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CHAPTER 1
INTRODUCTION

1.1 SOI: the future of CMOS

In 1965 Gordon Moore was the first to notice that the number of devices inside
chips could be increased at a constant exponential pace, essentially because en-
gineers were able to reduce the size of transistors. Over the years and for more
than four decades Moore’s axiom has held true and is now widely considered as
a "law", gradually shifting from a mere observation to the driving force of the
semiconductor industry.

The fantastic evolution of microelectronics has thus been made possible by
continuously shrinking the size of the transistors and successively overcoming
the challenges encountered at each transistor generations. In this context, the
silicon-based planar bulk CMOS technology has been the technology of choice by
microprocessor manufacturers due to its low cost and excellent scalability. Figure
1.1 shows the evolution of the gate length of bulk CMOS transistors fabricated at
Intel for the past 25 years. The figure highlights the discrete technological steps,
or nodes, that have been achieved and indicates that 30 nm-long devices are now
being produced. The figure also shows the predictions made by the International
Technology Roadmap for Semiconductors (ITRS) for the coming 15 years.

According to the 2005 ITRS Roadmap [1], the downscaling of planar bulk CMOS
devices has now reached a point where further scaling is to face significant chal-
lenges. The main issue arises from the high-channel doping required to control
short-channel effects (SCE), which significantly degrades carrier mobility and re-
duces the drain current. It also increases band-to-band tunneling across the junc-
tions, leading to an increase of the parasitic leakage current. In addition, the
statistical fluctuation of channel dopants is to cause increasing variations of the
threshold voltage.

As a consequence, the implementation of new structures such as ultra-thin
body (UTB) fully depleted (FD) Silicon-on-Insulator (SOI) and multiple gate MOS-
FETs (MUGFETSs), which both require lower doping levels, appears as the only viable
alternative in silicon-based technologies to replace planar bulk CMOS devices in
microprocessors within a few years. As illustrated in Figure 1.1 the introduction
of UTB FD SOI and multiple gate MOSFETs on the industrial stage should occur
no later than in 2008 and 2011, respectively. Nevertheless, the tremendous chal-
lenges faced by the implementation of FD SOI devices (such as a precise control
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Figure 1.1: Evolution of the physical gate length in microprocessors fabricated at
Intel and future ITRS predictions.

of the silicon film thickness, the reduction of source and drain resistances to tol-
erable values, ...) has driven some major IC manufacturers to directly target the
fabrication and production of multiple gate transistors. In this context, the most
likely-to-emerge MUGFET'Ss consist in the triple gate and the FinFET structures due
to their high compatibility with planar CMOS processing. At the present time,
these SOI-based devices have already been subjected to intense investigation in
major IC foundries such as Intel [2] or IBM [3].

SOI therefore appears as a necessary option for future silicon-based devices.
Yet it must be pointed out that the introduction of SOI into production lines has
actually been achieved much earlier than what was planned by the 2005 ITRS for
the fully depleted UTB MOSFETs or SOl MUGFETSs. Leading IC manufacturers, such
as IBM, AMD and Freescale, have been producing partially depleted SOI chips for
half a decade by now. This is because the improvements gained by using SOI
instead of bulk devices have considerably boosted chip performance. The first
SOI product, a 64-bit PowerPC microprocessor from IBM, was already shipped in
the summer of 1998 [4].

The continuous and long term efforts that have been devoted to developing
and producing SOI by many independent and private research groups have grown
SOI into a mature technology. The use of SOI in the digital microprocessor world
is now globally spread. However, as SOI is especially well suited for low power
applications, the SOI technology has also recently penetrated the analogue market.
As described at the end of this chapter, the SOI technology constitutes a serious
option for low cost analogue/RF products, such as front-end receivers of mobile
phones.
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SOI is thus mature, worldwide and application rich.

The coming paragraphs offer an introductive view of the SOI technology as
opposed to the bulk technology and briefly expose the reasons why it has gradually
become a major actor in the IC industry. The scope of this thesis is detailed at the
end of this chapter.

1.2 The SOI material

The first silicon-on-insulator wafers were developed more than 30 years ago, and
initially consisted in SOS (silicon-on-sapphire) wafers which were first commer-
cialized in 1971 [5]. These wafers presented low carrier mobility and a high cost
of fabrication, which has pushed scientists to develop other types of silicon-on-
insulator materials such as silicon-on-insulator-on-silicon (SOI). The first commer-
cially available SOI wafers were the SIMOX substrates, already in 1987.

1.2.1 Fabrication of SOI wafers

A variety of different methods have been developed to fabricate high quality SOI
wafers, which distinguish themselves from bulk wafers by the presence of a thin in-
sulating layer at a certain depth of the top silicon surface. An exhaustive overview
of these methods, which can be classified into three main families, can be found
in [5] and [6]:

- The first category comprises SOI wafers obtained by deposition of either crys-
talline silicon (using epitaxial growth) or polysilicon on an insulator-covered
wafer. In the latter case, the recrystallization of polysilicon into single crystal
silicon can be obtained by laser or zone melting methods [5].

- In a second approach, the SOI wafers are fabricated by isolating a thin silicon
layer from the substrate. This layer is then oxidized and forms the buried ox-
ide of the final structure. The most successful technique of this category has
been the Separation-by-Implanted-Oxygen (SIMOX) approach, in which the BOX
is fabricated by implanting oxygen at a certain distance from the surface of the
starting bulk wafer. The implanted wafer is then annealed to form SiO- at the
desired depth.

- In the last category, the SOI wafers are built by bonding two wafers together.
A variety of bonding approaches have been proposed, such as the Bonded-and-
Etched-back SOI (BESOI) and the Smart-Cut process. BESOI wafers are obtained
by thinning a silicon wafer that has been bonded onto an oxidized wafer. Though
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this method provides high quality SOI wafers, it is expensive since it consumes
two Si wafers per SOI wafer produced. Another approach, called Smart-Cut,
solves this issue. This successful technique is widely considered in the 374
chapter of this work and is further described in the coming section.

1.2.2 The Smart-Cut process: a technical and commercial success

SOI wafers fabricated using the Smart-Cut technique are called UNIBOND wafers.
The fabrication of UNIBOND wafers is illustrated in Figure 1.2. The method con-
sists in the following basic steps [7]: (a) thermal oxidation of a Si bulk substrate
called "donor substrate", (b) implantation of hydrogen through the oxide into the
donor substrate, which forms microcavities and microbubbles in the implanted
substrate at a depth equal to the implantation range, (c) bonding of the oxidized
substrate with a HR Si substrate called "handle substrate" (d) thermal processing
of the bonded structure in order to split the donor substrate and leave a silicon
film on the oxide, (e) chemo-mechanical polishing (CMP) of the Si film to obtain the
desired surface roughness and layer thickness.

The Smart-Cut technique provides numerous advantages over other methods
used to build SOI wafers, which are summarized here [5,6]:

- it yields a much better uniformity of the silicon surface (0.15 nm) than other
methods,

- since only a small proportion of the donor wafer is used per fabrication cycle,
the donor wafer is almost entirely recyclable,

- unlimited combinations of BOX and film thicknesses can be achieved, targeting
a variety of different applications (high power, MEMS, optoelectronics...),

- this method can potentially be used to transfer a thin layer of any semiconductor
material on top of an insulator,

- it relies on existing standard microelectronic manufacturing equipment.

These advantages have largely contributed to its popularity among the scien-
tific community and has lead to an undeniable industrial success. Large volume
production was achieved around the year 2000. SOI wafers fabricated using the
Smart-Cut process currently represent 80 % of the total SOI wafer market.
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Figure 1.2: Fabrication of UNIBOND SOI wafers using the Smart-Cut process.
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1.3 Advantages of SOI over bulk

At a device or circuit level, the advantages of SOI over bulk CMOS technologies are
well known [5,6, 8] and can be summarized as follows:

- substrate isolation: as the BOX isolates the source/drain extensions from the
substrate, junctions capacitances and leakage current are reduced. This yields
increased speed and reduced power consumption compared to the bulk tech-
nology. The isolation from the substrate also provides immunity to latchup.

- reliability: SOI circuits are highly insensitive to radiation effects, since electron-
hole pairs are generated in the thick silicon substrate instead of inside the thin
active film.

- top material: since the Smart-Cut process can be adapted to transfer any semi-
conductor material on top of the buried oxides, strained silicon-on-insulator
(sSOI) and SiGe-on-insulator (SGOI) wafers can be easily fabricated. This type
of wafers have already been demonstrated to increase device performance by
carrier mobility enhancement [9,10], and are almost ready for production.

- HR substrates: The use of high resistivity (HR) substrates (with resistivity higher
than 1 kQ.cm) is hardly compatible with bulk CMOS when digital circuitry is
required (due to latchup issues [11,12]) unless patterned implants of deep boron
doses are used to locally reduce the substrate resistivity [13]. In SOI, low loss
HR substrates can be easily fabricated and boost the performance of Si-based
RF circuits.

At a process level, other main benefits of SOI are:

- increased layout density: unlike in bulk technology neither wells nor deep trenches
are needed to isolate the devices from one another, allowing flexibility for more
compact designs and offering a simplified technology.

- new device architectures: the use of SOI substrates facilitates the fabrication of
SCE-free multiple gate devices at nanoscale dimensions, which form the future
of the CMOS roadmap.

Because of these significant advantages, it is often considered that the SOI
technology is one node ahead than its bulk rival: at node n it performs comparably
with the bulk technology at node n + 1 [6].

SOI currently represents some 3-4 % of the total wafer market. This figure is
even expected to rise to 10 % by the end of the decade. Recent market research
made by Gartner Dataquest and Semicon Research Corp. indicates that the total
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Figure 1.3: Time evolution of the SOI wafer market.

SOI wafer market is expected to approach US$1 billion by 2009. Figure 1.3 shows
the fantastic evolution of the SOI wafer market over the last decade. The figure
also highlights the relative contribution of thin (with a top film thickness (tg;) lower
than 1 ym) and thick (ts; > 1 um) SOI products and indicates the market penetra-
tion time of the different wafer sizes. 300 mm-wide SOI wafers are currently being
manufactured and processed. The size of the wafers should further increase in fu-
ture years (450 mm in 2012 [14]). The maturity and benefits of SOI combined with
the increased availability of SOI wafers have charmed some major IC chip builders
into the fabrication and commercialization of SOI-based products, as described
below.

1.4 Fully vs partially depleted devices: distinct advantages, differ-
ent applications

In planar SOI technology two distinct families of devices are classically considered.
In fully-depleted (FD) MOSFETS, the thickness of the silicon film is reduced in such
a way that the depletion region below the inversion channel extends down to the
buried oxide. In this case the entire Si film is depleted from free carriers. When
the film is made thicker the depletion region can stop at a certain depth within the
silicon film, leaving an un-depleted region above the buried oxide called the body.
For this reason such devices are referred to as partially depleted (PD) MOSFETsS.
The floating potential of the body region in PD SOI MOSFETs is responsible of
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floating body effects, which affect the device electrical behaviour.
The electrical characteristics of fully and partially depleted transistors are dis-
tinct and confer different advantages to both types of devices:

- Fully depleted MOSFETs: FD devices present nearly ideal subthreshold slopes,
enabling the reduction of the threshold voltage and of the power consumption.
Junction capacitances are the lowest and the FD technology is therefore par-
ticularly well suited for ultra low power analog applications [15,16]. This was
demonstrated by a Japanese company, OKI, which fabricated an IC in 0.35 um
Fully-Depleted (FD) SOI consuming 150 nA at 0.7 V for a CASIO solar watch [17].
OKI also successfully built AC receivers for time code signals (transmitted at
frequencies ranging from 40 KHz to 100 KHz) with a power consumption of
17 uW, one third to one tenth lower than using bipolar-based technologies.

- Partially depleted MOSFETs: PD transistors present a reduced process complex-
ity compared to FD devices [4]. They also present other advantages such as a
dynamic threshold voltage (V) (which can boost the drain current and reduce
switching times [6]), an easier processing of multiple V7 circuits, and the possi-
bility of connecting the body (thereby enabling to completely suppress floating
body effects under DC conditions [4]). The characteristics of PD devices make
them very attracting for high speed, high performance digital applications. Com-
panies like IBM, Freescale, AMD and Toshiba-Sony have all adopted PD SOI for
their microprocessor products. Examples of upcoming high end applications
are the graphic processors of game consoles (Play Stations and Xbox).

Other niche applications of SOI include radiation-hard circuits for the space and
military industry, high temperature circuits for the automotive industry as well
as for oil drilling equipment, and more recently, MEMS [18] and optoelectronics
components [19]. The status of SOI for mixed signal/RF applications is discussed
in the next paragraph.

1.5 Future use of SOI, a promising contender for mixed signal and
RF applications

The mainstream of RF applications currently relies on ITI-V (GaAs, GaN) and silicon-
germanium (SiGe) bipolar silicon (BiCMOS) technologies due to their superior noise
and high frequency performance [20]. The availability of wide bandgap materi-
als (such as GaN) has also made III-V technologies more suitable for RF applica-
tions in which high power amplification is needed [21]. However, as device di-
mensions have continued to scale down silicon-germanium (SiGe) heterojunction
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bipolar (HBT) and RF CMOS technologies are now able to seriously compete with
compound semiconductors. For instance, 90 nm gate length nMOS devices were
recently reported with f; and fi.x values of 243 and 208 GHz respectively and
a minimum noise figure of 1.1 dB at 26 GHz [22]. The rapid improvement of the
RF capability of silicon has been such that silicon is now widely considered as a
viable option to replace GaAs in some applications [20,23, 24].

Clearly, the main motivator for the use of CMOS over BiCMOS or III-V tech-
nologies is its lower cost. As explained in [25] similar or even lower cost can be
obtained using BiCMOS or III-V technologies when purely RF functions are con-
sidered. Indeed in that case the chip area is dominated by passive devices and
I/0 pads. However, when even small amounts of digital logic are to be integrated
CMOS has a clear advantage as circuit density and chip size scale with the square
of the minimum lithographic dimension [25]. For this reason most successful
commercializations of RF bulk CMOS products have been realized with systems-
on-chip (SoCs), in which a high level of (mixed: digital/analog) integration could be
achieved: radio transceivers for wireless local area network (WLAN), Bluetooth and
Zigbee standards [24, 26], GPS receivers, transceivers for DECT (Digital European
Cordless Telephony) cordless and GSM cellular phones [24].

Because of the recent advances in CMOS technology, the current limitations of
CMOS are no longer related to the intrinsic performance of the active devices but
to the quality of the passive components [27]. The performance of RF circuits is
indeed determined to a large extent by the quality factors of the passive devices,
which reflects their ability to store electrical energy and their propensity to dissi-
pate power. Power dissipation is mainly associated with substrate and conductor
losses, and to a lesser extent electromagnetic radiation. A reduction of substrate as
well as conductor losses is therefore crucial. Another important issue in mixed sig-
nal RF CMOS applications is the amount of noise injected into the substrate by the
digital logic and crosstalk which can affect sensitive RF functions. Proper design
is thus essential in reducing substrate noise generation and parasitic crosstalk.

In this context, SOI appears as a technology of choice for mixed signal RF CMOS
applications. Due to its lower junction capacitance and reduced leakage current,
SOI provides reduced static and dynamic power consumption of the digital logic
(by a factor close to 30-40 % [8]) combined with increased cut off frequencies [28].
Crosstalk in SOI is also reduced since the buried oxide (BOX) provides better elec-
trical insulation [29]. In terms of passive device integration the major benefit of
SOl is the possibility of using high resistivity (HR) substrates, as mentioned earlier.
Though there is still some concern from parasitic surface conduction below the
BOX in HR SOI wafers, typical effective resistivity values lie in the several hundreds



CHAPTER 1. INTRODUCTION

Active devices:
Floating body effects and body node characterization in Chapter 4
RF properties of triple gate MOSFETs in Chapter 5

Transmission lines and passive devices:
substrate losses in Chapter 2
improvement of substrate quality in Chapter 3

Figure 1.4: Top picture of a travelling wave amplifier highlighting the use of both
passive (transmission lines) and active (MOSFETSs) devices. The figure also outlines
the different aspects investigated in this work.

of Q.cm range, which provides substantial loss reduction over standard (20 Q.cm)
resistivity wafers. The reduction of substrate losses in the case of HR SOI also
relaxes the design of passive devices, allowing a further decrease in conductor
losses. Optimized passive designs for HR substrates was demonstrated to allow
up to 60 % reduction of power consumption for RF blocks such as VCO’s [30].

Examples of successful realizations of mixed signal RF circuits using SOI are
the 10 Gbps ethernet transceiver from Mitsubishi [31], which was already commer-
cialized in 2002, or more recently the RFID tags designed by Hitachion a 0.130 um
technology [32]. It is believed that these are only the first examples of SOI-based
RF applications, as SOI is likely to become a major contender for the low power
mixed signal/RF industry.

1.6 Scope of this work

The scope of this work is to assess the present status of the RF performance of
HR SOI substrates and SOI devices for analogue and RF applications. For such
applications it is often desired that passive and active components are integrated
on the same chip to reduce fabrication costs. Passive devices typically consist in
transmission lines, varactors and inductors, which are distributed amongst and
connected to the nodes of active devices such as bipolar transistors or MOSFETS.
This is illustrated in Figure 1.4 for the particular case of a travelling wave amplifier,
a widely used RF circuit block.
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In order to achieve high speed performance and low power consumption it is
also desirable that passive devices with the lowest losses and active devices with
the highest cut-off frequencies are built on the same chip.

As losses of passive devices are intimately related to losses in the substrate
itself, the first part of this work (Chapter 2) deals with the RF performance of high
resistivity SOI substrates, with a nominal resistivity (ps;) value typically higher than
3 kQ.cm. It is well known that HR SOI wafers exhibit a substantial loss reduc-
tion over standard (ps; =~ 20 Q.cm) resistivity substrates. However it is shown
in Chapter 2 that currently manufactured HR SOI wafers suffer from a resistivity
degradation at the substrate surface, which considerably reduces the RF perfor-
mance expected by this kind of wafers. In Chapter 3 we propose a HR SOI wafer
fabrication technique that successfully overcomes this issue.

While Chapters 2 and 3 focus on the performance of passive devices on HR SOI
substrates, Chapters 4 and 5 deal with the analogue/RF behaviour of active devices.
In Chapter 4, a frequency analysis of floating body effects in partially-depleted SOI
devices is presented. This analysis includes the gate-induced floating body effect
caused by gate tunneling in advanced CMOS technologies. It is shown that its
frequency behaviour exhibits strong similarities with that of the well know kink
effect, both being dictated by time variations of the body potential. An accurate
AC modeling of these floating body effects therefore requires a complete charac-
terization of the body node in PD devices, which can be accomplished by using a
multiport measurements set up. The use of multiport measurements to character-
ize multiple access PD SOI devices is illustrated for the first time in that chapter.
Finally, the RF properties of sub-100 nm triple gate FD SOI devices are analyzed
in Chapter 5. The main sources of parasitics in these devices are highlighted and
technological approaches to reduce these parasitics are proposed. Despite unop-
timized device geometry and technological process steps, the investigated devices
outline cut off frequencies on the order of 100 GHz, supporting their possible use
for future RF applications.

11
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CHAPTER 2
RF PERFORMANCE OF HIGH RESISTIVITY
SOI SUBSTRATES

2.1 Introduction

With the rapid boom of mobile communication systems and the recent explosion of
the telecommunication market, much pressure has been set on the microelectron-
ics industry to produce low cost, high performance RF and mixed mode circuits.
The integration of both RF analogue and digital circuits on a single chip requires
that substrate issues are fully addressed, since substrate losses and crosstalk noise
are known to be major factors limiting the performance of Systems-on-a-Chips
(SoCs) [1], [2]. Selecting the appropriate material for the substrate is therefore cru-
cial. In this context High Resistivity Silicon (HRS) appears as a promising medium
for radio frequency integrated circuits (RFIC) [3,4] and mixed signal applications [2]
due to its low cost and full compatibility with CMOS processing. Besides, nominal
values of resistivity as high as 10 kQ.cm can readily be achieved. However, due to
the semiconductor nature of silicon, oxidized HR silicon substrates (such as in HR
SOI wafers) are usually characterized by space charge effects at the SiO,/Si inter-
face, which can lead to a local reduction of the substrate resistivity and parasitic
conduction at the substrate surface [3-6].

The aim of the present chapter is therefore to provide the reader with a view
of the difficulties encountered when intending to obtain truly high resistivity sub-
strates. It is also to assess the RF performance of oxidized HR silicon or HR SOI
substrates. Since an extensive use of transmission lines is made for character-
ization purposes, this chapter starts with a brief overview of the fundamental
properties of such structures on the Si0O,/Si system, as presented in [7]. In that
section, two different structures are investigated: the microstrip (MS) line and the
coplanar waveguide (CPW). It is shown that due to different electrical configuration
inside the two structures, both types of lines exhibit distinct electrical behavior
and substrate loss mechanisms. In particular, the coplanar structure is partic-
ularly sensitive to variations of the electrical properties at the substrate surface.
This structure then proves itself as a very convenient tool to characterize the prop-
erties of oxidized HR silicon substrates and is used to analyze the effect of parasitic
conduction below the oxide. A new factor of merit is developed for this purpose,
called effective resistivity, which enables a fair performance comparison between
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wafers having differently processed CPW lines. The impact on the substrate ef-
fective resistivity of various technological (fixed charges in the oxide, traps at the
Si0,/Si interface, oxide thickness ...) and external (DC bias and temperature) pa-
rameters is then extensively investigated, constituting the core of this chapter.
It is shown that a very effective way to remove free carriers from the substrate
surface consists in introducing a large density of traps at the SiO»,/Si interface.
This method enables to completely eradicate substrate losses and to realize low
loss CPW lines on oxidized HR silicon. The performance of such structure is then
compared with those obtained using other technologies, such as purely dielectric
substrates (fused silica) or other line topologies. The line topology that is investi-
gated is the thin film microstrip (TFMS) line, which presents the advantage of being
insensitive to the substrate electrical behavior since it is completely screened by
a metallic ground plane. The last section of this chapter is finally devoted to fur-
ther illustrate the negative impact of parasitic surface conduction (PSC) in oxidized
HR substrates for two other types of passive structures: crosstalk structures and
inductors. Combining measured data and small signal equivalent circuits of the
structures, it is shown that better RF performance (lower crosstalk, higher quality
factor of inductors) can be obtained by removing free carriers from the substrate
surface.

2.2 MIS lines in silicon-based MMICs

Ever since the early years of silicon-based technologies, device interconnections
have been a major source of concern. It was indeed already understood during the
late sixties, when fast switching semiconductor devices started becoming available
and very large scale integration appeared feasible, that the interconnection delay
was going to set a severe constraint limiting the ultimate speed of logic circuits [8].
With the increase of circuit operating frequencies interconnections could not be
considered as equipotential wires and their transmission line behavior needed to
be fully addressed.

At that time, and for more than two decades, the only line structures available
for the fabrication of Monolithic Microwave Integrated Circuits (MMICs) consisted
in microstrip lines and several coplanar structures such as slotlines and copla-
nar waveguides. Among those structures, it appeared that microstrip lines (MS)
and coplanar waveguides (CPW) were the most attractive for use in MMICs due to
the convenient field configuration and superior electrical characteristics of those
two line topologies [9]. Schematic views of a MS line and a CPW line with finite
ground planes on a silicon-based technology are provided in Figures 2.1a and b,
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Figure 2.1: Schematic representation of a MIS microstrip line (a) and a MIS coplanar
waveguide with finite ground planes (b).

respectively. The use of MS and CPW lines in silicon technologies was also largely
supported by the easiness and low cost of their fabrication process, which sim-
ply consists in depositing a layer of aluminium on an oxidized silicon substrate
for CPW lines, with an additional wafer backside metalization in the case of MS
lines. The insulating oxide (Si0») layer sandwiched between the metal strips and
the substrate was - and is still - intended to electrically isolate the lines from the
silicon, thus avoiding parasitic DC current injection into the substrate. For this
reason these structures are often referred to as Metal-Insulator-Silicon (MIS) lines.

Nowadays MIS lines and to a larger extent MIS CPW lines are still of great inter-
est for silicon-based MMICs. They are typically used in passive structures such as
matching circuits, filters, transformers and inductive elements in distributed am-
plifiers [10-12]. However, the presence of an insulating oxide that is 2 to 3 orders
of magnitude thinner than its lossy silicon counterpart confers very specific char-
acteristics to lines fabricated on the SiO, — Si system. Over the past 4 decades,
those properties have attracted a considerable interest among the scientific com-
munity and have been extensively investigated through a variety of methods: ex-
perimental approaches [7], rigorous analytical and numerical techniques [13-17]
and also using closed-form expressions [18,19]. While all those studies largely led
to a better knowledge of MIS line physical properties, a significant contribution
was already provided in the early seventies by the pioneering work of Hasegawa
and his co-workers [7]. This contribution is summarized below.

2.2.1 The SiO; — Si system and its propagation modes

In his fundamental work, Hasegawa et al.identified three possible modes of signal
propagation in MIS MS lines [7]:

- the quasi-TEM mode,

- the slow wave mode,
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Figure 2.2: General distributed equivalent circuit of a MIS line.
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Figure 2.3: Distributed circuit associated with the (a) Quasi-TEM, (b) skin effect
and (c) slow-wave propagation modes in a MIS line.

- the skin effect mode.

For a given substrate, the presence or not of one propagation mode is largely
dependent on the frequency of the applied signal and the resistivity of the silicon
substrate. This is briefly described in the following sections, in which, for a better
view of the physics behind each mode, a distributed model is proposed and derived
from the general, intuitive model of the MIS MS line presented in 2.2 [19].

