers. The a-Si was deposited by a CTR-200 Compact Thermal
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low pressure CVD (LPCVD) Reactor. A 40-nm SiN was finally deposited as a hardmask for patterning the a-Si.
The stack layer was then patterned by photolithography using Nikon NSR TFHi12
I-line (365 nm) Stepper to pattern the a-Si. The SiN hard mask layer was then etched
using reactive ion etching (RIE). After removing the resist by oxygen plasma, the a-Si
layer was dry etched by RIE to form vertical steps as a support material for SiN
spacer. Afterward, the remaining SiN hard-mask layer was wet-etched using
phosphoric acid at 145 ºC for 10 minutes. Figure 6.7.(a). shows an SEM image of an
etched step in the a-Si layer (schematic shown in Fig. 6.6.b). In the next step, the SiN
spacer was conformally deposited by PECVD over the a-Si support material (Fig.
6.6.c). The thickness of the spacer material determines the final width of the fins.
Therefore, very small and uniform fins beyond the photolithography limit can be
made by this technique. Subsequently, the SiN spacer was anisotropically etched by
PECVD to form spacers on the sidewalls of the a-Si (Fig. 6.6.d). After removing the
native oxide of the a-Si structures, it was selectively etched in a 65 ºC
Tetramethylammonium hydroxide (TMAH) bath and the SiN spacers were remained
intact (Fig. 6.6.e). Thereafter, the active area was patterned employing the
photolithography and the fin structure was transferred by a dry etching to the
underlying SiO2 hard mask (Fig. 6.6.f). After removing the resist, the SiN spacers were
wet-etched by phosphoric acid (H3PO4) at 145 ºC for 5 min(Fig. 6.6.g). Then, by
employing the RIE, the GeOI layer was etched using Cl2/HBr chemistry to form
GeOI-NW (Fig. 6.6.h). Figure 6.7.b. depicts the SEM image of the GeOI-NWs.
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Figure 6.6. Cross-section schematics of the STL definition of GeOI-NWs using I-line lithography and
a cluster tool for RIE and PECVD. First a stack of SiO2/a-Si/SiN is deposited (a) and followed by
patterning and etching a-Si using SiN as a hard mask (b). SiN is deposited (c) and etch backed (d)
followed by wet strip of a-Si (e) to form SiN closed lines on top of the SiO2 (e). Transferring the SiN
pattern into the SiO2 hard mask using SiN and resist as mask (f), and removing the SiN spacers (g).
The ring is cut into a line (h). Finally the GeOI layer is etched using the SiO2 hard mask leaving Ge
nanowires on insulator (i).

(a)

(b)

Figure 6.7. SEM images of an etched step side wall in the a-Si layer(a) and the final GeOI-NWs (b).
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6.3 Thin(< 30 nm) Strain-Relaxed GeOI
More details for this section can be found in Paper VI. In another experiment we
implemented the high quality thick Ge SRB, (Chapter 5.2 and 5.3), as a buffer layer to
epitaxially grow thin semiconductor layers on top such as tensile strained SiGe layers
A 10 nm Al2O3 was then deposited on top of the structure and the wafer was bonded
to thermally oxidized wafers. In another design which we describe in this section, a
thin Ge layer is grown on top of the tensile strained SiGe layer (on Ge SRB); then
after bonding to a thermal wafer, the SiGe layer works as an etch stop to transfer a
thin Ge layer on insulator.

6.3.1 Fabrication Process
The fabrication process of the thin GeOI is schematically illustrated in Fig. 6.5. The
continuous epitaxial growth starts by the epitaxial growth of the 3 µm Ge SRB by
GeH4 as a precursors [158], a 10 nm Si0.5Ge0.5 was grown (by SiH4/GeH4 , at 500 ºC)
which then followed by the growth of a 25 nm Ge layer on top ( at 400 ºC). Then a 10
nm Al2O3 was deposited on top to facilitate the hydrophilic room temperature
bonding to a thermally oxidized Si handle wafer. Immediately after bonding the
bonded wafers were annealed at 350 ºC for 8 hour in order to strengthen the bonding.
Similar to the fabrication process of the thick strain-relaxed GeOI (Chapter 6.1) the Si
on the back side was thinned down to about 100 µm by ICP dry etching, and the
remaining Si was removed by TMAH solution (5%, T=90 ºC with a selectivity
>1000:1 towards pure Ge). The Ge SRB was chemically removed by diluted standard
clean 1(SC1) (NH4OH:H2O2:H2O 1:1:100) with a high selectivity of >400:1 to
Si0.5Ge0.5 in an automated dispense solution tool. Finally the thin SiGe layer was
removed by TMAH (80 ºC, 5%) with a selectivity of >5:1 or it could be removed by a
short time CMP step.
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Figure 6.5. Schematic process flow of thin GeOI fabrication process consisting three steps:
Al2O3/Ge(25 nm)/SiGe(10 nm)/Ge(3 µm) stack deposition on Si, room temperature direct bonding
and thermal annealing at 350 ºC, removal of Si, Ge and SiGe layers by dry and wet etching.

