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Abstract

Monolithic three-dimensional (M3D) integration, it has been proposed,
can overcome the limitations of further circuits’ performance improvement
and functionality expansion. The emergence of the internet of things (IoT) is
driving the semiconductor industry toward the fabrication of higher-performance
circuits with diverse functionality. On the one hand, the scaling of devices is
reaching critical dimensions, which makes their further downscaling techno-
logically difficult and economically challenging, whereas, on the other hand,
the field of electronics is no longer limited only to developing circuits that
are meant for data processing. Sensors, processors, actuators, memories, and
even power storage units need to be efficiently integrated into a single chip to
make IoT work. M3D integration through stacking different layers of devices
on each other can potentially improve circuits’ performance by shortening
the wiring length and reducing the interconnect delay. Using multiple tiers
for device fabrication makes it possible to integrate different materials with
superior physical properties. It offers the advantage of fabricating higher-
performance devices with multiple functionalities on a single chip. However,
high-quality layer transfer and processing temperature budget are the major
challenges in M3D integration. This thesis involves an in-depth exploration
of the application of germanium (Ge) in monolithic 3D integration.

Ge has been recognized as one of the most promising materials that can
replace silicon (Si) as the channel material for p-type field-effect transistors
(pFETs) because of its high hole mobility. Ge pFETs can be fabricated at
substantially lower temperatures compared to Si devices which makes the
former a good candidate for M3D integration. However, the fabrication of
high-quality Ge-on-insulator (GOI) layers with superior thickness homogene-
ity, low residual doping, and a sufficiently good interface with buried oxide
(BOX) has been challenging.

This thesis used low-temperature wafer bonding and etch-back techniques
to fabricate the GOI substrate for M3D applications. For this purpose, a
unique stack of epitaxial layers was designed and fabricated. The layer stack
contains a Ge strain relaxed buffer (SRB) layer, a SiGe layer to be used as
an etch stop, and a top Ge layer to be transferred to the handling wafer.
The wafers were bonded at room temperature, and the sacrificial wafer was
removed through multiple etching steps leaving 20 nm Ge on the insulator
with excellent thickness homogeneity over the wafer. Ge pFET devices were
fabricated on the GOI substrates and electrically characterized to evaluate
the layer quality. Finally, the epitaxial growth of the highly doped SiGe
and sub-nm Si cap layers have been investigated as alternatives for improved
performance Ge pFETs.

The Ge buffer layer was developed through the two-step deposition tech-
nique resulting in defect density of 10”e¢m ™2 and surface roughness of 0.5 nm.
The fully strained Sip.5Geo.s film with high crystal quality was epitaxially
grown at temperatures below 450°C. The layer was sandwiched between the
Ge buffer and the top 20 nm Ge layer to be used as an etch-stop in the etch-



back process. A highly selective etching method was developed to remove the
3 pm Ge buffer and 10nm SiGe film without damaging the 20 nm transferring
Ge layer.

The Ge pFETs were fabricated at temperatures below 600°C so that they
could be compatible with the M3D integration. The back interface of the
devices depleted at Ve = 0V, which confirmed the small density of fixed
charges at the Ge/BOX interface along with a low level of residual doping in
the Ge channel. The Ge pFETs with 70 % yield over the whole wafer showed
60 % higher carrier mobility than Si reference devices.

Low-temperature epitaxial growth of Si passivation layer on Ge was de-
veloped in this thesis. For electrical evaluation of the passivation layer,
metal-oxide-semiconductor (MOS) capacitors were fabricated and character-
ized. The capacitors showed an interface trap density of 3 x 10*eV ~tem ™2,
and hysteresis as low as 3 mV at Eox of 4MV /cm corresponding to oxide trap
density of 1.5 x 10'%¢m~2. The results indicate that this Si passivation layer
substantially improves the gate dielectric by reducing the subthreshold slope
of Ge devices while increasing their reliability. The in-situ doped SiGe layer
with a dopant concentration of 2.5 x 10'%cm ™2 and resistivity of 3.5 mQcm
was selectively grown on Ge to improve the junction formation.

The methods developed in this thesis are suitable for large-scale M3D
integration of Ge pFET devices on the Si platform. The unique Ge layer
transfer and etch-back techniques resulted in the fabrication of GOI substrates
with high thickness homogeneity, low residual doping, and sufficiently good
Ge/BOX interface. The process temperatures for Ge transfer and pFETs
fabrication are kept within the range of the M3D budget. Integration of the
Si cap for gate dielectric formation and SiGe layers in the source/drain region
may increase device performance and reliability.

Keywords: Monolithic, sequential, 3D, silicon, germanium, wafer bonding,
etch back, germanium on insulator, GOI, Ge pFET, low temperature, Si
passivation, pn junction
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Sammanfattning

Sakernas internet (eng. Internet of Things, IoT) driver halvledarindustrin
mot tillverkning av hégprestanda komponenter och kretsar med flertal funk-
tionaliteter. A ena sidan skalas komponenter ned till storlekar dar ytterligare
nedskalning blir teknologiskt svart och ekonomiskt utmanande. A andra si-
dan dr dagens elektronik inte lingre begriansad till kretsar for databehandling.
For att sakernas internet ska fungera behover sensorer, processorer, styrdon,
datorminne och dven energilagringsenheter integreras pa ett effektivt sitt i ge-
mensamma chip. Monolitisk 3-dimensionell integration (M3D) baseras pa att
stapla olika komponentnivaer pa varandra. Detta tillvigagangsséitt dr en av
dem mest lovande metoderna for att forbattra kretsarnas prestanda. Prestan-
dan forbattras genom att forkorta elektriska ledare och minska férdréjningen i
ledarna. Att ha flera komponentniviaer méjliggor integration av komponenter,
som kan anvinda sig av olika material med hogkvalitetsegenskaper for olika
tillaimpningar och funktioner, i ett enda chip. De stora utmaningarna fér M3D
ar hogkvalitétsoverforing av skikt och begransad processtemperatursbudget.
Germanium (Ge) anses vara det bista materialet for att ersitta kisel (Si) som
kanalmaterial i p-typs falteffektstransistorer (pFET) tack vare dess hoga hal-
mobilitet. Vidare anses germanium lovande féor M3D-integration tack germa-
niumtransistorernas jimforelsevisa laga processtemperatur mot motsvarande
kiseltransistorer. Dock har tillverkning av germanium-pa-isolator (eng. germa-
nium on insulator, GOI) flera utmaningar: tjockleken pd germaniumskiktet
maste vara jdmnt 6ver skivan, dopningen maste vara 1ag och grénssnittet mot
den begravda oxiden (eng. buried oxide, BOX) maéste vara tillrackligt god.

I denna avhandling anvinds skivbondning vid 1ag temperatur och tillbaka-ets
for att tillverka GOI-substrat for M3D-tillampningar. En unik stapling av epi-
taxiellt vixta skikt har designats och tillverkats for detta &ndamal. Skiktstap-
lingen innehaller ett relaxerad bufferskikt av germanium, ett etsstoppsskikt
av kiselgermanium (SiGe) och ett toppskikt av germanium som i slutdndan
overfors till en hanteringsskiva. Skivorna direktbondas vid rumstemperatur,
och offerskivan togs bort genom flera etssteg som lamnar 20 nm germanium pa
isolator med utmaérkt tjockleksjimnhet 6ver skivan. Germaniumtransistorer
tillverkades pa GOI-substrat och méttes elektriskt for att utvardera skiktkva-
litén. Epitaxiellt vaxt av hogdopat SiGe och sub-nanometer kiseltdckeskikt
(eng. silicon cap layer) utforskades som alternativ for germaniumtransistorer
med forbattrad prestanda.

Bufferskikt av germanium togs fram med tva-stegs deponeringsteknik vilket
gav resultatet att defekttitheten var 107cm ™3 och ytruffighet var 0,5 nm.
To6jt Sio,5Gep,5-skikt med hog kristallkvalité vixtes epitaxiellt vid tempera-
turer ligre dn 450°C. Skiktet, som infogades mellan bufferskiktet av germa-
nium och toppskiktet av 20-nm tjockt germanium, anvindes som etsstopp
i tillbaka-etsprocessen. En mycket selektiv etsmetod utvecklades for att ta
bort den 3-um tjocka bufferskiktet av germanium och den 10-nm tjocka
Si0,5Geo 5-skiktet utan att skada den 20-nm tjocka germaniumtoppskiktet.
For att tillverkningen av germaniumtransistorerna ska var kompatibla med
M3D-integration sa tillverkades dem vid en temperatur ldgre &n 600°C. Kom-



ponentens baksidesgransnitt (Ge/BOX-granssnittet) var utarmat vid Veg =
0V, vilket bekréiftar att bade den fixa laddningstédtheten vid grénssnittet och
dopningen var 14gt. Germaniumtransistorerna hade 70 % avkastning 6ver hela
skivan och uppvisade 60 % hogre kanalmobilitet &n motsvarande komponenter
i kisel. In-situ dopat SiGe-skikt med dopningskoncentration pa 2.5x 10 %¢m =3
och resistivitet pa 3.5 mcm véxtes selektivt pa germanium for att forbéttra
kéll- och draneringsdvergangsbildningen. Den unika staplingen av grinddie-
lektrika Ge/Si/TmSi0/Tm20s/H fO2/TiN som togs fram i denna avhand-
ling uppvisade en granssnittsfalltithet pa 3 x 10 eV "'em™2 och en hyste-
res pa laga 3 mV vid ett palagt elektriskt falt over grinddielektrikastapeln
p& 4 MV/cm, vilket motsvarar en oxidfilltathet pa 1.5 x 10'%cm 2. Dessa
resultat visar att denna grinddielektrikastapel kan potentiellt minska germa-
niumtransistorernas undertroskelsving samtidigt som den férbattrar tillforlit-
ligheten. Metoderna som har tagits fram i denna avhandling &r lampliga for
storskalig M3D-integration av germaniumtransistorer pa en kiselplattform.
Den unika skiktoverféringmetoden av germanium och tillbaka-ets tekniken
resulterade i tillverkningen av GOI-substrat med god tjockleksjamnhet, lag
dopning och tillrickligt god Ge/BOX-grianssnitt. Processtemperaturerna for
germanium-6verféring och transistortillverkning halls inom ramarna f6r M3D-
integrationens temperaturbudget. Integration av SiGe-skikt i kéll/dranerings-
omraden och kiseltdcket for grinddielektrikumbildning kan 6ka komponent-
prestanda och tillforlitlighet.

Nyckelord: Kisel, germanium, epitaxi, selektiv, pn-6vergang, germanium pa
isolator, GOI, Ge PFET, bonding, monolitisk, sekventiell, tre dimensionell,
3D, lagtemperarad
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Chapter 1

Introduction

1.1 Motivation

Electronic circuits dramatically changed in the 1960s as they moved from being
conventional discrete devices to be the integrated components on a single chip [1].
Integrated electronics improved the reliability and performance of these circuits
even as they reduced the cost of design and fabrication. Since then, the dimensions
of MOS devices have been continuously downscaled allowing for a larger number
of devices per area and faster switching speed [2]. Such downscaling has increased
the performance of these circuits while reducing fabrication costs. Today, however,
the field of electronics is facing new challenges.

On the one hand, the scaling of devices is reaching critical dimensions in the
order of several atoms. This makes further downscaling technologically difficult
and economically not beneficial [3]. In turn, it makes 3D integration involving
stacking different layers of devices on each other, one of the most promising methods
for improving circuits’ performance while keeping the costs down and avoiding
atomic-scale challenges [4]. On the other hand, today, the field of electronics is no
longer limited to circuits with only data processing applications [4]. IoT systems
are emerging, and they require multiple functionalities on a single chip. Sensors,
processors, actuators, memories, and even power storage units need to be efficiently
integrated to make IoT work [5]. Stacking different device layers on top of each
other is one of the most promising methods to overcome these challenges.

One of the advantages of 3D integration over 2D integration is the possibility
of using different materials as the active layer in the circuit. As pFETs (p-type
field effect transistors) and nFETs (n-type field effect transistors) are fabricated
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on different tiers, they can be processed sequentially using different materials and
techniques [4]. However, their sequential processing imposes a temperature limit
on the process. The processing of the top-tier devices must be tuned such that
it minimizes the damages to the bottom tier and maintains the performance of
already fabricated devices in the first layer. Therefore, it is important to choose
the right material for the top tier which would have high carrier mobility and low
processing temperature and be compatible with Si CMOS technology.

Ge as top tier material

Ge is one of the most promising candidates for 3D integration with Si devices. It has
high carrier mobility compared to Si and a natural lower processing temperature.
The first transistor invented in 1947 at the Bell Telephone Laboratories was made
on a Ge block [6]. However, it was replaced by Si in the 1960s due to the many
advantages of Si. High purity Si substrates were easier to produce, and Si could
stand much higher temperatures. However, the main reason for replacing Ge with
Si was the high stability of silicon dioxide. Ge oxide is water-soluble, which made it
quite difficult to process. The formation of multiple sub oxides GexQy degraded the
surface passivation capabilities and limited its application as a high K dielectric [7].
Si02, on the other hand, could be thermally grown in a well-controlled manner and
used as an efficient passivation layer for transistor fabrication. The high stability
of SiO2 made Si the best material for the mass production of transistors, and that
has remained so until today [8].

Recently, however, advanced gate dielectric materials have been developed using
the atomic layer deposition technique. Therefore, there has been growing interest in
Ge as the material for future electronics [4]. Ge has a much smaller effective mass in
the heave hole (mhh) and light hole (mlh) bands compared to Si. This small effective
mass leads to its potentially higher carrier mobility compared to Si. A comparison
of the bulk mobilities of Si, Ge, and III-V semiconductor materials is presented in
table 1. It can be seen from table 1 that Ge has considerably higher hole mobility
than the other semiconductors, which enables enhancing the drive currents in Ge
pFETs. By just considering the mobility values, III-V for NMOS (n-type metal
oxide semiconductor) and Ge for PMOS (p-type metal oxide semiconductor) seems
to be the best combination. However, the fabrication of nanoscale III-V transistors
on Si platform suffers from cost and process compatibility issues.