2.2.1.1 Quasi-TEM mode

The Quasi-TEM mode appears when the product of the frequency by the resistivity
(psi) of the Si substrate is large enough so as to produce a small loss angle [7].
For a given silicon substrate, this occurs when the frequency is higher than the Si
dielectric relaxation frequency (f5):

1

= (2.1)
2T Psi€si

fe

where €g; is the dielectric permittivity of silicon. In that case, displacement cur-
rents dominate over conduction currents inside the substrate, which behaves like
a homogeneous lossy dielectric [20]. The line distributed circuit becomes the one
presented in Figure 2.3a, with G, = Gs; and Cy; = G5! + Gy = Cg/l.
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2.2.1.2 Skin effect mode

When the product of the frequency by the Si conductivity (oyg;) is large, the skin
depth inside the Si substrate may become smaller than the substrate thickness.
In that case the substrate behaves like a lossy conductor suffering from the well
known skin effect. That is, longitudinal electric fields exponentially decay across
the Si substrate.

A major characteristic of this mode is its highly dispersive behavior, the skin
depth (8) being inversely proportional to the square root of f:

2

S = (2.2)
WHT;

in which u represents the magnetic permeability of the metal. Thus, as the fre-
quency increases the effective thickness (§) of the lossy substrate is reduced and
its proximity to the metallic conductors is augmented. This leads to an increase
of the series resistance associated with longitudinal currents inside the substrate.
Besides, the presence of a ground plane close to the metallic strip prevents mag-
netic fields from penetrating inside the substrate [13], thereby producing a mirror
inductor which reduces the value of the total lineic inductor. To account for these
effects, the equivalent distributed circuit proposed in [21] and reproduced in Figure
2.3b includes a coupled mirror (L,,) inductor in series with an additional substrate
resistance (R,).

2.2.1.3 Slow wave mode

According to [7], the third mode appears when f is not so large and pg; is moderate.
In that case, conduction currents dominate over displacement currents inside the
Si substrate and a strong Maxwell-Wagner interfacial polarization occurs at the
Si0,/Si interface [22]. The total line capacitance becomes equal to C,, (Figure
2.3c¢), thereby significantly increasing the effective permittivity of the structure
and reducing the wave velocity. For this reason, this propagation mode is referred
to as the slow wave mode. For such mode, the skin effect is usually unimportant
and the magnetic field freely penetrates inside the substrate. The field distribution
is therefore similar to the one found in non magnetic insulating substrates [23] and
so is the line series inductor. However, longitudinal currents in the lossy substrate
must still be considered for an accurate description of the mode. These currents
are commonly represented by a parallel resistance (R, ) in the series element of the
distributed equivalent circuit [13,19,24] (Figure 2.3¢).

Over the past four decades, the slow wave mode has attracted a significant
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interest among MMICs designers [13,15,24,25] because it can be easily obtained,
exhibit relatively low losses with large slowing factors and demonstrate little dis-
persion over a broad range of microwave frequencies [13]. A typical application of
the slow wave mode is the delay line. It can also be used as an electronically con-
trollable variable phase shifter if the insulator is replaced by a Schottky contact,
in which the depletion capacitance is tuned by the application of a DC bias on the
line [25,26].

2.2.2 The frequency vs Si resistivity chart

As explained in [7], each propagation mode defines a specific region in the f vs
psi chart. These regions are given in Figure 2.4a in the case of a MIS MS lines
for two values of oxide thickness (0.1 and 1 pum) and a 750 pum-thick silicon sub-
strate. They were defined in the graph according to Equation 2.1 and the following
expressions:

_ L fox 1
27T teyp €500, Psi

I

(2.3)

where f; corresponds to the relaxation frequency of the interfacial polarization
and coincides with the point where the AC voltage drop across the oxide (v,y)
is equal to the one across the silicon (vs;),

f= PS5 (2.4)
ot sy,

where f5 corresponds to the frequency point where the skin depth is equal to
the thickness of the silicon substrate. The lower frequency limit of the skin
effect mode is however defined as 4 times fs, or 6 = tsup/2 [7],

f?
== (2.5)

f56 f6
where fs defines the upper limit of the skin effect mode. Using an additional
0.01 factor ensures that the vertical electric field inside the skin layer can be

neglected in comparison with the field across the oxide [7].

To relate this chart with the present status of advanced SOI technologies, an
additional region was defined in Figure 2.4a representing the area inside which
current analogue SOI applications would typically lie. A ps; range from 10 Q.cm
to 10 kQ.cm and a frequency range from 100 MHz to 100 GHz were simultaneously
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Figure 2.4: Frequency Vs resistivity chart outlining the different regions of opera-
tion for a MIS MS (a) and CPW (b) lines with t,, = 0.1 (dashed) or 1 (solid lines) um
and tsyp = 750 um.

considered. This region of interest is also included in Figure 2.4b, which is identical
to Figure 2.4a but which was adapted to CPW lines by analytically assuming a closer
proximity of the ground plane to the signal line. For a typical CPW line with a 20
um spacing between the central and and ground conductors an average 50 um
tsup was considered in Egs. 2.3 and 2.4.

On the basis of Figures 2.4a and b, several observations can be made:

- The figures clearly indicate that in current applications of SOI for MMICs, the skin
effect propagation mode should not be encountered. This is true, regardless of
the line topology, the oxide thickness and the substrate resistivity.

- For MMICs operating in the several GHz region on standard resistivity substrates,
the propagation mode lies in the transition region between the slow-wave mode
and the Quasi-TEM mode. As shown later in this work, this region presents high
losses and is very dispersive.

- However, MMICs working in the same frequency range on high resistivity sub-
strates (10 kQ.cm) already operate in quasi-TEM mode and do not suffer from
dispersion issues.

It therefore appears that the use of high resistivity silicon substrates for RF
applications presents the major advantage, besides the well-known strong loss re-
duction, of only generating the Quasi-TEM propagation mode. It is worth recalling
at this point that for such mode the composite SiO,/Si double layer behaves like
a purely homogenous substrate, thereby strongly simplifying substrate modeling
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issues as well as the work of circuit designers [27]. However, the use of high re-
sistivity silicon as a microwave substrate also raises other issues, which are be
discussed in the next paragraph.

2.2.3 Main issues occurring when using HR SOI substrates in MMICs

HR Si substrates have now been considered to be suitable for MMIC applications
for approximately two decades, due essentially to their low loss behavior [3, 4].
However, in SOI CMOS technology a major source of concern with regards to the
use of HR silicon substrates is to maintain a high value of pg;, which is not so
trivial due to the semiconductor nature of such substrate. Indeed, when HR SOI
wafers are used the resistivity of the Si substrate can be largely affected by:

- the CMOS process endured by the wafer: nominal values of substrate resistivity
close to 10 kQ.cm are now commonly achieved, which corresponds to a level of p-
type impurities of 1.3x1013 /cm?3 or lower (Figure 2.5). This is at least 4 orders of
magnitude lower than typical MOSFETs doping levels, which are fabricated above
the covering oxide. As a consequence, a particular care must be provided while
processing the devices in order to prevent contamination with doping impurities
at the substrate surface. In the case of passive structures, one may reasonably
expect some specific process steps other than dopant implantation to be also a
source of direct substrate contamination, such as for instance plasma etching.
This possible source of resistivity degradation, though of primary concern for
chip makers on HR silicon substrates, will not be investigated in this work.

- the surface potential of the silicon substrate (¢s), corresponding to the electro-
static potential at the SiO,/Si interface: assuming a uniformly (low) doped Si
substrate, this potential is null under flatband condition and so is the electric
field. In that case only, the substrate surface is neutral and free carriers are
equally distributed inside the substrate. However, when the substrate potential
is shifted to either positive or negative values, a space charge region is formed
near the substrate surface. According to the nature of the substrate doping and
the sign of ¢y, either an accumulation, a depletion and/or an inversion layer
can be formed underneath the oxide layer [28]. While a depletion layer tends to
locally increase the substrate resistivity, this parameter behaves very differently
when the substrate surface is either inverted or accumulated. Indeed, apart
from turning the Si into a highly inhomogeneous substrate, an inversion or ac-
cumulation layer underneath the oxide can also drastically reduce the value of
resistivity near the substrate surface.
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The effects of surface potential and space charges on the RF properties of
MIS lines have been investigated by several authors [29], [30, 31], who all pro-
posed an analytical model based on the combination of semiconductor transport
and Maxwell’s field equations. However, mainly for simplicity reasons, the au-
thors were forced to restrict their analysis to the simpler case of MS line geome-
tries. Besides, in those works only moderate (or high) substrate doping levels
(i.e. >1x10Y /cm3) were considered, corresponding to resistivity values lower
than 10 Q.cm. Yet, when a thin, highly conductive layer is formed at the top of
a HR substrate one may expect that its influence on substrate losses largely dif-
fer from the MS to the CPW structure for one essential reason: electric field lines
are mostly vertical (i.e., perpendicular to the Si0,/Si interface) inside the MS line
while they run mostly horizontally (i.e., parallel to the Si0O,/Si interface) inside
the coplanar waveguide. This particular point is addressed in the coming section,
in which we propose to investigate and compare the effect of ¢5 and the impact
of a low resistivity layer underneath the oxide on substrate losses for the two line
topologies of interest. It is shown that, due mainly to their different electric field
configurations, both structures exhibit substantially different behaviors.

2.2.4 Loss mechanisms: CPW vs MS
2.2.4.1 Electric field distributions - IE3D simulations

In order to assess the impact of parasitic surface conduction below the oxide in
both MS and CPW MIS structures, numerical simulations were first performed with
a field solver. As shown below, these simulations provide an accurate tool to de-
scribe the electric field distribution inside the silicon substrate for the two line
topologies. The IE3D software from Zeeland was used and the simulations were
made for two values of substrate resistivity (20 Q.cm and 2 kQ.cm) and two dif-
ferent frequencies (1 and 21 GHz).

For the standard resistivity substrate (20 Q.cm) it is known from the frequency-
resistivity chart presented in Section 2.2.2 that the propagation mode is not clearly
defined. The operation point lies indeed in the transition region between the slow-
wave and the quasi-TEM dielectric mode, i.e., when interfacial polarization is still
present. In that case the most adequate equivalent circuit to model the substrate
behavior consists in the shunt elements of Figure 2.3b: C,, in series with the paral-
lel combination of Gg; and Cs;. This circuit indeed considers the Maxwell-Wagner
interfacial polarization effect [22], which turns the equivalent shunt capacitance
(Gsp, Figure 2.6) and conductance (Csp) into highly frequency-dependent parame-
ters, as shown in Figure 2.7 for the case of the MS line and two values of pg;. In
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Figure 2.6: Shunt elements of the distributed equivalent circuit of MIS structures
considering the Maxwell-Wagner effect.
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Figure 2.7: Frequency behavior of Csj, G5, and R = vs; /v, in the case of a MIS
MS structure for two different values of substrate resistivity.

this figure, the effect of space charge at the Si/SiO; interface was voluntarily and
momentarily ignored. It is to be noted that the shape of these curves are expected
to be identical in the case of CPW lines (though not displayed) because the CPW
distributed equivalent circuit is similar to that of MS lines.

Figure 2.7 also displays the variations of the ratio R = vg;/V,x Versus frequency
for the MS structure, where vg; and v,, are the voltage across the silicon substrate
and the oxide layer, respectively. R is therefore directly related to the Maxwell-
Wagner effect. As explained earlier, R becomes equal to unity when f is equal to
fs, the relaxation frequency of interfacial polarization. In more physical terms,
this means that for f > f; electrical fields present inside the structure do not
remain confined inside the oxide layer but start spreading across the substrate.

Simulation results obtained with IE3D agree quite well with the predictions
made by Figure 2.7 as illustrated in Figure 2.8, which compares the electric field
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Figure 2.8: Field distribution for both MS ((a) and (b)) and CPW ((c) and (d)) lines
at 1 ((@) and (c)) and 21 ((b) and (d)) GHz and for a standard value of substrate
resistivity.

intensities in a MS and a CPW structure for a Si resistivity of 20 Q.cm at 1 and
21 GHz. For the studied MS line the central conductor width is W=430 um. For
the CPW line the central conductor width (Ws), the lateral ground plane width (W)
and the spacing between the conductors (S) are respectively 24, 106 and 40 pum.
For both structures the thickness of the silicon substrate is 500 ym. In Figure 2.8
the vertical and horizontal components of the transverse fields are represented in
the MS and CPW figures, respectively. Fig. 2.9 pictures the same simulation results
in the case of the high-resistivity substrate. The combination of the two figures
indicates that the electric fields penetrate deeper in the substrate at 21 GHz than
at 1 GHz when its resistivity is low. This is true for both structures and is due to
the fact that the value of R is much smaller at 1 than at 21 GHz for p = 20 Q.cm
(Figure 2.7).

On the other hand, the distribution of the field lines is more or less identical
for the two frequencies of interest in the case of the high resistivity substrate
because the value of R does not change between both frequencies. However, the
most important feature of the field distribution is the following: regardless of the
frequency and the substrate resistivity, it appears from a simple comparison of the
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Figure 2.9: Field distribution for both MS ((a) and (b)) and CPW ((c) and (d)) lines at
1 ((a) and (c)) and 21 ((b) and (d)) GHz and for a high value of substrate resistivity.

figures that the electric fields penetrate much deeper into the substrate of the MS
than of the CPW structure. In other words, these simulation data suggest that the
field distribution in MS structures is more affected by volume phenomena inside
the substrate while they are primarily sensitive to surface changes in the case of
CPW structures.

This observation is further supported by additional IE3D simulations, pre-
sented in Figure 2.10. In that case, the structures were simulated with an additional
low resistivity (p = 0.2 Q.cm) 2 um-thick layer sandwiched between the SiO, layer
and the HR Si substrate. The introduction of this layer simulates for instance the
presence of an inversion layer induced by fixed oxide charges (Q ¢) at zero bias.
The thickness and resistivity of this layer were roughly deduced from Atlas simu-
lation, for an arbitrary Q ¢ value of 3x10'%/cm?. The figure clearly demonstrates
that at 21 GHz this inversion layer has no effect on the field distribution inside
the MS structure: the layer is more or less transparent to the fields. In opposition,
the CPW structure appears highly sensitive to this surface layer, which prevents
all field penetration inside the substrate even at high (21 GHz) frequency.
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Figure 2.10: Field distribution for both MS and CPW lines at two different frequen-
cies and for HR substrate with an additional low resistive layer underneath the
oxide.

2.2.4.2 Quantitative effect of V, and Q y - Atlas simulations

As already pointed out, the main physical parameters contributing to the creation
of a low resistivity free carrier layer at the surface in HR substrates are the DC
bias applied on the line metallic conductors and the charges inside the oxide. As
shown in Figure 2.11 for the CPW line both parameters impact differently on the
charge distribution below the oxide, which is simply due to the different location
of their field of influence inside the structure. Indeed, applying a DC bias on the
conductors can only locally modify the charge distribution below the oxide, i.e.
in proximity of the conductors (Figure 2.11a). On the other hand, fixed charges
inside the oxide are usually distributed all across the wafer. Significant Q r values
can therefore contribute to create a uniform charge layer at the substrate surface
of the entire wafer (Figure 2.11b).

To simulate structures with a discontinuous low resistivity layer below the ox-
ide a full 3-D field solver must be used, at the cost of larger time consumption
and higher use of computer resources. An alternate solution consists in using a
semiconductor and space charge solver, such as Atlas. This software presents the
advantages of requiring only 2D simulations and of performing accurate compu-
tations of the charge distribution inside the structure for a given V,; and Q set

28



2.2 MIS LINES IN SILICON-BASED MMICS

. V. i - i i
T a T
Al Al Al Al
Si02 + oty Siop + a4 7,
Space charge
p-type Si (pg;) p-type Si (pg;)
i
- (@ (b)

Figure 2.11: Tllustration of the inversion layer distribution in the case of a CPW
structure fabricated on an oxidized, p-type HR Si substrate with (a) no fixed charges
in the oxide and a positive or null DC bias applied on each conductor, and (b) fixed
charges in the oxide and a null bias applied on the conductors.

of values. Furthermore, it also computes the small signal AC admittance between
each pair of electrodes of the simulated device, thereby providing a direct access
to the total shunt conductance (Gsy) of our structures. This parameter can be di-
rectly related to substrate losses since it is known that for low loss transmission

- Gsn L
Ksub = > | Cn (2.6)

(where L, is the line series inductance). In other words, RF substrate losses are

lines we can write:

directly proportional to Ggy,.

The simulations were thus performed by considering the simultaneous effect
of V,; and Q on a p-type substrate. The simulation results are displayed in Figure
2.12a and b for the CPW and the MS structures, respectively, and for f = 10 GHz.
The data are plotted as a function of the applied bias as well as for varying Q  val-
ues. Percentage variations are shown to outline the sensitivity of both structures
to the studied parameters. In all cases the reference point was considered as the
value of G at V, =0V and Qs = 0 /cm?.

From this figure, several observations can be made:

- First, it is interesting to notice that the V, dependence of G, in both MS and
CPW structures exhibits the same trend. For a null value of Qf (thick lines),
losses are largely increased when a strong negative or positive bias is applied.
Indeed in those two cases, the surface potential is either highly negative (V,; < 0)
or positive (V,; > 0), thereby attracting a low resistivity accumulation (V,; < 0)
or inversion (V,; > 0) layer at the substrate surface. The increase is however
slightly higher when the surface is inverted, probably due to the higher mobility
of electrons. Substrate losses reach a minimum value for an applied bias (Vi min)
corresponding to deep depletion underneath the central line.

- For positive Q r values, losses become much more pronounced when the surface
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Figure 2.12: Simulated effect of bias and fixed charge densities on G for the (a)
CPW and (b) MS structures.

is inverted (V,; > 0), while their increase is almost insignificant when it is accu-
mulated (V,; < 0). This effect is attributed to the impact of Q¢ and V, on the
discontinuity of the inversion layer below the oxide. When V, is positive, the
inversion layer covers the entire substrate surface, even below the ground con-
ductors for which the applied bias is 0 V. When V/, is negative, an accumulation
layer is formed below the central (or top) conductor, which disrupts the inver-
sion layer and creates a depletion region between the accumulated and inverted
zones, i.e., at the conductor edges. This reduces the size of the inversion layer,
and also creates highly resistive regions below the oxide. Both effects contribute
to areduction of substrate losses, both in CPW and MS structures. For the latter,
the large impact of the inversion layer discontinuity on Gy, is probably related
to the horizontal electric field components associated with edge and field line
curving effects.

- The figure also clearly outlines the much higher impact of space charge distri-
butions below the oxide in the case of the CPW structure than in the case of the
MS structure. This could be expected from the results of field distribution com-
puted with the field solver, which highlighted a higher sensitivity of the CPW line
to surface resistivity variations. It is seen in Figure 2.12 that applying a highly
positive bias (20 V) on the top conductor of the MS line leads to a substrate loss
increase close to 40 % while applying the same bias on the central conductor of
the CPW structure multiplies losses by a factor close to 10.

- Finally, Figure 2.12a indicates that Ggj increases (and so does «) when fixed
charges are present inside the insulating oxide layer since, as already discussed,
these charges lead to create an inversion layer everywhere below the oxide. As
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the thickness of this inverted layer is an increasing function of the oxide charge
density; Gsp is an increasing function Qr for a given value of V,. Again, it
is interesting to notice that the influence of Qs is much heavier on the shunt
conductance of the CPW than on the MS structure. Itis also seen in the figure that
the value of V; i is reduced when Q r is increased, which further contributes to
increase substrate losses at V,; = OV. This effect is simply related to a reduction
of the threshold voltage as Q is increased [33].

2.2.4.3 Experimental results

In order to confirm the trends and observations outlined by the simulated data,
the comparison between the MS and the CPW structures was also performed using
experimental structures that were fabricated on four distinct HR wafers, two of
which carrying the CPW lines and the other two supporting the MS structures. Both
the CPW and MS lines had the same cross dimensions as the structures simulated
in the previous section. In the case of CPW1 and CPW2, the lines were made on
thermally oxidized HR SOI and HR bulk wafers, respectively. The backside BOX/Si
interface of the SOI wafer presenting a very high (industrial level) quality, Q r is
therefore expected to be higher for the home-oxidized bulk wafer. In the case of
the MS lines, both wafers were HR bulk wafers. A Q g-rich, 300 nm-thick oxide
was deposited by Atmospheric Pressure Chemical Vapor Deposition (APCVD) for
MS3 and the oxide layer was thermally grown in the case of MS4.

For all wafers, the lines were measured from 40 MHz to 40 GHz by applying a DC
bias (V;) on the central (CPW) or top (MS) conductor and grounding the substrate
in order to sweep the surface potential from negative to positive values. The line
propagation constant (y) was extracted from the measured S-parameters with a
classical Thru-Line-Reflect (TLR) method. Total losses inside the structures ()
were then simply obtained by & = Re(y).

Figure 2.13a displays the losses as a function of the applied voltage at an arbi-
trary frequency of 10 GHz for CPW1-2. The curves exhibit the same trend in all the
measured frequency range. Not surprisingly, it is seen that losses are dramatically
increased when a strongly positive bias is applied on the line central conductor.
However, a significant loss increase is also outlined for highly negative values of
V4. Though not as important as for positive V,; values, this increase is much higher
than the one observed in Figure 2.12a and may be due to an underestimation by
Atlas of the contribution of the accumulation layer to substrate losses. Figure
2.13a also indicates that the value of V; iy is lower for CPW2 than for CPW1. As
explained earlier, this is simply due to the more important Q  value in the case of
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Figure 2.13: Effect of DC bias on RF losses of a MIS CPW (a) and MIS MS (b) lines
for two types of oxide quality.

CPW2, which resulted here in three times higher losses at 0 V compared to CPW1.
The measurements performed on the MS lines are presented in Figure 2.13b
and we can see in that case that the attenuation constant only slightly varies with
respect to the applied bias for both types of oxide layers. This is in very good
agreement with the simulation results presented in Figure 2.12b, which outline a
much smaller V,; dependence in the case of the MS lines. The relative variations of
« remain lower than 0.2 dB for both MS3 and MS4 throughout the entire bias range
while CPW1-2 measurements exhibit loss variations higher than 7 dB at 10 GHz.

2.2.4.4 Conclusion

CPW losses are much more sensitive to the presence of a thin, poorly resistive
layer underneath the oxide than MS lines. As shown by numerical field computa-
tion, this is because electric fields are primarily tangent to the SiO,/Si interface
in CPW structures while they are perpendicular to the same interface in MS lines.
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Table 2.1: Published experimental data of CPW losses measured at 20 GHz on HR
substrates. Data are provided for classical MIS CPW configurations in the upper
part of the table and for improved structures in the lower part of the table (*NA
stands for "not available").

. . Psi Tnet W S Ktot
Ref. classical | improved [Q.cm] Metal (um] | [um] | [um] | [dB/cm]
[35] X O 10k Al 1.3 70 40 17.2
[34] X O 10k Al 1 20 10 3.5
[36] X O 3k NA* 4 50 25 8
[35] O X 10k Al 1.3 70 40 2.8
[35] O X 10k Al 1.3 70 40 0.8
[34] O X 10k Al 1 20 10 2.25
[36] O X 3k NA 4 50 25 1.9
[36] O X 3k NA 4 50 25 1.4

This observation can therefore be extended to any type of coplanar devices, hav-
ing essentially horizontal field lines. This particular feature of coplanar devices
also means that CPW lines appear as convenient structures to characterize the in-
sulator/semiconductor interface in multilayer substrates. This point has actually
been exploited by previous authors ( [34]), who have used CPW structures to mea-
sure the dielectric constant of thin layer materials. In our case, the sensitivity of
CPW losses to the presence of free charges at the buried SiO,/Si interface of HR
SOI substrates indicates that CPW could provide a handy tool to characterize the
quality of that interface, and thus the quality of the substrate itself. As explained
in the coming section, this is performed in this work by defining a new quantity
called effective resistivity.

2.3 CPW as a tool to characterize HR oxidized Si and HR SOI sub-
strates

2.3.1 The need for an effective resistivity

The influence of parasitic surface conduction at the substrate surface in oxidized
HR bulk or HR SOI substrates has already been outlined in several works [4-6,
27,34-36]. In some of the works the authors proposed innovative solutions to
suppress the influence of surface charges and reduce RF losses. Those substrate-
based solutions are described and discussed in the next chapter. Table 2.1 reports
the loss reduction obtained using several of those techniques.

The point developed in this section is based on the following observation: even
if a clear improvement can be obtained by reducing parasitic surface conduction,
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assessing and comparing the efficiency of the proposed technological solutions
between one work and another is not so trivial. Indeed, for all works reported in
Table 2.1 the authors quantify the improvements provided by their novel concepts
through a comparison of total RF losses (c;,;) obtained on CPW lines. Those data
therefore include conductor losses (Xcon4), Which become dominant when dealing
with high resistivity silicon substrates. The contribution of substrate (&) losses
to total losses may therefore be sometimes substantially masked by conductor
losses. Besides, conductor losses critically depend on the type of metal used and
the geometry of the CPW structure, which as shown in Table 2.1, can significantly
vary from one paper to the other. As a consequence, it is not possible to directly
extract the RF characteristics of the substrates in the innovative works of [34-36]
and, thus, to fully qualify the efficiency of their method.

This is why we propose here a newly developed technique to characterize the
performance of the substrate only, based on RF CPW measurements. The method
relies on the definition of a new factor of merit called effective resistivity (pesf),
which represents the "equivalent" resistivity of a particular substrate and which
includes the effect of charge distribution at the substrate surface. A technical
definition as well as a method of extraction from both experimental and simulated
CPW structures are given in the following section.

2.3.2 Effective resistivity extraction from CPW measurements and sim-
ulation data

The shunt distributed elements of the CPW structure on an oxidized Si substrate
including surface charges are presented in Figure 2.14a. They classically consist
in a combination of Coxgnp, Coxsic, Cair, Csi and Gs;. For the case of very thick
oxides, the transverse oxide capacitance becomes non negligible and must there-
fore also be considered (C,x7ran). The effect of surface charges on the structure
is assumed to be included in Ysy,r. The presence of surface charges might for
instance be related to a DC bias applied on the metallic conductors.

It is clear that the silicon substrate presented in Figure 2.14a is highly inhomo-
geneous, due partly to the insulating oxide but also due to the surface charges.
For this reason the equivalent shunt capacitance (Csj) and conductance (Gj,) pre-
sented in the inset of Figure 2.14a are frequency dependent.