Ge pFETS were fabricated on the thin GeOI wafers; with a gate dielectric consisted
of: a thermally oxidized GeO2 (O2, T=550 ºC) and ~5 nm ALD Al2O3, followed by 12
nm PVD TiN and 80 nm LPCVD in-situ phosphorous doped poly-Si (T=560 ºC) as
the gate electrode. The source and drain were formed by BF2 implantation and
activation at 600 ºC for 1 min. Figure 6.6. depicts the cross-section TEM image of the
fabricated GeOI pFET.

Figure 6.6. TEM image of 0.8 µm gate length Ge p-MOSFET and a close-up of the
GeO2/Al2O3/TiN/poly-Si gate indicating the thicknesses of the composing layers.
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6.3.2 Results and Discussion
The GeOI wafers exhibit a smooth surface with an RMS roughness < 0.5 nm. The
Ge thickness (22.5 nm ± 2.5 nm) mapping measurement was performed by SE
technique (see Fig. 6.7) and the results are in good agreement with the cross-section
TEM image (see Fig. 6.6). The non-uniformity in Ge thickness stems from the wet
etch of the Si0.5Ge0.5 etch stop layer by TMAH.

Figure 6.7. Thickness distribution of the top Ge layer in a fabricated 100 mm GOI wafer. Only a small
non-uniformity was observed (TGe=22.5±2.5 nm). (10 mm edge of the wafer is not measured)

Figure. 6.8 (a). displays a well-behaved ID-VG characteristics of a p-MOSFET with
0.8 µm gate length. A sub-threshold slope (SS) of ~170 mV/dec was obtained for that
MOSFET similar to the results reported in literature; and a 60% higher mobility
compared to the reference SOI devices was obtained (Fig. 6.8.b).
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(a)

(b)
Figure 6.8. (a). Well-behaved transfer characteristics of a p-channel 0.8-μm gate length MOSFET
fabricated on the GeOI, b) A mobility increase of 60% in GeOI devices compared to the reference
SOI devices is observed.
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Figure 6.9. illustrates a wafer map of the VT variation on the GeOI. The MOSFETs
which are not functioning (turning on and off) or having VT out of the presented
range are marked in black. A yield of 70% was obtained. The failed devices are located
in areas where Ge was bonded poorly due to the accumulated voids; therefore, Ge was
removed during the etch-back process. The median of the VT was -0.18 V, while the
reference SOI p-FETs with TiN gate exhibit VT of -0.65 V. TCAD simulations
assuming no oxide charge and no fixed charge at neither front nor back interface
results in a VT shift of 0.47 V between SOI and GeOI devices, which confirms our
experimental data.

Figure 6.9. Measured VT data over a wafer of fabricated p-channel GeOI MOSFETs. The VT median
is -0.18 V. Devices that are either not working or out of the displayed VT range are marked in black.
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6.4 Compressive Strained GeOI
This section is described in more details in Paper VII.

6.4.1 Fabrication Process
The epitaxial layers in this process were grown by the reduced pressure chemical
vapor deposition (RPCVD) ASM 2000 Epsilon reactor. H2 was used as a carrier gas
with a value of 20 L/m. Germane (GeH4) diluted at 10% in H2, and silane (SiH4) were
used as precursor gases. p-type and n-type 100 mm Si (001) substrate were used.
Epitaxial growth of sGe and etch-back processes to fabricate sGeOI are shown
schematically in Fig. 6.12. In this design, GeOI structure is achieved by epitaxial
growth and various dry and wet-etch techniques.

Figure 6.12. Process flow for the epitaxy, with the stop layer and the buffer layer followed by the
direct bonding method and etch-back processes to fabricate compressive strained GeOI

The process flow of the sGeOI fabrication is explained in details in Paper VII.
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6.4.2 CMP on PECVD SiO2 and SiGe
In the fabrication process of compressive strained GeOI, CMP plays an important
role; SiGe SRB exhibit cross hatch on the surface and pile up of dislocations, which
must be removed before growing sSi and sGe on top of it. Since it causes an increase
in roughness and the pile up sites work as an favorable spot for defect growth and 3D
growth. In the case of patterned sample or when a roughness does not allow a direct
bonding, PECVD SiO2 films can be deposited, planarized and smoothed to enable the
direct bonding process. Therefore, to address these issues we have investigated the
planarization and roughness reduction of PECVD SiO2 and SiGe by CMP. The CMP
tool used in this study was an IPEC 472. The CMP tool used in these experiments and
the Titan carrier head are shown in Fig. 6.13.