Besides the higher carrier mobility advantage of Ge, its low-temperature process-
ing also makes it a good candidate for M3D integration. Since Ge is a group IV ma-
terial, it is compatible with Si technology and does not add any cross-contamination
issues. SiGe has been already used in CMOS fabrication. Therefore, integration of
Ge as the active material in the existing CMOS technology will be straightforward.
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Material /property Si Ge GaAs InAs InSb

Electron Mobility cm?/(V.s)) 1600 3900 9200 40000 77000
Hole Mobility cm?/(V.s)) 430 1900 400 500 850
Bandgap (eV) 1.12 066 1424 036  0.17
Dielectric Constant 11.8 16 124 14.8 17.7

Table 1.1: Bulk properties of Si, Ge, and III-V semiconductors

Although using Ge has many advantages for CMOS applications, its 4% lattice
mismatch with Si makes it difficult to grow high-quality layers directly on Si. The
low bandgap of Ge and its higher dielectric constant causes the short channel effect
and high leakage current, which can be improved by using Gol substrates instead
of bulk Ge. Electronic and photonic devices based on Gol have been shown to
be promising solutions for addressing the current difficulties that the electronics
industry is facing. However, the fabrication of large-scale thin Gol (top Ge layer
<40 nm) wafers with high thickness homogeneity, low defect density, low doping
level, and good interface quality is challenging.

1.2 Scope, objectives and achievements

This research aims to develop and investigate new methods to use Ge in the sequen-
tial fabrication of 3D integrated electronics. Fabrication of high-quality ultra-thin
Gol substrate with high thickness homogeneity has been investigated in this re-
search to expand the applications of Ge in M3D integrated circuits fabrication.

Five main objectives were defined for this thesis to address the difficulties in Ge
M3D integration. These objectives constitute the main contribution of the thesis.
The research objectives and the achievements are the following:

Development of Ge SRB to be used as a virtual substrate for trans-
ferring the top tier device layer on an insulator.Since the Ge layer is required
to be single crystalline material with a sufficiently low density of defects, a strain
relaxed Ge layer is desired to be epitaxially grown on Si substrate. The layer should
have ultra-smooth surface morphology (root mean square (RMS) < 1 nm) to be
bondable to the insulator layer. The threading dislocation density should be kept
low for better device yield over the wafer. By using the two-step method, Ge layers
with threading dislocation density (TDD) of 107 ¢m ™2 were epitaxially grown on
Si substrates. Hydrogen thermal annealing was carried out to reduce the surface
roughness to values below 1 nm. These contributions are discussed in section 3.3
and paper I (listed earlier in the “List of Publications”).
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Development of epitaxial growth of fully strained SiGe thin films to
be used as etch-stop layers in Gol fabrication process. To transfer the
ultra-thin Ge layer to another wafer coated with an insulating material, an etch-
stop layer is required, which does not add any defects or roughness to the surface.
For this purpose, SiGe layers were epitaxially grown at different temperatures using
silane-germane and disilane-digermane gas chemistries. As a result, a SiGe layer
containing 50% Ge atoms was developed at temperatures below 450°C, which was
fully strained toward Ge SRB. A highly selective etching process was developed
that successfully removed microns of Ge while keeping the 20 nm transferring layer
intact. The contributions are discussed in section 3.4 and paper II (listed earlier in
the “List of Publications”).

Wafer bonding and etch-back process development to be adopted for
the fabrication of ultra-thin Ge on the Insulator. A wafer bonding technique
and an etch-back process were required for transferring the desired Ge layer to
another wafer that would be compatible with 3D integration. This process was
developed through room temperature wafer bonding, a combination of wet and dry
etching of Si wafer, Ge buffer, and SiGe etch-stop layers. The fabricated Gol wafers
exhibited 5% thickness inhomogeneity over the whole wafer. To our knowledge,
such a high thickness homogeneity was not reported in any other studies. Since
no ion implantation was performed for the Gol fabrication, the residual dopant
concentration was in the range of 10'6cm =3 which is much lower than the range
referred to in the previous reports on Gol fabrication methods. The contributions
are discussed in section 4.4 and paper I1I (listed earlier in the “List of Publications”).

Ge pFETS’ fabrication process compatible with M3D. The advantages of
using Ge as the top-tier device material has been discussed in section 1.1. However,
the pFETS’ fabrication process needs to be carried out at temperatures below 600°C
for it to be compatible with M3D integration. In the course of this research, Ge
pFETS’ fabrication process was developed on Gol wafers. The maximum processing
temperature and duration were 600°C for 60 s respectively during the dopant-
activation step. Therefore, this process is fully compatible with M3D integration.
The 70% yield over the wafer indicated that the wafer bonding and the etch-back
process are sufficiently reliable for large-scale Ge device fabrication. Ge devices
have shown 60% higher carrier mobility compared to the reference Si devices. The
back-gate bias characterizations showed that the Ge/Box interface is depleted at 0
V which can be interpreted as a low-charge density at the interface and low level of
residual dopants in the Ge channel. The SS of 170 mV /dec was extracted from the
Ip — Vi characteristics of the Gol devices. This SS value was in the same range as
it was in the other studies. The contributions are discussed in chapter 5 and paper
IIT (listed earlier in the “List of Publications”).
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Development of Si passivation for improvements in Ge devices. Ge
MOS field-effect transistors (MOSFETSs) suffer from high oxide trap density (N,)
and interface trap density (D;;) at the interface of the Ge layer and the high-K
stack, which increases the SS significantly and degrades the reliability. In this
thesis, the epitaxial growth of an ultra-thin Si cap layer on Ge is developed to
passivate the surface and minimize the high-K dielectric degradation. The sub-nm
Si cap layer is deposited at temperatures as low as 400°C and reduced pressure
by using disilane precursor. The low-temperature deposition reduces the chance of
strain relaxation and minimizes the interdiffusion of Si and Ge atoms at the Si/Ge
interface. MOS capacitor devices were fabricated and characterized by the collab-
orators to electrically evaluate the Si passivation layer. The capacitors fabricated
on Si passivated Ge layers shown similar behavior as the capacitors fabricated di-
rectly on Si substrate. The characterization results shown interface trap density of
3x 10" eV ~tem ™2, and hysteresis as low as 3 mV at E,, of 4 MV /cm corresponding
to oxide trap density of 1.5 x 101%em=2. The results indicate that this Si passivation
layer substantially improves the gate dielectric quality and potentially reduces the
SS of Ge devices while increasing their reliability. The contributions are discussed
in section 6.1 and paper IV (listed earlier in the “List of Publications”).

Improving the junction formation in Ge devices. High contact resistance
is one of the major issues that Ge devices face. The low doping concentration levels
in ion-implanted Ge and high-temperature annealing requirements make it difficult
to drive a high current through Ge transistors. To address this issue, we have
investigated the selective epitaxial growth (SEG) of highly doped SiGe layers in
source and drain areas. The in-situ doped SiGe layer with a dopant concentration
of 2.5 x 10"%em ™2 and resistivity of 3.5 mQcm was selectively grown on Ge to
improve junction formation. PN diodes are fabricated on the heterojunction and
characterized to evaluate the layers. The contributions are discussed in section 6.2
and paper V (listed earlier in the “List of Publications”).

The following research milestones were achieved while carrying out the work
presented in this thesis:

e Process design for fabrication of ultra-thin Gol substrate with superior thick-
ness homogeneity.

o Epitaxial growth of Ge SRB layer on Si substrate with low TDD and smooth
surface.

o Epitaxial growth of fully strained SiGe layers on Ge at low temperatures.

e Room temperature wafer bonding and low-temperature post-bonding baking
to fabricate large-scale Gol substrates within the M3D integration tempera-
ture budget.

o Highly selective etching method to remove the microns of Ge without affecting
the 20 nm transferring Ge layer.
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o Fabrication of Ge pFETs at temperatures below 600°C with excellent electri-
cal characteristics.

e Development of highly reliable Si passivation layer on Ge resulting in a gate
stack with low D;; and oxide trap density.

e SEG of highly doped SiGe on Ge to form junctions in the source and drain
regions.

1.3 Organization of the thesis

This thesis comprises seven chapters as follows:

Chapter 1 presents the motivations behind this research. This chapter includes
the scope, aims, and achievements of this research.

Chapter 2 briefly introduces 3D integration applications and methods and
state-of-the-art circuits and devices.

Chapter 3 summarizes the theoretical principles behind the epitaxial growth
of Si-Ge alloys. The initial results of the epitaxial growth of Ge SRB and SiGe
layers too have been presented in this chapter.

Chapter 4 details the single-crystal Ge layer transfer and Gol substrate fabri-
cation process during this research.

Chapter 5 provides an analysis of the fabrication process and the electrical
characterization results of Ge pFET devices fabricated on our Gol wafers.

Chapter 6 focuses on the optimization of Ge devices through Si surface passi-
vation for better high-K material development, and SEG of highly doped SiGe to
improve junction formation in the source/drain region.

Chapter 7 the concluding chapter, provides the highlights of this research and
an outlook on the application of developed processes for monolithic 3D integration.



Chapter 2

3D Integration

This chapter briefly introduces 3D integration and state of the art. 3D integration
that is now seen as the solution for IoT device fabrication along with a discussion
on the different methods for achieving 3D integrated circuits.

2.1 3D Integration

3D integration, as an idea, got introduced in 1964 by Texas Instruments [4]. Fujitsu
demonstrated the first 3D CMOS integrated circuit in 1983, which included the
stack of one type of transistor above a transistor of the opposite type [4]. However,
the fabrication costs per transistor in 3D integration were much higher than in
2D miniaturization, which limited the industrial application of this method. The
increase in the required investments for further 2D scaling, the need for shorter
interconnects to get benefit from high-performance devices, and the introduction
of new materials and technologies made 3D integrated circuits interesting again.
Nowadays, applications of 3D integration technology are expanding rapidly. Some
of the driving forces for 3D integrations are miniaturization, cost reduction, multi-
functionality, and performance enhancement. There are three major categories of
3D stacking technologies today: using interposer, parallel through-Si-vias (TSV)
integration, and monolithic sequential integration.

3D stacking with interposer (2.5D integration)

In this method, circuits are fabricated separately and attached to an interposer. The
interposer provides interconnections between the circuits and acts as a supporting
platform for multi-chip solutions. This technique permits high metal thickness but
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not high density. Therefore, it is most useful for biosensing and photonic appli-
cations with low-density interconnections [9]. Typical thicknesses of interposers
are in the 100 pm range with TSV width and space of 1-10 pm. Bumps used for
connecting different chips are usually in the range of 40 pm, while the bumps for
joining the interposer are typically in 150+ pm pitch. Figure 2.1 illustrates three
chips stacked on each other of which two of the chips include TSVs. These two top
chips are stacked face-to-face (F2F), while the bottom chips are joined face-to-back
(F2B) [10].

Microbumps or direct bond
Transistor/wiring layers

%\;" Lttt —————————— !

Through-silicon vias (TSVs) %,l | | | | | | | | | |
Microbumps to package or A A -

hy |

interposer

Figure 2.1: Schematic of 3D stacking by using interposer

3D parallel integration TSVs

In this technique, circuits are fabricated on two wafers separately and planarized.
Two mirror-polished wafers with metal pads (usually Cu) are aligned and put into
contact with each other. Adhesive forces are usually applied at room tempera-
ture to form the necessary bonding. The circuits” electrical contacts are reached
through TSVs from the backside of the wafer. This technique becomes more and
more attractive because of its advantages such as no temperature limitations for
separate circuits’ processing and higher interconnection density compared to the
flip-chip technology [10]. Nowadays, most image sensors are fabricated using this
method [11]. Sony presented the first 3-layer stacked state-of-the-art CMOS image
sensor at the IEEE International Electron Devices Meeting (IEDM) 2017. This
chip includes pixel, memory, and image signal processor dies mounted on top of
each other. They have shown that integrating memory with the logic enhanced
the reading speed of the chip from 30 to 120 frame per second [12]. The intercon-
nections pitch in this technique is 1 pm, which is limited by the wafer alignment
accuracy. The misalignment between the top and the bottom pads would increase
the contact resistivity and reduce the yield. Some other challenges in this technique
are choosing the right materials, surface preparation, bonding strength, and metal
atoms diffusion.
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Sequential M3D

The first 2D integrated circuit introduced by Jack Kilby in 1958 was not monolithic
[1]. The components were fabricated on a single piece of semiconductor, but the
interconnections were made using hand soldering. In 1961, the first monolithic 2D
circuit was presented by Robert Noyce in which both components and interconnec-
tions were monolithically integrated on a single piece of semiconductor [13]. The
same story has got repeated in the case of 3D integration 50 years hence. The first
3D integrated circuits are separately made circuits, which are connected to each
other by wires or TSVs. However, for higher interconnect density, M3D is required.

Sequential M3D is an ideal alternative to parallel stacking to increase the density
of interconnections and reach few tens of nanometer pitches. In this method, the
tiers are fabricated on top of each other in a sequential manner. Thus, the M3D
process has the following five main steps:

e Step 1: The first-tier transistors are fabricated on a Si or Sol substrate
followed by metallization and contact formation. The first-tier transistors
are fabricated on a Si or Sol substrate followed by metallization and contact
formation.

e Step 2: The surface is passivated with an insulator material and planarized
using chemical mechanical polishing (CMP).

e Step 3: The wafer is bonded to another wafer for active layer transfer. The
second wafer is called a sacrificial wafer. It contains the active layer of the
second-tier devices.

e Step 4: The active layer is transferred to the insulating material, and the
sacrificial wafer is removed.

e Step 5: The second-tier devices are fabricated directly on top of the first-tier
devices, and the circuits are interconnected through conventional photolithog-
raphy, etching, and metallization.