In order to compare the substrate properties of distinctly processed wafers
or wafers biased under different conditions, we decided to model the passivated,
inhomogeneous Si substrate with an effective homogeneous Si substrate (Figure
2.14b) characterized by a uniform dielectric constant (€, s;=11.7) and uniform re-
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Figure 2.14: CPW structure on (a) an oxidized substrate including surface charges
and (b) effective homogeneous substrate used for p.rr modeling.
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sistivity (i.e., with no space charge effects), called effective resistivity (p.rr). In this
structure, the value of p.sr is such that the effective substrate has identical RF
losses as the inhomogeneous, oxidized wafer (i.e., Xinn = Xeff). Its extraction is
based on the simplified model of the physical substrate presented in the inset of
Figure 2.14a (Csp, // Gsp)-

For frequencies higher than several tens of MHz and for CPW lines made on ox-
idzed HR Si substrates the quasi-TEM mode is dominant (Figure 2.4b). As explained
earlier, RF substrate losses can then accurately be estimated using :

Gsn L
Kinh = > ,Csh (2.7)

Obviously, this is also true for the effective structure which propagates the quasi-

TEM mode only. We can therefore write:

N Geyr L
Oeff = > Corr (2.8)

As both structures are composed of non magnetic materials and made with
metallic conductors of similar geometry, the values of their lineic inductance (L)
are assumed to be equal. Considering that substrate losses are also equal in both
structures, 2.7 and 2.8 yield:

C
Gerr = Gsn gff (2.9)
sh

where C.rr and G.sy are associated with the homogeneous substrate, and are
therefore given by:

Coff = €reffCo=(1+qlersi—1))Co (2.10)
-1
Gepp=aq—S0 = (E“fo ) Co 2.11)
€0Peff €rsi—1 ) €opesy

In these equations q, €,.rr and Cy are the filling factor, the relative dielectric
constant and the air-filled capacitance of the effective structure, respectively. Ac-
curate close-forms analytical expressions that include metal thickness and finite
ground plane width dependence are given by Heinrich in [37] for €, .¢f and Cp.
The effective resistivity of the substrate can now be extracted by combining (2.9)

and (2.11):
-1\ JCo +/
Pess = — (E”f ! ) VCo VCsh (2.12)
VEreff \ €rsi—1 €0 G

In this last expression, G, and C,p, refer to the inhomogeneous structure and can
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Figure 2.15: Effective resistivity values extracted from simulated data obtained
with the variational principles-based method developed in [38] as a function of f
(a) and as a function of t4; (b) for various pg; values. The physical parameters of
the CPW structure are Ws = 40 um, S = 24 ym, Wy = 206 pm and tox = 150 nm.

be obtained from either simulation or measurements. Simulated data obtained
on a quasi homogeneous structure used next to demonstrate the validity and the
accuracy of the extraction method. The method is then be applied on measurement
and additional simulation results to extract the effective resistivity as a function
of various technological and geometrical parameters.

2.3.3 Accuracy of the method

In order to test the validity of the proposed p.rs extraction method, simulations
were first performed on simple CPW structures made on oxidized silicon sub-
strates with uniform resistivity, i.e. excluding space charge effects. The substrate
resistivity and the thickness of the metal conductors were both varied. The oxide
layer thickness was set to a negligible value (i.e., t,x < W; and t,x < S), so that
its effect on the substrate conductance (Ggj) could be ignored. The simulated data
were obtained with a variational principles-based technique, which offers a fast and
convenient method to simulate multilayer coplanar structures [38]. The method
indeed provides a direct access to the frequency-dependent RLCG parameters of
the line.

The p.sr data extracted from the simulated structure are presented in Figure
2.15a for a CPW line with Wy = 40 um, S = 24 um, W, = 206 pym, ty = 1 uym
and t,, = 150 nm. In this first set of simulations, the substrate resistivity (ps;)
was varied from 20 Q.cm to 10 kQ.cm. It is seen that all curves start from a high
value in the low frequency range and reach a plateau level at higher frequencies.
This particular trend is simply due to the polarization of the Si0,/Si interface,
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Figure 2.16: Total, conductor and substrate losses of a CPW line with a nominal
geometry of ta =~ 1 um, o4 = 3.5x107 S/m, W, = 40 um, S = 24 uym and
Wy = 206 um as a function of the silicon substrate effective resistivity.

which tends to increase the effective dielectric constant of the structure at lower
frequencies. This effect gradually disappears as f increases and is completely
gone when f > f,. It is therefore substrate resistivity-dependent, as the figure
shows.

An important feature outlined by Figure 2.15a is that regardless of the sub-
strate resistivity, the extracted p.rr closely agrees with the specified ps; values. A
closer look at the data indeed reveals that the accuracy range lies between 1 and
2 %, supporting the statement that the method is fairly accurate. Additional sim-
ulations were also performed by varying the thickness of the CPW line Aluminium
conductors (t4;) for different pg; values. The results are plotted in Figure 2.15b at
an arbitrary frequency of 10 GHz. Barely no variations (within 5 %) of the extracted
pess values are observed with respect to t 4;, for all values of pg;. These results cor-
respond to what should be expected since Gy, is physically unaffected by a change
in conductor thickness. This further demonstrates the validity and the reliability
of the proposed extraction method. It can therefore be safely applied on real or
modeled structures in which space charges effects near the SiO,/Si interface are
included.

2.4 Effective resistivity targets

Before analyzing the different factors that can affect the effective resistivity of high
resistivity substrates it is important to have an idea of the target value required
for the effective resistivity, above which substrate losses can be considered as
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insignificant. In the case of CPW lines, that analysis must be performed by disso-
ciating the relative contributions of the substrate and of the metallic conductors
to total losses. These contributions are outlined in Figure 2.16 for our nominal
geometry, i.e. with ta; = 1 um, o4 =3.5x107 S/m, W, = 40 um, S = 24 uym and
Wy = 206 pm. In this figure, conductor (xonq) and substrate losses () were re-
spectively computed using analytical formulas developed in [37] and the variation
principle method developed in [38]. The figure represents &con4, ®sup and total
losses (Xtor = Xsyup + Kcond) as a function of the substrate resistivity for our nomi-
nal line geometry. The simulation results indicate that substrate losses are signifi-
cantly reduced for p. sy values higher than 1 kQ.cm. However, they still amount to
23 % of total losses at p,rr = 1 kQ.cm and are reduced to less than 8 % of ;o when
pess is higher or equal to 3 kQ.cm. This number is further reduced for higher p. s
and becomes clearly insignificant when p. s reaches 10 kQ.cm. As experimentally
demonstrated in [39] on the basis of CPW loss measurements, Si substrates behave
as quasi-lossless if their resistivity is close to 3 kQ.cm. The present analysis fully
agrees with this anterior result. It will therefore be arbitrarily considered in the
rest of this work that a given HR substrate is quasi-lossless if its effective resistivity
obeys 3 kQ.cm< p,rr <10 kQ.cm and is lossless if p.rr =10 kQ.cm.

2.5 Factors daffecting the effective resistivity of HR SOI substrates

As explained earlier, the RF losses of CPW lines made on HR Si substrates are ex-
pected to be largely influenced by the surface potential of the silicon substrate,
which governs the charge distribution at the Si0,/Si interface. From this obser-
vation it can be anticipated that all factors affecting the surface potential in HR
SOI wafers might be considered as a possible source of resistivity degradation near
the substrate surface. The surface potential in MIS structures is governed by the
potential balance equation [28]:

Va:(l)S"‘

Wus  Qr  Qs(¢ps)  Qir(es) (2.13)
a

Cox Cox Cox

in which Wy is the metal-semiconductor work function difference, Q, [/cm?] is
the charges in the silicon and Q; [ /eV /cm?]is the interface trapped charge. Those
two last entities are respectively given by:
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Qs(ps) = iv2€sqNA{k7T€7q¢S/kT + s — kq—T

(2.14)
kT kT 0°
-2q¢pp/kT [ B2 ,qads/kT _ _ M
+e ( p e ¢s p )}
and
Ec
Qu(s)=a | {11~ folE - ads -~ abr] DLE - ads)
Ev (2.15)

— folE - acbs — ar) D (E — qus)} dE

in which E, and E, are respectively the conduction and valence band edges, f,(E)
is the Fermi function, Df; and th are respectively the acceptor and donor traps
and ¢ is the Fermi potential inside the substrate. It can be seen from those
expressions that the main factors affecting the value of ¢; are

1. Wys: the difference between the metal (W,,) and the silicon substrate (W) work
functions, the latter depending on its doping level,

2. Qy: fixed charges in the oxide layer,
3. V,: the applied bias,
4. toy: the oxide thickness,

5. Qjt: the amount of trapped charges at the Si0O,/Si interface, which is itself
largely dependent on the interface trap densities D% and D‘ft,

6. T: the substrate temperature, which affects the substrate Fermi potential.

The impact of each factor on the value of p.sr is separately quantified and
discussed in the coming sections. The analysis is based on experimental and sim-
ulated data obtained with Atlas. As explained earlier, this software first performs a
static analysis of the charge distribution, thereby accounting for the simultaneous
effects of all technological (Ng, tox, Wus, Qf, Di;) and external (V,, T) parameters
on the charge distribution inside the MIS structure. It then goes on with an AC
computation of the small signal conductance and capacitance between each pair
of electrode in the structure by linearizing the DC solution. It therefore provides
a convenient tool to simulate the effects of those parameters on the shunt ele-
ments (Gs, and Csp) of the CPW line, and thus on p.fy. Unless otherwise stated,
the dimensions of the investigated CPW structures correspond to those of the line
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studied in the previous sections, i.e. with t5; = 1 um, W; = 40 um, S = 24 um and
Wy = 206 um. These dimensions correspond to those of Set b. When mentioned
in later sections, Set a, Set ¢, Set d and Set e refer to the geometries given in Table
2.2.

Table 2.2: Dimensions (in pum) of the CPW lines studied in this work.

W S Wy tal
Set a 18 38 206 1
Setb 24 40 206 1
Set ¢ 12 26 206 1
Set d 36 56 206 1
Set e 5 10 206 1

2.5.1 Work function difference
2.5.1.1 Effect of work function difference on surface charges

The effect of metal work function on the charge distribution at or near the insula-
tor/substrate interface in a MIS structure is usually analyzed using the concept of
band diagrams [28,32,33]. Classically, a band diagram presents energy levels for
electrons as a function of x, the direction perpendicular to the substrate surface.
Such a diagram is shown in Figure 2.17a for the case of a metal/p-type Si system
in which both materials are completely isolated from each other. It can be seen
in this figure that the material work functions have been represented. For a given
material, the work function is defined as the energy that must be provided to an
electron to set it free in vacuum. It is therefore given by:

Wy = Eo — Erm (2.16)

where Ej denotes the vacuum energy level, and Ery; the average energy of electrons
inside the metal electrode. For the Si substrate, we similarly have:

Ws = Eo — Ers (2.17)

In CMOS technologies, the metals that are the most commonly used to form
interconnects (and thus RF circuitry) are aluminium (Al) and copper (Cu). However
both materials are usually not used as such, and are surrounded by a barrier layer
of titanium (T'i), tantalum (Ta) or, more classically, one of their nitrides (TiN
and TaN). This additional layer is necessary to prevent aluminium spiking into
the Si substrate or the drifting of copper atoms into interlayer dielectrics. It also
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Figure 2.17: Band diagrams for a metal and a p-type silicon substrate when they
are (a) separated from each other and (b) assembled to form a MIS structure.

serves as a promoter to facilitate metal adhesion on the dielectrics [40]. The work
functions of Ti and Ta are respectively 4.33 and 4.25 eV. It was shown in [41]
that the work function of TiN may vary from 4.2 eV to 4.9 eV according to its
nitrogen content. The work function of the deposited barrier may therefore be
expected to significantly vary from one interconnect technology to the other. For
the sake of simplicity, and in order to illustrate the effect of work function on
the substrate resistivity in separate cases, we consider here three distinct values
of metal work function in the forthcoming discussion: 4.1, 4.7 and 5 eV. These
values respectively correspond to the work functions of aluminium, copper and
gold.

In the case of p-type substrates, Ers is directly dependent on the doping level
(N,) and is given by ( [28] ):

EFS :Ei—len (%) :Ei—qd)p (218)

i
In this expression, E; is the mid gap energy level for silicon, n; is the silicon intrin-
sic free carrier concentration (n; = 1.45x101%/¢m3 at room temperature) and ¢r
is called the Fermi potential (Figure 2.17a). In this work, ¢ r is considered positive
for p-type silicon and negative for n-type silicon, as in [28]. The work function of
the Si substrate (Ws) is then simply obtained by combining 2.17 and 2.18:

E. - E
Ws:Eo—Ei+q¢p:x+%+q¢p (2.19)

in which y is the silicon electron affinity (x = 4.17 eV) and E; — E,, is the depth of
the silicon band gap (E; — E, = 1.1 eV).
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In the practical case of a MIS structure the metal electrode is separated from
the Si substrate by an insulating oxide layer and a OV DC contact is usually formed
at the back of the substrate. This physical contact enables electrons to leave the
material where their average energy is the highest and penetrate into the mate-
rial where the energy is the lowest. This movement of charges occurs until it is
completely balanced by an opposing electric field, which is itself created by the
charge redistribution. In that case, the Fermi level of both materials line up with
each other, forming a bending of the Si conduction (E.) and valence (E,) bands,
as illustrated in Figure 2.17b. The amount by which the bands are bended is usu-
ally noted q¢s, where ¢ corresponds to the electrostatic potential at the silicon
surface. In this work, the null reference for the potential is taken deep into the
substrate.

The sign of the charges flowing into the Si substrate is then directly conditioned
by the differences in work function: when Wy, — Wy is positive (resp. negative),
electrons (resp. holes) leave the silicon and holes (resp. electrons) concentrate at
the Si surface. In that case, ¢g is negative (resp. positive).

For the three W), values of interest, we can therefore expect different behaviors
in terms of band bending and charge distributions. Indeed, if we clearly have
Wa — Ws < 0 and Wey, — Ws < 0 regardless of the doping level, the work function
difference is mostly positive in the case of gold electrodes.

The impact of Wy;s on the electron concentration at the substrate surface (1) is
illustrated in Figure 2.18a for a t,, value of 142 nm, which corresponds to the cur-
rent BOX thickness of commercially available SOI wafers. The dashed lines in the
figure define different regions, each corresponding to a specific regime of charge
distribution, i.e. accumulation, depletion, weak inversion and strong inversion.
The calculations were performed by integrating twice Poisson’s equation inside
the substrate (as in [33]) and the data are presented as a function of the doping
(p-type) level.

The results clearly indicate that due to the different Wy, values, the three types
of metal induce completely different behaviors of the Si substrate. In particular,
it appears that in the case of a 20 Q.cm-substrate (N, = 6.5x10'* /cm3) with alu-
minium the Si surface is weakly inverted. On the other hand, it is depleted or
weakly accumulated in the case of copper or gold, respectively. When HR sub-
strates (ps; > 3 kQ.cm) are used, different features are outlined: strong inversion
is reached in the case of aluminium, while for copper and gold, respectively, the
surface remains either at the onset of weak inversion or is strongly accumulated.
However, it must be kept in mind that RF metal interconnects are usually not di-
rectly deposited on the BOX of SOI substrates. Additional shallow trench isolation
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Figure 2.18: Electron surface concentration as a function of the substrate doping
for (a) t,x = 142 nm, for (b) t,x = 1200 nm and for aluminium, copper and gold
electrodes. These data were computed assuming 0 V bias applied on the electrode.

(STI), polysilicon, nitride and primary metal dielectric (PMD) layers usually con-
tribute to further isolate the first metal layer from the silicon substrate, resulting
in a typical M1 distance from the substrate of 1.2 um. Figure 2.18b shows that for
such an oxide thickness value, the concentration of minority carriers at the silicon
surface is reduced in the case of Al and Cu while it is increased in the case of Au.
Yet these changes are not significant and the same regimes of charge distribution
still prevail for the three types of metal considered.

Thus, knowing that a high level of free carriers at the Si surface is synonym of
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Figure 2.19: Effect of substrate doping and metal work function on the effective
resistivity of a CPW MIS structure with (a) t,x = 142 nm and (b) t,, = 1200 nm.

reduced surface resistivity, one can expect from these data that the highest effec-
tive resistivity values will be obtained when using copper interconnects instead of
gold or aluminium. This is confirmed in the next section.

2.5.1.2 Effect on substrate effective resistivity

The effect the work function difference on the substrate effective resistivity was
analyzed with Atlas for a CPW structure directly deposited on the BOX of a SOI
substrate (t,, = 142 nm) or using the M1 of a multilayer technology (t,x = 1200 nm).
The simulations were made for the three metal types of interest and considering
a 0 V bias applied on the top and back electrodes. In addition, a perfect oxide
was assumed (i.e., with neither oxide charges nor surface states). The results are
shown in Figures 2.19a and b as a function of the substrate nominal resistivity
value (ppc). The value of ppc was varied by changing the dopant concentration
inside the substrate, according to Figure 2.5.

The simulation results displayed in Figure 2.19a and b outline for both values
of oxide thickness that two separate regions may be distinguished in the curves:
when the doping is high and pp¢ kept at lower value than 700~800 Q.cm, the ef-
fective resistivity remains close to the nominal value and follows the dashed lines
in the graphs. For higher pp¢ values, a split occurs in the curves according to the
metal work functions and thus, according to the free carrier concentration at the
silicon surface. This can be easily interpreted by considering that conductive ef-
fects inside the Si substrate may be roughly modeled by two parallel conductances,
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as illustrated in Figure 2.20. In this figure one conductance is associated with
surface conduction (G r = Re(Ysury)) while the other with volume conduction
(Gvor = Re(Yy1)) inside the bulk. (This approach is similar to the one presented
in [6], in which substrate surface losses are dissociated from bulk losses). In the
case of HR Si substrates, volume conduction is very low and surface conduction
largely dominates, making HR Si substrates very sensitive to changes in Gy .
When ppc gradually decreases, G, starts increasing and competing with Gy s,
down to a certain limit below which G, becomes much higher than Gy, . In that
case, the effective resistivity is dominated by volume conduction and becomes in-
sensitive to free carrier densities at the substrate surface.

For low doping and thus high ppc values, the best results are then clearly
obtained in the case of copper interconnects p,rr, for which it was shown that the
Si surface is depleted regardless of the doping level. In that case, the depletion
region underneath the oxide helps increasing further the value of p.rr (slopes
higher than 1 in Figures 2.19a and b). On the other hand, the effective resistivity
becomes clearly degraded by either an accumulation or an inversion layer in the
case of Al or Au interconnects for high ppc values. It is seen that the effect is
worse when the Si surface is inverted, which, as already discussed, is probably due
to the higher mobility of electrons than holes. In that case, the effective resistivity
remains lower than 1 kQ.cm and outlines this surprising feature: it becomes a
decreasing function of ppc. This observation is related to the slight increase of
surface carrier concentration when the doping level is reduced. Figure 2.19b shows
that similar trends are observed when thicker oxides are used. However in that
case, the effective resistivity exhibits higher values due to a combinations of 2
separate effects:

- free carrier concentration at the Si surface is lower for thicker oxides (as shown
in Figure 2.18,

- the total substrate conductance (G,y) is reduced for thicker oxides, thus increas-
ing perr by 2.12.

As in many practical cases RF interconnects are located on higher metal levels
than on M1 (and thus further away from the lossy silicon), the total oxide thickness
underneath the lines is very often higher than 1.2 uym. The effect of t,, on the
substrate effective resistivity therefore deserves further investigation, which is
performed in Section 2.5.4.

Meanwhile, these preliminary data already provide some quantitative insights
on the very high sensitivity of CPW MIS structures on surface inversion or accumu-
lation layers. In particular, it is seen that in the case of very low doped substrates
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charge

Figure 2.20: Mlustration of surface (Y, r) and volume (Y,,;) contribution to the
total substrate admittance.

the effective resistivity may become more than 2 orders of magnitude lower than
ppc when aluminium is used. This, by itself, may be a serious source of concern
when fabricating RF circuits on HR silicon with aluminium. The simulation results
indicate that much better results may be obtained by using copper, and to a lesser
extent, by using gold. However, it must be kept in mind that real interconnects
are by far more complex than the CPW MIS structure considered up to now: fixed
charges in the oxide, the bias applied on the line conductors as well as surface
states at the Si0,/Si interface may indeed have an even higher impact on space
charge distribution underneath the insulating oxide, and thus on p.sr. The effects
of Qr and V, are investigated next.

2.5.2 Fixed oxide charges
2.5.2.1 Different types of oxide charges

Oxide layers fabricated on silicon substrates are prone to contamination by charged
impurities, which are usually referred to as oxide charges (Q r). These charges af-
fect the normal operation of MOSFET devices by shifting their threshold voltage
causing sometimes severe yield and reliability issues. It is commonly accepted
that that four types of charges are associated with the Si/Si0, system, differing
by their electric behavior [42]:

1. Fixed oxide charges (Q ). These charges are usually positive and are primarily
due to structural defects in the oxide layer close to (within 2.5 nm) Si0,/Si inter-
face. In practical cases, this type of charge is usually considered to form a sheet
precisely located at the interface. Its density depends on oxidation process,
oxidation ambient and temperature, cooling conditions, and on silicon orienta-
tion. This type of charge is not in electrical communication with the underlying
silicon.

2. Mobile ionic charges (Q,,). Commonly caused by small ionic impurities such
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as Li*, Na*, K* and H*. These ions are usually located either at the metal-
oxide interface (where they originally entered the oxide layer) or at the SiO,/Si
interface where they have drifted due to the application of an external bias. Drift
can occur because such ions are mobile in SiO, at relatively low temperatures
[33]. Negative ions and heavy metals may contribute to this charge even though
they are not mobile below 500 °C [42].

3. Oxide trapped charges Q,¢. Are due to holes or electrons trapped in the bulk
of the oxide and may therefore be either positive or negative. Trapping is com-
monly produced by ionizing radiation, avalanche injection, or other similar pro-
cesses. Oxide trapped charges are generally annealed out by low temperature
(<500 °C) treatment, although neutral traps may remain.

4. Interface trapped charges Q;;. These charges may be distinguished from the
other three because they are exclusively located at the SiO,/Si interface, where
they are related to surface traps. They are therefore in direct electrical com-
munication with the silicon substrate and may be either positive or negative,
depending on the nature of the traps. Their density is also depending on the
bias, unlike Qf, Q. and Q. Interface traps are typically formed by 1) struc-
tural, oxidation-induced defects 2) metal impurities, or 3) other defects caused
by radiation or similar bond breaking processes [42].

In this work, our attention will remain focused on the most commonly investi-
gated entities: fixed and interface trapped charges. It is indeed assumed that for
all physical wafers measured in the frame of this work oxide trapped charges were
removed by the post-metalization anneal (PMA) made directly after Al deposition.
Besides, no evidence for the presence of mobile charges was outlined during all
static C-V measurements performed in the frame of this work.

At this point, it is important to point out a fundamental difference that exists
between fixed and interface trapped charges. Fixed charges are external elements
introduced into the oxide during the oxidation step. They provide an additional
source of electric field into the MIS structure and therefore contribute to the pa-
rameters that condition the charge distribution at the substrate surface. In other
words, free carriers must build up at the SiO,/Si interface to compensate those
charges and ensure the electrostatic neutrality of the structure:

Qy+Qr+Qs=0 (2.20)

where Q is the charge on the gate ([/cm?]) and Q is the total charge in the silicon
([/cm?)). On the other hand, trapped charges originate from the silicon substrate
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and are captured by surface traps that are considered to be neutral if empty [33].
When traps are present, the condition of electrostatic neutrality yields:

Qg +Qr+(Qit +Qs) =0 (2.21)

The bracketed term in this last expression outlines the charge contribution from
the silicon substrate. Since Q;; is usually considered to be proportional to the
interface trap density (Dj;) [33],

Qit = qDit (2.22)

2.21 shows that when Dj; is high, the charge neutrality in the structure may be
mostly assured by trapped charges, thereby strongly decreasing the free carrier
density into the substrate. This can in turn have a positive impact on RF losses
because trapped charges are unable to react to small signal at frequencies higher
than 1 MHz [33]. The impact of interface traps and trapped charges on the effective
resistivity of HR Si substrates is discussed in Section 2.5.5. The rest of this section
therefore solely focuses on the effect of fixed charges (Q ) on p,yy.

2.5.2.2 Effect of fixed oxide charges on the substrate effective resistivity

In the case of oxidized HR Si substrates, the presence of fixed oxide charges was
previously shown to provide a significant contribution to RF losses because pos-
itive oxide charges attract a low resistivity layer of free carriers near the sub-
strate surface. Though other authors also reported clear evidence of this effect
([4,5,34,43]), the impact of oxide charges on the effective resistivity of HR wafers
was never quantified. This is what is proposed here.

Atlas simulations were first performed by considering varying values of Q s for
the three metal types of interest and by applying a O V bias on all electrodes of
the structure. The results are plotted in figure 2.21a and b for an oxide thickness
of 142 nm and 1.2 um, respectively. In both figures the extracted value of p.sy is
plotted as a function of Q.

It is seen in both figures that the Q¢ dependence exhibits a maximum value
for per¢, which depends on the metal work function and on the oxide thickness.
This indicates that for a given substrate, there exists an optimum value of Q ¢
(Q,0pt) which guarantees the highest value for the effective resistivity and thus,
the lowest substrate losses. The reason for this is that for low values of Q (i.e.,
Qr < Qyfopt ), the thickness of the depletion layer below the oxide in the spacing
between the conductors is an increasing function of Q. Therefore, raising Q ¢

49



CHAPTER 2. RF PERFORMANCE OF HIGH RESISTIVITY SOI SUBSTRATES

to higher values increases the size of the depletion region, thereby increasing the
substrate resistivity at the surface, and thus also p.rs. When Qs increases fur-
ther, an inversion layer is formed in that region, thereby reducing p,rr despite the
presence of the depletion layer.