Figure 6.13.(a). The front view of the IPEC 472 CMP tool, (b) The Titan carrier head of the IPEC 472
CMP tool

A solution of (1:1) Cabot Semi-Sperse 25E Slurry with water was used for SiO2
polishing. The slurry solution is a buffered, KOH based slurry with pH from 10.9 to
11.2, and containing high-purity fumed silica particles with a mean average size of 130180 nm. For blanket PECVD SiO2 CMP study we prepared 20 blanket SiO2 (≈715
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nm), ten were polished by a high removal rate recipe and the remaining tem by a lower
removal rate (ca. half) recipe.

6.4.2.1 Results and Discussion
The samples were prepared by depositing a mean thickness of ≈717 nm SiO2
PECVD on 20 Si (0 0 1) blanket wafers. Figure 6.14. shows the contour map of the
deposited SiO2 film on a Si wafer. 25 points of measurements were performed on this
sample using spectroscopic ellipsometry (SE). The standard deviation of the
measurement points was σ= 6.76 nm with the mean thickness of 717 nm. One can
calculate the non-uniformity of the layer thickness using: non-uniformity
(%)=
Therefore the non-uniformity for this sample would be: 0.93 %

Figure 6.14. Contour map of the deposited SiO2 PECVD on a blanket Si wafer

The deposited PECVD SiO2 samples were polished by two different recipes. One
with a higher down-pressure in both inner tube down-pressure 5(psi) and back
pressure on the membrane 4.3(psi). The other with a lower down-pressure 3(psi) and
membrane pressure of 2.4 (psi), all the other parameter on both recipes were kept
constant and the polishing time for all samples was one minute. The results of both
processes on separate samples are illustrated in Fig. 6.15.
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(a)

(b)

Figure 6.15. Contour map of the polished SiO2 PECVD (initial mean thickness ≈717 nm) for one
minute by:(a) a high pressure recipe, (b) by a lower pressure recipe.

In Table 6.1 and 6.2. within wafer non-uniformity of each sample before and after
CMP with the low and high pressure down forces, and wafer to wafer non-uniformity
before and after CMP are shown, respectively.
Samples

SiO2 PECVD
Deposited

Mean
thickness (nm)

Standard
Deviation (nm)

WIWNU
(%)

717

6.67

0.93

SiO2 polished by
the high pressure
recipe (1m)

214

7.82

3.65

SiO2 polished by
the low pressure
recipe (1m)

484

9.67

2

Table 6.1. Within wafer non-uniformity (WIWNU) before and after CMP
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Samples

SiO2 PECVD
Deposited

Mean
thickness (nm)

Standard
Deviation (nm)

WTWN
U (%)

715

4.5

0.63

SiO2 polished by
the high pressure
recipe (1m)

204

4.64

2.27

SiO2 polished by
the low pressure
recipe (1m)

483

3.72

0.77

Table 6.2. Wafer to wafer non-uniformity before and after CMP

The deposited PECVD SiO2 thickness along the diameter has been measured by SE
in 49 points (Fig. 6.16.).

Figure 6.16. SE measurement of 49 points along the diameter of the deposited SiO2 PECVD wafer

As Fig. 6.16.shows the SiO2 film has a mean thickness value of about 715 nm which
increases by reaching the wafer edges. The same measurement was performed on the
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samples after two CMP steps. Figure 6.17. is the SE measurement on a sample
polished by a high down-pressure recipe; thus, resulted in a higher removal rate.

Figure 6.17. SE measurement of 49 points along the diameter of the SiO2 PECVD wafer CMP-ed by
the high down-pressure recipe (left remained thickness and right removed thickness).

As represented in Fig 6.17. the no-uniformity on the very edge of the wafer gets
larger, but this area only covers 4% of the film. SE data of the SiO2 films, which were
polished by the lower down-pressure CMP recipe, are presented in Fig 6.18. For a
lower removal rate, we obtained a lower non-uniformity within the wafer. The surface
roughness for these samples after both CMP processes was reduced below one
nanometer.
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Figure 6.18. SE measurement of 49 points along the diameter of the SiO2 PECVD waferCMP-edbythe
low down-pressure recipe

Figure 6.19. depicts the result of the SiO2 surface roughness before and after CMP.
The surface roughness was reduced below <1nm using both recipes.