This process can be continued with several tiers to add higher devices and
functionalities to the 3D integrated chip. Since the same alignment marks can be
used for the fabrication of different tiers, lithography alignment precisions of a few
nm can be achieved. This high alignment accuracy range enables via densities of
more than 100 million/mm?2 between different tiers. Since the nFETs and pFETs
are fabricated separately, it is possible to use several materials and technologies
for the transistors’ performance improvements. For instance, channel materials
with higher carrier mobility can be used. Substrate orientation and strain level
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can be different, and various technologies such as FinFET, fully depleted silicon-
on-insulator (FDSol), and nanowire transistors can be built on top of each other.
However, some benefits do not come without attendant troubles.

The major limitation of sequential 3D integration is the thermal budget of
top tiers’ fabrication. A reasonable max process temperature is determined to be
around 500°C for 2 hours, which can be increased to 600°C if the duration would be
lesser [14]. Thermal stability of silicide and metal gate function are the bottlenecks
for high-temperature processing. Therefore, the top-tier materials and processing
must be chosen correctly to prevent degradation of the bottom-tier transistors while
achieving excellent top-tier transistor performance. Ge and I1I-V materials are con-
sidered good candidates for top-tier transistors channel material because of their
considerably higher carrier mobility and lower processing temperature compared to
Si [15]. Stacking InGaAs nFET on top of SiGeOI pFET is one of the best examples
of high-performance CMOS circuits made through sequential 3D integration [16],
[17]. In the case of using Si as the active layer of the top-tier transistors, new
techniques such as laser annealing and solid phase epitaxy are required to keep the
bottom tier circuits intact [18], [19].

One of the main challenges in sequential 3D integration is the formation of
top-tier channel material. This layer can be achieved by either polycrystalline
material deposition followed by recrystallization or direct wafer bonding and layer
transfer. Layer transfer is usually more complicated compared to polycrystalline
material deposition, and more processing steps are required. However, it has many
advantages arising from the single crystallinity of the layer, which compensates for
the difficulties.

In this thesis, Ge is investigated as one of the most promising candidates for
M3D integration on the Si platform. The reason for choosing Ge is the higher carrier
mobility compared to alternative semiconductor materials and the ability to process
Ge devices at low temperatures. To monolithically integrate Ge on the already
processed Si devices, a unique stack of Si/Ge/SiGe/Ge was epitaxially grown on Si
substrates. Low-temperature processes are developed for wafer bonding, etch-back,
Ge pFET fabrication, and device performance enhancements. The process steps
are discussed in detail in the next chapters.



Chapter 3

Epitaxial growth of Ge and SiGe

Epitazial growth of Ge, SiGe, and Si layers is discussed in this chapter. The basic
concepts behind epitaxial growth are explained with a focus on growth kinetics, and
strain relaxation. The layers developed at this step have been used later for the
fabrication of Ge on the insulator layer and for Ge pFETs’ performance itmprove-
ments.

3.1 Epitaxy

The term epitaxy has a Greek root meaning “arranged on”. It was first used by
Royer in 1928. It is defined as oriented growth of a single crystal material arranged
upon a single crystal substrate. The mechanism behind epitaxy is that of lowering
the internal energy of the system by aligning the atoms of the guest crystal following
the same crystal orientations as the host crystal. This enables the growth of ex-
ceptionally high-quality crystalline materials without increasing the defect density
of the substrate.

Epitaxial growth can be either homoepitaxy if the layer and substrate are the
same materials, or hetroepitaxy if the substrate and layer are different materials.
Many different techniques have been developed for the epitaxial growth of high-
quality materials. Among them, the two most used methods for the epitaxial growth
of group IV semiconductors are molecular beam epitaxy (MBE) and chemical vapor
deposition (CVD). In MBE, the source materials are evaporated from heated cells
and collimated in a single beam before directing them toward the surface of the
substrate. MBE is a flexible method as, in it, the growth parameters can be changed
independently. However, this flexibility comes with other limitations such as a low
deposition rate which limits MBE’s application mainly to research purposes. CVD
has a much higher throughput compared to MBE, which makes it a popular method
for the deposition of a wide range of materials. Currently, it is the most used method
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for epitaxial growth of semiconductor materials because it affords high thickness
and composition homogeneity, and reproducibility concerning the wafer and over
time (wafer-to-wafer).

In CVD, preheated substrates are exposed to precursors in the gas phase, and
the desired layers are grown. Since the reactants are chemically stable at room
temperature, the deposition is limited only to the heated zones. Chemical reactions
determine the composition and the deposition rates of the layers. Therefore, many
parameters such as pressure, temperature, and precursor flow control the layer
quality, deposition rate, and compositions of CVD. There are many different CVD
processes such as low-pressure CVD (LPCVD), reduced pressure CVD (RPCVD),
plasma-enhanced CVD (PECVD), and ultra-high vacuum CVD (UHCVD).

There are two types of reactions that happen during epitaxial growth in a CVD
process: gas-phase (homogeneous) and solid-surface (heterogeneous) reactions. A
homogeneous reaction happens when the source gasses decompose before reaching
the surface and produce solid products. The synthesized particles land on the sub-
strate’s surface after the reaction causing defects and poor uniformity. Therefore,
in our CVD process, gas-phase reactions were not desirable. In a heterogeneous
reaction, the reactant molecules are diffused to the surface where the reaction hap-
pens, and the desired materials are grown epitaxially. In our process, the layers
grown in heterogeneous reactions were more uniform and desired.

The following are two main parameters in a simplified CVD process mechanism:

o Reactant molecules’ diffusion to the surface in the gas phase.

aC D
= Do~ (G = C) = hy(Cy = C) (3.1)

Where J; is the flux of the reactant molecules in gas phase to the substrate
surface, D is the diffusion constant of the reactant gasses, Cy is the concentration
of reactant molecules in the bulk gas, Cs is the concentration of reactant molecules
on the surface, ¢ is the thickness of the boundary layer, and h, is the mass transfer
coeflicient.

o Adsorption of the reactant molecules on the surface.

Jy = K,C, (3.2)

Where J; is the flux of reactant molecules in the reaction site, K is the reaction
rate constant, Cy is the concentration of reactants on the surface.

The by-products need to be desorbed from the surface after the reaction and
diffused from the surface to the gas-phase to be removed from the reactor. When
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the deposition rate is limited by the surface reaction, these two steps can be ignored,
and a steady-state can be achieved. In the steady-state, the two fluxes are equal to
the steady-state flux, which can be calculated as shown below:

Jss = krCy (3.3)

Where kr is the overall rate constant defined by the mass transfer coefficient
(hg) and the surface reaction rate constant (ks):

hoks
hp = —925 3.4
T hy + ks (3:4)

At high temperatures ks > hg which results in k7= hy which means the reaction
is in diffusion controlled regime. In the case of low-temperature processing, however,
ks < hg which corresponds to k7 ~ K and the reaction will be in surface reaction
controlled regime. This temperature effect is mainly due to exponential variation
of surface reaction constant with temperature versus small variation of diffusivity
by temperature (aT3/2).

Therefore, the growth rate is highly temperature dependent in the reaction
controlled regime. The deposition rate of a film with N number of atoms and the
overall deposition rate can be calculated from 3.5 and 3.6.

=125 (3.5)

kr, 1
Giot = —(—= 3.6
tot N (KT) g9 ( )
where P is the partial pressure of the reactant gasses, and K is the Boltzmann
constant.

In this thesis, two different layers are epitaxially grown on Si substrate to be
used for fabrication of ultra-thin Ge on insulator layer for 3D integration applica-
tion. The first layer consists of a strain-relaxed Ge layer grown directly on the Si
substrate. The second layer is a SiGe layer that is epitaxially grown on the Ge
layer to be used as an etch-stop layer in the Gol fabrication process. There are two
important parameters for the transferring layer to achieve a high process yield and
sufficiently good quality material for device fabrication. These parameters are low
surface roughness (below 1 nm) and low defect density. The epitaxial stack shown
in figure 3.1 was designed to achieve high crystal quality with a defect density of
1 x 10*"e¢m =2 and surface roughness below 1 nm.

This chapter details reduced pressure chemical vapor deposition (RPCVD) of
Ge buffer, SiGe etch-stop, doped SiGe contact, and Si cap layers. The epitax-
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ial growth and effects of parameters such as precursors, deposition temperature,
thermal annealing, and thickness have also been discussed in detail.

Ge cap layer

SipsGegs

Strain relaxed Ge

Silicon Substrate

Figure 3.1: Schematic of the epitaxial stack for wafer bonding and Ge layer transfer on
insulator

3.2 ASM Epsilon 2000 Reactor

ASM Epsilon 2000 is a single wafer RPCVD tool equipped with a load-lock and
wafer handling unit. The wafer handling unit and the load-locks are purged with
nitrogen (N) to minimize surface oxidation and oxygen contamination. The wafer
handling uses a Bernoulli wand to transfer wafers from the loading cassette to the
processing chamber and from the processing chamber to the unloading cassette. In
the process chamber, which is made of quartz, the wafers are placed on a silicon
carbide coated susceptor which is heated by using lamps from the top and the
bottom. The process chamber of Epsilon is shown in figure 3.2.

The gas module handles two Ge sources, four Si sources, two dopant gasses, one
tin source, HCI, Hy,andN,. Silane, disilane, trisilane, and dichlorosilane (DCS)
are the Si sources. Germane and digermane are the Ge sources. P-type and N-type
doping are obtained by diborane and phosphine gasses respectively. HoandNy are
used as charrier gasses. HCI can be used in high flow for cleaning the reactor or in
low flow for SEG. Each gas line can go to the vent or the reactor separately, which
offers the option of depositing different materials on top of each other in a single
epitaxial growth step. The processes can be carried out either at reduced pressures
(10-100 Torr) or at atmospheric pressure.

The susceptor is heated through radiation from Tungsten-halogen lamps. There-
fore, the susceptor’s temperature is much higher than the rest of the reactor, and
a major part of the reaction happens on the wafer. The temperature is measured
through five thermocouples placed in the center, sides, front, and end of the suscep-
tor area. The thermocouples are connected to temperature-controlling units which
adjust the power supplied to the lamps separately for each of them so that they
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can reach the temperature set-point homogenously over the wafer. The process
temperature can be precisely controlled between 200°C and 1,200°C.

Figure 3.2: Photo of the quartz chamber of ASM Epsilon 2000

3.3 Epitaxial growth of Germanium SRB on Si(001)

Heteroepitaxial growth can be classified into three distinct modes which have been
detailed in the following paragraph. Growth mode mainly depends on two param-
eters, i.e., the lattice mismatch between the growing layer and the substrate and
the balance between the free energy of substrate (o), layer (o), and the interface
(04)-

The Frank-Van der Merwe growth mode is the case where the free energy of
the substrate is higher than the free energy of the layer and the interface. In this
mode, the single crystalline film is grown layer-by-layer on top of the substrate.
It is also called 2D growth. The Volmer-Weber growth mode is the one where
the free energy of the substrate surface is lower than the layer and the interface.
Therefore, the adatoms bond to themselves to have the minimum free energy and
form 3D islands that cause rough surfaces. The third growth mode is the Stranski-
Krastanov (SK) mode. It is a combination of both 2D and 3D growth modes. In
this case, the growth begins with the 2D layer formation and continues with 3D
growth and formation of islands due to gradual strain accumulation. SK is the
main mode for epitaxial growth of Ge layers on Si substrate [20].

Ge, with a lattice constant of 5.530 A, has a 4% lattice mismatch with Si hav-
ing a lattice constant of 5.530 A. This lattice mismatch makes it difficult to grow
smooth single-crystalline layers having less defect density. The critical thickness of
Ge on Si is reported to be less than 9 atomic monolayers and depends on the growth
conditions. The first few monolayers of Ge on Si will be compressively strained since
the layer’s in-plane crystal lattice matches the substrate. However, by growing Ge
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layers thicker than the critical thickness, the layer loses the strain gradually through
defect formation. By continuing the growth, these defects penetrate through the
film and generate threading dislocations that degrade the crystalline quality and
electrical properties of the material. Besides the defect formations, the 3D island
growth of Ge on Si increases the surface roughness that degrades device perfor-
mance. Several different techniques have been proposed and developed to improve
the surface roughness and lower the defect density. These techniques include graded
SiGe buffer layers [21, 22, 23], two-step growth (low temperature and high temper-
ature), and thermal annealing.

Two step Ge epitaxial growth on Si

The two-step method was proposed in 1998 by Colace et al. [24] and further
developed by Hartman et al. and Luan et al. [25, 26, 27]. In this method, first,
a Ge seed layer is deposited at low temperature (LT) (below 400°C) and then a
second Ge layer is grown on the seed layer at higher temperatures (HT) (above
550°C).

In the low temperature step, 50-100 nm Ge layer is grown on Si surface to
gradually release the 4% misfit stress through misfit dislocations formation. The
surface mobility of Ge atoms is substantially low at temperatures below 400°C.
This lower atom mobility leads to 2D growth morphology instead of 3D and lowers
surface roughness compared to high temperature growth [28]. The seed layers grown
at this step have a high density of threading dislocations in the orders of 10'2e¢m 2.
Therefore, they are not suitable for electronics applications at this stage.

In the second step, Ge layers are grown at temperatures above 600°C to achieve
higher crystal quality and faster deposition rates. By growing thicker Ge layers,
threading dislocations collide and eliminate each other. As a result, growing thicker
layers reduces the level of TDD [29]. However, the thickness cannot be increased
more than five microns as the Ge layer has a slight tensile strain and bends the
Si wafer. Therefore, post-cycle thermal annealing has been proposed to improve
the crystal quality and surface roughness [29]. During cycle thermal annealing,
the temperature is increased up to 900°C and reduced to 100°C several times.
Yamamoto et al. [29] have shown that by choosing the right temperatures and
thickness, it is possible to reduce defect densities to 7 x 10°cm ™2 while keeping the
surface roughness below 1 nm (figure 3.3). However, thicknesses as high as 4.5 pm
are required.