However, as shown in the previous section, the value of p.r is also sensitive to
the surface resistivity below the metallic conductors (i.e., the central AND ground
conductors). This is why it is seen from Figures 2.21a and b that, for low Qg
values results are largely dependent on Wys. Indeed in that case, the value of Q ¢
is too small to have a significant impact on ¢ ¢ and it is therefore mostly governed
by other parameters, such as Wy, V, and t,y. As it was shown that for copper
the substrate surface lies in a state of depletion it is not surprising that the best
results are obtained using copper interconnects. The substrate surface is on the
other hand accumulated in the case of Au and strongly inverted in the case Al.
Using aluminium interconnects is shown once more to yield the lowest value of
effective resistivity.

For a fixed oxide charge density higher than Q r ,,:, the figure shows that the
effective resistivity becomes independent on the metal work function. This is be-
cause in that case the size of the inversion layer becomes more affected by Q r than
Wus below the conductors, but mostly because most of the losses is attributed
to the inversion layer produced in the spacing between the conductors. Surface
conduction therefore largely dominates over bulk conduction and the effective re-
sistivity rapidly decreases with Q , independently of Wys. The simulated data
indicate that Q  values as low as 1x10'° /cm? can lead to a p, s reduction higher
than one order of magnitude, regardless of the metal work function. Such low
value of Q is even lower than what can be obtained with either thermal or de-
posited oxides. This indicates that in similar physical structures, such as a CPW
lines fabricated on the BOX of a HR SOI substrate, fixed oxide charges in the oxide
are found in sufficiently large quantities so as to reduce the effective resistivity of
the wafer by more than one order of magnitude.

2.5.3 DC bias

The effect of a DC bias applied on the central conductor of the CPW structure was
also investigated. The influence of V, on p.rr was first studied in the absence of
fixed oxide charges. The data are plotted in Figures 2.22a and b as a function of
V, and W)y for an oxide thickness of 142 nm. It is seen in Figure 2.22a that for
such value of t,, the impact of V,; on p.syr is very large. This is of course related
to the space charge region that is formed underneath the central conductor for
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Figure 2.21: Effect of oxide fixed charges on the effective resistivity of oxidized
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Figure 2.22: Effect of the applied voltage on the effective resistivity of oxidized
HR Si substrates for three different types of metal and for t,, = 142 nm.

strong values of |V, |. The maximum value of p.fr (pesfmax) is obtained for a V,
value (V4 max) corresponding to deep depletion below the central conductor. It is
seen that the value of p,rr very rapidly decreases for bias values slightly higher or
lower than Vi max. As expected, the value of pesr max depends on the metal work
function and is the highest in the case of copper (Figure 2.22b). This is because
space charges underneath the 0 V-biased ground conductors also have an impact
on the effective resistivity.

In real structures, the presence of fixed charges inside the oxide must however
be considered. Figure 2.23(a), (b) and (c) illustrates the combined effect of applied
bias and fixed charges on the effective resistivity for an oxide thickness of 142 nm
and for the three metal types of interest. The impact of V,; and Q for thicker
oxides is analyzed in the next section. It is seen in the three figures that the
position of Vi max is shifted leftwards for increasing values of Q ¢, due its lowering
effect on the flatband voltage ( [28]), regardless of Wys. Itis also seen that Q y has
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Figure 2.23: Effect of the applied voltage and Q on the effective resistivity of
oxidized HR Si substrates for three different types of metal and for t,, = 142 nm.

a very large impact on pesf,max, since oxide charges contribute to degrade the
surface resistivity between the conductors, independently of V.

The effects of Q y and V,; on p,ry were also verified on experimental structures
processed at UCL. In the case of wafer SH1, the top silicon film of a HR SOI wafer
was etched in order to deposit the metallic structures directly on the 142 nm-
thick BOX (dry oxide processed at SOITEC). For wafer BHR2, a HR bulk substrate
was thermally oxidized in a wet ambient at UCL. The resulting oxide was thicker
(~ 300 nm). In the case of wafer BH3, a 145 nm-thick oxide was deposited by
APCVD on a bulk HR Si substrate too. For all wafers, the metallic structures were
patterned using a 1 pum-thick Al metalization.

The experimental p.sr vs V, curves are plotted in Figure 2.24 for the three
distinct wafers. Only one die was measured on each wafer, but it is expected that
a dispersion of the substrate losses should occur across the wafers in relation with
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Figure 2.24: Combined effect of V, and Q¢ on the substrate effective resistivity
of oxidized HR Si wafers with ¢, = 145 nm (BH3 and SH1) and t,, = 305 nm
(BHR2). Experimental data.

fixed charge densities. This was not studied here but was recently demonstrated
in [44].

It is seen in the figure that due to the different methods used to form the oxide,
the fixed charge densities appear to be substantially different on the three wafers,
which is observable by the position of their corresponding V, max value.

The values of Q r could be estimated from quasi-static C-V measurements per-
formed on MIS capacitors available on the wafers. Under this method Q s is ob-
tained by measuring the shift in flatband voltage (AVrg) between an ideal (i.e. with
Qr = 0) simulated curve and the physical curve:

AVig = Qr (2.23)
CDX

where the oxide capacitance (C,y) is known from the measured capacitance value
in accumulation. This method is illustrated in Figure 2.25.

Aless accurate method was also used in the case of large Q r values, such as for
wafers BHR2 and BH3. In those two cases, the flatband potential of the structure
was roughly estimated from the p.sr vs V,; curves (stars in Figure 2.24). Neglecting
the work function difference the flatband voltage is approximately given by [28]:

Qr
Vi = Cox (2.24)
The Qf values obtained on wafers SH1, BHR2 and BH3 were respectively -
1.1x1011, 51011 and 2x1012 /c¢m?. The presence of negative charges in the case of
wafer SH1 might be associated with non bridging oxygen atoms near the SiO,/Si
interface inside the buried oxide [45]. It is however unclear whether those negative
charges are related to the thermal oxidation during the fabrication of the UNIBOND
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Figure 2.25: Experimental C-V curve obtained on a MIS capacitor from wafer SH1.
The figure outlines the positive flatband voltage shift caused by negative Q . This
shift is referred to a theoretical curve with Q¢ = 0 / cm?.

wafers (at SOITEC) or if they were created during the wet etching of the silicon film
(at UCL).

The measured data presented in Figure 2.24 exhibit a severe dependence with
respect to V,; and a stronger decrease when the structures are biased in inversion
(i.e., for highly positive values of V,;). Both trend agree with the simulation results
presented in Figure 2.21a. However, it must be noted that the impact of V,; (sharp-
ness of the p,rrmax peak) and of Q ¢ (reduction of peff,max) ON pe sy is much more
pronounced for the simulated structures. In particular, the value of peff max 0Ob-
tained for a fixed charge density of 2x1011 /cm? is well below 100 Q.cm in the
simulated structure, while it is found much higher than 1 kQ.cm in the measured
CPW lines. This can be interpreted by the presence of traps at the Si0O,/Si inter-
face in the physical structures which is investigated later in this work.

The large impact of Qf and V,; on p,rr in HR oxidized substrate and, thus,
on substrate losses, may be detrimental in applications where biasing metallic
conductors is required. This is the case for most RF analogue applications, in
which the AC signal usually propagates from one biased transistor to another on
the same interconnects as the ones providing the DC supply. Time varying values
of substrate resistivity can be a critical issues, especially in circuits containing loss
compensation, such as low noise cascode amplifiers.

Neglecting the effect of V,; on substrate losses can also lead to inaccuracies
in on wafer TLR de-embedding procedures, as explained in [46]. Indeed, as this
kind of method requires the on wafer measurement of standards (open, short,
thru, line, load) to de-embed the device under test (DUT) from its access lines, the
standards must be measured under the same bias conditions as the DUT for a
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correct estimation of the access line characteristics.

Two methods can however be used at a wafer or circuit fabrication level in order
to reduce the parasitic effect of the metal work function, the applied bias and oxide
charges on p.ss: (1) increasing the oxide thickness (as long as this increase does
not imply a similar increase of Q r) to further isolate the metal interconnects from
the lossy SiO,/Si interface and (2) increasing the density of traps at the same
interface in order to absorb free carriers from the substrate surface. These two
methods are investigated in the following sections.

2.5.4 Oxide thickness

Increasing the total thickness of the insulating dielectrics between interconnects
carrying high speed signals and the underlying silicon is usually foreseen as a reli-
able solution to reduce substrate losses. At the current stage of microelectronics,
this can be achieved by different methods:

- Inthe case of SOI wafers, the most straightforward technique consists in forming
the wafers with thicker buried oxides. Standard resistivity SOI wafers with a BOX
thickness in the several um range have been recently made available.

- In multilevel technologies, the cheapest approach is to design the passive struc-
tures on the highest metal levels available. In that case, the total oxide thickness
therefore corresponds to that of the entire stack inserted between the silicon and
the first metal level used. The stack is formed here by the superposition of all
intermetal dielectric (IMD) layers. In the case of standard resistivity substrates,
this approach can increase the quality factor of inductors by more than 20 % [47]
and significantly reduce substrate coupling [48]. In current multilevel technolo-
gies, this technique allows for a maximum t,, value ranging typically between
5and 10 pym.

- Another technological approach can solve this issue by using specific post-
backend modules, such as thin-film post-processing techniques [49]. In this
case additional, cost effective processing is used to fabricate the passive ele-
ments above the passivation layer (i.e., above back end) using other dielectric
materials, such as polymide [50] or BCB (benzocyclobutene) [51]. Additional
dielectric layers of thickness up to 15~20 um can be reached [52], [53].

2.5.4.1 Standard resistivity substrates

As explained in Section 2.2.4.1, the RF electric field distribution near the SiO,/Si
interface in the case of CPW lines is a function of the substrate resistivity: the
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Figure 2.26: Illustration of the effect of t,x on p, s for aline geometry correspond-
ing to set b and for a substrate resistivity of 20 Q.cm. The dashed lines outline the
definition of t,y3x and t,x10k, Which respectively represent the minimum values
of oxide thickness required to obtain effective resistivity values higher than 3 and
10 kQ.cm.

maximum depth reached inside the substrate by the electric fields depends on the
substrate doping. Other factors affecting this parameter are of course, the oxide
thickness, but also the geometry of the line.

2.5.4.2 Impact of t,x on p.rr for a given geometry

The impact of the oxide thickness on the effective resistivity of a CPW line is il-
lustrated in Figure 2.26 for the studied geometry and for a standard resistivity
substrate (ppc = 20 Q.cm). In this case, the lines on the Si0,/Si system were
simulated using the variational principles developed in [38]. The oxide relative
permittivity was set to 3.9. As could be expected, the value of p,r is an increas-
ing function of t,. Itis close to 20 Q.cm for low values of t,, (which corresponds
to the specified Si substrate resistivity) and then rapidly increases with t,,. This
increase is related to the higher concentration of electric field inside the oxide
and the consequent reduction of the substrate conductance G,,. These simula-
tion data also indicate that for such line geometry, the total oxide layer must be
as thick as 118 pum (tox3x) and 174 um (tox10k) to yield p.sy values higher than 3
and 10 kQ.cm, respectively. Such large values of t,, can not be achieved by either
increasing the BOX thickness, stacking IMD layers (even in advanced technologies
with up to 11 metal levels) or by using overIC technologies. If the use of standard
resistivity substrates is required (as in bulk technologies), alternative solutions
must then be considered to completely suppress substrate losses. However, it is
to be noted that the beneficial impact of a t,, increase on substrate loss reduction
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Figure 2.27: Effect of t,x on p.rr and for varying (a) spacing (with Wy=40 um) or
(b) central conductor width (with §=24 pum) values.

should be expected to depend on the geometry of the conductors, since the pen-
etration depth of field lines inside the Si substrate is also a function of W, and S.
This is investigated below.

2.5.4.3 Combined effect of t,, and line geometry on p.yy

The effect of a t,, increase was investigated for a large set of central conductor
width and conductor spacing values, and for a constant ground plane width of
206 um. The selected ranges for W; and S were respectively 5-60 and 5-40 um,
corresponding to values of characteristic impedance varying between 28 and 83 Q
on silicon. In all cases, the metal thickness was set to 1 pum. The combined effects
of tox and S are displayed in Figure 2.27a. It is seen that increasing the spacing
between the conductors has a detrimental effect on p.r¢. This is because a larger
physical separation of the metallic conductors forces the electric field lines to
penetrate more deeply inside the Si0, — Si stack, and thus also inside the silicon.
It is seen in Figure 2.27b that the effect of the central conductor width on p.sy is
similar to that of S, essentially for the same reason.

From those two figures, it is possible to extract t,y3x and tyx10x curves vs W
and S, providing that identical definitions are used for t,x3x and t,x10x as the ones
given in the previous section. The curves are plotted in Figures 2.28a and b, as
a function of W and S, respectively. It is seen that both t,,3x and t,x10x linearly
increase with W, and S, which provides easy-to-use rules of thumb in order to
evaluate the impact of oxide thickness on p.rr (and thus on substrate losses) in
the case of standard resistivity substrates. Indeed, it appears for example from
Figures 2.28a and b that the value of t,,3x obeys to the following laws (in which
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Figure 2.28: Evolution of t,y3r and t,x10x as a function of (a) S and as a function
of (b) W, for CPW lines on a oxidized 20 Q.cm silicon substrate.

all data are written in um):

tox3k = 2.18 + 67.3 [um] (2.25)

toxak = 1.1W; + 72.0 [um] (2.26)

It must be kept in mind that these two expressions are respectively valid only
for a W value of 40 um (Equation 2.25) and for a S value of 24 um (Equation
2.26). Their use is therefore limited and does not provide very broad informations
to anyone interested in evaluating substrate losses for any line geometry. Similar
comments also apply to the linear trends depicted by the tyx10xr Vs S and vs W;
curves in Figures 2.28a and b, respectively.

As a consequence, an attempt was made to evaluate the simultaneous effects
of Ws and S on t,y3r and tyx10x, Which have thus been plotted in Figures 2.29
and 2.30, respectively. The dots in these figures correspond to the simulated
values, while the other mesh points were obtained by using interpolation. Both
figures show that the W and S dependences of t,,3x and t,x10xr can be roughly
approximated by plane-like equations. A least square error-based optimization
yielded the following expressions:

tox3k = 1.12W 4+ 2.075 + 21.6 [um] (2.27)

toxiok = 1.39W, + 2.56S + 54.3 [um] (2.28)

for which the maximum relative errors were estimated to be around 15 % when
5 um < Ws and 10 um < S (Figure 2.31, smallest simulation number). These
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toxak [nm]

Figure 2.29: 3-D graph showing the combined effect of W, and S on t,x3x for a
20 Q.cm Si substrate.

errors were found close to 40 % for S values lower than 10 pm, which is probably
related to the non negligible effect of the metal thickness (1 ym) in those cases.
The coefficients in Equations 2.27 and 2.28 are assumed to be dependent on the
substrate doping.

Though the accuracy of these expressions is clearly limited, they still can be
used as practical rules of thumb to roughly evaluate oxide thickness requirements.
Please note that they are only valid for applications on 20 Q.cm resistivity sub-
strates, even if the method could easily be extended for substrates with other
values of resistivity.

These expressions clearly indicate that the values of t,x3x Or tox10x must be
very large (i.e., higher than 50 um) to reduce substrate losses to negligible values,
even for CPW lines with small geometries. For the practical case of a small line
with Wy = 10 um and S = 5 um, the values of t,x3x and t,x10x reported in
Figures 2.29 and 2.30 are respectively 32.6 and 60.8 um. This, again, can not be
reached by stacking dielectrics in multilayer technologies. Alternative solutions
must therefore be considered, such as using above IC circuits, other line topologies,
or high resistivity substrates.
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Figure 2.32: Simulated p.rs data vs applied voltage for HR Si substrates with
varying oxide thickness values and a constant fixed charge density of 1x10'° /cm?2.

2.5.4.4 High resistivity substrates

The effect of a t,, increase on the effective resistivity of HR (ps;=10 kQ.cm) Si
substrates is illustrated in Figure 2.32 for the case of aluminium interconnects. In
this case, these data were computed using Atlas since an accurate estimation of
the charge distribution inside the substrate is required for a correct evaluation of
pers. In the figure the p,rr data are plotted as a function of V,; for various t,x
values. The fixed charge density was set to a constant value of 1x101° /cm?. As
expected, increasing t,» has a beneficial impact on p.ss and a closer look at the
data indicates that the improvement is twofold:

- first, the influence of V,; on p.sy is reduced as the oxide is made thicker. This
is directly related to the fact that thicker oxide layers tend to reduce the influ-
ence of the applied bias on the surface potential (¢), thereby also reducing its
control on space charges at the SiO,/Si interface. The impact of t,, on the
¢s vs V, curves is illustrated in Figure 2.33 for the same value of Qr and N,
as the ones used in the Atlas simulations. A reduction of the V, influence on
pesr is beneficial for RF circuits, especially when high bias voltages are needed
such as in integrated switches of front end receivers or applications using RF
MEMS. Figure 2.32 also highlights a leftward shift of the flatband voltage (point
corresponding to ¢ = 0 V in Figure 2.33) for increasing t,, values. This trend
is also reproduced in the Atlas simulations (Figure 2.32).

- second, significant improvements of p.rr are observed as f, is increased. This
trend is similar to the one reported in the case of 20 Q.cm resistivity substrate
and is also attributed to a reduction of the line shunt conductance Gg;. The
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Figure 2.33: Influence of ¢, on the ¢, vs V,; curves for a constant Q s value of
1x1019 /em?.

figure indicates that for such Qf value and for the line geometry considered
here, the values of t,,3x and t,x10xr must be respectively higher than 10 and and
20 pm. These values are significantly lower than the ones required for standard
resistivity substrates.

However, it must be pointed out that these simulations predict the beneficial
effect of a f,x increase on p.sr in the ideal case where Q r remains constant, i.e.
independently on the total oxide thickness. This, clearly, may not be expected to
be the case for real structures. For instance, SOl wafers with thick buried oxides are
fabricated in a different manner than wafers with thin buried oxide since a thermal
oxidation is processed on both handle and donor wafers in order to achieve high
tox values. Besides, the oxidation is processed in a different ambient than for
classical wafers and the bonding is then achieved between the two oxide layers. It
must therefore be expected that the use of different oxidation procedures results
in £,x-dependent Q r values inside the buried oxide of SOI substrates. It is yet not
clear whether thicker BOX should have higher or lower Q r values.

As explained earlier, thick oxides in multilayer technologies are usually ob-
tained by stacking a certain number of IMD layers. However, the dielectric mate-
rials used for inter-metal level filling must comply within a series of constraints,
which mainly rely on their mechanical and chemical properties [54]. These mate-
rials are usually implanted with dopants (such as phosphorous, boron or florine)
in order to further improve those properties and additional thin dielectric lay-
ers (such as Spin-on-Glasses (SoG)) are also introduced to solve planarization is-
sues [55,56]. As a result, the overall content of ionized and charges impurities in
stacked dielectric layers can be expected to be very high. This was actually demon-
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strated to be the case in the work of Pramanik et al., in which they used a stack
consisting of 2 PECVD oxide layers and 2 coats of SoG as the total IMD layer in their
double metal level technology. In that work, a total Q y value close to 8x10!! /cm?
was found. Such high value was observed to cause parasitic conduction issues
below the field oxide that is used for device isolation [57], even in the case of low
resistivity wafers. Similar effects were also reported in [58].

Another consequence of using stacked dielectrics is the possibility of having
distributed fixed charges across the oxide, with the expectations that the charge
concentration may be higher in specific layers or at specific dielectric/dielectric
interfaces. When fixed charges are not located close to the SiO,/Si interface,
their effect on space charges inside the silicon is reduced. A simple electrostatic
analysis indicates that the equivalent fixed charge density (Q fqu) is given in that
case by:

Qrean = [ pp0) X dx (2.29)
0 tox
in which py(x) is the bulk fixed charge concentration (in [/cm?/um]) and x is
taken from the metal/SiO> interface.

In multilayer technologies using higher than 5 metal levels the total number of
IMD layers is typically in the range of several tens, with layer thicknesses ranging
between several tens to several hundreds of nanometers. Assuming a homoge-
neous distribution of charges across the entire stack (i.e., with p,(x) = pp), one
can write:

t
Qf,equ = pb% (2.30)

This indicates that Q fe4u linearly increases with t,.

To obtain an empirical value of pj, a simple method consists in determining
the flatband potential (and, thus Qf.4.) from either quasi-static C-V measure-
ments or p.rr Vs V, curves. Knowing the total oxide thickness, p, can then be
estimated from 2.30. The extraction of p;, was performed on several technologies,
all originating from commercial foundries for which details (such as the number
of available metal layers, the metal layer on which the lines were processed, the
total oxide thickness) are provided in Table 2.3. In the table are also included the
extracted values of Q s .qu and pp.

It is seen from the table that the STO13 and Leti025 technologies feature similar
pp values and that these values are both 2 ~3 times much smaller than for the Xfab1
technology, for which a HR SOI wafer with a thick (~ 1 pum) buried oxide was used.
The higher Q f.4u value recorded on Xfabl is either due to higher concentration
of impurities inside the thicker BOX (and is thus inherent to the wafer fabrication
process) or inside IMDs (and is thus inherent to the CMOS process). To evaluate the
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Table 2.3: Technological details of investigated multilayer technologies and ex-
tracted values of bulk fixed charges densities.

Total oxide .
Number of CPW metal - Flatband Qj,equ D
Techno. metal layers layers thl[ilkrﬁﬁss voltage [V] [/em?2) pp l/em=/um]
STO013 6 5-6 4.1 ~ 22 121017 5.6 1010
Leti025 3 3 15 ~ 35 1.7 1011 7.5 1010
Xfabl 3 13 23 <-40 >3.75 1011 >16.3 1010

impact of t,, in more realistic situations, additional Atlas simulations were then
conducted by increasing the oxide thickness and keeping an average constant pj
value of 6.5x10'° /cm?/um. This level closely corresponds to the average value
of p, reported for the two first technologies. The results are plotted in Figure
2.34a as a function of V, and t,,. The same t,, values were used as in the case of
Figure 2.32, for which the data have been replotted in Figure 2.34b for an easier
comparison.

It is clearly seen that the data in Figures 2.34a and b do not feature the same
trends with regards to a t,, increase. In the case of a constant Q y density increas-
ing t,x appears to provide a beneficial impact on p.ry. In the case of a constant py
density, it is first seen to induce a reduction of p.ss down to an oxide thicknesses
corresponding to a worst case value (foxwst). Above fox s, an increase of pesy is
observed.

A shown in Figure 2.35a, the presence of a minimum point in the pess Vs tox
curves for a constant bulk oxide charge density results from two opposite trends:

- an increase of f,x is accompanied by an increase of Q .4, and a resulting in-
crease of the inverted charge below the oxide, which augments substrate losses
and reduces peyr,

- anincrease of t,, tends to reduce the value of Gy, as in the case of Figure 2.34a,
and thus increase p.yy.

The figure indicates that for the investigated structure, the value of t,x . is close
to 50 um. However, as substrate losses are also a function of the penetration
depth of electric fields inside the substrate, one must expect the minimum p.sy
value and thus t,x st to be both a function of the line geometry. This is further
illustrated in Figure 2.35b, where simulation data obtained for smaller geometries
(namely, Set c and Set e from Table 2.2) are reported.

The value of p,rr was also extracted from CPW measurements on wafers from
the three technologies presented in Table 2.3. The results are plotted in Figure 2.36
as a function of the applied bias. It is seen that all technologies exhibit the same
behavior:

64



2.5 FACTORS AFFECTING THE EFFECTIVE RESISTIVITY OF HR SOI SUBSTRATES

sistivity [(cm]

ctive re:

Effe

100 10 Applied voltage [V]
Oxide thickness [um]

sistivity [(.cm]
2 3

ctive re:

Effe

1% Applied voltage [V]

100
Oxide thickness [um] (b) 10t 20

Figure 2.34: Impact of f,x on the p,rr vs V,; curves in the case of (a) a constant
Q value of 1x10'° /¢m? and (b) a constant pj,, value of 6.5x10'° /cm?/um.

65



CHAPTER 2. RF PERFORMANCE OF HIGH RESISTIVITY SOI SUBSTRATES

o

o

o
cl

o
S

Effective resistivity [ ©.cm]
Effective resistivity [ Q.cm]

t0)(1 Ok

10" 10° 10' 10 10 10° 10 10? 10
Oxide thickness [ um] Oxide thickness [ um]
(a) (b)

Figure 2.35: (a) Simulated p.rr Vs tox curves in the case of set b and empirical
extraction of t,x3x and tox10x; (b) comparison with other CPW geometries. In all
cases the metal was aluminium.

n

o,

—e— STO013
—&— Leti025
—+— Xfab1

S

m

m
102 [ ¢ ———%——— %% &

Effective resistivity [Q2.cm]
(=)

15 10 10 15 20

5 o0 s
Applied voltage [V]

Figure 2.36: Extracted p.rr vs V, curves for the three investigated multilayer tech-
nologies.

- the applied bias has hardly any effect on p.r¢ due to the thick oxides,

- thereported p.sr values are inversely related to the fixed charge density, i.e., the
wafer with the highest fixed charge density has the lowest effective resistivity
and suffers from the highest substrate losses.

Both experimental observations qualitatively agree with and confirm the simu-
lated trends outlined in Figure 2.34. They also confirm that the values of p.ss are
more than one order of magnitude lower than the nominal substrate resistivity
in multilayer technologies with total t,, values lower than 10~20 um, which is
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due to the important level of bulk fixed charges in IMDs. As current and future
CMOS Back-End-of-Line (BEOL) technologies are doomed to stack ever increasing
numbers of IMDs and metal layers, this has several negative consequences:

1. the extracted level of p sy being much lower than several kQ.cm, substrate losses
still amount to a fair proportion of total (conductor+substrate) losses and are
therefore not negligible despite what could have been initially hoped from using
HR SOI substrates,

2. from a wafer manufacturer point of view, the value of the substrate effective re-
sistivity can not be guaranteed since it merely depends on the CMOS technology
that is going to be processed upon the wafers,

3. from a circuit designer point of view working on a specific technology node in a
given foundry, the final value of p.rs will depend both on

- the BEOL technology and any modification that is performed (which could be
an issue in classical situations where the first metalization layers are used for
characterization purposes during the early stages of product development
and where the complete BEOL is used for the final products),

- the metal levels used to design the passive structures (merely the first),

- the geometry of the designed passive structure, as shown in Figure 2.35b,

4. from design perspectives also, the final value of p.rs could vary from one chip
to another due to subtle process variations across the wafer and the large sen-
sitivity of pesr t0 Qf oOr Q £ equ-

As shown in Figure 2.34, one obvious technique to solve these issues is to use
very thick oxide or insulator layers. However, this approach presents two major
difficulties. First, asillustrated in Figure 2.35b, even in the case of small geometries
(W5 of 10 uym and S of 5 um for Set e), the oxide thickness values that must be
reached in order to almost suppress substrate losses are more than 25 um. Such
high values of t,, can only be achieved by using post-processing modules, or above
IC circuits, which of course requires additional process work and know-how, thus
significantly extending the price to pay. This extra cost is actually what one expects
to save by using HR substrates.