(a)

(b)

Figure 6.19. RMS Surface roughness of the PECVD SiO2 a) before CMP: 3.7 nm and b) after CMP:
0.8 nm (data scale 10 nm)

After the CMP process a large number of the slurry particles remain on the surface.
The height of the measured slurry particles were ranging from 40-100 nm (Fig. 6.20).
However, all of the particles were successfully removed using an ultra-sonic or mega107

sonic bath for 2 hours or 30 minutes, respectively. That makes the PECVD SiO2
surface suitable for the direct bonding, which later was utilized for strained Ge and
SiGe direct bonding.

(a) Vertical distance: 91.4 nm

(b) Vertical distance: 42.4 nm

Figure 6.20. Section analysis of the slurry particles on the SiO2 surface after the CMP process

6.4.2.2 SiGe SRB CMP
CMP is a crucial step in the fabrication of strained Ge films on top the SiGe SRB
layers with low defect density and low surface roughness. The SiGe SRB layers need to
be smoothed, and the piled up dislocations or misfit dislocations which appear as
crosshatch on the surface should be removed before growing the strain Si and Ge
layers on them [14], [16], [18], [159], [160]. For that purpose Si0.52Ge0.48 SRBs were
grown; their thickness uniformity and surface roughness were investigated after the
CMP process. Constant composition Si0.52Ge0.48 SRB films were grown by SiH4 and
GeH4 at 560 ºC. Fig. 6.21 illustrates the SE contour map of 25 points (with 10 mm
edge of exclusion) of thickness value and uniformity of the Si0.52Ge0.48 SRB before and
after the CMP process. The SiGe CMP process consisted of one min polish on the
primary pad and one min polish plus a cleaning step on the final pad.
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Figure 6.21. Contour map of the Si0.52Ge0.48 SRB thickness before (left), and after the CMP process
(right).

In addition to the effectiveness of the CMP step in reducing the surface roughness
below one nanometer, it improves the thickness non-uniformity (Table. 6.3).

Samples

As grown

Mean
thickness (nm)

Standard
Deviation
(nm)

WIWNU (%)

340.58

7.73

2.26

308.91

6.25

2.02

Si0.52Ge0.48 SRB (11 points)
Si0.52Ge0.48 SRB CMPed for 1
min primary+1 min final
(25 points)

Table. 6.3. Within wafer non-uniformity (WIWNU) of the as grown and CMP-ed Si0.52Ge0.48 SRB.

For calculating the WTWNU five wafers of Si0.52Ge0.48 and Si0.40Ge0.60 SRBs (total 10
wafers) were polished for one (min) on the primary pad + one (min) on the final. The
results are shown in Table. 6.4.
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Samples

Mean
removal rate
(nm/min)

Standard
Deviation (nm)

WTWNU
(%)

Si0.52Ge0.48polished
for 2 min total

22.8

3.86

11.49

Si0.40Ge0.60polished
for 2 mintotal

33.60

3.84

16.87

Table 6.4. Wafer to wafer non-uniformity of the Si0.52Ge0.48 and Si0.40Ge0.60 SRBs.

We observed a higher removal rate for the SiGe SRBs with a higher Ge content.

6.4.3 Results and Discussion of sGeOI Fabrication
a) sGe growth
The stack designed for compressive strain Ge layer starts with the growth of a
Si0.52Ge0.48 SRB layer utilizing silane (SiH4) and germane (GeH4) as precursors. The
growth conditions were as follows: Si flow rate =90 sccm, Ge flow rate = 100 sccm,
chamber pressure = 20 Torr, T = 560 ºC.
The Ge content and the degree of relaxation for the Si0.52Ge0.48 SRB buffer were
calculated by high resolution reciprocal lattice mapping (HRRLM) with almost 100%
strain relaxation for a 2-µm thick Si0.52Ge0.48 SRB (Paper VII). The thickness of the
buffer layer for the sGe growth was approximately 3 µm (measured by differential
weighting). The surface roughness and the EDP of the SiGe SRB layer are decisive in
sGe fabrication process; because TDD and roughness of sGe layer on top will start at
the same value as SiGe buffer and will increase with increasing the sGe thickness.
Figure 6.22. shows the EPD of the Si0.52Ge0.48 SRBs after etching in Secco etching
solution to reveal the threading dislocations in the form of (a) 3-µm thick constant
composition with an intermediate CMP step and calculated TDD
, and
(b) 3.5-µm thick graded buffer consisting 500 nm Si0.8Ge0.2/2-µm thick linearly graded
SiGe with Ge content of 30%-50%/1-µm thick constant composition Si0.52Ge0.48 on
top; with the calculated TDD
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(a)