In this thesis research, a two-step process followed by thermal annealing was
used for epitaxial growth of the Ge buffer layer with sufficiently high crystal quality.
Two commercially available gas sources, germane and digermane, were used for the
epitaxial growth of Ge layers. These layers were thermally annealed at 850°C



3.3. EPITAXIAL GROWTH OF GERMANIUM SRB ON SI(001) 17

directly after growth to reduce the defect density to 107em~2. The results of
the growth conditions and material characterizations have been presented in this
chapter.

10" ' ' '
9 O As deposited
10’} o g .
% 8
§10 o
o , o Postannealed
E 10 ¢+ O 01
\Y
10°
s Cyclic annealed
10 e

0o 1 2 3 4 5
Ge Thickness (um)

Figure 3.3: TDD vs Ge thickness [30].

Pre-Epitaxy treatment

The surface of the wafers must be perfect and without any contaminations to achieve
high-quality epitaxial growth. Basically, an epitaxy-ready surface needs to be free
from oxide films, contaminations, and etched-surface damages. The best choice
for surface preparation is performing both ex-situ and in-situ cleanings. Different
processes for wafer cleaning have been presented in [30]. One of the most common
choices for ex-situ cleaning is treatment in a “Piranha” (H2S504 : H203) solution to
oxidize the surface and remove organic contaminations. The process is followed by
hydrofluoric acid (HF) treatment to remove the native oxide and particles on the
surface. The in-situ surface treatment can be performed at different temperatures
and gas ambient conditions. Using hydrogen at elevated temperatures is the most
common in situ treatment for group IV materials growth. This step can be skipped
if cluster tools with in situ wet cleaning stations are being used [31].

For this research, the layers were grown on 100 mm Si wafers that were sub-
merged in a “Piranha” bath for 15 min, rinsed in di-water, and dipped in an HF
solution before loading to the nitrogen purged load-lock. Substrates were in-situ hy-
drogen baked at 1,050°C for 10 seconds. This prebaking step was enough to remove
all oxygen and carbon contaminations that remained on the surface. In the case of
Ge wafers and pre-processed wafers, 800°C and 950°C for 15 min were enough to
prepare a clean surface for epitaxial growth. Ge buffer layers were grown by using
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both germane and digermane sources for comparison. In paper 1, we have detailed
our investigation of two Ge SRBs which were grown with a two-step method by
varying the seed layer growth temperature.

3.3.1 Germanium growth using germane

Germane is the most used gas for Ge and SiGe layer depositions. It is in the gas
phase at room temperature and is usually diluted with either Hs or Ns. For this
research, 10% germane in Hs was used for epitaxial growth of Ge buffers. During
the growth and baking steps, the pressure was constantly kept at 20 Torr. Ge
layers were grown in two-step processes with the first layer at 400°C and the second
layer at 600°C followed by thermal annealing in a hydrogen ambient condition. Ge
layers were grown directly on Si at temperatures ranging from 350°C to 600°C
for the development of the seed layer. The flow of germane was kept constant at
400 SCCM during the growth step. Figure 3.4 shows the deposition rate versus
temperature. The results show that by increasing the temperature from 350°C
to 400°C, the growth rate sharply increased from 5 nm/min to 37 nm/min. This
growth rate enhancement indicates that the process is controlled by the reaction
at these temperatures. However, at a temperature higher than 425°C, the growth
rate is not significantly changed by temperature. This shows that the process, at
this point, is controlled by the gas flow at these temperatures.
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Figure 3.4: Ge growth rate versus temperature with germane flow of 400 SCCM at 20
Torr
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From the experimental data, 400°C was chosen for low temperature growth and
600°C was chosen for the high temperature growth. A 100 nm Ge seed layer was
grown at 400°C followed by ramping up the temperature to 600°C in hydrogen am-
bient conditions with the rate of 50°C/min. The second Ge layer with a thickness of
2 pnm was deposited at 600°C on top of the seed layer. After the growth, the temper-
ature was increased gradually to 850°C, and the sample was hydrogen baked at this
temperature for 10 min. Hydrogen baking smoothens the surface of the Ge layer
and reduces its defect density. The layers were characterized by high-resolution X-
ray diffraction (HRXRD) rocking curve and reciprocal space mapping to investigate
the crystallinity and the residual strain level. Secco solution consisted of 1 part of
K5Crs07 0.15 M, 2 parts of HF (49%), and 3 parts H2O [32, 33], and the Iodine so-
lution consisted of [CH3COOH (65mL)|HNQOs(20mL)|HF(10mL)|I2(30mg)] [34,
35]. These were used for the delineation of threading dislocations, and the defect
density was measured from optical microscope and images from scanning electron
microscope (SEM).

The XRD rocking curve of the Ge layer grown on Si can be seen in figure 3.5. It
indicates that the layer is under 0.15% tensile strain. This amount of strain is due
to the lower thermal expansion coefficient of Si (2.6 x 1076C~!) compared to Ge
(5.9 x 107°C~1). The Ge layer is grown strain relaxed on Si at high temperature,
but during its cooling to room temperature, Ge shrinks faster than Si and becomes
tensile strained. The right side of the Ge peak has some broadening. This is because
of the interdiffusion of Si and Ge atoms at the interface, which results in a Ge-rich
SiGe layer between Si and Ge.
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Figure 3.5: XRD Omega/2Tetha scan around (004) direction of Ge buffer layer on Si
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Similar TDD of 2x107cm ™2 was delineated after the etching in Secco and Iodine
solutions. Scanning electron microscope (SEM) images of the surface topography
after defect selective etching are shown in figure 3.6. For further improvement of the
crystal quality, the Ge buffer layers were grown on Si substrates by using digermane
as the Ge precursor.

Figure 3.6: Etch pit density of Ge SRB revealed by a) lodine solution and b) Secco
solution

3.3.2 Ge growth using digermane

The lower activation energy of digermane compared to germane makes it possible
to deposit the Ge seed layer at temperatures below 300°C. The growth rate of the
Ge layer on Si substrate at temperatures ranging from 280°C to 600°C is shown in
figure 3.7. The flow of digermane (10% diluted in hydrogen) was 100 SCCM, and
the reactor pressure was kept at 20 Torr during the growth. By using digermane,
the Ge layers are deposited at much higher rates compared to when germane is
used. The lowest growth temperature decreased from 350°C to 280°C by using
digermane instead of germane because of the lower activation energy of digermane
when compared with that of germane. The activation energy of 1.1 eV was calcu-
lated from the slope of the graph, which is in line with previous studies [36]. The
reaction is in the kinetic regime at temperatures below 360°C, and the growth rate
increases by increasing the temperature. At these temperatures, the deposition is
controlled by chemical reactions on the surface, atoms’ mobility, and desorption
of by-products. At temperatures above 360°C, however, the reaction happens in a
diffusion-controlled regime that is limited by the mass flow of the reactants. There-
fore, increasing the temperature does not increase the growth rate of the layers.
At temperatures above 400°C, the higher gas-phase decomposition of digermane
reduces the growth rate.
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Figure 3.7: Growth rate of Ge layer on Si substrate at temperatures ranging from 280°C
to 600°C with digermane flow of 100 SCCM at 20 Torr

Ge SRB was grown directly on Si substrate. The seed layer was grown at
280°C-300°C targeting 40 nm thickness. The atomic force microscopy (AFM) mea-
surement after growth shows the formation of pits and surface roughness below 1
nm. We believe that when the Ge seed layer is deposited at temperatures below
brittle-ductile transition, the strain is released through the formation of pits. This
type of strain relaxation results in a much smoother surface morphology than the
growth at higher temperatures. Growing thicker Ge layers on such seed can result
in smooth layers with surface roughness below 1 nm without any need for post
thermal annealing.

The growth was continued by increasing the temperature to 680°C and deposi-
tion of 460 nm Ge on the top of the seed. No post-thermal annealing was performed,
and the layers were characterized by AFM, XRD, transmission electron microscope
(TEM), and etch pit density (EPD).

The initial etch-pit density which was revealed by using the Secco etchant
showed a very small number of defects 4 x 10*cm 2, which was in line with the
results shown in [37]. However, the TEM images showed a higher number of thread-
ing dislocations 5 x 108¢m~2. Therefore, another selective etching solution known
as iodine was used for defects delineation. The result (SEM images in figure 3.8)
was in line with the TEM results. Our investigation shows that the use of Secco,
which is the most common etching solution in Si and Ge alloys, is not always the
best method for revealing threading dislocation density. If the seed layer of Ge is
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grown at temperatures below brittle-ductile transition, the type of defects changes
from 60° dislocations to 90° Lomer (edge) and screw dislocations that have very
few dangling bonds and are less electrically active defects.

Figure 3.8: EPD revealed by a) Secco solution and b) Iodine solution.

For further analysis, Hall mobility measurements were performed on epitaxially
grown Ge layers to investigate the effects of growth conditions on carrier mobility.
This measurement showed that when the seed layer is grown at temperatures as low
as 300°C, the carrier mobility is twice as much as that of the layers grown at higher
temperatures. These results confirm that the defects formed under brittle-ductile
transition temperature are less electrically active.

Since digermane is an expensive gas with limited resources and long delivery
time, germane was used for Ge buffer growth in the rest of this research work. The
two-step method was used for the epitaxial growth of Ge SRBs. The Ge seed layer
with a thickness of 100 nm was grown at 400°C. The temperature was increased to
600°C afterward at the rate of 100°C/min, and the second layer was grown at this
temperature. The total thickness of Ge SRB was 2.5 nm with a surface roughness
of 3 nm. Thermal annealing at 890°C for 10min was done for smoothening the
surface and lowering the defect density. TDD of 1 x 107cm ™2 was delineated by
using lodine and Secco solution. The surface roughness of 0.5 nm was measured by
AFM after thermal annealing.
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3.4 SiGe epitaxial growth on Si and Ge

Epitaxial growth of SiGe layers with different strain levels has been investigated
for many years. The 4% lattice mismatch between Si and Ge creates the possibility
to epitaxially grow compressive and tensile strained layers at the same time. Com-
pressive strain in SiGe boosts the hole mobility which results in higher performance
pFETs with improved ION current [38]. The tensile strained Si layers grown on
strain relaxed SiGe layers showed electron mobility enhancement[39]. Therefore,
the strain relaxed SiGe layers can combine these benefits by being used as a vir-
tual substrate to fabricate CMOS with tensile strained Si nFET and compressive
strained SiGe pFET. Raised highly doped SiGe source and drain are the mainstream
of today’s microelectronics[40]. However, most of the research has been focused on
the epitaxial growth of SiGe layers with low Ge contents, and the epitaxial growth
of fully strained SiGe layers with high Ge content has been not investigated in-
depth. In this research, we have investigated the low temperature deposition of
SiGe layers with Ge contents above 50% on Ge to be used as an etch-stop layer for
Gol fabrication.

As presented in Paper II, the SiGe layers with Ge contents ranging from 20% to
70% were epitaxially grown on Si substrates. Two gas chemistries, silane-germane,
and disilane-digermane were used, and the layers were compared in terms of crystal
quality, strain relaxation, and growth rate. Since it is difficult to precisely measure
the thickness and composition of SiGe layers grown on Ge, the layers were, first,
deposited on Si substrates. The final SiGe layer was grown on the Ge buffer layer,
and it was evaluated by high-resolution XRD (HRXRD).

3.4.1 SiGe epitaxial growth using silane-germane

Figure 3.9 shows the XRD rocking curve of SiGe layers grown at temperatures
ranging from 450°C to 650°C. The partial pressure ratio of germane to silane was
kept at 0.24 during the depositions, and the layers were grown at a reduced pressure
of 20 Torr. At 450°C, the peak at 33.4° was related to the SiGe layer directly
grown on Si substrate. The thickness fringes beside the peak show that the layer
is Pseudomorphic under compressive strain with a flat interface between SiGe and
Si. The thickness and Ge content values extracted from the XRD curves agree with
Ellipsometry measurements. By increasing the temperature, the SiGe peak could
be shifted to higher angles, and the thickness fringes disappeared, which indicates
partial strain relaxation of the SiGe layer.

The Ge concentration and growth rates of SiGe layers extracted from Ellipsome-
try and HRXRD measurements are shown in figure 3.10. At fixed partial pressures,
the Ge content is slightly reduced with an increase in the growth temperature. The
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main reason for this Ge content reduction is the slightly higher activation energy of
silane compared to germane. At higher temperatures, more silane atoms decompose
and contribute to the growth, which reduces the Ge content. The activation energy
of 1.3 eV was calculated from the Arrhenius plot, which is in line with previous
studies.
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Figure 3.9: XRD Omega/2Tetha scan around (004) direction of SiGe layers grown on
Si substrates using silane and germane
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Figure 3.10: Ge content and growth rates of the SiGe layers versus temperature at
P(GeH4)/P(SiHy4) = 0.24.
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Figure 3.11: Growth rate and Ge contents of SiGe layers versus PPR of germane to
silane

The growth rate and Ge contents of SiGe layers versus partial pressure ratio
(PPR) of germane to silane are shown in figure 3.11. By increasing the PPR of
germane to silane from 0.05 to 0.55, the Ge content in the layer increases from
20% to 70%. AT 450°C, the reactant molecules decompose heterogeneously, and
hydrogen desorption controls the reaction. Therefore, increasing the germane to
silane PPR increases the growth rate. At 550°C, the growth rate increases sharply
from 10 nm/min to 70 nm/min when the PPR of germane to silane is increased
from 0.05 to 0.3, and thereafter, it saturates at higher PPRs. The growth rate
saturation is mainly due to the homogenous decomposition of germane at high flow
rates, which has been studied before.