Second, the total oxide thickness that should be obtained to completely sup-
press substrate losses (t,x10x) depends on the geometry of the coplanar structure
that propagates the high frequency signals, as also illustrated in Figure 2.35b. This
means that if a (very) thick oxide of specific thickness is obtained and no substrate

67



CHAPTER 2. RF PERFORMANCE OF HIGH RESISTIVITY SOI SUBSTRATES

loss is a full design constraint, there will be a limitation on the maximum geometry
of the passive structures that can be implemented.

Using very thick oxides therefore does not appear as the most reliable solution
to suppress substrate losses in HR SOI substrates and an alternative approach is
to be considered. At this point, it is important to realize that the issues men-
tioned above could all be solved at once if the parasitic conduction at the Si0,/Si
interface could be suppressed. An effective approach proposed in [5] and demon-
strated for the first time in [35] consists in introducing a large density of carrier
traps at the substrate surface, as explained in the coming section.

2.5.5 Interface states
2.5.5.1 Origin of interface states

Interface traps are referred in this text as defects that introduce discrete energy
levels (states) in the forbidden bandgap near the the SiO,/Si interface. Those
defects can behave like donors or acceptors. In the former case, the traps are
neutral when filled and positive when empty. In the latter case, the traps are
neutral when empty and negative when filled. The exact nature of the traps as
well as the mechanisms by which they are produced are not yet fully understood
but several models have been proposed to explain the physical origin of the traps.
In [33], three types of models are reported:

The Coulombic model. According to this model, fixed charges in the oxide in-
duce potential wells in the silicon and quantum levels within these wells are
associated with interface trap levels. For the most part, such traps are located
in energy levels near the silicon band edges and result in too low midgap D;;
density to significantly alter the electrical properties of the SiO,/Si interface.

The bond models. In these models, the distribution of interface traps in the
forbidden bandgap is caused by a distribution of bond angles or by stretched
bonds at the silicon surface. These bond distortions may be caused by local
strain or non stoichiometry at the SiO,/Si interface.

The defect models. In these models, interface traps are caused by defects in
the interfacial region. The origin of those defects ranges from stacking faults
and micropores to atomic of molecular residues related to imperfect oxidation.
In the case of thermal oxidation, the three main defect types that have been
identified as possibly existing at the Si0,/Si interface and as possibly producing
interface traps are:
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1. Impurity atoms.

2. Excess silicon. Probably resulting from an uncomplete oxidation process, there
may be trivalent silicon atoms in the oxide at the interface. Such atoms only
share three of their four valence electrons with neighboring silicon atoms and
the unsatisfied valence bond (also called dangling bond) is known to introduce
two energy levels in the silicon band gap [59,60]: one (donor-type) at 0.25 eV
and the other (acceptor-type) at ~0.85 eV above the valance band. This type
of traps is commonly referred to as a P, centers due to their paramagnetic
nature in neutral state. These defects are believed to be the dominant cause
of interface traps in the SiO,/Si system [59].

3. Non bridging oxygen. Non bridging oxygen atoms are oxygen atoms that share
only one of their two valence bonds with a silicon atom, thus interrupting the
"bridge" that is formed via the oxygen between two silicon atoms. Non bridg-
ing oxygen may be caused by uncomplete oxidation (and excess of oxygen) or
stress in the interfacial region. The cleavage of strained Si-O bonds result in
the so-called E’ centers [61]. The unsatisfied valence bond acts as an electron
trap, which becomes negatively charged when filled [33].

2.5.5.2 Interface state densities

For thermal oxides, the resulting density of interface traps depends on a large set of
parameters such as the oxidation temperature, the oxidation ambient (wet or dry),
the oxygen pressure and also the silicon substrate orientation ((100) or (111)) [33].
Due to the three times higher density of silicon atoms at the SiO,/Si interface
for (111) substrates, interface traps densities are higher in that case than for (100)
substrates. Typically, dry and low oxide layers result in D;; densities in the low
10'2 /cm?/eV and in the low 10'! /cm?/eV near midgap, respectively, for (100)
substrates [33]. However, as both P, and E’ centers are electrically active, they can
react with hydrogen and capture hydrogen atoms [60, 62]. This mechanism passi-
vates the defects and decreases the effective density of interface traps. The value
of Dj; is therefore quite sensitive to the hydrogen content of the ambient, and a
reduction of D;; is possible by performing post oxidation anneals in hydrogen-
containing ambient. Typical anneals are the Post-Metalization-Anneals (PMA) at
a temperature of 430 °C in forming gas (10 % H, + 90%N>). Hydrogen anneals at
temperatures above 500°C can however have an opposite effect on D;; by depas-
sivating the traps [62]. A reduction of trap density at the thermal oxide/silicon
interface can, for instance, also be obtained by RF plasma hydrogenation of the
silicon surface prior oxidation [63].
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Figure 2.37: Band diagram of the simulated structures showing the simulated trap
distribution at the SiO,/S1i interface as well as the sign of Q; for (a) V,; = Vgp, (b)
Vi< VEgp and (c) Va> Vip.

In the case of SOI substrates and for the problem with which we are confronted,
the relevant Si0»/S1 interface is the interface between the buried oxide layer and
the silicon substrate. The nature of this interface depends on the process that is
used to fabricate the SOl wafer. Mainly, the interface is either abonded or a thermal
interface. In the case of bonded wafers, the bonding process may be performed
between the handle substrate and the thermally oxidized donor wafer (Smart-Cut
technology) but also between the oxidized substrate and the donor wafer [64]. In
the latter case, the buried oxide is not submitted to the hydrogen implant used for
the splitting and different electrical properties of the interface can be expected.

Recent works have demonstrated that the trap distribution [65] as well as
the trap properties [66] were significantly different from one type of interface to
the other: bonded interfaces exhibit trap energies in a narrow subband between
E,+0.73 and E.+0.93 eV, which is typical of P, centers, while thermal interfaces
are characterized by a continuous, U shape distribution of states throughout the
band gap. These differences were attributed to the absence of SiO, transition
layer in the case of bonded interfaces. In those works however, the buried oxide
was not subjected to H, implant during the wafer fabrication process.
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Figure 2.38: (a) Simulated p,.r s vs V, curves for a varying interface trap density and
a constant Q s value of 1x10'° /¢m? and (b) bimulated p, sy values as a function
of D;; for several Q s densities and an applied bias value of 0 V.

To illustrate the impact of interface trap densities on the substrate effective
resistivity Atlas simulations were performed. For simplicity, the trap distribution
was assumed to be continuous and homogeneous throughout the band gap. Traps
were considered as donors below and acceptors above the Fermi level at the sub-
strate surface in flatband conditions (Figure 2.37) similarly to P, centers in p-type
substrates. The fixed charge density was varied and the bias was swept from -20
to 20 V.

2.5.5.3 Impact of Di; on p.syr: simulated data

Figure 2.38a displays the simulated p.rr vs V, curves for a constant Q s density
of 1x10!° ¢m?2. It is seen from the figure that an increase of D;; is very benefi-
cial on the maximum value of pess (Pesf,max) €ven in the case of extremely low
densities (below 1x10'° /cm?/eV). For instance, the figure shows that pef fmax
reaches almost 3 kQ.cm for a D;; value of 5x10° /cm?/eV while it is barely of
750 Q.cm when no traps are present at the SiO,/Si interface. For higher D;; lev-
els, perr increases even much further and recovers the value of the nominal wafer
resistivity (i.e., ppc ~ 10 kQ.cm) for a trap density located between 1x10'° and
2x10'0 /cm?/eV. Above such value, the value of p, ffmax Seems to saturate at
a value higher than ppc due to the presence of a depletion layer at the substrate
surface.

It is also seen in Figure 2.38a that the influence of V,; on p.ss is decreased as
the trap density increases. This is directly attributed to the reduced impact of
V, on the surface potential and on the charge distribution at the silicon surface
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Figure 2.39: Simulated ¢, vs applied bias curves for varying D;; values (t,, = 142
nm, Wy=4.1 eV and N;=13x10!" /cm3).

(Qs) when traps are present at the Si0,/Si interface. As explained in [33], this
reduction is attributed to the ability of the traps to respond to the applied bias:
any changes in Q4 (the charge on the top conductor) is balanced by both Q; and
interface trapped charges (Q;;). For high D;; values the electrostatic neutrality
of the structure is thus mostly ensured by Q ;, thus reducing changes in Q; and
in band banding. These effects are further illustrated in Figure 2.39 in the case
of a MIS capacitor with t,,=142 nm, Wy=4.1 V (Al) and N,=13x10'! /cm3. For
these additional simulations, a similar trap distribution was chosen as for the Atlas
simulations. Besides, for the sake of further modeling simplification, the traps
were considered as all filled below and all empty above the Fermi level for each
applied bias. These simulations also show that for the trap distribution considered
here, any increase of D;; also yields an increase of the flatband potential. This
trend was confirmed by Atlas simulations.

Figure 2.38b illustrates the impact of D;; on the value of p.rr at 0 V for several
Q densities. It is seen with no surprise that the minimum D;; level (Djs10x) that
is required to obtain lossless substrates (i.e., p.rr = 10 kQ.cm) is an increasing
function of the fixed charge density in the oxide. This is because for higher positive
Q densities, a higher concentration of electrons is attracted near the substrate
surface and a higher density of traps is required to absorb those charges.

2.5.5.4 Impact of Di; on p.ss: experimental evidences

A. Different oxide qualities
Among the various wafers processed in the frame of this work, several of them
exhibited strong evidences that the presence (or absence) of interface traps had a
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Figure 2.40: Experimental p.rr values extracted on HR wafers highlighting the
positive effect of traps at the SiO,/Si interface.

positive (or negative) impact on the value of their effective resistivity. Data from
three selected wafers are reported in Figure 2.40:

- In the case of wafer SH1, the data are reported from the ones presented in Figure
2.24. For that wafer, Q r was estimated from quasi-static C-V measurements to
lie around -1x10'! /c¢m?. According to simulated data performed in the absence
of interface traps (Figure 2.21) such high value of Q r should lead to much lower
Peffmax vValues than the one reported on the experimental sample (even if Q ¢
is negative, because in that case a low resistivity accumulation layer is formed
below the oxide between the conductors). On the other hand, the simulation
data presented in Figure 2.38b indicate that for such high |Q ¢| value, the trap
density that must be reached to obtain p,sr values in the 1 kQ.cm range should
be in the low 1019 /cm?/eV. This is typically what can be expected in thermal
or bonded oxides [65].

- For wafer BH3, a poor quality oxide layer of similar thickness was deposited by
APCVD. Due to the deposition process of this oxide, higher Q f and D;; values
are expected. A high fixed charge density is indeed clearly seen in the figure
(very low Vgg). It is also noticed that, despite a higher Q y density than in the
case of SH1, the value of p.rrmax is even higher. This suggests that a higher
trap density is present for the case of the deposited oxide, and that those traps
contribute to increase pesrmax by absorbing free carriers from the substrate
surface.

- For the last presented wafer (BH4), a good quality thermal oxide was first grown
and then covered by a thick (1 um) APCVD oxide. The oxide-substrate interface
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Figure 2.41: Effect of a postmetallization anneal (PMA) in forming gas on p,rr for
HR wafers with different oxide qualities.

is then in that case characterized by a low D;; density due to the thermal oxi-
dation and a high resulting Q fequ (~ 1.8x10'" /cm?) because of the low quality
deposited oxide. Both elements contribute to a strong reduction of p.yr, sim-
ilarly as for the HR SOI wafers processed with multilayer technologies (Figure
2.36).

B. Effect of postmetallization anneals

As explained earlier, hydrogen atoms are known to passivate traps at the Si0O»/S1i
interface during a postmetallization anneal performed in a forming gas ambient. In
our case, postmetallization anneals are then expected to have a negative impact on
the value of p. s since they contribute to reduce the effective density of electrically
active traps. This effect is demonstrated in Figure 2.41, which reports the effective
resistivity measured on wafers SH1, BHR2 and BH3 before and after a PMA. For the
three wafers, the oxide layer consisted in the BOX of a HR SOI wafer (BOX oxide),
a wet thermal oxide and a APCVD oxide, respectively. It is seen that:

- for all wafers the impact of V, is significantly lower before the PMA, which
demonstrates the higher density of traps before the PMA;

- for all wafers the higher trap density before the PMA results in a higher value of
pesr at 0V (except for wafer SH1, which has a Vi close to 0 V);

- the value of pefs max is increased after the PMA in the case of wafers SH1 and
BH3, which is interpreted as being related to a reduction of Q ¢ during the anneal.

The simulated data presented in Figures 2.38 and the experimental data pre-
sented in Figures 2.40 and 2.41 strongly suggest that increasing the amount of
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Figure 2.42: (a) Simulated impact of temperature on p.rr for a fixed 142
nm-thick t,, and a fixed 1x10'° /c¢m?2-Qy (HR: varying D; values, STD:
Dy=1x10'9 /cm?/eV) and (b) comparison between simulation and experimental
data

traps at the Si0O,/Si interface in HR oxidized wafers might be a reliable solution
to reduce the negative impact of fixed charge density and applied bias on the val-
ues of the wafer effective resistivity. This could be accomplished, for instance,
by processing the oxide growth/deposition in conditions that favor the creation
of those traps. According to worst case (Q y=1x10'? /c¢m?) simulated data, the
D;; level must be at least on the order of 1x10!2 to completely get rid of surface
parasitic conduction and bias effect. It is furthermore important to keep in mind
that in order to be of useful interest this value must remain stable, i.e. it may not
be altered by subsequent process steps (thermal anneals, gate oxidation, PMA) en-
dured by the wafers. Results presented in Figure 2.41 suggest that this is not going
to be the case using conventional growth/deposition methods, for which D;; val-
ues are reduced by more than one order of magnitude [33] after a PMA. Alternate
methods should therefore be considered. One of them consists in passivating the
Si substrate with a layer of polysilicon. This approach is thoroughly investigated
in the next chapter.

2.5.6 Temperature

This section is intended to investigate the effect of temperature (T) on the effec-
tive resistivity of HR silicon substrates and the suitability of such wafers for high
temperature applications. Atlas simulations of CPW lines were performed on an
oxidized HR Si substrate by varying T up to 200°C and by considering a constant
oxide thickness of 142 nm, a constant Q s density of 1x10'° /cm? and a varying
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trap density. The simulation results are plotted in Figure 2.42a. Additional sim-
ulations were also performed in the case of a standard resistivity substrate (with
Qf=1x10'" /em? and D;=1x10'" /cm?/eV with the same trap distribution as in
Section 2.5.5). The results are included in the figure for comparison.

Not surprisingly, it is seen that substrates with the highest interface trap den-
sity exhibit the highest values of effective resistivity in the lower temperature
range, i.e., below ~ 150 °C. However, as the temperature is increased the substrate
resistivity is lowered and so is the impact of D;;. The latter effect results from
a convergence of the p,rr vs T curves at high temperatures. This convergence
is also observed for the standard resistivity substrate curve, indicating that p.yr
becomes independent on the interface trap density and the substrate doping.

The decreasing impact of substrate doping and of interface trap density on
pess can be both simply explained by an increase of majority carriers inside the
silicon substrate as T is raised. This effect is due to an increase of the intrinsic
carrier concentration (n;(T)) ! as shown in the following expression [33]:

E
ni(T) = 3.3x1015T32exp <_2Tgr) (2.31)
(2.32)

where E; is the width of the silicon band gap, k is Boltzmann’s constant and g is
the electron charge. The majority carrier concentration inside the silicon is then
given by

[ 2

p = niexp (qkd;F) _ Na (NZ“)Z A (2.33)
The majority carrier density obtained using the above expressions is repre-
sented in figure 2.43 as a function of T for varying doping values. These data show
that for a given doping level, the majority carrier density is equal to N, (which is
independent of T) at lower temperatures and becomes equal to 7; (and thus an
increasing function of T) above a certain temperature point that is N, dependent.
These trends result in an increase of p with T at high temperatures and a suppres-
sion of the doping level influence on p: at high temperatures, the silicon becomes
intrinsic (i.e., n=p=n;), which explains the trends observed in Figure 2.42a. For the
standard resistivity substrate, the slight increase of p. sy with T might be explained

by a reduction of the carrier mobility for increasing temperatures.
The effect of temperature on p. s was also verified on three experimental sam-
ples, as shown in Figure 2.42b: a standard resistivity bulk wafer with a 1um-thick

IThe temperature effects on interface trap cross section as well as emission and capture time de-
scribed in [33] is assumed to play a minor role here and is therefore not discussed.

76



2.5 FACTORS AFFECTING THE EFFECTIVE RESISTIVITY OF HR SOI SUBSTRATES

N, = 1x10"¢/cn?

N = 6.5x10'%/cm3 (STD)
o] N_=1x10"/cm?

N, = 1x10"%/cm?

Majority carrier concentration [/cm3]

p N, =1.3x10"2 /em® (HR)
.
7
7*—n(T)
10 / i
10"},
10ﬁ L L L L
0 100 200 300 400 500
TI°C]

Figure 2.43: Illustration of the majority carrier concentration in the Si substrate
as a function of temperature and doping level.

PECVD oxide (BS3), a silicon-etched HR SOI wafer (SL1) and a HR bulk wafer with a 3
um-thick PECVD oxide (BHR17tb). In the latter case the trap density at the SiO,/Si
interface was increased by passivating the Si substrate with a 20 nm-thick LPCVD
polysilicon layer before oxidation. The trap density was then further increased
by submitting the sample to a 3h-long thermal anneal in neutral ambient (N>) at
900°C. For the three wafers, additional simulations were performed by considering
realistic values of Q r and D;; (detailed in Figure 2.42b), and adjusting the substrate
doping level. Both simulation and experimental results are plotted in Figure 2.42b.
It is seen that a good correlation exists between the data. The figure also demon-
strate both theoretically and experimentally that when the interface trap density is
significant (i.e., >1x10'2 /cm?/eV), the effective resistivity of oxidized HR wafers
remains higher than 10 kQ.cm (i.e., the substrate remains lossless) up to a tem-
perature close to 60°C (T1¢x) and remains higher than 3 kQ.cm (i.e., the substrate
remains quasi-lossless) up to a temperature close to 100°C (T3x). These are much
better achievements than in the case of the unpassivated HR wafer and demon-
strate the possible use of HR silicon wafers for high temperature applications up
to 100°C. Higher temperatures could also be targeted if non negligible substrate
losses are tolerated. However, as those losses are mainly related to the free car-
rier concentration inside the substrate it is expected that much better performance
could be achieved at higher temperature by using purely dielectric substrates, such
as fused silica or sapphire. The performance of those exotic substrates and that
of alternate line topologies are discussed in the next section.
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2.6 CPW on HR SOI vs other technologies: who wins?

2.6.1 Proposed techniques to reduce the substrate influence

It was demonstrated in the previous sections that due to the semiconductor nature
of their substrate, oxidized HR silicon wafers suffer from parasitic surface conduc-
tion below the oxide, which makes the substrate effective resistivity highly depen-
dent on process-related parameters (such as the equivalent fixed charge density,
the interface trap density, the total oxide thickness, the metal work function ...) or
also on operation conditions (V). In worst case situations (high Q r and high [V,
low D;; and low t,), this effect was shown to reduce the effective resistivity of the
substrate by more than two orders of magnitude. It was also demonstrated that
those parasitic effects could all be prevented by passivating the Si substrate with a
trap-rich layer, such as polysilicon. In that case, the nominal substrate resistivity
can be fully recovered.

It must be kept in mind that a variety of alternatives have also been proposed
in the literature to reduce or suppress substrate losses in CMOS technologies.
As already mentioned, one of them consists in using lossless dielectrics, such as
sapphire and quartz. The silicon-on-sapphire (SOS) technology has been around
for quite a long time [67] and is currently exploited by several renowned foundries
(such as Peregrine Semiconductor and Oki Semiconductor) even if it still lacks
proof of large-scale manufacturability. The limited success of this technology
is essentially due to the difficulties encountered in epitaxially growing uniform,
defect-free crystal silicon on the Al,O3 lattice, which increases the cost of SOS
wafers [68,69]. A cheaper alternative to SOS substrates consists in using fused
silica (glass), commonly (and mistakenly) named quartz. The fabrication of silicon-
on-quartz (SOQ) wafers has been investigated by SOITEC during these past years.
The main challenge in this case is the thermal expansion coefficient mismatch
between quartz and silicon [70], preventing a full compatibility of SOQ wafers
with standard CMOS processing.

At a process level, many techniques have also been implemented to eradicate
the parasitic influence of the substrate on the RF performance of passive devices.
Such techniques typically consist in 1) local removals or thinning of the lossy sil-
icon substrate during or after process [71], 2) substrate screening by providing a
metallic shield [72] or 3) increase of the insulator thickness between the passive
elements and the lossy substrates with either thicker oxide layers [73] or post-
process BCB [53] and polyimide modules [74]. The main drawback of these tech-
niques is that they qre not straightforward, which adds to the total fabrication
cost. It therefore appears that in currently available multilayer technologies the
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Figure 2.44: Extracted values of (a) line attenuation constant and (b) real part of

characteristic impedance for CPW and TFMS lines from different technologies.

cheapest solution to eradicate substrate losses consists in using one (or two) of the
metal layers to fabricate a bottom ground plane and other metal levels to propa-
gate the signal. This configuration is particularly well suited to the microstrip line
topology, commonly referred to as thin-film microstrip lines (TFMS) [75].

In the following sections, the RF performance of CPW lines on silicon wafers is
compared with that of SOQ and TFMS technologies.

2.6.2 Performance comparison between CPW lines on SOQ, on PolysSi-
passivated HR Si substrates and TFMS line topology

Figure 2.44a displays the total RF losses obtained on four CPW structures of iden-
tical geometry (Set b) from distinct wafers: one fused silica substrate (SOQ), one
polysilicon-passivated HR silicon substrate (BHR7), one HR SOI wafer issued from
ST013 technology (ST013) and one HR bulk silicon wafer covered with a 350 nm-
thick thermal oxide and a 1 um-thick ((Q s-rich) deposited oxide (BHR5). The CPW
lines were fabricated using 1 um-thick patterns in Al, except for the ST013 struc-
ture which was fabricated using copper on the 6th metal level (M6). In that case,
additional hole patterns were included in the structures to comply with design
rules (metal density), leading to a reduction of effective central line width and
slightly increased conductor losses. Experimental results obtained on a TEMS line
from STO013 is included in the figure too. For the TEMS line, a 7 um-wide strip was
designed on the stacked M6 (copper) and AluCap (Aluminium) layers. The ground
plane was obtained using the first two metal levels, resulting in an equivalent oxide
thickness of 2.9 um. For all Si-based CPW lines the extracted value of the substrate
effective resistivity is provided in the figure.
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Figure 2.45: Comparison between simulated and measured data for wafers SOQ
and BHR7. The simulation results were obtained using Heinrich’s expressions and
by considering lossless substrates.

2.6.2.1 PolySi-passivated substrates vs SOQ wafers

Figure 2.44a provides a clear evidence that substrate passivation significantly re-
duces substrate losses, since losses observed on wafer BHR7 appear to be well
below those obtained on wafers BHR2 and STO13 for a similar line geometry. Even
better results are observed for wafer SOQ, which must be interpreted as due to ei-
ther higher substrate losses and/or conductor losses for the passivated silicon sub-
strate. Simulation results obtained using Heinrich’s closed form expressions [37]
and by considering lossless substrates (for an aluminium conductivity (o 4;) of
3.2x107 S/m and a metal thickness of 1 um) actually demonstrate that substrate
losses can be completely neglected in the case of the passivated substrate. Indeed,
the results displayed in Figure 2.45 show than an excellent match is obtained be-
tween simulated and experimental data for both SOS and BHR7 wafers by solely
considering conductors losses.

The loss difference observed between wafers SOQ and BHR7 can then only be
explained by conductor loss variations. This fact is actually related to the much
lower relative dielectric constant of fused silica (efs = 3.8) than that of silicon
(efs = 11.7). Indeed, for low loss substrates total losses can be expressed by:

Ktot = Keond + Ksub (2.34)
RS Csh Gsh L;
~ — 2.35
2\ L T2\ Can (2.35)
R

- s Gsn
~ oz + 5 Zc (2.36)
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where R, L, Gsj;, and Csj, are the elements of the line distributed circuit and Z, =
+/Ls/Cgsp is the high frequency approximation of the line characteristic impedance.
For a lossless dielectric substrate (xsyp =~ 0) this expression reduces to:

Ry /C
Kot = ?S LSSh (2.37)

and shows, as observed, that for a given geometry, conductor losses are a decreas-

ing function of the line effective dielectric constant.

As illustrated in Figure 2.44b, the lower permittivity of fused silica leads to a
higher characteristic impedance of the CPW line on wafer SOQ compared to that on
wafers BHR2 or BHR7. The characteristic impedance value on SOQ could be made
closer to that on the silicon substrate by reducing the spacing between the conduc-
tors, thus without significantly impact on the series resistance. This means that
equivalent CPW lines (in terms of losses and characteristic impedance) could be
obtained on SOQ and on Si substrates with smaller dimensions in the case of fused
silica. This also indicates that for a given level of line losses higher integration of
passives is possible on SOQ substrates.