(b)

Figure 6.22. SEM images of the Si0.52Ge0.48 SRBs after revealing the TDDs in Secco solution. (a) 3-µm
thick constant composition with an intermediate CMP step, and (b) 3.5-µm thick graded buffer

As described earlier an RMS surface roughness below 1 nm is essential for a
successful direct bonding and a low TDD is demanding for high performance devices.
The reduction in surface roughness, elimination of the pile-up dislocations and surface
cross-hatches on the surface after SiGe CMP is depicted in Fig. 6.23. SiGe buffer
layers are known for developing cross-hatches on the surface along the <1 0 0>
direction (Fig. 6.23.a) [47], [159], [161]–[164]. Some groups have deployed an
intermediate CMP step during the sGe growth and have removed the surface
roughness cross-hatches, which was resulted in lowering the tendency of dislocation
pile up formations. Continued growth on polished surfaces leads to a reduction in
total dislocation density because the trapped threads in the pile up are now free to
glide and eliminate each other [47], [163].

(a)

(b)

Figure 6.23. AFM surface roughness analysis of a 1 µm Si0.5Ge0.5 SRB before (a) and after the CMP
step with RMS surface roughness ≈ 0.9 nm
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The next step in the sGe growth is the growth of a tensile strain Si layer on top of
the Si0.5Ge0.5 SRB, and sGe layer growth on sSi which was discussed in details in
section 5.3. When sGe growth is finished a 700 nm PECVD SiO 2 is deposited on top;
then, with the help of CMP it is smoothed and flattened. The CMP slurry particles are
removed by the use of 2 h ultra-sonic or 30 min mega-sonic bath. For direct bonding a
Si handle wafer with 200 nm thermal SiO2 was prepared. After surface treatments of
the SiO2 surfaces by a H2SO4-H2O2 solution and 5 sec O2 plasma followed by a rinse
and dry, the wafers were bonded at room temperature and atmospheric pressure. In
order to increase the bonding strength the wafer pairs are annealed at 350 ºC in N2 for
24 h.
b) Etch back process
The etch-back process summons by thinning down the back side Si by SF 6
chemistry in ICP dry etching tool; the Si was thinned down to about 100 µm. The
remained Si on the back side was wet-etched by TMAH solution (5%, 90 ºC) which
inherently stops at Si0.52Ge0.48 SRB. After that the Si0.52Ge0.48 constant
composition/graded
buffer
layer
was
selectively
wet-etched
in
a
dHF(1%):HNO3(70%):CH3COOH(99.9%) solution with a concentration of
(0.15:0:20:0.30); the etch selectivity will be higher for a SiGe buffer with a higher Ge
content [110], [165]. The strained Si etch-stop layer is also removed by TMAH at 8090 ˚C, leaving the compressive strained Ge on insulator. Figure. 6.24. represents the
RMS surface roughness (≈ 1.6 nm) of the sGeOI taken by AFM and the thickness (20
nm) of the layer measured using AFM step-height.

(a)

(b)

Figure 6.24. AFM images of the sGeOI with RMS roughness of ≈ 1.6 nm and data scale of 20 nm (a),
and the thickness of the sGeOI layer measured using step-height.
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The sGeOI layer has a rather small surface roughness; however, the layer contains
scattered holes. The holes are made probably due to the SiGe wet etch-back step,
which etches through the defect in the sGeOI layer. Figure 6.25. depicts the
conventional ω-2θ scan around the (004) x-ray diffraction Bragg peak of the sGe layers
grown on constant composition Si0.52Ge0.48 SRB layers, in the as grown and the etchbacked structures.

Figure 6.25. X-ray rocking curve analysis of ω-2θ scan around the (004) Bragg peak of the as grown
and etched-back sGe layers grown on graded Si0.52Ge0.48 SRB layers.

The difference between sGeOI samples in Fig. 6.25. was the annealing time (at 350
ºC), which was 12h and 24h for GeOI (1) and GeOI (2), respectively. The amount of
compressive strain and relaxation were calculated using the shift of Ge peak. The
perpendicular lattice parameter
was extracted from the angular position
of the
corresponding Ge layer, using the Bragg‘s law (2( /4)Sin θGe)= λ
Where λ = 1.5406 Ǻ, is the Cu Kα1wavelength.
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For the GeOI(1) compressive strain values are in the range of
= –1.15% to
= –1.35%. For the GeOI(2) compressive strain values of = –1.57% to = –
1.75% were found. If the GeOI layers were fully pseudomorphic (adopting
= 5.5333 Ǻ), then the compressive strain value would = –2.2%. Strain
relaxation in the GeOI layers can be extracted using
ratio of

or from the

values. Using either ways the calculated relaxation values were as follows:

RGeOI(1) = 38% - 48% and RGeOI(1) = 20% - 29%
In summary, we have fabricated sGeOI layers with a compressive strain in the
range of –1.57% to –1.75%. The layers sGeOI layers exhibited a surface roughness of
. However the yield of the GeOI layer on 100 mm Si substrate is low due to the nonuniformity in all dry and wet etch back process. The sGeOI substrates had a low yield
the sGe layers were remained in the form of scattered patches on the wafer probably
due to the large non-uniformity of the etch-back processes and the defects in the sGe
layer. The yield can be improved by optimizing the bulk Si etch using the SmartCut
technique, by employing an automatic dispense tool for the SiGe wet etch-back
process and by reducing the TDD in the Si0.52Ge0.48 SRB and subsequently reducing
the defects in the sGeOI film and improving the wet etch-back selectivity. The defects
in the Si0.52Ge0.48 SRB penetrate into the Si and Ge layers and the defects in sSi and
sGe layers are prone to the wet-etch of the Si0.52Ge0.48 SRB, meaning more defects
result in lower selectivity [110]. pFET devices can be made using sGeOI as channel
material and electrical characterizations on the sGeOI layers are needed to extract the
electrical properties of the layer.
In the next experiments we transferred sSiGe and Ge (relaxed and strained) onto a
patterned substrate. The fabrication process for the relaxed and strained Ge layers are
similar to the ones described in 6.1, 6.3 and 6.4 expect the handle wafer, which is a
patterned substrate. In the next section we describe the fabrication process of
pioneering tensile-strained Si0.5Ge0.5OI on patterned substrate.
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6.5 Transferring Ge and Si0.5Ge0.5 Layers to Patterned Wafers for
M3D Integration
In M3D integration scheme when the first tire of device layers is built on a
substrate an interlayer dielectric (ILD), in our case PECVD SiO2, will be deposited on
top of the structure, in order to isolate the metal lines.(See Fig. 2.17). In addition, the
ILD can be employed as a direct bonding surface. However, due to the topography
created by contacts of the first layer the ILD film has a large topography and step
height, which must be removed and smoothed prior to direct bonding.
In order to replicate the condition of the first tier to the second tire bonding we
prepared a process flow to demonstrate the first tier as below:
1) PECVD SiO2 deposition (400 nm)
2) Lithography and patterning SiO2
3) Physical vapor deposition (PVD) of TiW (100 nm) and Al (500 nm)
4) Metal contacts lithography and patterning
6) Inter Layer Dielectric (ILD) PECVD SiO2 deposition (1.4 µm)

6.5.1 Results and Discussion
After the ILD was deposited, it was smoothed and flattened by CMP in two steps,
removing almost 600 nm of the ILD in each step. Figure 6.26. presents the AFM
images and the step heights of the patterned samples before and after CMP steps. The
step height from ~ 670 nm, was reduced below 3 nm after removing about 1.2 µm
SiO2 ILD by CMP (shown in Fig. 10. c).
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(b)

(a)

(c)
Figure. 6.26. AFM image of the patterned sample with 1.4 µm ILD PECVD SiO2 deposited on top (a)
after a CMP step and removing ~ 600 nm (b) after a CMP step and removing ≈1200 nm(c).

116

Figure 6.27. illustrates the schematic process flow for the fabrication of tensilestrained Si0.5Ge0.5 on insulator (sSi0.5Ge0.5OI) layers, on the patterned PECVD SiO2
substrate. The process flow is detailed in Paper VII. After cleaning and treatment of
the PECVD SiO2 surfaces on the handle (patterned) and the donor (sSi0.5Ge0.5 on Ge
SRB covered with 250-nm CMP-ed PECVD SiO2) wafers, the wafers were directly
bonded. Then the bonded pair was annealed for 72 h at 400 ºC; such a long time
annealing is essential in order to keep the highly strain thin Si0.5Ge0.5 layer on insulator.
As it was shown in section 4.3. the voids density of the bonded PECVD SiO2 wafers
increases after long time post-bonding annealing,; and pre-bonding annealing steps are
essential in order to remove the outgassing by-products. However, in the case of
patterned substrates no increase in voids was observed. This can be attributed to the
small steps and topography remained after CMP on patterned substrates, which can
facilitate the diffusion of the outgassing by-products.