AFM was utilized to evaluate the surface morphology of SiGe layers as grown,
and the images are shown in figure 3.12. The thickness of the SiGe layers was in
the range of 25 — 40 nm. The surface roughness at 450°C has not been shown as
it is below 1 nm, the same as the sample grown at 500°C. The surface roughness
increased at higher temperatures due to the transition in the growth mode from a 2D
growth mode (Frank—Van der Merwe) to a 3D growth mode (Stranski-Krastanov)
[41] and strain relaxation.

3.4.2 SiGe epitaxial growth using disilane-digermane

To lower the growth temperature even further, SiGe layers were deposited by using
disilane (Si2Hg) and digermane (GeaHg) gasses. The lower dissociation energy of
Si-Si and Ge-Ge compared to Si H and Ge H made it possible to grow fully strained
SiGe layers with high Ge contents at temperatures below 450°C. At first, SiGe
layers were grown at 450°C with different PPRs of digermane to disilane, and the
growth rate and Ge content of the layers are shown in figure 3.13. By increasing
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T=500°C
rms = 0.7 nm

Figure 3.12: 10 pmx10 pm atomic force microscopy (AFM) images of the SiGe surfaces
grown at P(GeH,)/P(StH4) = 0.24 in a temperature range of (a) 500°C, (b) 560°C, (c)
600°C, and (d) 650°C

the P(GeoHg)/P(Si2Hg) ratio from 0.055 to 0.55, the Ge content increased from
45% to 70%
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Figure 3.13: Ge content and growth rate of SiGe layers as a function of

P(GezHﬁ)/P(Siszj), at 450°C and Ptot:20 Torr

The growth rate and Ge content of SiGe layers are plotted as a function of
growth temperature in figure 3.14. The Ge content of the films drops significantly
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Figure 3.14: The Ge content and growth rate of SiGe layers versus temperature at
P(GegHg)/P(SiaHg)=0.067 and P;o+=20 Torr

by increasing the growth temperature from 55% at 400°C to 15% at 650°C. This
is due to the lower decomposition rate of Sio Hg compared to that of GesHg at
temperatures as low as 400°C. The growth rate of SiGe layers at low temperatures
was 8 times higher with Sio Hg — GegHg precursors than with SiHy — GeH,. By
increasing the temperature, the growth rate difference got reduced as the growth
was controlled by the mass flow of the reactants.

Figure 3.15 shows the HRXRD rocking curves of SiGe layers grown with fixed
PPR of SisHg/GeaHg at different temperatures ranging from 450°C to 650°C. All
the SiGe layers are fully strained toward the Si substrate and well-defined thickness
fringes are clearly visible beside the SiGe peak. By increasing the temperature, the
SiGe peak gets shifted toward higher angles which shows the Ge content, and the
amount of strain is reduced. Therefore, the critical thickness increased, and the
layers remained fully strained even at growth temperatures as high as 650°C.

3.4.3 SigsGeps growth on Ge

To develop the bonding stack for Ge layer transfer, the SiGe layers were grown
on the Ge strain relaxed buffers. The SiGe layer was grown at 450°C with silane-
germane and 400°C with disilane digermane gasses.

The HRXRD rocking curve of 20 nm Sig 5Geg.s grown on Ge SRB is shown in
figure 3.16. The peak at 34.7 is related to the Si substrate and the peak at 33.2 is
related to Ge SRB. The peak associated with the Sig5Geg 5 layer can be seen at
34.5° with small fringes on the left side. The low intensity of the fringes compared
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Figure 3.15: XRD rocking curve of SiGe layers grown by digermane and disilane at
different temperatures at P(GezHg)/P(Si2He)=0.067 and P:,:=20 Torr.

to the layers grown directly on Si is due to the lower thickness of the Sigs5Geq.5
layer and slightly higher surface roughness of Ge SRB (0.5 nm < RMS < 1 nm)
compared to Si substrate. The position of the peak also moved from 33.4° on Si
to 34.5° on Ge, thus, indicating that the Sig.5Geq s layer is 1.6 % tensile strained
when grown on relaxed Ge.

The surface morphology of Ge buffer and Ge buffer capped with 10 nm Sty 5Geq 5
is shown in Figure 3.17. The AFM images show that the surface roughness of the
layer stack is not increased when the Siy5Geg 5 layer is deposited on top of Ge
SRB at temperatures as low as 450°C. The low surface roughness makes it a suit-
able material for direct wafer bonding and layer transfer application.

3.5 The full stack growth

The full stack for Gol fabrication consists of a 2 pym Ge SRB, 10 nm fully strained
Si0.5Ge0.5, and 20 nm Ge layers. In the first epitaxy step, the Ge buffer layer
was deposited on Si substrates with germane and post-thermally annealed to re-
duce the defect density and surface roughness. The substrates were placed in the
nitrogen purged load-lock to avoid any contaminations and minimize surface oxi-
dation. The growth chamber was then cleaned with HCI at 1,100°C to remove the
unwanted depositions on the quartz and the susceptor. The wafers were loaded to
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Figure 3.16: XRD rocking curve acquired by -2 scan around (004) direction. The
Sio.5Geo.5 peak position at 34.4° and the thickness fringe to the left shows that the layer
is under tensile strain with a sufficiently flat interface with Ge SRB

the growth chamber again for the second epitaxy step. They were in-situ baked at
850°C in hydrogen ambient conditions to remove any native oxides before epitaxial
growth. Two batches of stacks were grown directly over Si substrates one with
silane-germane and the other one with disilane-digermane chemistries.

In the case of silane germane, SiGe and the top Ge were deposited at 450°C.
The layers were grown at 400°C when digermane and disilane were used as the
precursors. The surface morphology of the whole stack was analyzed using AFM
which is seen in figure 3.18. The measurements show surface roughness below 1 nm
which indicates the process is not affecting the surface morphology, and the layers
can be bonded to the carrier wafer without any need for CMP.

Advantages for M3D

The epitaxial stack designed and developed in this research are suitable for large
scale Ge layer transfer and Gol substrate fabrication. The low RMS of as grown
layers make it possible to bond wafers without any post CMP.



30 CHAPTER 3. EPITAXIAL GROWTH OF GE AND SIGE

Figure 3.17: AFM image of Sig.5Geo.5 layer grown on Ge strain relaxed buffer. The
RMS surface roughness does not change with the deposition of Sig.5Geo.s on top of the
Ge SRB.

Roughness Analysis

Image Statistics

Img. Rms (Rq) 0.327 nm
Img. Ra 0.257 nm

Figure 3.18: AFM surface topology of full-stack containing Si/Ge/SiGe/Ge with RMS
of 0.3 nm



Chapter 4

Fabrication of Germanium on
insulator

In this chapter, a short introduction about wafer bonding and layer transfer tech-
niques is presented and the Gol fabrication results are discussed.

Thin body Gol structures are particularly needed to realize high-performance Ge
MOSFETs and suppress the leakage current and parasitic capacitance. In the past,
numerous techniques have been developed for the fabrication of Gol substrates.
There are five main techniques that have been used for the formation of Ge on
insulator layers:

o Condensation method is based on the deposition of a SiGe layer on Sol
substrate and thermal oxidation [42, 43, 44].

e Rapid thermal melting is another method in which an amorphous Ge layer
is deposited and recrystallized through rapid thermal annealing (RTA).

e Lateral overgrowth method is based on the growth of the Ge layer on a
patterned Si substrate using liquid-phase epitaxy [45, 46].

e Smart-Cut process in which ion implantation is used for layer separation
after wafer bonding [47, 48, 49].

o Wafer bonding and etch-back process in which a sacrificial wafer is used for
transferring the Ge layer [50].

Among these methods, the wafer bonding and etch-back processes have many
advantages over other methods of M3D integration. Minimal process temperature,
high crystal quality, and low level of intrinsic dopants were the main driving forces
for using the wafer bonding and etch back method in this thesis work.

31
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4.1 Wafer bonding and layer transfer

The process of wafer bonding and layer transfer is performed in the following two
main steps:

o Step 1: Two wafers (handling wafer and sacrificial wafer) are coated with
insulating material and placed in contact with and bonded to each other.

o Step 2: The sacrificial wafer is removed leaving the target layer on the han-
dling wafer.

There are many different methods for achieving a high yield bonding with low
defects and strong enough surface attachments which will be discussed later in this
chapter. The removal of the sacrificial wafer can be done through either the so-
called Smart-Cut process or selective etching, which will be discussed briefly in this
chapter.

Three general methods that are used for wafer bonding are intermediate layer
bonding, anodic bonding, and direct bonding. In intermediate layer bonding, one
or both the wafers are first coated with an adhesive layer, which is mostly based on
the metals or polymers used, and the wafers are then placed in contact with each
other for bonding. Post-baking and high-pressure treatments are needed sometimes
for fusion and bond formation. Anodic wafer bonding is based on the direct bonding
of two surface-modified wafers in the presence of electric fields. The oxygen ions are
driven to the interface of the wafers, and they form an oxide layer that bonds the
two mating wafers. In the Direct wafer bonding technique, two wafers are placed
in contact with each other, and the bonding forms at the interface through post
thermal baking [51]. The direct bonding method was used in this research work. It
will be discussed further in detail.

4.1.1 Direct wafer bonding

Direct wafer bonding relies on intermolecular attraction forces that are formed at
the interface of two smooth and flat surfaces in proximity. These forces can be
electrostatic forces, capillary forces, or Van der Waals forces. The initial bonding
energy is weak, and the wafers need to go through a post-thermal annealing process
to increase the bonding strength. This method needs extremely clean surfaces with
very low surface roughness (< 1 nm) to get a good result. Depending on the
surface properties and the form of bonding, direct wafer bonding is divided into
two categories: hydrophilic and hydrophobic wafer bonding [51].
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In hydrophobic wafer bonding, the Si oxide is first removed from the surface by
HF treatment which makes the surface hydrophobic. In this method, the contacting
forces between the surfaces are Van der Waals forces or Fluor mediated hydrogen
bonding as explained by Bécklund et al. and Tong et al. [52, 53, 54, 55]. The
bonded wafers are then thermally annealed at high temperatures to form chemical
bonds. This technique is mostly used for the formation of Si PN junction and
bonding III-V materials to Si wafers.

In hydrophilic bonding, the atomic bonds are formed with the reaction of hy-
droxyl (OH) groups on the surfaces. When two hydrophilic wafers (having a high
density of OH groups) are placed in proximity of less than 1 nm, they bond to
each other by hydrogen bonds. The hydrogen bonds are formed between hydrogen
atoms on one surface and electronegative atoms, such as O, on the other surface.
Therefore, a minimum density of polar molecules on the surfaces is required to form
hydrogen bonding all over the surfaces.

When hydrogen bonds are formed, water molecules are generated as byproducts
(equation 4.1 below) which need to be removed from the interface. These water
molecules can be removed through diffusion out of the interface or dissolving in the
materials. Removing the water molecules leads to the polymerization of OH groups
and the formation of strong covalent Si O Si bonds [56].

Si— OH + OH — Si ¢+ Si — O — Si + HyO (4.1)

This reaction is reversible at room temperature, and a thermal annealing step
is required to facilitate the reaction. This thermal annealing step can be performed
either at low temperatures for a long period or at high temperatures for a shorter
duration [57].

There are many methods for making a surface hydrophilic (add OH groups)
such as using oxygen plasma and wet chemical treatments. The interaction of water
molecules with silica surfaces has been widely studied beyond the wafer bonding
application. Water molecules react with silica surface at room temperature to
form silanol groups (Si-OH). This makes the surface hydrophilic. The level of
hydrophilicity depends on the chemical structure of the silanol groups and their
density [58].

The higher the density of OH groups, the higher will be the binding energy.
However, the high amount of OH groups will result in the formation of more water
molecules during annealing, which increases the density of thermal voids. Thus,
there is a trade-off between the bonding strength and the number of thermal voids
per area.



34 CHAPTER 4. FABRICATION OF GERMANIUM ON INSULATOR

4.2 Removing the sacrificial wafer

After bonding two wafers to each other, the sacrificial wafer needs to be removed.
This part of the process is critical for achieving a high degree of thickness homo-
geneity over the wafer. In the case of Sol fabrication, the well-controlled thermal
oxidation of Si makes it possible to thin down the top layer precisely and fabricate
Sol wafers with a few nm Si on top. However, Ge oxidation is not that straightfor-
ward, and with the technology available, today, it is not possible to homogenously
remove Ge. In the case of Gol fabrication, a few hundred microns of Si and Ge
materials need to be removed while tens of nm of the top layer stay intact. This is
one of the reasons why large-scale ultra-thin Gol wafers are not still commercially
available.

Different approaches have been developed for removing the sacrificial wafer and
keep the transferring layer intact. Two main techniques are Smart-Cut and etch-
back.

4.2.1 Smart-Cut and grinding

The Smart-Cut technique was invented and developed by LETI in 1994. In this
method, the donor wafer is implanted with hydrogen atoms before bonding it to
the carrier wafer that is placed in contact to form the bonding. The bonded wafers
are post-thermal annealed at about 400°C to increase the hydrogen pressure in the
platelets and force them to grow laterally splitting the sacrificial wafer into two
pieces. In the case of Ge layers, the wafer can be split at even lower temperatures
about 300°C because of the stress-induced by thermal expansion coefficient mis-
match with Si. After splitting, the top surface is ground and polished to remove
the damaged and rough surfaces.