2.6.2.2 CPW vs TFMS lines

The results presented in Figure 2.44a indicate that for the chosen line geometries
the TEMS line outlines much higher losses than CPW lines with either passivated
or unpassivated substrates. This is of course associated with the smaller geom-
etry of the TFMS line and the higher line series resistance. For the case of the
ST013 technology, the impacts of strip width and metal thickness on the conduc-
tor losses and on the line characteristic impedance are outlined in Figure 2.46.
Using rough extrapolations, it is anticipated from those data that a 50 Q-Z. TFMS
(with W<7 um) line using the AluCap layer would lead to losses ranging between 6
(W = 7 um M6+AluCap) and 7.5 dB/cm (extrapolated for W = 2 um M6+AluCap),
resulting in significantly higher losses than in the case of a Set b CPW line on the
same technology.

Series losses in TFMS lines can be reduced by either increasing 1) the metal
conductivity (advances in that field have been the replacement of aluminium with
copper for the interconnects), 2) the conductor thickness (additional thick layers
of aluminium on top of the last metal level (AluCap in ST013 technology) are now
commonly used) or 3) the strip width. In this last case, one should recall that
for a given insulator thickness (t;;.;), and thus for a given technology, the strip
width of the TFMS line is usually determined by characteristic impedance consid-
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Figure 2.46: Extracted values of (a) line attenuation constant and (b) real part of
characteristic impedance for TFMS lines of various geometries.

erations. Therefore, for a specified Z. value an increase of the line width can only
be achieved along with a corresponding increase of t;;.;, and thus, by increasing
the number of IMD and metal levels in the back-end of line process. It therefore
appears that the properties of the TEMS lines in multilayer technologies are crit-
ically conditioned by the technology in which they are implemented. For CPW
lines on Si substrates however, conductor losses are not so much constrained by
technological parameters for two main reasons:

- First, both the central conductor width and the spacing between conductors (S)
can be independently adjusted to achieve the desired impedance value. This pro-
vides more flexibility when designing the CPW structures and enables designers
to reach higher W; for a given Z. target.

- Second, there is a significant difference in the number of metal levels that can be
used in both structures. In a TFMS line made with a multilayer technology, the
entire stack of metal levels and IMD layers must be divided to successively form
the ground plane, the dielectric insulator and the top conductors. In the case of
CPW lines, all metal levels may be stacked in order to reach the highest value of
metal thickness, and thus the lowest series resistance. This point is particularly
interesting at lower frequencies (i.e. below 1~2 GHz) where the skin depth is
higher than several microns. For instance, the top conductors (M6+AluCap) of
TEMS lines in ST013 technology is 1.8 um and the total thickness of the M1-
M6+AluCap stack is close to 5.5 um. This indicates that for similar line cross
dimensions, CPW lines can be fabricated with much lower series losses than
TFMS lines, thus conferring a significant advantage of CPW lines over TFMS lines.
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Figure 2.47 displays the losses vs p.ss chart and indicates how CPW losses vary
with perr for two geometries (Sets b and e) and a varying aluminium (triangles)
thickness. The graph is similar to the one presented in Figure 2.16 (Section 2.4 in
which additional experimental data have been plotted from samples BHR5, BHR7,
ST013 and TFMS. For all measured CPW lines, the effective resistivity was varied
by applying a DC bias on the central conductor. A good matching is observed
between the experimental and the simulated Set b data with t4; = 1 um (except
for ST013 due to the hole patterns), supporting the accuracy of the simulations.

The figure shows that the 50 Q-Z. TEMS line on the multilayer technology
(ST013) produces higher losses than CPW lines of Set b on silicon as long as the
substrate effective resistivity is lower than approximately 100 Q.cm. This indicates
that TFMS lines offer better performance than wide CPW lines when standard re-
sistivity substrates are used and lower performance when HR substrates are used.
In the latter case the loss reduction is higher than 60 % and 80 % for unpassivated
(STO013) and passivated (BHR7) substrates, respectively. For comparable structure
geometries however (Set e) conductor losses drastically increase, thus reducing the
benefit gained from using CPW lines. Nevertheless, in this case an increase of the
conductor thickess provides a significant reduction of conductor losses, which is
much more pronounced than in the case of wide structures (Set b). In particular,
it is seen that for the ST013 technology, a CPW line from Set e with a 5 pum-thick
stack of copper (asterisks) (0cy ~ 4x107 S/m) interconnects leads to conductor
losses close to 4 dB/cm at 10 GHz on a passivated Si substrate. This represents
losses that are more than 40 % lower than on the equivalent 50 Q TEMS structures
with a similar strip width.

The performance of TFMS lines could however be enhanced if the total dielec-
tric thickness and strip width were increased, such as in post-process above IC
modules [75]. Future generations are therefore expected to provide significant im-
provements in that field, since the 2005 ITRS Roadmap predicts that the number of
metal levels should reach 14 by the year 2016 [76]. Assuming an average dielectric
thickness of 1 pum per IMD layer (such as in ST013), it means that a 50 Q-Z. TFMS
line could be made wider than 15 um. In that case, series losses could be dras-
tically reduced. However, as explained above, conductor losses in CPW lines will
also be significantly reduced, since they will be made by stacking an even larger
number of metal layers.

The results obtained in this section lead to the following conclusions regarding
the design of transmission lines using a conventional (i.e., without above-IC or
post-process modules) multilayer CMOS technologies:

- As surface-passivated HR Si substrates behave like lossless substrates, they com-
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Figure 2.47: Simulated and extracted o+ Vs pess for CPW lines of different ge-
ometries and one TFMS line at 10 GHz.

pete in terms of RF performance with dielectric substrates such as silicon-on-
quartz (fused silica) or silicon-on-sapphire (SOS) wafers. However, the lower
dielectric constant of quartz and sapphire leads, for a given characteristic im-
pedance value and loss level, to smaller line dimensions thus allowing higher
integration in those technologies.

- In current multilayer technologies, TFMS lines present lower losses than simi-
larly sized CPW lines when using standard resistivity substrates. When HR Si
are used, the opposite is true even in unpassivated substrates. In that case,
conductor losses in CPW lines can be significantly reduced by either stacking all
available metal levels or increasing the central conductor width (to the expense
of surface layout consumption). Both techniques can clearly not be applied in
the case of TFMS lines, for which the strip width is the main factor determin-
ing the value of the characteristic impedance and for which a minimum number
of IMD layers must be inserted between the top and ground conductors. This
confers significant advantages to the CPW over the TFMS line topology, which
should persist even in future technologies with higher numbers of metal layers.
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2.7 Effect of parasitic substrate surface conduction on other pla-
nar devices

It was demonstrated in the previous sections that surface conduction at the sub-
strate surface leads to a drastic reduction of the substrate effective resistivity in
the case of CPW lines on oxidized HR silicon or SOI wafers, thus significantly de-
grading the performance of the structures in terms of RF losses. We now intend
to demonstrate that this phenomenon can also deteriorate the RF performance
of other types of passives, such as crosstalk structures and inductors. More pre-
cisely, the impact of parasitic conduction underneath the oxide is evaluated in the
coming sections on the crosstalk properties of oxidized HR substrates and on the
quality factor of inductors on such substrates. For this purpose, the structures
are analyzed as a function of the bias applied on the metallic conductors. These
measurements are also compared with the ones obtained on identical structures
from an oxidized, polySi-passivated HR Si substrate.

The structures evaluated in the coming sections exclusively originate from the
following 5 home-processed wafers:

- BHR5: 300 nm-thick thermal oxide+1 um-thick APCVD oxide,
- BHR7: 360 nm poly LPCVD+30 nm-thick thermal oxide+1 um-thick APCVD,
- BS3: 1um-thick APCVD oxide on standard resistivity wafer,

- soitecl: HR SOI with oxidation of silicon film, resulting oxide thickness: 450

nm,
- SOQ: fused silica,
and the following 2 wafers processed in commercial foundries:
- Xfab: HR SOI technology with 3 metal levels,
- ST013: HR SOI technology with 6 metal levels.

All home-processed wafers received a 1 uym-thick metallization. These techno-
logical details are summarized in Table 2.4.

2.7.1 Crosstalk structures
2.7.1.1 Introduction
Substrate crosstalk reduction and isolation are critical areas of concern for SoCs

applications. It is generally considered that when digital and analogue circuits are

85



CHAPTER 2. RF PERFORMANCE OF HIGH RESISTIVITY SOI SUBSTRATES

Table 2.4: Technological details of the wafers studied in this section.

Wafer Sut?st}" a.te Passivation Oxidation Metal layer
resistivity layer
300 nm thermal .
BHR5 HR / +1 um APCVD M1: 1 um Al
360 nm 30 nm thermal + .
BHR7 HR polySi 1 ym APCVD MI1: 1 um Al
BS3 20 Q.cm / 1 um APCVD M1: 1 um Al
. BOX + 300 nm .
soitecl HR SOI / thermal MI1: 1 um Al
Fused .
SOQ silica / / MI1: 1 um Al
Xfab HR SOI / Techno Xfab with 3 metal layers
STO013 HR SOI / Techno ST013 with 6 metal layers

co-integrated, most of the noise 1) is generated by the digital parts, 2) is injected
into the substrate and 3) disturbs the analogue sub-circuits [1]. Numerous studies
have thus been performed to either reduce the mechanisms of noise generation
[77] or substrate coupling [48], [78], [79]. The former investigations mostly rely
on circuit design strategies, while studies performed to reduce substrate coupling
are usually concerned with technological aspects. In that field it is interesting
to notice that many authors concentrate their effort on reducing the crosstalk by
introducing guard rings or grounded shields between coupling pads. The most
efficient shields are therefore the ones that almost completely isolate the pads
apart, forming close-to-ideal Faraday cages [79,80]. However, one should be aware
that this substrate crosstalk reduction method is only efficient because it deviates
the noisy signal to the ground. This is achieved by a pad-to-ground capacitance:
the higher the capacitance, the better the shield. One could therefore expect that
the implementation of such shields could

- have a negative impact the overall performance of circuits in which parasitic
capacitances to ground are critical,

- increase load capacitances in digital subcircuits, to the cost of higher dynamic
power consumption.

Similar comments also apply to those techniques that consist in reducing sub-
strate crosstalk by inserting a ground plane below the buried oxide (BOX) of SOI
wafers. This was recently achieved by introducing a metal layer [81] in the SOI
structure below the BOX or by reducing the substrate resistivity at a very low
level [82]. Alternate solutions that do not increase circuit-to-ground capacitance
while reducing substrate crosstalk consist in improving the isolation properties of
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Figure 2.48: (a) Top view of the crosstalk structures analyzed in this work and (b)
classical equivalent small signal circuit used to model such structure [48].

the substrate itself, which is investigated below.

2.7.1.2 Investigated structure and classical model

The crosstalk structure that is considered in this work to analyze the isolation
properties of HR substrates is classically composed of two separate rectangular
pieces of metal (coupling pads) that are each connected to the RF probing pads
(Figure 2.48a). The spacing between the left (Port 1) and right (Port 2) coupling
pads is noted S and their vertical height is noted H. All investigated structures are
characterized by a constant 50 pum-width. The equivalent circuit classically used
to model such structure is given in Figure 2.48b and is taken from [48], in which
it was shown to accurately reproduce the frequency dependence of the substrate
coupling inside oxidized homogeneous substrates, i.e. inside wafers with uniform
values of substrate resistivity. As shown in Figure 2.49, a typical crosstalk vs f
curve obtained with this model can be subdivided into three regions, separated by
two characteristic frequencies, f; and f>:

- The first region is concerned with frequency values smaller than f;. In this
frequency range, the AC potential at the substrate surface is at an intermediary
value between that of the ground (0 V) and the one applied on port 1 (v;). The
pad-to-ground capacitance is in this case rather high and the signal applied on
one port therefore only partly couples to the other port, resulting in a 40 dB/dec
slope.

- The second region occurs for frequencies higher than f; and lower than f3,
which are respectively given by:

1

- 21TR3C1 (238)

SN

87



CHAPTER 2. RF PERFORMANCE OF HIGH RESISTIVITY SOI SUBSTRATES

m-30f
k=]
% -4or Capacitive |
b7} . couplin
P -s0r Conductive ping
< couplin
G 6ot ping
40 dB/dec

-70

_sol

-9 3 7 e ) o

10 10 10 10 10

Frequency[Hz]

Figure 2.49: Typical crosstalk vs frequency curve obtained on an oxidized lossy Si
substrate.

and
1 1

fZ - 2TTR>Co - 2Tr€suhpeff

(2.39)

As shown by the latter expression, f> corresponds to the dielectric relaxation
of the substrate. For frequencies higher than fi, the oxide becomes virtually
transparent to the AC signal. The oxide capacitances (C;) then behave as shorts
in the model of Figure 2.48b. In this case the AC potential at the substrate
surface is the one applied on the ports and the coupling inside the substrate is
purely dictated by the substrate impedance (R, //C»). For f < f», R» is lower than
its parallel counterpart (1/ (21 fC»)) and the coupling is therefore dominated by
R, (conductive coupling). This results in a constant value of |S2;| vs frequency
dependence and a plateau level is observed between f; and f>.

- In the third region, f is higher than f5>. In that case the substrate impedance
(R2//C>) becomes independent on the substrate resistivity and is merely gov-
erned by C, since 1/(2mwfCs) < Rp. The coupling between the pads is thus
purely capacitive and exhibits a 20 dB/dec curve.

2.7.1.3 Impact of technological parameters on crosstalk

In order to draw some technological guidelines aimed at minimizing substrate
crosstalk in real circuits, it is important to understand how technological parame-
ters impact on the value of |S»;|. Briefly summarizing the work presented in [48],
this section outlines the effect on crosstalk of three fundamental characteristics of
oxidized wafers: the substrate permittivity, the substrate resistivity and the oxide
thickness.
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Figure 2.50: Illustration of the impacts of (a) the substrate resistivity and permit-
tivity and (b) the oxide thickness on the crosstalk vs frequency curves according
to the model presented in Figure 2.48b

- Substrate permittivity. The value of €, dictates the value of C,. It therefore
merely impacts on f> and on the coupling level at frequencies higher than f>.
This is illustrated in Figure 2.50a, which displays some simulation results ob-
tained with the model of Figure 2.48b and simple analytical formulas for pads
dimensions of 100x50 um?, a spacing between pads of 20 um, a substrate thick-
ness of 750 pum, a substrate resistivity of 20 Q.cm. No fringing fields toward
the lateral ground planes were considered. The figure features some |S21| vs f
curves that have been drawn for varying €, values. It clearly appears that an
effective way of reducing S»; is to use substrates with lower dielectric constant.

- Substrate resistivity. As shown in Eqs. 2.38 and 2.39, the value of the substrate
resistivity simultaneously impacts on f; and f> (through R3 and R», respec-
tively), leading to a variation of the plateau level between f; and f>. This is also
highlighted in Figure2.50a, where it is seen that lower resistivity values leads to
an increased coupling level. However, due to the slope difference in the regions
where f < fi (40 dB/dec) and f > f> (20 dB/dec), it is also seen that a reduction
of resistivity results in lower crosstalk levels below f;. This is also observed
in the experimental curves presented in Figure 2.51, which displays measured
data obtained on structures from a standard (dashed lines) and HR (solid lines)
SOI wafers from the multilayer STO13 technology and for two different values of
oxide thickness. Once again, this occurs to the cost of higher pad-to-ground ca-
pacitances and thus of an increase of dynamic power consumption. Increasing
the substrate resistivity therefore presents an interesting solution to simulta-
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Figure 2.51: Measured crosstalk vs frequency curves on samples from a standard
and a HR resistivity substrates from ST013 and for two values of oxide thickness.

neously reduce pad-to-ground capacitances at low frequencies and pad-to-pad
coupling at high frequencies.

Oxide thickness. As implicitly stated in Expression 2.38, f; is directly propor-
tional to the oxide thickness, which is highlighted in Figure 2.50b. The figure
clearly indicates that an increase of the oxide thickness may have a significant
positive impact on the crosstalk for values below f>. This is also outlined on the
experimental data of Figure 2.51. For both wafers the structures were realized in
either M1-M2 (with t,x = 1.2 um) or M5-M6 (with t,, = 3.2 um). It is seen that
regardless of the substrate resistivity, a significant crosstalk reduction (~ 15 dB)
is obtained by increasing t,, at frequencies below fj.

2.7.1.4 Effect of inversion layer on crosstalk level in oxidized HR substrates
and revised model

Figure 2.52a displays other experimental crosstalk data obtained on the 5 home-
processed wafers up to 4 GHz. It is obvious from that picture that the different
wafers outline very distinct values of substrate resistivity since dielectric relax-
ation (f>) takes place under different frequencies on those wafers. From Eq. 2.39
it is concluded that pefsps3 < Peff,BHRS < Peff soitect < Peff.BHR7, Which is in
perfect agreement with effective resistivity values extracted from CPW line mea-
surements at 0 V (Figure 2.52b). The figure outlines the much better effective
resistivity obtained on wafer BHR7, for which the value of f> is so low (below 10
MHz) that it corresponds to crosstalk values too small to be measured. For that
wafer, an ideal 20 dB/dec curve is recorded throughout the entire measured fre-
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Figure 2.52: Measured (a) crosstalk vs frequency and (b) p.rr vs V4 curves on,
respectively, the crosstalk structures and the CPW lines from the five home-
processed samples.

quency range, similarly to the curve obtained from the lossless SOQ wafer. In this
case also, the crosstalk is further reduced due to the lower dielectric constant of
fused silica (3.7), and the associated lower substrate capacitance (C3).

The relatively high value of the dielectric relaxation frequency observed on the
HR wafers is obviously related to the presence of free carriers underneath the ox-
ide, whose effect is to reduce the substrate effective resistivity. A closer look at
Figures 2.51 (HR curves) indicates that this effect is also observed on the wafers
with multilayer processing. Additional experimental data presented in Figure 2.53
further shows that this trend is independent on the geometry (H or S) of the struc-
tures. However, a reduction of f is not the only effect associated with the pres-
ence of an inverted layer below the oxide. Indeed, this specific charge distribution
at the substrate surface leads to a considerable inhomogeneity of the substrate
RF properties, and in particular, of its resistivity. In other words, the resistivity
at the substrate surface is different from the bulk resistivity, which changes the
crosstalk frequency behavior for frequencies below fi: it is indeed observed that
for all structures measured on HR substrates and presented in Figures 2.51, 2.52a
or 2.53, the slope of the |S>;| vs f curves below f; is not 40 dB/dec but 20 dB/dec.
The model presented in Figure 2.48b must therefore be revised to account for this
effect.

We therefore propose in Figures 2.54a-c a modified version of that model, which
accounts for surface charges at the SiO,/Si interface in p-type HR substrates. In
Figure 2.54a, the pads are assumed to be biased in inversion and a resistance (R;)
is added at the substrate surface to represent the effect of the inverted layer below
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Figure 2.53: Measured crosstalk vs frequency curves on ST013 for structures with
varying geometries.

the oxide. Two depletion capacitances (one for each pad) are also added between
the inverted Si surface and the bulk. In Figure 2.54b only one pad (Port 1) is biased
in inversion and the other (Port 2) is biased in accumulation. In that case the
depletion region below the second pad no longer exists, but another one is formed
at the pad edges (modeled by C;2) between the accumulation and inverted regions
below the oxide. As shown in Figure 2.55, such charge distribution was confirmed
by Silvaco simulations, for a crosstalk structure with t,, = 1 um and a fixed charge
density of 1x10!! /cm?2.

Figure 2.53 (squares) indicates that the model of Figure 2.54a can closely re-
produce the experimental data obtained for V; = V, = 0 V, and in particular, the
20 dB/dec frequency dependence below f]. In this case the circuit element values
were obtained by fitting the model onto the measured data and by considering a
10 kQ.cm bulk resistivity (i.e. RsypCsup = RpCp = €5iPsi,pulk)-

For this model, Eq. 2.39 becomes

1 1
C2mR(Cpl +2C; )Y 2TEsipesy

f2 (2.40)

since it is expected that for HR oxidized substrate R; << R, and Cox >> Cp. This
indicates that a value of p,rr can be obtained once the model has been fitted onto
the measurements. Using this extraction method the value of p.rs was found to
be as low as 160 Q.cm in the case of ST013 technology. This is roughly three times
lower than the value obtained from CPW measurements (571 Q.cm) on the same
wafer, which is probably due to the fact that the oxide thickness was not considered
in the present estimation while it is accounted for in the case of CPW lines (through
€r,ery in Equation 2.12). However, this low p.rs value further demonstrates that
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Figure 2.54: Proposed equivalent circuit of crosstalk structures to account for
inhomogeneities at the substrate surface in p-type oxidized HR Si wafers when (a)
the two pads are biased in inversion, (b) Port 1 is biased in inversion and Port 2 in
accumulation and (c) both pads are biased in accumulation.

the inversion layer below the oxide also plays a negative impact on the isolation
properties of oxidized HR p-type substrates. Figure 2.53 further indicates that this
value seems to be relatively independent on the spacing between the pads, since
the position of f, does not significantly vary with S.

To gain better insights on the effects of surface conduction on substrate cou-
pling, additional measurements were performed by biasing the pads in the case
of wafers ST013 (industrially-processed HR SOI wafer), BHR7 (polySi-passivated
HR wafer) and soitecl (home-processed HR SOI wafer). The results are plotted
vs frequency (wafer ST013 only) and vs applied bias in Figures 2.56a and 2.56b,
respectively. It is seen that applying a positive bias (i.e. V; =V, =V, > 0 V) re-
duces p.sr to even lower values by increasing the inversion level underneath the
pads, observable by the increase of the dielectric relaxation frequency in Figure
2.56b. The measurements also show that reducing the bias on both pads to nega-
tive values does not significantly impact on f; and f> but still significantly reduces
|S>1] below f;. This can be explained by the depleted regions formed underneath
the BOX between the accumulated pads and the inverted Si/SiO; interface. The
depleted regions at the pad edges reduce the size of the inversion layer, thereby
significantly decreasing its deteriorating effect on |S»;|. This charge distribution
explains why an important crosstalk reduction is observed when only one of the
pads is biased in accumulation (Figure 2.56b with V,; = V;; = - V32 = 10 V). Figure
2.56a indicates that these experimental data can be adequately modeled by using
the equivalent circuits of Figures 2.54a, b and ¢ and by adjusting only R, from one
model to the other.
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Figure 2.55: Charge distribution inside p-type HR Si substrates for a crosstalk
structure with an oxide thickness of 1 pum, a Qs density of 1x10!' ¢m?, and one
of the pads (Port 2) biased in accumulation.
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In the case of wafer ST013 Figure 2.56b also outlines crosstalk variations as high
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Figure 2.57: Measured and simulated crosstalk curve for wafer ST013, highlight-
ing the significant crosstalk increase compared to a lossless substrate (20 dB/dec
curve). Additional modeled data also highlight the variations of |S»;| when t,
is reduced to tgpox = 145 mm (simulation 2) or when the surface resistivity is
increased by a factor of 10 (simulation 3).

as 13 dB at 100 MHz as a function of V,; and indicates that for frequencies below f1,
the minimum value of |S»;]| is observed close to -6 V. This bias point corresponds
to full depletion underneath the pads (as confirmed by low frequency C-V data
made on the pads) and to an approximate Q ¢ value of 1x10!! /¢m?. The substrate
surface is then strongly inverted and |S»; | close to its maximum value when zero
bias is applied on the pads. Decreasing fixed charge densities could therefore help
reducing |S>; | by shifting the threshold voltage closer to 0 V. However, as shown in
the case of wafer soitecl (for which a low negative Q y value close to 1x10'° /cm?
was found), this also makes the crosstalk level more sensitive to V,, around 0 V.
It is interesting to notice that in the latter case, an accumulation layer is formed
underneath the BOX due to the negative sign of Q. The crosstalk is therefore
reduced when the pads are biased in inversion instead of accumulation. As shown
in Figure 2.56b, the best results are clearly obtained on the polysilicon-passivated
wafer, which as expected from CPW line measurements, exhibits no dependence
with respect to the applied bias.

2.7.1.5 Discussion - crosstalk

As explained in [83], the main sources of substrate noise injection in digital CMOS
technology consist in (i) ringing of power supply lines, (ii) capacitive coupling from
switching source and drain nodes and (iii) impact ionization current. The noise
generated by supply lines is directly related to the parasitic package inductance
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and can therefore be strongly decreased by using proper packages (such as flip
chip packages [84]). The parasitic inductance can then be reduced to values low
enough (typically below 100 pH, [84], [83]) so that that the noise coupling from
the active regions of MOSFETs becomes the dominant source of substrate noise,
which is what is assumed in the forthcoming discussion.

In the case of SOI technology, these noise sources are expected to be reduced
compared to bulk since they are capacitively coupled to the substrate through
the buried oxide. However, as explained above and in [48], the oxide becomes
transparent at frequencies higher than f; in lossy silicon substrates. In the case
of ST013 technology, the value of f; is close to 100 MHz for coupling pads made
in M1-M2 and a total 1.2 u equivalent oxide thickness (Figure 2.57). This leads for
instance to a crosstalk level at 100 MHz that is increased by 13 dB compared to
the ideal case of a lossless substrate (exhibiting a 20 dB/dec in Figure 2.57).

As shown in Figure 2.50a, the value of f; is directly proportional to t,,, and
can therefore be increased by using thicker oxides. However, in real circuits having
the active regions of MOSFETSs as the dominant source of substrate noise injection,
the isolating oxide layer is limited to the BOX of the SOI substrate, which is no
more than 145 nm in current technologies. The simulation 2 curve in Figure 2.57
indicates that such a low value of t,, should increase the crosstalk level below
100~200 MHz. At 100 MHz, the value of |S;| is 20 dB higher than in a lossless
substrate. In future technologies, this trend is even expected to become worse
since the ITRS Roadmap foresees a reduction of the BOX thickness to overcome
short channel effects in FD devices and facilitate heat dissipation.