Figure 6.27. Schematic illustration of the fabrication process of sSi0.5Ge0.5 on the patterned substrate.
(a) metal lines formation and ILD PECVD SiO2 deposition, (b) step height removal and surface
smoothing of the SiO2 ILD by a CMP step, (c) direct bonding of the handle patterned substrate to
the sSi0.5Ge0.5 donor wafer which is covered with 250-nm PECVD SiO2, (d) sSi0.5Ge0.5OI layer
exposed after selective dry and wet-etches.
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Figure 6.28.(a). shows the optical microscope image of the bonded and de-bonded
sSi0.5Ge0.5OI layer to the patterned substrate. Due to the small thickness (< 20 nm) of
the sSi0.5Ge0.5 layer, the metal pads are visible underneath the layer. The surface
roughness analysis was performed on the sSi0.5Ge0.5OI layer using AFM (Fig. 6.28.b).
The sSi0.5Ge0.5OI layer showed no defects in 100 µm2 area, although in lager areas as
can be seen from Fig. 6.28.(a). holes are visible on the layer.

(a)

(b)

Figure 6.28. Optical microscope image of the bonded and de-bonded sSi0.5Ge0.5OI layer to the
patterned substrate (a), and the surface roughness analysis image taken by AFM with RMS roughness
of 0.5 nm (data scale 10 nm).

In order to find the amount of tensile strain and subsequently, relaxation in the
sSi0.5Ge0.5 layer on insulator, Raman spectroscopy was utilized. Figure 6.29. represents
the Raman spectra of the SiGe layers under various strain conditions including
compressive strained sSi0.5Ge0.5 grown on Si substrate, tensile strained sSi0.5Ge0.5
grown on Ge SRB, Si0.52Ge0.48 SRB and tensile strained Si0.5Ge0.5 on insulator
(sSi0.5Ge0.5OI).
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Figure 6.29. Raman spectra of the Si0.5Ge0.5 samples: grown on Si, grown on Ge SRB, Si0.5Ge0.5 SRB
and sSi0.5Ge0.5OI.

The frequency method, which is a set of experimental linear equations obtained
from literature was used to determine the peak position of Si-Si and Si-Ge
modes[166]–[168]. Subsequently, the Ge content (x) and the strain (ε) were then
determined. Similar to the previous reports due to the difficulties in extracting x and ε
from Ge-Ge peak mode, we have exclude them from our calculations [166]–[168].
First the Ge content in the SiGe SRB was found using the following, experimentally
derived linear equations:

ωSS = 520 – 62x – 830 ε [166]–[168] (4)
ωSG = 400.5 – 14.2x – 575 ε [166], [167] (5)
(6).
By substituting ωSG and ωSS values for the SiGe SRB, x was found to be value 0.48,
which is equal to the value obtained by XRD and SE for the same Si1-xGex SRB
sample. Using the same relations, the Ge content of the SiGeOI sample was extracted
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to be x~ 0.51. Again a very good agreement between XRD, SE and Raman results in
terms of Ge content was found.
The strain in the SiGe film can be calculated using equation (4):