This method is the most common method used nowadays for Sol wafer fabrica-
tion. One of its benefits is that that the donating wafer can be reserved and reused
after chemical mechanical polishing. In Sol wafers, the residual hydrogen atoms
coming from ion implantation are removed during post-thermal annealing. In the
case of Gol, however, the residual hydrogen atoms act as p-type doping and limit
the carrier mobility [59, 49]. In Sol fabrication, the Si layer can be thinned down to
several nm by thermal oxidation. However, the thickness of Ge cannot be reduced
homogenously by thermal oxidation, and this makes it difficult to fabricate ultra-
thin Gol wafers with high thickness homogeneity through the Smart-Cut technique.
Therefore, the etch-back technique was used in this research for the fabrication of
ultra-thin Gol wafers for an electronic application.
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4.2.2 Etch-back

The etch-back technique is based on chemically etching and removing the donor
wafer while keeping the target layer intact. Since wafer thicknesses are in the range
of hundreds of pm, the etching processes should be highly selective toward the
so-called etch-stop layer to minimize damages to the transferring layer(s). This
technique does not need any ion-implantation or CMP which is an advantage over
the Smart-Cut technique. However, the donating wafer cannot be reserved. As
mentioned earlier, it needs a highly selective etching process which limits its appli-
cation for different materials.

4.3 Methods for evaluating wafer bonding

Several different techniques have been suggested to characterize and inspect the
bonding quality, including mechanical, thermal, structural, and electrical properties
of the bonding interface. The key quantities which have been investigated in this
thesis are the bonding strength and the stability of the layer in a harsh environment,
the density of the voids in the interface, and the interface defect density.

4.3.1 Bonding strength measurement

Evaluation of bonding strength is challenging because of the high degree of data
uncertainty. Therefore, many different methods have been proposed and developed
to evaluate the adhesion strength properly. Some of the most developed methods
are the following: Double cantilever beam (DCB), Tensile testing, Chevron testing,
Blistering, and Post-bonding process resilience [57].

4.3.2 Post-bonding process resilience

In this method, the resilience of bonded wafers or transferred layers in different pro-
cessing steps is used for assessing the bonding strength. This method is qualitative
and reveals the density of the non-bonded areas. The portion of the transferred
layer which remains intact after the processing is done indicates how strong the
adhesion is. Some of the common processing steps used for bonding evaluation are
wafer dicing, wet chemical treatment, lithography steps, and cleaning steps.
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4.3.3 Voids density measurement

The density of bonding discontinuity is another quality factor for wafer bonding
assessment. The bonding discontinuities are called voids, and they are mostly
caused by contaminations, particles, surface morphology, or trapped gasses. There
are two types of voids: primary voids that are revealed when two wafers are placed
in contact and thermal voids that appear after heat treatments for strengthening
bonding adhesion. There are two main non-destructive measurement methods for
the estimation of voids density that work based on the same principles. These are
optical inspection, and scanning acoustic microscopy.

Optical inspection is the most common method for the evaluation of bonding
integrity. In optical inspection, light passes through the bonded materials, and the
areas that are not bonded are revealed through light scattering. The wavelength
of the light should be chosen depending on the mating materials. In the case of
Si, which is not transparent in visible light, infrared (IR) light can be used. In
this case, the bonded wafers are placed between a source of IR light (which can
be a hotplate) and an IR camera. Since the voids area has two interfaces with a
gap filled with air or water, the heat or IR light transmission will be different, and
those spots can be easily seen in the IR image. An IR image of bonded wafers is
illustrated in figure 4.1.

Figure 4.1: IR image of the bonded SiO2 — SiO2
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The IR transmission technique is an inexpensive, fast, and simple method for
bonding evaluation. However, the lateral resolution is low, and if the material is
not to be transparent to IR light, this technique cannot be applied.

During this research, DBB was used for the evaluation of the initial bonding
strength, and IR transmission was used for assessing the bonding integrity. Later,
the bonded wafers went through different harsh environments such as wet and dry
etching to assess their stability in conventional CMOS processing. In the end, Ge
transistors were fabricated on the Gol wafers to investigate the electrical properties
of the bonding interface.

4.4 Gol fabrication process in this research

In this research, direct wafer bonding was developed for transferring a single crys-
talline Ge layer on insulators. Since the epitaxial stack had surface roughness
below 1 nm, no CMP was needed for high-yield wafer bonding. However, transfer-
ring high-quality Ge layers to insulating materials with sufficiently good yield and
thickness uniformity was challenging.

The Ge SRB had an inherent 0.14% tensile strain due to the thermal expansion
coefficient mismatch between Si and Ge. This tensile strain led to the formation of
micro-cracks when the layer was directly bonded to another wafer and the sacrificial
wafer was removed. Despite the low surface roughness of the epitaxial stack, the
peak to the valley was in the range of a few nm which means only a portion of the
Ge surface was in good contact (distance less than 1 nm) with the insulator to form
the needed bonding forces. The unbonded areas are freestanding after removing the
sacrificial wafer, and they cannot tolerate the residual strain. As a result. micro-
cracks are spread all over the wafer. To overcome this problem, an oxide layer was
deposited on the Ge surface by using the atomic layer deposition technique (ALD).

4.4.1 ALD Oxide Deposition

The ALD oxide must fulfill the following requirements to be applicable for wafer
bonding and Ge transfer:

o Cover the Ge surface homogeneously,

e Has strong bonding energy with SiOs,

e Low deposition and baking temperatures,

o Low charge and oxide trap density at the interface with Ge
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Figure 4.2: IR images of bonding process showing bonding wave propagation through
wafer

Among ALD oxides, Al;O3 and SiO,, are well developed and fulfill the re-
quirements. Therefore, they were both deposited on the epitaxially grown stack to
be investigated for our wafer bonding process. The AlsOs3 layer was deposited at
200°C by using trimethylaluminum (TMA) and water as precursors. About 11 nm
thick AloO3 was deposited on the Ge layers in 100 cycles of TMA and water. The
Si0s layer was deposited at 350°C by using AP-LTO-330 and ozone. AP-LTO-330
is the commercial name for the Si precursor manufactured by Airproduct. There
were about 100 cycles of exposure to the precursor deposits 11nm of SiOs.

4.4.2 Wafer Bonding

The wafers were directly bonded to thermally oxidized Si wafers at room tempera-
ture. After ALD oxide deposition, the wafers were rinsed in di-water and dried in
a rinse-drier tool. The di-water rinsing is mainly for generating OH groups on the
surface before wafer bonding. After surface treatment, the wafers were placed in
contact with each other, and the bonding process was initiated by applying a small
force to the edge of the wafer. The IR images of the bonding process presented in
figure 4.2 show how the bonding wave propagated through the wafer. The mated
wafers were then post-thermal annealed at different temperatures and durations,
investigated by using the IR-camera, and diced in strips for DCB bonding strength
measurements.
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The initial observations through the IR camera did not indicate any differences
between Al;O3 and SiOs, indicating that none of the interfacial layers add rough-
ness to the surface of the layers. There was no statistical relationship between the
interfacial layer material and the number of voids before baking. However, the
DCB measurements show that the SiOs interfacial layer needs baking tempera-
tures higher than 450°C to have a strong bonding with the thermal oxide, whereas
baking temperatures as low as 350°C were enough to form a strong bonding be-
tween AlsOsz and thermal oxide. The higher baking temperature requirement for
Si02 makes it less attractive for 3D integration applications. Moreover, the inter-
face of Ge/Al;O3 has fewer defects when compared to Ge/SiOs interface, which
makes Al;O3 a better candidate for interfacial layer application. For the rest of
the experiments during this research, Al,O3 was used as the ALD oxide for wafer
bonding.

4.4.3 Baking

Baking temperature and duration play an important role in Gol fabrication. In
this research, post-bonding baking at different temperatures ranging from 100°C to
600°C was applied to the mated wafers to achieve the highest yield. DCB measure-
ments were performed on the samples, and they show that the bonding strength,
in this case, was higher than that in the case of Si bulk in all the samples. How-
ever, the DCB method is limited to very low bonding strengths. Therefore, the
wafers were post-processed using inductive coupled plasma (ICP) dry etching tech-
nique, the TMA hydroxide (TMAH) wet etching technique, and the standard clean
1 (SC1) solution treatment to evaluate the bonding strength through processing.
The results show that, if the baking temperature would be lower than 300°C or ap-
plied for a too short period, the bonding strength would be low, and the layers get
delaminated during the etch-back process. On the other hand, a higher density of
thermal voids was observed when the mated wafers were annealed at temperatures
higher than 400°C, and the process yield was reduced. Therefore, a baking tem-
perature of 350°C under atmospheric pressure and ambient air conditions, applied
for 8 hours, was chosen for the post-thermal annealing of bonded wafers.

4.4.4 Si etching

A combination of dry and wet etching techniques was used for removing the sac-
rificial Si wafer selectively toward Ge and minimizing the damages that could be
caused to the transferring layer. In the first step, the wafer was thinned down to
100 pm by using the ICP etching technique. After etching, about 100 pm of Si was
left in the middle of the wafer, while the whole Si layer was etched in the edges. In
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the second step, the remaining Si layer was removed in the TMAH bath at 80°C.
It should be noted that TMAH etching of Si is strongly selective toward Ge. This
selectivity helps in removing the Si layer neatly without causing any damage to the
Ge buffer layer.

4.4.5 Ge and SiGe etching

In this research, a novel etching technique was developed for etching 2 pm Ge buffer
layer and leave the 20 nm active Ge layer intact. For this purpose, the SiGe layer
with 50% Ge content was epitaxially grown on Ge followed by deposition of 20 nm
active Ge layer on top. The 50% Ge content was chosen to achieve the highest etch
selectivity while minimizing the number of defects in the top layer. Two etching
solutions, diluted SC1 and Al etching solution were used for etching the Ge layer
and stop on the 10 nm SiGe layer.

For the initial test, a stack of Ge/SiGe/Ge/SiGe (2 pm/30 nm/130 nm/30 nm
respectively) was epitaxially grown on a Si substrate. PECVD Si oxide was later
deposited on the top and used as a hard mask for patterning and etching mesas.
SEM cross-section image of a mesa after selective etching of Ge with the SC1
solution is shown in figure 4.3 from the image, it can be clearly seen that over 400
nm of Ge layer is etched, while 30 nm SiGe layer is intact.

sio,
. Si Geg
{
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Figure 4.3: SEM cross section image of selectively etched Ge/SiGe/Ge/SiGe stack
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The etching mechanism of Ge with the SC1 solution is based on the oxidation of
Ge atoms that are soluble in water and deplete from the surface. The etch rate of
200 nm/min was calculated based on the step height measurements before and after
etching. In the case of the SiGe layer, Si oxide is not soluble in water and forms
a protective layer on the surface and protects the layer from further etching. The
thickness of the SiGe layer and formed oxide is shown in figure 4.4. The plot shows
that in the initial steps, the SiGe thickness is reduced by 1 nm. This corresponds
to fast oxide formation. After 160s of etching with the SC1 solution, the thickness
of the SiGe layer is reduced by 1.5 nm, which shows that the further etching rate
is negligible. These results prove that a SiGe layer with thickness as low as 3 nm
is protective enough to remove a few microns of Ge selectively.
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Figure 4.4: Removal of SiGe etch-stop layer and formation of SiO2 during SC-1 etching

The final step of Gol fabrication is removing the SiGe etch-stop layer. For this
purpose, a 5% TMAH solution diluted in Di water at 80°C was used, and the wafers
were dipped in the solution for 2 min. The etching selectivity of SiGe to Ge in the
TMAH solution was 5, which makes this a good approach for removing the few nm
remaining SiGe layer.

An optical image of the final Gol wafer and the thickness wafer map is shown in
figure 4.6-a. The few defects on the Gol wafer are due to presence of contaminations
which can be improved in the case of industrial-scale fabrications. The thickness of
the Ge layer was measured at 25 spots over the wafer with the use of Ellipsometry,
and the findings are shown in figure 4.6-b. A thickness homogeneity of over 90%
is one of the biggest advantages of this technique compared to conventional Gol
fabrication methods. The main cause for thickness non-uniformity is the TMAH
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etching of SiGe, which was done by dipping the wafers in the solution bath. This
non-uniformity can be resolved by using a single wafer-spraying machine. The
unintentional p-type doping of below 10'cm—3 was measured from 4 probe sheet
resistance measurements. This residual doping concentration is as per the doping
values commonly measured in epitaxially grown Ge layers.
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Figure 4.5: a) Optical image of a fabricated Gol substrate, b) Thickness map of a
fabricated Gol wafer with 20 nm Ge on top

The surface morphology of the fabricated Gol that was measured using AFM
is shown in figure 4.6. The average surface roughness of 0.5 nm was measured over
10 x 10tm?2, which shows that the processes did not add any extra roughness to the
surface.
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Figure 4.6: AFM image of the surface topography of a fabricated Gol substrate showing
RMS below 0.5 nm



Chapter 5

Ge pFET fabrication

In this chapter, the M3D compatible fabrication of Ge pFET devices on Gol sub-
strates are described, and the electrical characterization results are presented.

Ge is one of the best semiconductor choice for high mobility p channel devices to
be integrated on Si heterogeneously. Therefore, many papers have reported PMOS-
FETs fabricated on either bulk Ge [60, 61], or Gol substrates [62]. In [63, 59, 64, 65]
Gol PMOSFET devices show promising performances for low power applications.
In this part of the thesis, a 3D integration compatible process is developed for the
fabrication of Ge pFETs on 25 nm Gol substrates. The pFET devices are charac-
terized to evaluate the quality of the Ge layer and its interface with the insulator
box. Device performance homogeneity over the wafer is investigated to evaluate
the layer homogeneity and the feasibility of large-scale circuit fabrication.

5.1 Fabrication of Ge pFETs

The fabrication process flow of the Ge pFET devices is described below. The steps
involved are the following:

1. The active area of devices and the alignment marks were defined through
conventional i-line photolithography and dry etching (HBr, Cls) of the Ge
layer.

2. Photoresist stripping using oxygen plasma and 1% HF treatment was done
before gate dielectric deposition.

3. Gate stack formation:

e Rapid thermal oxidation at 550°C for GeOs formation.
e 5nm ALD Al>O3 deposition at 200°C.
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¢ 12 nm TiN deposition in a physical vapor deposition (PVD) tool at room
temperature.