One possible way of solving these issues is to increase the resistivity of the
substrate, which means that in the case of HR SOI wafers, parasitic conduction
underneath the BOX must be avoided. This should result in a decrease of the sub-
strate relaxation frequency (f>). For instance in the case of ST013 technology f>
could be made much lower than 1 GHz by simply increasing the substrate resis-
tivity at the surface by a factor of 10. This is shown in Figure 2.57 (simulation 3
curve). In that case the value of |S»;]| is also strongly reduced between f; and f>.
In particular, at 100 MHz it is only 3 dB higher than the ideal case of a lossless Si
substrate with the same oxide thickness.

The reduction of crosstalk level below 1 GHz is an important issue in mixed
mode circuits, since it is known from previous studies that the frequency spec-
trum of digital circuit-generated substrate noise typically expands up to several
hundreds of MHz, corresponding to multiples of the clock signal [83], [85] or circuit
internal resonance frequencies [77]. As shown in Figure 2.52a, polySi-passivated
HR wafers (BHR7) exhibit close-to-ideal behaviors in that frequency range.
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Figure 2.58: Classical small signal circuit used to model inductors on oxidized Si
substrates.

2.7.2 Inductors

RF applications and circuits make an extensive use of inductors which are, for
instance, especially useful to match input and output impedances in low noise
amplifiers or to form the LC tank of Voltage-Controlled-Oscillators. It is known
that the performance of such circuits are sometimes critically conditioned by the
performance of the inductors themselves, which is quantified by the so-called qual-
ity factor (Q). The theoretical definition of the quality factor of an inductor is given
by the following expression:

Peak Magnetic Energy — Peak Electric Energy
Energy loss in one oscillation cycle

Q =2m (2.41)
The classical small signal equivalent circuit used to model integrated inductors is
presented in Figure 2.58a [86] . On the basis of this model, it is possible to show
that 2.41 can be simply rewritten as:

_Im(Y11)

Q= Re(Y11) (2.42)

where Y7, is the input admittance of the equivalent circuit. This expression shows
that all resistive elements in the model affect the value of the real part of Y;; and
therefore directly contribute to a reduction of Q.
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Figure 2.59: Q factor of spiral inductors measured on home-processed wafers.

2.7.2.1 Negative impact of surface layer on the Q-factor: experimental evi-
dences

Figure 2.59 displays the Q factor measured on inductive elements from wafers
BHRS5, BHR7 and BS3, which are characterized by the same oxide thickness. As our
home technology only allows one metal layer processes, the fabricated structures
consist in simple meander inductors, which do not require underpasses. This kind
of structure is used in distributed amplifiers where inductors are implemented
into folded transmission lines in order to spare some layout space. The results
shown in the figure are obtained on structures with 6 meanders and 16 um-wide,
3 um-spaced strips.

It is known from previous CPW and crosstalk measurement results that the
inversion layer underneath the oxide causes severe parasitic conduction at the
substrate surface of wafer BHR5 while it is completely absorbed by surface states
in wafer BHR7. The data shown in the figure indicate that the effect of the parasitic
conduction layer on the maximum value of the Q factor (Q.ax) is very little for
wafer BHR7 (a few percents). However, it is seen in Figure 2.60 that this effect
becomes more pronounced when the spacing between the conductors is increased.
Indeed, the differences in Q.qx values between Wafer BHR7 and BHRS5 increase
with the strip spacing, showing that the inversion layer underneath the oxide plays
a larger negative role in the Q factor degradation for wider spacing values. These
preliminary experimental observations suggest that:

- non negligible electrical coupling takes place between adjacent strips of the in-
ductor, inducing parasitic currents in the substrate, losses and Q4 degra-
dation. To accurately take this effect into account an additional substrate im-
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Figure 2.60: Q factor of spiral inductors measured on home-processed wafers for
various inter strip spacing values.

pedance network (C, and R,) must be added in the model. This is illustrated in
Figure 2.58b. The improvement provided by this additional substrate network

is highlighted in a coming section.

- the coupling already occurs at frequencies lower than the inductor oscillation
frequency, but has the worst impact at a frequency close to the one correspond-

ing to Qmax-

as the coupling generates horizontal electric field lines in the substrate, the Q
factor is more sensitive to the parasitic inversion layer when the spacing between
the conductors is increased. This is because a larger proportion of the field lines
penetrates inside the substrate, inducing higher losses.

Additional measurements were also performed on spiral inductors from the
Xfab multilayer technology. On that wafer, inductors with a variable number of
turns (1, 3 and 5) were available, which were all measured as a function of the
applied bias. The Q factor measured at 0 V for all inductors is presented in Figure
2.61a. It is seen that as the number of turns increase, the Q factor is severely
decreased due, mainly, to increased series conductor losses. Figure 2.61b also
outlines the relative variations of the Q factor as the bias is swept from -40 V to
40V. For all curves, the normalization was performed by considering the -40 V data
as the reference value, which corresponds to the bias point for which the lowest Q
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Figure 2.61: (a) Measured Q-factor of inductors with a varying number of turns
on wafer XFab as a function of frequency. (b) Relative variations of Q,,ux as a
function of the applied bias.

value was recorded. The figure clearly shows that as the number of turns increases
the sensitivity of the inductor to the applied bias becomes more pronounced. This
can be interpreted as follows: as the number of turns increases, the density of
metallic strips inside the inductors increases also, which in turn raises the level of
inter-strip electrical coupling and the sensitivity of the Q factor to the inversion
layer. As explained in the following section, it is possible to roughly quantify the
impact of the inversion layer by using the concept of an effective resistivity value.

2.7.2.2 Estimation of effective resistivity

Figure 2.62a and b display the inductance value (—Im(1/Y12)w) and the series
resistor (—Re(1/Y72)) extracted from the measurements. The resonance effect is
clearly visible in both graphs. Both parameters were also modeled using the small
signal equivalent circuits presented in Figures 2.58a (model 1) and b (model 2),
respectively. In the case of model 1, all elements of the circuit were directly ex-
tracted from the real and imaginary parts of the measured Y and Z parameters.
The measurements were performed between 100 kHz and 40 GHz with two dif-
ferent VNAs. The conductor series resistance was however modeled by using the
following formula:

R, = _ Repet (2.43)

6(1—e%)
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Figure 2.62: Measured and simulated Y data for an inductor from wafer XFab
with 5.5 turns. The modeled data were obtained using the models of Figure 2.58a
(model 1 curves) and b (model 2 curves).

which takes into account the frequency dependence of the skin effect [87]. In the
case of model 2, the same parameter values were considered, except for the value
of R, which was tuned to accurately fit the modeled data on the measured curves.
It was further assumed that:

Cs = Cair + Cynder With Cui and Cypg0r being respectively associated with the
interstrip coupling in the air and with the underpass capacitance, which was
estimated from the parallel plate capacitor expression,

Cair = Cp/é€rsi, Where Cp, is associated with the interstrip coupling in the Si
substrate only and €, ; is the relative dielectric constant of silicon.

It is seen that the resonance peaks in both figures are clearly overestimated
by the model if the substrate resistance associated with inter-strip coupling is not
considered. A much closer fit is indeed obtained using model 2, which is also
visible on the modeled Q factor data (Figure 2.63).

By combining C, and R, it is possible to roughly estimate the effective resis-
tivity of the substrate in a similar way as for crosstalk structures:

CyR,

Peff = 6o (2.44)
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Figure 2.63: Comparison between simulated and modeled data for the Q factor
of the 5.5 turn-inductor from Xfab technology. Model 1 and model 2 curves were
obtained using the equivalent circuits of Figure 2.58a and b, respectively.

This method yields an approximate value of 53 Q.cm in the case of the 5.5-turn in-
ductor, which is consistent with the low value extracted from CPW measurements
(~150 Q.cm) and which, once more, is associated with the inversion layer under-
neath the oxide. A more accurate value of p. s could be obtained by performing an
electromagnetic simulation of the structure in order to precisely evaluate Cynger
and the effect of the oxide layer which also influences the interstrip coupling. Such
an analysis is however out of the scope of this work.

The model can still be useful to predict the benefit obtained by a theoretical
increase of the substrate resistances (R, and Rsyp). For a given structure, mul-
tiplying the value of Ry, by a factor x corresponds to an equivalent increase in
effective resistivity. It is seen in Figure 2.64 that for a p. s values close to 5 kQ.cm
(factor 100) the value of Quax is increased by roughly 40 %. In that case most
of the Quax-limiting factors can be associated with series conductor losses. In a
recent work, a factor close to 2 was reported for an inductor whose geometry was
optimized for surface passivated HR Silicon substrates [27].

2.8 Conclusion

This chapter has focused on evaluating the performance of oxidized HR silicon
substrates (such as HR SOI wafers) for RF applications. Both our simulation and
measurements results indicated that even if substantial loss reductions can be
obtained by using HR SOI wafers instead of standard resistivity substrates, space
charge effects near the oxide/silicon interface can negatively affect the local value
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Figure 2.64: Measured and simulated Q vs f curves for the 5.5 turn-inductor of
wafer Xfab. The modeled data were obtained using the equivalent circuit of Figure
2.58 and illustrate the increase of Q 4. Obtained by increasing R;yp and Rp.

of the resistivity in oxidized HR substrates. In addition, as the charge distributed
near that interface typically results in poorly resistive horizontal (i.e., parallel to
the interface) layers of free carriers, these layers induce substantially higher sub-
strate losses in the case of coplanar devices (for which electric field lines are pri-
marily horizontal) than in the case of vertical field devices. This was demonstrated
both by measurements and simulations by comparing the effect of an accumula-
tion or inversion layer at the substrate surface inside a CPW and a MS structure.

The CPW line was then identified as a very convenient structure to evaluate
the contribution from the lossy Si0O,/Si interface to substrate losses in oxidized
HR substrates. In this work, this contribution was quantified for the first time by
extracting the effective resistivity of the substrates. This factor of merit represents
the resistivity that a purely homogeneous (without oxide nor space charge effects)
silicon substrate with the same CPW structure should have in order to sustain
identical losses as the studied wafer. Using this factor of merit has the advantages
of:

- focusing on the substrate performance only, thus removing the contribution of
metallic losses. This is of utmost importance in the case of HR substrates for
which metallic losses usually dominate over substrate losses and may signifi-
cantly vary from one process to the other.

- providing the actual value of resistivity that circuit designers should consider
when drawing their circuits, as substrate resistivity is usually a CAD tool input.

The CPW was then extensively used to evaluate the impact of surface charge dis-
tribution on p.ss. Similarly to what occurs inside a Metal-Insulator-Semiconductor

103



CHAPTER 2. RF PERFORMANCE OF HIGH RESISTIVITY SOI SUBSTRATES

(MIS) structure, the distribution of charges below the oxide is primarily dictated
in such device by the value of the electrostatic potential at the substrate surface
(¢ps), which is itself conditioned by the following parameters: substrate doping,
metal work function, bias applied on the metallic conductor (V,), fixed charges in
the oxide (Q ), oxide thickness (t,x), interface trap density (D;;) and temperature
(T). A systematic study was then performed to quantify the separate impact of all
those parameters on the substrate effective resistivity.

This work has enabled to finger out the parameters that play the most de-
terminant role in the issue of parasitic surface conduction inside oxidized high
resistivity substrates. The main outcomes of this investigation are:

- HR silicon substrates are characterized by a very low doping and a very low
density of free carriers. As a consequence, any local increase of free carrier
concentration easily leads to either an accumulated or inverted state. For the
particular case of oxidized HR substrate losses can thus be drastically increased
for any combination of structural and electrical parameters that lead to an in-
crease of free carriers below the oxide. For p-type substrates with perfect oxides
(Dit = Qf = 0) at 0 V bias, this typically occurs when gold (accumulation) or alu-
minium (inversion) is used for the electrodes (or metals with similar values of
work function). In non perfect thermal or deposited oxides, p.rr is a decreasing
function of Q. Q¢ values in the low 10'° /cm? were shown to reduce p,s¢ by
more than one order of magnitude. In that case also, the value of p.fs can be
significantly degraded by the application of a strong negative (accumulation) or
positive bias on the electrodes. This parasitic influence of the bias on the sub-
strate effective resistivity is however significantly reduced in the case of thicker
oxides (= 1 um).

- On the other hand, losses are significantly reduced (and p.ss increased) for a
combination of parameter values that lead to a state of deep depletion at the
substrate surface. For p-type substrates with perfect oxides (D ~ Qf = 0) at
0V, this occurs when copper is used for the electrodes (or a metal with a similar
value of work function). In the case of non perfect or deposited thermal ox-
ide, this can be achieved by applying an appropriate DC bias on the electrodes.
However, it is important to keep in mind that p.yr is altered by PSC that occurs
below the metallic conductors but also in the spacing that separates the con-
ductors. As a consequence, optimized conditions to create depletion below the
conductors (such as by properly biasing the electrodes) do not necessarily pre-
vent PSC in the spacing between the conductors, thus leading to residual losses
inside the substrate. A more efficient method consists in artificially introducing
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a large density of interface traps (= 102 /cm?/eV) at the Si0»/Si interface in
order to passivate the substrate surface.

- As explained above, an increase of oxide thickness (which is classically con-
sidered on CMOS or SOI technologies using standard resistivity substrates to
reduce substrate losses) can reduce the influence of V,; on p,rr. However, in the
case of HR silicon substrates this usually also contributes to a reduction of p.rr
since the fabrication of thicker oxides usually requires deposition methods that
lead to material of lower quality. This is typically what occurs in current mul-
tilevel technologies in which isolation from the substrate is usually proceeded
by stacking a high number of IMD layers between the substrate and the first
metal level used to design the passive structures. As those layers are not op-
timized for reduced charging, the equivalent fixed charge density is typically
above 10! /cm?. Because of this issue, values of p, s reported in this work for
multilayer technologies fabricated on HR Si substrates did not exceed 600 Q.cm.

So, both from a wafer manufacturer and a CAD designer perspectives, the prob-
lem of parasitic conduction at the surface in oxidized HR silicon substrates leads
to some serious issues.

From a wafer manufacturer perspective, parasitic conduction at the substrate
surface on oxidized HR Si wafers was shown to reduce the effective resistivity of
the substrate by more than one order of magnitude, significantly degrading the
quality of the product sold. This typically explains why companies fabricating
HR bulk substrates can guarantee substrate resistivity values as high as 10 kQ.cm
(obtained by the floating zone fabrication processes), while manufacturers of HR
SOI wafers can only afford to guarantee p. sy values higher than 1 kQ.cm. Another
issue faced by the wafer manufacturer is that the final, post process value of p.rr
is substantially dependent on the process endured by the wafers, either bulk or
SOL This is because the substrate effective resistivity is largely dependent on the
equivalent amount of fixed charged in the covering oxide layers and also on the
amount of traps present at the SiO,/Si interface. As both parameters are crit-
ically process dependent, this prevents the wafer manufacturer from specifying
the effective resistivity of its wafers when they are sold to a particular foundry.

From a RFIC designer perspective, parasitic conduction leads to other issues:

- substrate losses in HR oxidized Si wafers have currently not been eradicated,
despite what could have been expected from using substrates with nominal re-
sistivity values in the 10 kQ.cm range. In the case of CPW lines, they can not be
considered as negligible compared to metallic losses. This was also shown to
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increase substrate crosstalk below 1 GHz and affect the quality factor of induc-
tors. The effects shown here are even expected to worsen for future generations
of SOI wafers, which will face a decrease of the BOX thickness in order to reduce
self heating and SCE in fully-depleted devices.

- besides, apart from degrading circuit performance, parasitic conduction at the
silicon surface makes the modeling of substrate behavior much more complex.
Indeed, as shown in this chapter the effective resistivity of the substrate depends
on a variety of technological parameters and is therefore not easily predictable.
This particular point is actually further exacerbated by the fact that:

- those technological parameters can vary from one die to another (especially
Q ), possibly leading to strong dispersion in substrate losses (as shown in [44])
across a single wafer,

- as the equivalent fixed charge density depends on the oxide thickness and the
dielectric layers used for substrate insulation, it is expected that the value of
pess depends on the metal layers that are used to design the passive struc-
tures,

- losses (and thus p.rr) are bias dependent.

However, it was also shown in this chapter that the effective resistivity of
the substrate can fully recover its nominal value when the substrate surface is
passivated before oxidation, such as by introducing a large density of traps at
the Si0O,/Si interface. This is because traps absorb free carriers from the inter-
face, thereby making them unable to react to RF signals. For trap densities high
enough (= 10'? /cm?/eV), the value of p,rs no longer depends on Q s (as long as
this parameter remains within the following typical range of encountered values:
1x10'% < Qf <1x10'2 /cm?) and therefore all of the issues mentioned above are
solved. Several methods have been proposed in the literature to achieve successful
substrate passivation. None of these methods were however optimized to allow
an efficient and cost effective integration with the fabrication process of HR SOI
wafers. Substrate passivation techniques and their compatibility with SOI wafer
fabrication form the main topics of the coming chapter.
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CHAPTER 3
NEW FABRICATION METHOD FOR HR SOI
WAFERS WITH INCREASED RESISTIVITY

3.1 Introduction

The investigation performed in the previous chapter has shown that oxidized HR
silicon substrates suffer from parasitic surface conduction (PSC) in the substrate
due, mainly, to fixed charges in the oxide. As shown in Figure 3.1 !, this issue was
first acknowledged in the mid eighties (at the early years of HR silicon) and has
been attracting a growing interest amongst the scientific community during the
past five years. The survey illustrates the number of papers that have addressed
the problem of PSC (light bars) in oxidized HR Si substrates and those that have in
addition attempted to technologically solve the issue (dark bars). It is interesting
to notice that some of the proposed techniques have been recently developed in
an industrial environment [3,4], suggesting that this particular issue has become
a concern at an industrial level.

In this context, the present chapter first describes the different techniques that
have been proposed in the literature to suppress or reduce parasitic conduction in
oxidized HR Si substrates, briefly outlining the difficulties and advantages of each
method. For the particular case of HR SOI wafers this overview identifies one of
those techniques as a very promising method, which consists in the insertion of an
undoped polysilicon layer below the buried oxide during the fabrication process.
This technique is therefore widely investigated in this chapter and is optimized
for the fabrication of substrate-passivated UNIBOND SOI wafers. The effects of the
polySi layer deposition parameters on the passivation efficiency is thoroughly an-
alyzed on a quantitative basis. The morphological properties (such as texture and
surface roughness) of the polysilicon layer are also investigated as they influence
the quality of the bonding during wafer fabrication, and in the context of IC com-
patibility the analysis includes the thermal stability of the deposited layer. And
last, results of preliminary bonding tests are presented at the end of this chapter.

IThe graph reported in the figure presents the results of a survey made on the IEEE Explore [1] and
Science Direct databases [2].

115



CHAPTER 3. NEW FABRICATION METHOD FOR HR SOI WAFERS WITH INCREASED RESISTIVITY

5 T T T T T
» [ works addressing the issue of PSC in oxidized HR Si substrates
S al Il works addressing the issue of PSC and investigating |
= a technological solution
Q
o3 B
S
a
G
1 2 B
[}
€
51 i
0 - 1 -
1975 1980 1985 1990 1995 2000 2005 2010

Year of publication

Figure 3.1: Number of publications found in IEEE Explore [1] and Science Direct
[2] databases addressing the problem of parasitic conduction in oxidized HR Si
substrates (light field) and proposing technological solutions to overcome that
issue (dark field).

3.2 Existing methods to reduce PSC in oxidized HR Si substrates

The different techniques that have been proposed in the literature to suppress
PSC in oxidized HR Si substrates are summarized in Table 3.1, along with their
respective authors. In short, these techniques basically rely on three distinct ap-
proaches. One of them consists in irradiating the entire silicon substrate with
protons, thereby providing a volume passivation method. Though not primarily
intended for PSC suppression in HR substrates this technique is briefly presented
because it provides a very efficient way to suppress losses in Si substrates. The
second and third methods rely on surface processing. In the second approach the
issue of PSC is (partially) solved by removing the oxide between metallic conduc-
tors, which is motivated by the observation that fixed charges inside the oxide are
the main contributors to PSC. Finally, the last method consists in passivating the
substrate surface (surface passivation) with a trap-rich layer, such as amorphous
silicon (x — Si) or polysilicon. All three techniques are discussed in the coming

sections.

Table 3.1: Different techniques proposed in the literature to solve the issue of PSC
in oxidized HR Si substrates along with their contributors.

Surface passivation
Proton ir- | Dielectric . . .
radiation etching oS Ar implant polysi
References [5,6] [7-9] [10] 14,10] [11,12]
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3.2.1 Volume passivation by proton irradiation

Proton irradiation was first proposed in 2000 by Wu et al. [5]. This method con-
sists in breaking silicon atom covalent bonds by implanting protons into the bulk
of the substrate, which introduces impurities into the crystal silicon and produces
alarge density of defects. Using high implantation energy (~ 10 MeV), it is possible
to contaminate the entire substrate thickness, thereby providing a volume passiva-
tion of the substrate. This feature makes the method especially useful in the case
of standard resistivity wafers: in [5] 10 Q.cm substrates exhibited an increase of
resistivity up to more than 1 MQ.cm for a total dose of 10'6 /cm?, demonstrating
the high efficiency of the technique.

The use of this method to form high resistivity substrates at an industrial scale

suffers from two major limitations:

- the silicon substrate recrystallizes for temperature points higher than 600°C [5],
which makes the substrate recover its initial resistivity. Avoiding this requires
that the implantation is performed at an intermediary stage between the front
(high thermal budget) and back (low thermal budget) end processing, allowing
less flexibility;

- this further requires that hard masking must be used to protect sensitive areas
on the wafer (such as active devices), adding significant cost.

To our knowledge, the full compatibility of this method within an industrial CMOS
environment is still to be proved.

3.2.2 Dielectric removal

In the specific case of oxidized HR Si substrates, the most straightforward tech-
nique to get rid of parasitic surface conduction consists in removing the charged
insulator in spacings between metallic conductors. This can be performed with
a selective etching, as illustrated in Figure 3.2. It was demonstrated in [7] (on a
Si3N, dielectric layer) and in [9] (on Si0>) that for the particular case of CPW lines,
this simple method provides a substantial reduction of substrate losses (close to
14 dB/cm at 20 GHz in [9]). However, its main drawbacks are:

- itis not compatible with multilevel processing unless an alternate IC-compatible
and charge-free material is provided to fill the gaps created by dielectric removal,

- it does not prevent PSC below the metallic conductors (as illustrated in Fig-
ure 3.2), and is therefore expected to yield residual, bias-dependent, substrate
losses.
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Figure 3.2: Illustration of parasitic surface layer in HR Si substrates (a) before
dielectric etching and (b) after etching.

Other methods which can simultaneously overcome both difficulties consist in
passivating the entire substrate surface, as discussed next.

3.2.3 Surface passivation by Ar implantation and layer deposition

In this last approach, the passivation of the substrate surface is obtained by intro-
ducing a large density of defects between the HR Si substrate and the insulating
dielectric. These defects cause the formation of interface states (or traps), which
capture the unwanted free carriers from the substrate surface and form a highly
resistive depleted region. As indicated in Table 3.1, three different methods have
been proposed to achieve successful substrate passivation.

3.2.3.1 Argon implantation

The first method consists in turning the substrate surface into an amorphous sili-
con layer by implanting argon within the top several microns. Argon implantation
was first investigated at Philips Research Laboratories ( [10,13,14]) and has also
been more recently developed at IMEC for their thin film MCM-D technology ( [4]).

Using a photolithographic process in order to prevent any deterioration of the
active regions in an IC process it is possible to perform a selective implantation be-
low the passive structures only. In this case, by creating traps in the Si substrate
below the entire passive structures this method is expected to provide a better
passivation efficiency than intermetal dielectric etching. However, it requires an
additional mask and suffers from a major limitation: Ar-implanted amorphous
silicon is not thermodynamically stable since for such layer recrystallization ap-
peared to occur at temperatures higher than ~ 400°C, where it started losing its
passivation efficiency [10]. This passivation method might therefore not be com-
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patible with the conventional thermal budgets of back end processing [15].

3.2.3.2 Layer deposition

The other method found in the literature that proposes surface passivation of oxi-
dized HR Si substrates consists in depositing a trap-rich layer of adequate material
onto the silicon surface. Different materials have been suggested: (1) amorphous
silicon [10], (2) polysilicon [11, 16] and (3) oxygen-doped polysilicon [3]. In all
cases two different approaches can be considered: the material is either locally
deposited below the passive structure or it is deposited on the entire substrate
surface before oxidation.

Using the first approach requires the passivation layer to be compatible with
the entire thermal budget of a CMOS process, since the layer must be deposited
at a front end level in order to reduce the number of additional process steps and
photolithographic masks. To our knowledge this approach was only investigated
in [3] using a 12 nm-thick passivating layer, which was shown to start loosing
its passivating effect at an anneal temperature of 900°C. Despite what the paper
reports, that method can therefore not be considered as compatible with any cur-
rent Si CMOS process flow and still requires further investigation to demonstrate
its full IC compatibility.

The second approach, which makes use of conventional deposition techniques
(PECVD, LPCVD, ...), is much easier to implement since the trap-rich material is de-
posited on the entire substrate surface before any CMOS processing. In this case,
the insulating oxide is deposited on top of the passivating layer. As such, this
method can however only be considered for passive structure fabrication since it
is not expected that high quality thin silicon films (for active devices) can be epitax-
ially grown on deposited oxides. Nevertheless, an alternate approach exists, which
can fully exploit the simplicity of this passivation method: it consists in bonding
an oxidized donor wafer onto a passivated HR handle wafer, as illustrated in Figure
3.3. This technique implies that passivation is performed at a wafer fabrication
level, and thus that the passivation layer remains thermally stable throughout a
complete SOI CMOS process. Again, the results reported in [10] regarding the
thermodynamic instability of amorphous silicon suggest that this material is not
adequate for this approach. On the other hand polysilicon grains are expected to
be much more stable with temperature since they are made of crystallized sili-
con (with different crystal orientations). As the results presented in [11] further
infer that polySi-passivation is a highly efficient method, this approach has been
adopted in this work and is widely investigated in this chapter. It is also adapted
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Bonding

Passivation layer

Handle HR Si substrate

Figure 3.3: Illustration of the process step investigated in this work for the fabrica-
tion of passivated UNIBOND HR SOI silicon wafers: bonding between a passivated
HR handle wafer and an oxidized donor wafer.

for the particular case of UNIBOND HR SOI wafer fabrication, as presented below.