For tensile strained Si0.5Ge0.5OI we found:
= 0.025 = 2.5%

For tensile strained Si0.5Ge0.5 on Ge SRB with the same peak position of
compare to the sSi0.5Ge0.5OI sample the same value of ε = 2.5% was extracted.
This means the sSi0.5Ge0.5OI sample has kept almost all its strain in the film after
bonding and etch-back process.
For compressive strained sSi0.5Ge0.5 sample on Si we found:
= – 0.018 = – 1.8%
The sSi0.5Ge0.5OI substrates exhibited an almost 100% yield with very few voids in
the film, created by the particles in the direct bonding process. nFET devices are
under fabrication using sSi0.5Ge0.5OI films in order to examine the electrical properties
of the films. The tensile strained SiGe nMOS devices, could be a potential candidate
for the high electron mobility and subsequently high ION devices.
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Chapter 7. Summary and Future Outlook
Monolithic 3D integration has a potential to increase the device density when the
device itself does not scale. In addition, it helps to decrease the power consumption by
reducing both device and interconnect energy consumption. The main objective of
this thesis was the development of a low temperature process (<450 ºC) to fabricate
strained semiconductor layers on insulator (sGeOI and sSiGeOI) for monolithic 3D
integration. In this thesis compressive Ge layers were grown and transferred using
direct bonding for high Ion, low Vdd pMOS devices. In addition, fully strained tensile
Si0.5Ge0.5 layers for nMOS devices were grown and for the first time were transferred
by direct bonding on blanket and patterned substrates compatible with 3D integration.
To achieve these goals, low temperature direct bonding, SiGe and Ge epitaxial
growth, GeOI and SiGeOI fabrication processes with and without CMP were
developed and optimized for transferring the strain relaxed and strained Ge and SiGe
device layers.
Low temperature processes (<450 ºC) are essential in 3D integration. In order to
transfer Ge and SiGe device layers on blanket and patterned substrates, low
temperature hydrophilic direct bonding was employed. Various techniques for SiO2
surface treatment were examined in terms of voids formation and bonding strength.
The effect of oxide thickness on voids removal and the influence of pre-annealing gas
conditions on PECVD SiO2 films, were also investigated (Paper I). An optimized
combination of surface treatments, post annealing time and temperature were chosen
to obtain an almost void free bonded Ge and SiGe layers with a high bonding
strength.
For the fabrication of strain relaxed and strained SiGe and Ge on insulator layers,
Ge and SiGe epitaxy were investigated at low temperatures using two different gas
chemistry, consisting of SiH4-GeH4 and Si2H6-Ge2H6 in RPCVD reactor (Paper II and
III). Based on these investigation, Ge SRBs with defect density of ~ 107 (cm-2) and
RMS surface roughness < 1 nm, were developed. Moreover, Si0.5Ge0.5 SRBs with
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defect density of ~ 107 (cm-2) and fully strained Si0.5Ge0.5 layers were developed. Using
these results, tensile strained Si0.5Ge0.5 layers on Ge SRB and compressive strained Ge
layers on Si0.5Ge0.5 SRB were grown (Paper VII).
The semiconductors on insulator fabrication processes started with the fabrication
of thick relaxed GeOI substrates. In that process we employed a 10 nm ALD Al2O3as
an insulator layer on top of the Ge SRBs to facilitate the direct bonding to a thermally
oxidized (200 nm) Si handle wafer, without any intermediate CMP step. After
annealing and etch-back processes, thick (500 nm-3000 nm) relaxed GeOI substrates
with EPD~107 (cm-2) and RMS roughness < 1 nm, were successfully fabricated (Paper
IV). By thinning down the relaxed GeOI layer to ~200 nm, GeOI nanowires were
fabricated using the STL technique, which we had been developed in our group for
the fabrication of Si nanowires (Paper V). The thin relaxed Ge layers (~25 nm) were
fabricated by continuous growth of Ge SRB (3 µm)/Si0.5Ge0.5 etch-stop layer (10
nm)/Ge layer on top (<30 nm), and employing selective etch-back processes. The
fabricated Ge pFETs on the thin GeOI wafer showed 70% yield and the devices
exhibited a VT of -0.18 V and 60% higher mobility compared to the SOI pFET
reference (Paper VI).
The final objective was the fabrication of compressive strained GeOI and tensile
strained SiGeOI layers. In order to fabricate low defect density compressive Ge
layers, CMP process on Si0.5Ge0.5SRBs was investigated for reducing the surface
roughness< 1nm and removing the pile up dislocation on the surface. Moreover, with
the help of CMP, the removal rate, surface roughness and non-uniformity of PECVD
SiO2 layers were examined. These layers were employed as insulator layers in the
fabrication process of sGeOI and sSiGeOI substrates. The compressive Ge stack
consisted of Si0.5Ge0.5 SRB (2 µm)/ tensile strained Si etch-stop layer (~20 nm)/
compressive Ge layer on top (~15 nm). The tensile strained Si0.5Ge0.5 layer (~20 nm)
was grown on a Ge SRB (3 µm). With the help of CMP and PECVD SiO 2 both
structures were successfully bonded to blanket and patterned handle wafers. Using low
temperature post annealing (≤400 ºC) steps and highly selective etch-back processes
compressive strained Ge (ɛ ~ -1.75%) and for the first time tensile strained Si0.5Ge0.5
(ɛ ~ 2%) layers were successfully transferred on blanket and patterned substrates
(Paper VII).
Finally, some suggestions for future research on group IV semiconductors layer
transfer on insulator for 3D integration are given:
 Using the smart-cut technique instead of dry etching the bulk Si in wafer
bonding and layer transfer, can keep the bulk Si of the handle wafer and reduce
the cost of the production.
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 The final yield of the sGeOI substrate can increase by further improvement in
selective wet etch-back processes. This can be examined by employing
automatic dispense solution tool to improve the uniformity and increase the
selectivity.
 Further improvement can apply to SiGe SRBs for reduction in TDD, which has
a direct effect on defect density of the compressive strained Ge layer grown on
top of it. The defect density in sGe layer will have a direct impact in electrical
properties of the device layer.
 The CMP on patterned structures needs more investigation in terms of optimal
SiO2 deposited thickness, required removal material, and pattern dependency.
 pFET and nFET CMOS devices needs to be fabricated on sGeOI and sSiGeOI,
respectively; performance of the fabricated devices should be evaluated in terms
of carrier mobility, Ion, VT, etc.
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