¢ 80 nm in-situ P-doped polycrystalline Si deposition in an LPCVD reactor
at 560°C.

40 nm PECVD Si0, hard mask was deposited on the wafers, and the gate
was patterned through photolithography and dry etching.

. BF, ion implantation at 48 keV with dose of 10*®em =2 for source/drain dop-

ing.

. Gate spacers fabrication:

¢ 12 nm ALD Si0, deposition at 350°C.
e 50 nm PECVD SiN deposition at 400°C.
e SiN anisotropic dry etching.

RTA at 600°C for 1 min for dopant activation.

. Deposition of 400 nm PECVD SiO5 at 400°C to form interlayer dielectric.

. Defining and etching the contact holes through lithography and reactive ion

etch (RIE) (CHUF,, CFy) followed by 1% HF treatment.
Deposition of 100 nm TiW, 500 nm Al using a PVD tool for metallization.

Patterning the contact pads and etching the metal stack using photolithog-
raphy and RIE.

An optical image of six fabricated chips and a TEM image of a 0.8 pum transis-
tor are presented in figure 5.1. The Ge layer in the active area was not affected or
delaminated during the process which is the first indication that the bonding and
layer transfer process is sufficiently good for large-scale fabrication. The channel
thickness measured from TEM images was 25 nm which is in-line with the ellipsom-
etry values. The gate stack (equivalent oxide thickness [EOT] of 4.3 nm) and the
gate spacers are formed with the expected thicknesses showing good process control
during device fabrication. The source and drain areas are recrystallized through
RTA after ion implantation. However, some crystal damages could still be found.

5.2

Fabrication of Sol pFETs

To have a reference to compare Ge devices with, Sol devices were fabricated through
a similar process as the Ge with some minor differences.
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o For the gate dielectric, thermal SiOy with EOT 4.5 nm was used.

e Ion implantation was done at 9 keV, and dopants were activated with RTA
at 1,000°C in N3 ambient for 10 s.

o Forming gas annealing was performed on the processed wafers at 400°C for
30 min after metallization.

Poly-Si

 TiN~12 nm

Figure 5.1: Optical image of six chips fabricated on Gol substrate, b) TEM image of 0.8
pm pFET device fabricated on Gol substrate

5.3 Characterizations of Ge pFETs

The Ip — Vi characteristics of a Ge MOSFET with 0.8 pm gate length are presented
in figure 5.2-a. The device was turned on and off at both high and low Vp without
any need for back biasing which is an improvement over previous Gol pFET studies.
The effects of back biasing (Vpg) are shown in figure 5.2-b When a positive back
bias of more than 20 V was applied, the threshold voltage did not change, and
the subthreshold slope (SS) was slightly degraded from the minimum value of 170
mV/dec. When a negative back bias voltage less than -10 V was applied, the back-
interface approaches inversion, and the transistor does not turn off anymore. In
the absence of back gate bias, the Ge/box interface is depleted. This confirms the
low residual dopant density in the Ge layer and the low number of fixed charges
at the interface of Ge and the box. The Ge/Box interface state density (Dit—pack ),
calculated from the linear part of the Vi — Vg curve, was 1 — 2 x 102eV ~tem 2.
This interface state density is in line with the D;; values extracted from capacitation
voltage (CV) curves of Ge/AloO3 MOS capacitors shown in figure 5.3-a.
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Figure 5.2: a) Ip — Vi characteristics of a Ge MOSFET with 0.8 pm gate length, b)
Ip — Vi behavior under back-bias voltage of -40V to 40V

The SS, in this case, is similar to that in the previous studies as is shown in
table 2. The Dj;_front of the front gate calculated from the SS was in the range
of 4.5 x 102eV~lem ™2, which can be possibly improved by using better high-K
dielectric stacks. The fabricated Ge devices show 60% higher long channel mobility
compared to the Sol reference devices as is shown in figure 5.3-b.

LG (um) Tb (nm) EOT (nm) SS wh Reference

0.8 25 4.3 170 170 This research
10 45 - 210 - [64]
0.07-2.5 60-80 1.8 95-105 110 [65]
9 60 2.1 145 350 [59]
0.1 10 45 175 10 (66]
0.17 3 - 116 - [67]
>100 2.25 - >190 5-250 [68]
0.1-0.5 25.90 3 165-220 - [69]

Table 5.1: SS comparison with literature
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Figure 5.3: a) CV curves of Ge/Al2Os MOS capacitors, b) Carrier mobility in Gol and
Sol pFET devices

The threshold voltage of pFETs mapped over the wafer is shown in figure 5.4.
The devices with VT out of the presented range and the devices which did not
work are shown in black. A yield of 70% was achieved with not working devices
mostly where Ge was not attached properly to the box and got removed during the
etch-back process. The median Vi of Ge and reference Si pFETS were -0.18 V and
-0.65 V respectively. TCAD simulations without considering any fixed charges in
neither front nor back interfaces estimated a Vg shift of 0.47 V between Gol and
Sol devices which was in line with the data we collected for our experiment.
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Figure 5.4: Threshold voltage map over wafer
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Advantages for Ge M3D integration:

The results of device characterizations show that the Ge/Box interface is not sub-
stantially degraded by oxide charges. The yield of 70% proves that our Gol fabrica-
tion process can be implemented for large-scale fabrication of SD circuits. The 60%
higher carrier mobility compared to Si devices can improve CMOS performance.
However, the front gate dielectric and the contact formation need to be improved
to decrease the SS and contact resistivity.

The Ge pFETs fabrication process in this work is compatible with M3D inte-
gration in terms of temperature budget. The highest processing temperature was
kept at 600°C for 1 min, which is in the accepted range for M3D integration. The
results presented in this chapter show that the Ge layer transfer process is ready for
implementation on Si devices for second-tier and higher-tier device levels in M3D
integration.



Chapter 6

Improvement of Ge transistors
performance

In this chapter, Si surface passivation, and selective epitazial growth of SiGe layers
in the source and drain area are presented for Ge pFETSs performance improvement.

The measurement result from our Ge pFETS’ characterizations shows that the
following two areas of the fabrication process need to be improved:

o Gate dielectric material

¢ Contact formation

For improving the SS, a unique Si cap process was developed that was integrated
with our thulium oxide dielectric to form a high-quality high-K dielectric on Ge.
SEG of highly doped SiGe layers in the source and drain areas was investigated
with the objective of reducing contact resistivity.

6.1 Si Cap epitaxial growth on Ge to passivate the surface

The subthreshold slope value achieved in this work is much higher than the theo-
retical value (60 mV /decade), which can be achieved at room temperature in fully
depleted devices. In the main, this discrepancy is due to the parasitic capacitance
of interface states and oxide charges at the Ge/Gate dielectric interface. In this
part of the thesis, we elaborate about how the Si cap layer was developed for Ge
surface passivation and gate dielectric material development.

49
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6.1.1 Si passivation layer deposition

The challenges of creating high-quality GeO,/Ge interface has inspired interest in
the passivation of Ge surface with Si atoms and the development of High-K/Si/Ge
gate stack. It has been shown that Si passivation can enhance mobility and reliabil-
ity of Ge devices while reducing the D;; [70, 71]. However, the 4% lattice mismatch
between Si and Ge and the Ge atoms’ diffusion in the Si layer makes it challenging
to grow high-quality Si cap layer. The two main parameters of the Si cap processing
that can influence the overall performance of Ge devices are the thickness of the Si
passivation layer and the epitaxial growth conditions of the Si layer.

The critical layer thickness of Si on Ge is below 12 monolayers depending on
process conditions [72]. At thicknesses above 12 monolayers, the D;; value increases
as a result of plastic strain relaxation. Therefore, the Si cap layer’s thickness should
be kept below 10 monolayers to suppress plastic strain relaxation and crystal defect
formation. However, it has been found that charge carrier mobility in the channel
region decreases by decreasing the thickness of the Si cap layer [73, 74]. As a
result, the optimum thickness of the passivation layer is limited to 6—8 monolayers
to achieve the highest carrier mobility and the lowest D;; value [72].

The second parameter is the epitaxial process conditions, which can be divided
into four main parts: the method, the precursor, the temperature, and the pres-
sure. The Si passivation layers have been grown by MBE and CVD techniques by
different contributors. The MBE growth results show island formations and Ge
diffusion in the Si layer at elevated temperatures and amorphous layer formation
at room temperature [75, 76]. The initial CVD epitaxial growth of Si layer on Ge
substrates was performed at temperatures as high as 550°C, which resulted in Ge
segregation toward the surface [77]. The contributors explained that the first mono-
layers of Si on Ge are formed based on the lower energy of Ge-H bonds compared
to Si-H bonds. However, they used 550°C annealing for hydrogen desorption that
resulted in Ge segregation. Later, it was shown that when the Ge surface is covered
by hydrogen, a reversible place exchange happened between Si and Ge atoms at
temperatures around 350°C. This atomic place exchange drives the Si atoms to the
surface to form an H-covered Si surface that has 30meV lower energy compared to
H-covered Ge surface. By increasing the temperature to 550°C, all H desorbs from
the surface, and Ge atoms return to the surface again [77]. Therefore, the growth
process temperature should be limited to temperatures below 550°C to suppress Ge
segregation.

Different Si precursors such as SiHy, SiosHg, SizHg, and SigHyy were investi-
gated by the contributors in the CVD tools to develop Si passivation processes at
low temperatures [78, 79]. However, economically beneficial, well-controlled epitax-
ial growth of Si passivation layer with high thickness homogeneity is still a challenge.
The Si cap layers grown by silane were not successful since the growth tempera-
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ture needs to be higher than 500°C and the Ge atoms segregate on the Si surface.
The higher Si order precursors such as Si3Hg, and SiyHyo at growth temperatures
below 450°C have shown promising results. To achieve high deposition rates and
enhance H desorption, the layers are grown at atmospheric pressure and nitrogen
ambient conditions. CVD growth of Si passivation layer with Sio Hg and SisHg at
reduced pressure and H ambient conditions were not investigated to our knowledge.

In this research, SioHg and SisHs at reduced pressure were investigated to
develop high-quality ultra-thin Si layers on Ge. The process details and the results
in this regard are presented below.

To find a suitable Si precursor a series of Si layers were grown at different
temperatures using disilane, and trisilane. These layers were grown at temperatures
ranging from 400°C to 650°C, while the pressure was kept at 20 Torr and H, was
used as the carrier gas. The growth rates versus temperature findings are plotted in
figure 6.1. Trisilane and disilane, behaved similarly at temperatures below 500°C.
Growth rates as high as 1 nm/min were reported for Si growth at temperatures
below 450°C. This result shows that at reduced temperatures, the reaction is more
controlled by hydrogen desorption from the surface rather than gas decomposition.
Using trisilane needs an evaporation system since it is in the liquid phase at room
temperature. Such a system makes it difficult to develop a reproducible homogenous
layer over a long period of deposition. Therefore, disilane was used for the epitaxial
growth of the Si cap layer at temperatures below 450°C. Deposition temperature
of 400°C was chosen, which is the minimum temperature at which Si layers can be
epitaxially grown in our process conditions. The deposition rate was ~ 2 nm/hr
with thickness inhomogeneity of 2% over 100 mm wafer.
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Figure 6.1: Growth rate of Si versus temperature using silane, disilane, and trisilane

The initial presence of Si cap was confirmed by the hydrophobicity test. Later,
the thickness was extracted from spectroscopy ellipsometry measurements and TEM
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images. The Si cap layers were deposited on in-situ phosphorous dopped Ge buffer
layers for MOS capacitor fabrication and electrical characterization. The Si cap
deposition duration was changed from 30 min to 60 min to find the right thickness,
and the temperature was varied by + 3°C to evaluate the robustness of the process.

6.1.2 Ge MOS capacitor fabrication using Si passivation

To evaluate the Si passivation layer, the MOS capacitors were fabricated on the
Ge/Si layers and electrically characterized by our collaborator at KTH. After
Si Cap deposition, the active areas were defined through hard mask deposition,
photolithography, and dry etching, and a well-developed, in-house gate dielectric
[80, 81] was deposited on top. The remaining hard mask layers was removed from
the active areas’ surface through 1% HF treatment before gate stack formation.
Then 7.4 nm ALD T'msO3 was deposited at 225°C using T'mCps and H>O precur-
sors followed by post-RTA at 550°C in nitrogen ambient conditions to form thulium
silicate interfacial layer. The ALD H fO, layer was deposited at 350°C (targeting
5.6 nm thickness) using H f DO, and H2O precursors, and post-deposition it was
annealed for 10 min in O3. The gate stack deposition was completed by deposition
of ALD TiN gate metal at 425°C using T%Cly and N Hg precursors. Then 500 nm
AL was used for metallization. It was patterned and dry etched to define contact
pads for electrical probing. The wafers went through forming gas annealing for 30
min at 400°C in Hy /Ny ambient before characterizations. The process flow of the
MOS capacitors’ fabrication and the cross-section schematic and TEM images are
shown in figure 6.2.

(a) Ge SRB growth (b)

n-type doping 1-3-10"%cm™
Si-cap growth
400°C, SijHs

PECVD SiO, deposition
400nm

Active area definition

| Sicap |
Dry etching + HF
ALD Tm203
225°C, TmCp, and H,0
Silicate formation
550°C, Ny, 1 min

ALD HfO,
350°C, HfDO4 and H,0 + O, PDA

ALDTIN

425°C, TiCl, and NH, Tm, 04/ HIO,
Al deposition _Tmsio

500nm Al by PVD
Gate patterning

FGA

400°C, 10 % H, in N, 30 min

s

Figure 6.2: a) Process flow for fabrication of MOS capacitors, b) Schematic cross-section
of gate stack, and ¢) TEM cross-section image of fabricated gate stack
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CV characteristics of a MOS capacitor are shown in figure 6.3. The Si cap was
grown at 400°C for 40 min and no substantial-frequency dispersion was visible in
the CV curve. EOT and D;; were extracted from CV curves of 10 MOS capacitors
over the whole wafer. EOT was found to be 3.75-3.8 nm and D;; was 274 x
101 eV ~tem™2. The reference MOS capacitor showed similar D;; values. The Dj;
values were consistent with those of the previously reported Si/TmSiO/Tmo05
MOS capacitors (D;; ~ 10*'eV~tem™2), which indicates that the gate stack is
efficiently transferred to Si passivated Ge.
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Figure 6.3: (a) CV characteristics of Ge/Si/TmSiO/Tm203/H fO2/TiN gate stacks
with Si-cap. (b) Interface state density is 2-4 x 10"eV ~"'em™2 at EOT of 3.75-3.8 nm

The D;; values of MOS capacitors with different Si cap deposition times (30-60
min) are shown in figure 6.4. The minimum D;; of 3 x 101*eV ~tem ™2 was achieved
at 40 min deposition of Si cap at 400°C. Shorter deposition time increased the Dy
significantly to values above 10'2eV ~tem =2, This higher D;; value could be due to
the smaller thickness of the Si cap layer, which is partially consumed in the gate
stack formation. Longer deposition times also increased the D;; values to above
10'2eV ~tem ™2, which can be the result of strain relaxation and defect formation
in the Si cap layer.

Oxide trap density N,, of both Si passivated and reference MOS capacitors
were calculated from hysteresis of a dual CV sweep. The N,, values are presented
in figure 6.5 as a function of the oxide electric field Eox which is defined as:

VG max VFB
E,, = ———— 6.1
CET (6.1)
where Vg maz is the maximum voltage applied in the dual sweep, Vgpp is the
flatband voltage, and CET is the capacitance equivalent thickness. The Si passi-
vated gate dielectric shows hysteresis as low as 3 mV at Eox of 4 MV /cm, which
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Figure 6.4: Interface state density of Ge/Si/TmSi0/Tm203/H fO2/TiN gates as a
function of Si-cap growth time. Average over 10 measuring devices is displayed. Standard
deviation is indicated with error bars

corresponds to N,, of 1.5 x 101%m=2. This value is significantly lower than the
N, values of the reference devices without Si passivation (N, ~ 2 x 10em™2).
The result suggests that the Si passivation method developed in this research can
improve the reliability of Ge devices while keeping the D;; to low values.
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Figure 6.5: Oxide trap density N,, extracted from CV hysteresis as function of oxide
field Eox. Si-cap devices exhibit more than 20 times lower oxide trap density than reference

GeOx devices
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Advantages of M3D integration

In terms of process integration, the epitaxial growth of the Si passivation layer
was developed. The MOS cap fabrication and electrical characterization show that
this process can be integrated into Ge electronics and has the potential to improve
the Ge/gate interface and reliability. In terms of temperature budget for M3D
integration, the Si cap layer growth and gate dielectric formation are performed at
temperatures below 550°C, which is compatible with 3D integration. However, the
Ge surface needs to be in-situ hydrogen baked at 800°C before Si cap deposition.
This baking temperature can be reduced by using longer baking times at lower
temperatures along with using cluster tools with an in-situ cleaning station.
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6.2 Selective epitaxy for source and drain

Junction formation is one of the most critical aspects of Ge transistors’ fabrication.
Low dopant solubility in Ge makes it challenging to form highly doped source/drain
regions and achieve low parasitic resistance. Traditionally, ion implantation and
post thermal annealing were used for junction formation in Ge devices [82, 83, 84,
85, 86]. However, Ge crystals are damaged during ion implantation, and high-
temperature treatments are required to recrystallize the Ge layer and anneal out
the defects [87, 88, 89]. SEG of in-situ doped SiGe has been implemented on Si
technology for shallow and abrupt junction formation [90, 91, 92, 93, 94, 95, 96].
The same technique can be integrated on Ge pFET devices for junction formation.
SEG of in-situ doped SiGe is an implantation-free process that can be achieved
at different temperatures. Therefore, it has the potential to overcome Ge pFET’s
junction issues.

In this part of the thesis, the findings of an investigation of the SEG of in-situ
doped SiGe layers as source/drain material have been provided. Planar p™/n diodes
were fabricated and characterized on both Si and Ge bulk wafers to investigate
the junction leakage and benchmark toward other Ge junctions. The reason for
performing the experiments on bulk materials was to eliminate the other sources
of junction degradation.

6.2.1 In-situ doped SiGe growth

SEG of in-situ boron-doped SiGe layers with 27% Ge content was performed both
on n Ge and n Si substrates. The process conditions were as follows:

1. 200 nm PECVD 5705 was deposited and patterned through i-line lithography
to define the openings.

2. 180 nm of Si05 in the openings was removed through dry etching.

3. 20 nm remaining oxide was cleared by 1% HF treatment.

4. The wafers were loaded to the RPCVD tool for SiGe growth right after HF
treatment through a load-lock to minimize surface oxidation.

5. Substrates were baked in hydrogen ambient conditions at 800°C for 10 min
to remove the native oxide and prepare the surface for epitaxial growth.

6. SiGe layers were deposited at 650°C and pressure of 20 Torr using DCS and
germane (10% diluted in hydrogen) as Si and Ge precursors, respectively. For
in- situ doping, BaHg (1% in Hydrogen) was used for p-type doping.
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7. A metal stack of 100 nm TiW and 500 nm Al was sputtered on the surface
and patterned through photolithography and dry etching to form contacts to
PN diodes for electrical characterizations of the layers.

Surface morphology was investigated with AFM, and the dopant concentration
was measured with secondary ion mass spectroscopy (SIMS) and resistivity mea-
surements (figure 6.6). The AFM images confirm that the surface roughness of the
PT-SiGe layer was below 3 nm after the epitaxial growth. The higher RMS of SiGe
layers compared to the Ge buffer was due to partial strain relaxation of the layers.
The partial strain relaxation eliminated the thickness fringes besides the SiGe peak
in the HRXRD rocking curve shown in figure 6.7. The SIMS spectra show that
dopant concentration of 2.5 x 10c¢m ™3 was achieved in the P*SiGe layer with a
resistivity of 3.5 mQcm. Ge content of 27% was measured with SIMS, which agrees
with Ellipsometry values.

30 10?'

1020_

20
1019 4

1018 4

Concentration (atoms / cm®)
Ge content (%)

1017_

0 10 T : T T T 0
0 1 Zl 30 pm 0 20 40 60 80 100 120 140

Depth (nm)

Figure 6.6: a) AFM image (35 pm x 35 um) of the p+Sio.73Gep.27 film grown selectively
on Ge. b) SIMS analysis on 80 nm p*Sig.73Geo.27 film grown selectively on Ge

PN diodes were fabricated and characterized by collaborators to evaluate the
junction quality by investigating the reverse leakage current (IR) at 1V bias. The
forward current was in the same order of magnitude for different diode areas, and
it was mainly limited by the resistance of the bulk wafer and the backside contact.
The reverse current was, however, scaled with the diode area.

Two types of leakage currents contributed to the total reversed current, i.e., area
current (I4) and perimeter current (Ip). The results show that for small diodes
with a perimeter of less than 12 pm, the Ip has the strongest contribution to the
leakage current. However, increasing the perimeter to more than 12 pm, the I4
becomes dominant. Leakage current density of 2.2 x 1072 A(cm) ™2 was measured
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Figure 6.7: XRD rocking curve of selectively grown SiGe layer on Ge buffer layer on Si
substrate acquired by scanning omega/2tetha around (224) direction

for the largest diodes with an area of 104 pm?2. This leakage current density is
comparable to the values reported in other studies.

M3D integration application

In terms of process integration, selective epitaxial growth of highly doped SiGe ma-
terial at source/drain is currently integrated into the Si CMOS technology. How-
ever, when it comes to integration using M3D Ge MOSFETSs, the gate material
and the spacers need to be encapsulated in a passivation layer to eliminate non-
selective growth. The ex-situ and in-situ surface preparations should be modified
to protect the fabricated devices and the interconnections. From the temperature
budget point of view, the process temperature should be kept below 600°C, which
can be fixed by choosing other precursors with lower cracking temperatures.



Chapter 7

Conclusions and outlook

This chapter concluded the thesis with summary and outlook
7.1 Summary

Our research was focused on the development of a Ge active layer for monolithic 3D
integration circuit technology. For this purpose, epitaxial growth, wafer bonding,
etch-back technique, device fabrication, and optimization processes were designed
and developed to present the proof-of-concept application of Ge in M3D integration.

For the development of the bonding stack, the Ge SRB layer, the fully strained
SiGe etch stop, and the Ge active layer were epitaxially grown on Si substrates in
an RPCVD reactor. (Papersl”II)

e The process parameters were adjusted to grow 2.5 nm Ge layers with TDD
of 107em? and surface roughness of 0.5 nm without any need for CMP.

e A fully strained Sig.5Geq 5 layer on Ge was developed and implemented as an
etch-stop layer to protect the transferring Ge layer.

e The active Ge layer was epitaxially grown on the SiGe layer at low tempera-
tures to prevent strain relaxation of the SiGe layer and minimize Si-Ge atoms’
interdiffusion.

Room temperature wafer bonding and a unique etch-back process were devel-
oped to remove the sacrificial wafer and leave the 20 nm Ge on the insulator intact.

(PaperlIII)

e Room temperature wafer bonding with a high yield was developed by using
ALD Al303 and Si0O intermediate layers.
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o Baking temperature of 350°C was used for 8 hrs to form strong bonding at

the interface of the wafers while staying in the safe temperature region for
M3D integration.

A series of wet and dry etching techniques were used for removing the sac-
rificial wafer and 2.5 pm Ge buffer while protecting the 20 nm active Ge
layer.

Further, 20 nm Gol substrates were fabricated with thickness inhomogeneity
of 5% over 100 mm substrate and surface roughness of 0.5 nm without using
any ion-implantation and CMP.

Ge pMOS devices were fabricated on our Gol substrate for layer and interface

characterizations. (PaperIII)

The max processing temperature was kept below 600°C so that it could be
M3D integration friendly.

About 70% device yield over the wafer confirms the high reliability of the Gol
fabrication process.

Gol pFET devices exhibit 60% higher carrier mobility than Sol pFET refer-
ence devices.

Contact resistivity and SS were much higher than expected.

To improve the performance of Ge top-tier devices, alternative junction mate-

rials and gate dielectrics were developed. (PapersIVandV)

A Sub nm Si cap layer was developed to passivate the Ge surface for gate
dielectric formation.

Interface state density of 3x 10 eV ~1em ™2 was achieved from the integration

of Si passivation layer with an already developed gate stack in MOS capacitor.

The Si passivated gate dielectric shows hysteresis as low as 3 mV at Eox of 4
MYV /em, which corresponds to N, of 1.5 x 10%cm 2.

Selective epitaxial growth of highly doped SiGe was developed for improving
the junction quality of Ge devices.

P*-SiGe/Ge junctions were formed with leakage current in the same magni-
tude as ion implantation and SoD methods.
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In conclusion, the technologies and processes designed and developed in this
our research and presented in this thesis can be integrated into monolithic 3D
integration of Ge pFETSs on top of Si nFETSs to fabricate high-performance CMOS
circuits. The Ge layer transfer technique shows high process yield and thickness
homogeneity over the wafer. The Ge pFET processing temperatures are compatible
with M3D integration. The device’s performances indicate that integration of Ge
as top-tier material is feasible for future 3D circuits. The Si passivation technique
can reduce the D;; to enhance the charge carrier mobility of Ge while decreasing
the oxide trap density to improve reliability. Selective epitaxy of highly doped SiGe
on Ge was achieved. This can improve the junction formation in Ge devices.
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7.2 Outlook

Fabrication of high-quality Gol substrates and high-performance Ge devices for
M3D applications continues to be challenging. Our research that has been presented
in this thesis has addressed the many issues that are faced in the utilization of Ge
as the top-tier material for pFETS’ fabrication. All the steps from Ge epitaxial
growth to gate dielectric and further to junction improvement were investigated,
and we have provided solutions for dealing with the said challenge. However, we
believe that these processes can be further improved in terms of the processing
temperature, yield, and integration.

Temperature budget: The processing temperature for pre-epitaxy in-situ
cleaning still exceeds the accepted M3D integration temperature budget. This
temperature can be reduced further by improving the ex-situ surface treatments and
implementing cluster tools with cleaning units. The application of other precursors
can be investigated for selective epitaxial growth of highly doped SiGe layer for
junction formation to decrease the process temperature even more.

Gol fabrication: The processes described in this thesis were performed in
a research facility and were mostly carried out manually. Using cluster tools for
wafer bonding would have minimized particle contaminations and voids. The Ge
pFETs that did not work were in the areas where Ge got lifted during the etch-
back process. By improving the wafer bonding, the overall fabrication yield can
be increased significantly. Wet etching was performed by dipping the wafers in
solution baths. This method decreased the etching homogeneity and increased the
inhomogeneities over the wafer. Using a single wafer wet chemical etching tool
would improve the homogeneity.

Ge pFETs fabrication: The highly doped SiGe selective epitaxial growth and
the Si passivation layer can potentially enhance Ge pFETs performances and their
reliability. These processes need to be integrated with Ge device fabrication while
the maximum temperature needs to be kept in the M3D integration budget. The
re-crystallization of source and drain area after ion implantation needs to be further
investigated. Integration: Finally, Ge pFETs need to be integrated with Si nFETS,
and the devices need to be interconnected to form CMOS circuits.

As a conclusion, M3D will be a part of the future circuits’ fabrication. The
3D integration is already implemented in memories and sensors showing significant
performance enhancements, and the M3D is not far from commercialization.
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