3.3 Proposed method for substrate passivation in UNIBOND HR
SOI wafers

Figure 3.4 shows the fabrication process of UNIBOND wafers, which was detailed
in Chapter 1. The figure shows that during the fabrication of UNIBOND wafers, the
HR Si handle substrate is directly bonded onto the oxide of the donor substrate,
which forms the buried oxide of the fabricated SOI wafer. When thick buried oxides
are desired the handle wafer can also be first oxidized and the bonding is then
performed at an SiO,/SiO; interface. In both cases, a non passivated SiO,/Si
silicon interface is formed between the BOX and the HR Si substrate. We propose
here a simple method to passivate that interface, which consists in depositing a
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layer of undoped polysilicon on the surface before the bonding step. In this case
the bonding is formed at a SiO,/polySi interface and an additional chemico-
mechanical polishing (CMP) step might need to be performed on the polySi surface
in order to reduce the surface roughness to acceptable values before the bonding,
as illustrated in the third column of Figure 3.4. As it is performed at a wafer
processing level, this simple method does not require any complex or expensive
CMOS processing. It furthermore uses a CMOS-friendly material (polySi).

To be successful in its "passivating” task, the deposited polySi layer needs to
have the following characteristics:

- high passivation efficiency: the number of traps within the layer must be high
enough to completely absorb free carriers from the Si surface, regardless of the
bias conditions and of the CMOS process for which the wafer will be used,

- high thermodynamic stability: it is crucial that both mechanical and electrical
properties of the layer remain unaltered by high thermal budgets.

A low surface roughness could also provide a significant advantage by sup-
pressing the need for a CMP on the polySi layer before the bonding, thus reducing
total time and fabrication cost. The surface roughness of the deposited polySi is
therefore an important parameter to consider. Passivation efficiency, thermody-
namic efficiency and surface roughness of the deposited polySi layer are therefore
the key parameters investigated in the coming sections as a function of polySi
deposition conditions.

3.4 Influence of polysilicon layer deposition parameters

3.4.1 Classical polysilicon deposition method: LPCVD

Polycrystalline silicon or polysilicon is a material consisting of multiple small sil-
icon grains with different crystal orientations. The grains are separated by the
so-called grain boundaries, which are rich in defects and surface states.

Owing to its excellent chemical, mechanical and electrical properties, polysili-
conis a key material in current microelectronics. It is for instance used in gate elec-
trodes of MOSFET devices, thin-film-transistors (TFT) for flat panel displays and
is also largely employed in solar cell fabrication. The industrial use of polysilicon
requiring high volume processing, polysilicon is usually obtained in low-pressure
(LP) hot-walls reactors using a chemical vapor deposition (CVD) technique [18].
This particular deposition method is therefore considered here also.
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donor wafer

handle wafer
(HR)

handle wafer
(HR)

SiO2

(a) oxidation of donor substate

(b) Hydrogen implantation

(c) bonding

—

(d) Smart cut splitting

(e) CMP

handle wafer
(HR)

(a') PolySi deposition

handle wafer
(HR)

(b") CMP (if needed)

Figure 3.4: Left and middle columns: Basic steps for the fabrication of UNIBOND
wafers using the Smart-Cut technique. Right column: modification proposed in
this work to process HR SOI wafers with a polySi-passivated substrate surface.
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Figure 3.5: Pression-temperature phase diagram for LPCVD silicon films (from
[17]).

The LPCVD technique is based on the thermal decomposition of silane (SiHy),
which releases silicon and molecular hydrogen according to the following reaction:

SiH4(g) — Si(s) + 2H2(g) (3.1

The structural properties of the silicon layer resulting from this process mainly
depends on two ambient parameters: the temperature and the pressure inside the
furnace. As shown Figure 3.5 (figure reproduced from [17]), these two parameters
can determine by themselves the amorphous («x— S1i), partially crystalline (PC — S1i),
or polycrystalline (polySi) state of the deposited layer. More precisely, the graph
identifies three specific areas in the pressure-phase diagram, each corresponding
to a certain morphology [17]:

- atlow temperatures (T < 565°C) and high pressures (P > 100 mT), the deposited
film is purely amorphous,

- at high temperatures and at limited pressures (below line A), the film is totally
polycrystalline,

- in the intermediate range of temperatures and pressures (between lines A and
B), the deposited film is only partially crystallized, with most of the amorphous
silicon lying on top of the polycrystalline silicon.
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Table 3.2: Process parameters for the passivated samples with passivation layers
deposited at different temperatures. Sample BHR5 corresponds to the reference,
unpassivated wafer.

. time d.r. .
Sample T [°C] [min] t [nm] [nm,/min] oxide layer
BHR32 525 333 305 0.9 500 nm-PECVD
BHR6 580 120 335 2.8 1000 nm-APCVD
BHR10 625 38 325 8.6 1000 nm-APCVD
300 nm th. + 1000
BHR5 // // // // m-APCVD

3.4.2 Impact of deposition temperature

The purpose of the investigation reported in this section is to quantify the impact
of the silicon texture (x — Si, PC — Si or polySi) on the passivation efficiency when
the substrate surface is passivated with LPCVD silicon. The passivation efficiency
is here quantified using the concept of effective resistivity, which was developed
in Section 2.3.2. In order to fabricate samples with the three desired structural
types, the deposition parameters were initially chosen so as to define points that
each fall into one of the three subsets of the P — T LPCVD silicon diagram phase
of Figure 3.5. As for technical reasons the internal pressure of the LPCVD reactor
at UCL could not be raised to a higher value than ~0.25 mT during the deposition
process only the deposition temperature was varied: values of 525 and 625°C were
chosen for o« — Si (wafer BHR32) and polySi (wafer BHR10), respectively. A sample
(wafer BHR6) was also processed at a temperature of 580°C, in which case the graph
does not allow a positive identification of the partially or totally crystallized state
of the deposited silicon layer. The investigated P — T points are reported in the
figure. In all cases, the silane flow was maintained at 105 sccm.

The deposition time, layer thickness (measured by ellipsometry on test sam-
ples) and estimated deposition rate (d.r.) are reported in Table 3.2. For the three
investigated values of deposition temperature, test samples were also processed
without covering oxide in order to analyze the texture of the deposited silicon layer
by X-Ray diffraction. This method indeed allows the determination of crystalline
phases in the material [18]. Some results of the X-ray measurements are plotted in
Figure 3.6. The measurements were respectively performed on the bare substrate
(subfigure a), a layer deposited at 525°C (b) and one at 625°C (c).

It can be inferred from comparing Figures 3.6a and b that the peak observed
for the 525°C-deposited Si layer can be associated with "noise" from the substrate.
In the latter case, Figure 3.6b further shows that no other crystallographic orien-
tation was recorded on that sample, which demonstrates that amorphous silicon
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Figure 3.6: Results of X-ray diffraction measurements performed on different sam-
ples: (a) naked substrate, (b) 525°C, and (c) 625°C-deposited Si layer.

was obtained at 525°C. On the other hand, our 625°sample (Figure 3.6¢) outlines
clear evidences of multiple crystallographic orientations. Similar results were ob-
tained on an additional sample with a Si layer deposited at 585°C (data not shown).
This indicates that at least some polysilicon was obtained in these two last cases.
Unfortunately, these data are not suitable to accurately determine the level of crys-
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Figure 3.7: Effective resistivity values extracted on the passivated wafers as a func-
tion of (a) frequency and (b) deposition temperature of the passivation layer.

tallization inside the samples.

Table 3.2 reports that the three LPCVD Si-passivated HR samples were also
oxidized. A 1 um-thick atmospheric-pressure (AP) CVD oxide layer was deposited
on wafers BHR6 and BHR10. In the case of wafer BHR34, a 500 nm-thick oxide was
deposited by PECVD. The wafers then received a 1 um-thick front-side aluminium
metalization and 50 QQ CPW lines were patterned to extract the substrate effective
resistivity on all samples according to the method depicted in Section 2.3.2. The
extracted values of p.rs are reported as a function of frequency and deposition
temperature in Figures 3.7a and b, respectively. The data presented in Figure
3.7b represent the mean p.sy values extracted in the 4-4.5 GHz range, where the
perr vS f curves exhibit reduced noise. In both figures the p.rr value extracted
on the reference wafer was also included. This HR wafer received no passivation
and a double oxidation (thermal + APCVD).

Both figures clearly outline the interest of passivation, since substrates covered
with a LPCVD deposited layer exhibit p,rr values that are more than one order of
magnitude higher than the reference, unpassivated wafer. The figures also seem
to indicate that better results are obtained with the PC-Si (580°C) or polySi (625°C)
layer, since the extracted p,rr values are more than 2.5 times higher in those cases
than when the substrate is passivated with amorphous silicon. This observation
is interpreted here by the fact that the bulk trap density (expressed in /cm?3/eV)
is higher in a polycrystalline (or partially crystalline) silicon layer than in a layer
of amorphous silicon, as inferred in [19]. This is because the origin of the traps
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differs in both types of materials:

- in a disordered layer of amorphous silicon exponential tails of localized states
are formed at the band edges, which extend into the forbidden bandgap. The
trap densities exponentially decay from the band edges [20] and are therefore
very low near midgap.

- in polycrystalline silicon, the traps are mostly formed at the grain boundaries,
where they are associated with silicon dangling bonds (i.e., unsatisfied covalent
bonds) [18]. This type of traps is known to introduce deep states in the silicon
bandgap, and are therefore expected to result in much higher trap densities near
midgap.

3.4.3 Impact of layer thickness and thermal anneal

In both amorphous and polycrystalline silicon the effective surface sate density
(Ditesr, expressed in /cm?/eV) is created by traps distributed across the silicon
layer (bulk traps D;;p) and by traps present at the oxide/passivation layer interface
(interface traps, Dj;;):

t
Ditesr = Dits + Jo Dinpdx (3.2)

where t is the passivation layer thickness. It can be reasonably assumed that in-
terface trap densities, which are mostly associated with Si dangling bonds, are
roughly similar for both deposited amorphous and polycrystalline silicon. In ad-
dition, as the results presented in the previous section seem to indicate that better
passivation is obtained using polySi instead of « — S1i, bulk traps can be expected
to play a dominant role in the substrate passivation mechanisms. In that case
the thickness of the passivation layer is an important factor determining the fi-
nal Dji. sy value. Indeed, the above expression indicates that Dy resumes to
Dj;s + Djpp.t if we further assume that bulk traps are uniformly distributed across
the layer.

To validate this expectation and quantify the impact of the layer thickness on
its passivation efficiency, samples with varying passivation layer thicknesses were
processed. In this case, two deposition temperatures were considered: 580 and
625°C. Process details are summarized in Table 3.3 for the different samples.

The extracted value of resistivity is plotted as a function of the passivation
layer thickness for the two investigated deposition temperatures in Figure 3.8a.
The results confirm the trend that the effective resistivity is an increasing func-
tion of the layer thickness for the two investigated Si-deposition temperatures. In
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Table 3.3: Deposition parameters for passivated samples with a varying passiva-
tion layer thickness and for two deposition temperatures.

. time dr. .
Sample T [°C] [min] t [nm] [nm,/min] oxide layer
BHR14 580 7 10.5 1.5 3000 nm-PECVD
BHR15 580 37 93 2.5 3000 nm-PECVD
BHR16 580 70 190 2.7 3000 nm-PECVD
BHR6 580 120 335 2.8 1000 nm-APCVD
BHR17 625 3 19 6.3 3000nm-PECVD
BHR18 625 9 76 8.4 3000nm-PECVD
BHR19 625 20 172 8.6 3000nm-PECVD
BHR10 625 38 325 8.6 1000 nm-APCVD
10° . 10°
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Figure 3.8: Effective resistivity values extracted on the passivated wafers as a func-
tion of passivation layer thickness (a) before and (b) after a 4h30 thermal anneal
at 950°C in neutral ambient.
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both cases, extrapolated data seem to indicate that a film thickness of 300~350
nm is sufficient to obtain a 10 kQ.cm p, ¢ value and achieve full substrate passiva-
tion. For lower thickness values it is also seen from the figure that when substrate
passivation is achieved with a 625°C-deposited polySi film, higher values of ef-
fective resistivity are obtained than when the silicon layer is deposited at 580°C.
This is more than likely related to the lower density of traps in the latter material,
which could be explained by a mixed texture of polycrystalline (higher D;;,) and
amorphous (lower D;;p,) silicon. From now on this layer is then treated as partially
crystallized silicon (PC — Si).

The results presented in Figures 3.7 and 3.8 allow us to conclude that from
a passivation efficiency perspective only, polycrystalline silicon layers should be
favored over partially crystalline and amorphous silicon. However, as previously
mentioned, another crucial characteristic of the passivation layer is its thermo-
dynamic stability: to be reliable, both mechanical and electrical properties of the
deposited layer must remain unaffected by long thermal budgets. Therefore, in
order to investigate the impact of a thermal budget on the passivation efficiency
of both PC — Si and polySi layers, some of the wafers presented in Table 3.3 were
cut in halves and one half was submitted to a 4h30-long thermal anneal at 950°C in
a neutral nitrogen ambient. The p. value extracted on these samples is plotted
as a function of the layer thickness in Figure 3.8b. It is seen that for both types
of layer, a visible increase of the effective resistivity is obtained on the samples
that endured the thermal anneal. This improvement is related to an increase of
the effective surface state density, which is believed to result from the following
mechanisms:

- first, as the PC—Si-passivated samples are submitted to an ambient temperature
higher than 700°C, the amorphous silicon islands of the PC —Si layer crystallizes
in such a way as to form a completely crystallized polysilicon layer [21]. This
is expected to increase the overall density of grain boundaries, and thus trap
density. It is however not clear whether this mechanism favors the formation of
larger or new polysilicon grains, which are expected to result in different bulk
trap densities.

- second, high temperature anneals of polysilicon performed in a neutral ambi-
ent cause an effusion of its hydrogen content [18,22]. This leads to a release
of the hydrogen atoms occupying dangling Si bonds and which neutralize (or
passivate) some of the traps. As a consequence, dangling bonds located both at
grain boundaries and at the oxide/silicon interface are un-passivated during the
anneal and the effective density of surface states is increased.

129



CHAPTER 3. NEW FABRICATION METHOD FOR HR SOI WAFERS WITH INCREASED RESISTIVITY

70

(2]
o
T
I

a1
o
T
I

N
o
T
I

w
o
T
I

N
o
T
I

(Number of hits)*? [#]

[y
o
I

_10 | | | | | | | | |
10 15 20 25 30 35 40 45 50 55 60

26

Figure 3.9: Results of X-ray diffraction measurements performed on a 400 nm-
thick polysilicon layer obtained by (1) LPCVD at 525°C of amorphous silicon and
(2) RTA at 900°C during 30 s.

3.5 Enhancement of passivation layer properties

The results shown in Figures 3.8a and b suggest that substrate passivation with
a polysilicon layer of thickness close to 300 nm should provide effective resistiv-
ity values in the 5-10 kQ.cm-range, and also indicate that this range should even
slightly increase under high thermal budgets. This makes polysilicon a very inter-
esting candidate for substrate passivation.

However, it is also believed that the passivation efficiency could be even further
improved by increasing the number of traps within the polySi layer. As those traps
are mainly located at grain boundaries, one method to increase D;;, consists in
developing a deposition process, preferably cheap, that results in the creation of
smaller polysilicon grains, and thus a higher density of grain boundaries. In order
to achieve this, the two-step following process was therefore investigated:

- deposition of LPCVD amorphous silicon at 525°C on the entire substrate surface,

- silicon crystallization by rapid thermal annealing (RTA) at high temperature
(900°C or higher) during a short time (several tens of seconds).

X-ray diffraction measurements reported in Figure 3.9 actually confirm that
polycrystalline silicon is obtained using this basic process.
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200 nm

(b)
Figure 3.10: Scanning electron microscopy pictures of (a) RTA-crystallized and (b)
as-deposited (625°C at 0.1 Torr) polysilicon layers.

Another interesting feature of this approach is thatitis also expected to provide
lower surface roughness than in the case of as-deposited polySi. Crystallization
of amorphous silicon using thermal anneals is indeed known to retain the smooth
surface of amorphous silicon [18,23]. The surface characteristics of such a layer
are discussed in the next section.

3.5.1 Morphology of RTA-crystallized polysilicon layer

The size of the grains in a RTA-crystallized polysilicon layer was investigated using
scanning electron microscopy (SEM). The SEM picture is shown in Figure 3.10a
where it is compared with a similar picture obtained on a polySi layer that was
deposited at 625°C (Figure 3.10b). It can be seen that the texture of the RTA-
crystallized film significantly differs from that of the polySi layer in which the
shape of the grains exhibits a typical columnar structure [18]. The grains in the
RTA-crystallized layer have a rounder shape and are much smaller. This is the
result of the fast and high thermal stress produced by the RTA, which is believed
to have favored the creation of a larger number of nucleation sites, and thus also
a higher number of smaller grains.

The SEM pictures also suggest that because of the smaller grain size in RTA-
crystallized polysilicon that layer presents a smoother surface than in the case of
LPCVD polysilicon. This observation was further confirmed by atomic force mi-
croscopy (AFM) measurements, which are presented in Figure 3.11: the pictures
obtained on the polySi (Figure 3.11c) layer clearly outlines a much rougher sur-
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Figure 3.11: AFM pictures of (a) amorphous silicon, (b) RTA-crystallized polysilicon
and (c) as-deposited (625°C) polysilicon.

face (and larger grain size) than for the RTA-crystallized sample (Figure 3.11b). As
shown in Table 3.4, the rms roughness/maximum height values extracted from the
AFM data were respectively 2.24/16.5 and 0.37/3.14 nm for the RTA-crystallized
and the as-deposited polysilicon layers. Figure 3.11 and Table 3.4 also show that
the morphological data obtained on the RTA-crystallized sample closely corre-
spond to those measured on a smooth, purely amorphous sample (Figure 3.11a),
and agree with results previously published in [24].

According to data presented in [25], such a smooth surface could enable a
direct bonding between the RTA-crystallized polysilicon and an oxidized donor
substrate. The results of preliminary bonding tests are presented in the next sec-
tion.
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Table 3.4: RMS surface roughness and maximum height values extracted from AFM
measurements on amorphous silicon, RTA-crystallized polysilicium (RTAC-polySi)
and as-deposited polysilicon (polySi). Measured surfaces were 2x2 pum? squares.

Maximum height

Sample RMS roughness [nm] [m]
x—Si 0.364 5.4
RTAC-polySi 0.37 3.14
polySi 2.24 16.5

3.5.2 Bonding between RTA-crystallized polysilicon and oxide

To assess the bonding ability of RTA-crystallized polysilicon, preliminary studies
were performed at the laboratory? between amorphous silicon deposited on handle
substrates (wafers A and B in Table 3.5) and an oxide layer on donor substrates
(wafers A’ and B’ in Table 3.5). As shown in Table 3.5 two different process options
were considered: the amorphous silicon layer was RTA-crystallized either before
(bonded wafer AA’) or after (bonded wafer BB’) the bonding.

Table 3.5: Process details of the wafer bonding experiments.

Layer
Process step thickness A B A | B
[nm]
«s; deposition (525°C, 0.1 T) 170 X X
Wet oxidation (850°C) 80 X X
RTA (950°C, 15 sec) // X
Surface activation // X X X X
Bonding // X X
Bonding // X X
RTA (950°C, 15 sec) // x | // | //
Thermal anneal (1000°C, 5 hours) // X X /]|
RTA (950°C, 15 sec) // X x | /| //

In both cases, the bonding operation was preceded by oxygen plasma-assisted
surface activation. This process step increases the density of free covalent bonds
at the bonding interface and therefore eases the bonding between the two surfaces
[26].

In this early investigation the success of the bonding was assessed by infrared
(IR) imagery. By looking "through" the wafer this method indeed provides a cheap
and simple means to detect voids and bubbles that are formed at the bonded
interface and which prevent successful bonding [27]. IR pictures were taken at

2Thanks are addressed to Rémy Charavel and Benoit Olbrechts from the Microwave Laboratory of
UCL for processing and measuring the samples.
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(@ (b

(c
Figure 3.12: Infrared pictures of RTA-crystallized polySi passivated wafer bonded
with oxidized donor wafer (sample AA’): (a) after the bonding, (b) after the 5 hour-
long anneal in neutral ambient at 1000°C (c) after the second RTA.

different process stages for both the AA’ and BB’ samples. Those pictures are
presented in Figures 3.12 and 3.13 for the AA’ and BB’ samples, respectively. In
the case of wafer AA’ Figure 3.12a seems to indicate that a successful bonding was
achieved at the center of the sample. An increase of the bonded surface could be
achieved by submitting the bonded wafer to a 5 hour-thermal anneal in nitrogen
at 1000°C (Figure 3.12b). In this case the IR image shows a void-free bonding all
across the wafer. An additional RTA was then performed on the sample to test the
bonded surface. The IR picture (Figure 3.12c) demonstrates that the bonding was
not affected by the RTA.

In the case of wafer BB’ (x — Si) some bubbles remained after the bonding
(Figure 3.13a), which might have been caused by hydrogen atoms present in the
amorphous silicon layer. As explained in [28] residual hydrogen bonds to silicon
atoms at the surface of the amorphous layer and thus reduces the availability of
silicon bonds for strong silicon-oxygen bonding at the interface. In this respect,
it can also be expected that due to the RTA processed on wafer A, the hydrogen
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Figure 3.13: Infrared pictures of « — Si-passivated wafer bonded with oxidized
donor wafer (sample BA’): (a) after the bonding, (b) after the crystallizing RTA, (c)
after the anneal.

content of that sample (especially at the layer surface) is reduced, resulting in a
better bonding for wafer AA’.

Figure 3.13b and c further indicate that the post-bonding RTA applied on wafer
BB’ completely damaged the bonded interface and that the neutral anneal could
not provide any improvement.

These preliminary bonding tests therefore provide encouraging results sug-
gesting that, due to their excellent surface smoothness properties, RTA-crystallized
polysilicon layers can be directly bonded onto a silicon dioxide surface without the
need of CMP. These early findings should nevertheless be confirmed by further me-
chanical testing such as wedge-opening [29]. Bonding tests with larger wafers (8
or 12 inch) should also be performed.

3.5.3 Passivation efficiency vs thermal budget

The crystallization of amorphous silicon and its beneficial impact on the substrate
effective resistivity is illustrated in Figure 3.14. In this set of experiment four
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Figure 3.14: Effective resistivity values extracted on « — Si passivated wafers as a
function of f and for varying anneal conditions.

Table 3.6: Process details of the samples passivated with LPCVD amorphous sili-
con crystallized by submitting the wafers to distinct thermal budgets.

Sample Thermal budget Oxidation type

BHR31 1h40 at 950°C in O, 60 nm-thick dry
(oxidation)

BHR32TA 4h at 900°C in N 450 nm-thick PECVD at 300°C

(slow ramp)
3min at 900°C in N»

BHR34 450 nm-thick PECVD at 300°C
(fast ramp)
3min at 900°C in N»
BHR34TA (fast ramp) + 4h at | 450 nm-thick PECVD at 300°C

900°C in N; (slow
ramp)

different HR Si samples were passivated with a 300 nm-thick 525°C LPCVD silicon
layer and were then submitted to distinct thermal budgets: oxidation at 950°C
during 1h40 (BHR31), 4 hour-long thermal anneal (TA) in nitrogen ambient at 900°C
(BHR32TA), rapid thermal anneal (RTA) at 900°C during 3 minutes (BHR34) and
3 min-long RTA followed by a 4h00-long anneal at 900°C (BHR34TA). Oxidation
details are provided in Table 3.6. All these thermal budgets were expected to
crystallize the deposited silicon layer.

Figure 3.14 also includes the data obtained on the unannealed «-Si passivated
wafer to allow easy comparison. The results presented in the figure clearly indicate
that in all cases the crystallization of the deposited amorphous silicon results in
an increase of the passivation efficiency, which is related to the higher trap density
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Figure 3.15: Tllustration of the layer transfer process: (a) processing of a HR SOI
wafer at ST Microelectronics, (b) preparation of the passivated HR Si substrate
at UCL, (c) transfer of the SOI top layers onto the passivated substrate using a
substrate transfer technique at TraciT Technologies.

in the so-formed polysilicon layers. The data also suggest that even slightly better
results are obtained when the Si crystallization is performed using RTA, in which
case the average p.rr value seems to go beyond 10 kQ.cm. This is also higher
than in the case of polysilicon layers deposited at 625°C (Figure 3.8a). A likely
explanation for this observation is that, as already mentioned, grains of smaller
size are formed during the RTA process. It can be noticed that in this case also, an
additional thermal anneal performed in neutral ambient (wafer BHR34TA) seems
to provide a beneficial impact on the effective resistivity.

3.5.4 Passivation efficiency of RTA-crystallized polysilicon on industrial
SOI technology

The passivation efficiency of RTA-crystallized polysilicon was also investigated
on an industrial multilevel SOI technology from ST. The analysis was performed
by comparing an unpassivated HR (wafer J409) with a passivated HR wafer (wafer
Tracit4). Both wafers originated from the same ST lot. As illustrated in Figure 3.15,
the passivation of the second sample was obtained by transferring the processed
layers (BOX+front end+back end) (Figure 3.15a) onto a passivated HR silicon wafer
(Figure 3.15b) with the method presented in [30]. The wafer resulting from this
operation (Figure 3.15c) was therefore a passivated HR SOI substrate with a ST
process on the top layers. It must be mentioned that for the transfer process an
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Figure 3.16: Comparison of CPW performance between ST technology processed
on an unpassivated SOI substrate and transferred onto a passivated HR Si sub-
strate: (a) effective resistivity, (b) line characteristic impedance and (c) total losses.

additional PECVD oxide needed to be deposited on the passivation layer before the
process. The buried oxide of the passivated wafer therefore consisted in a stack
formed by the deposited oxide and the BOX of the original wafer, making it thicker
(975 nm) than in the case of the unpassivated wafer (450 nm).

3.5.4.1 Impact of passivation on passive devices

The passivation efficiency of the RTA-crystallized polySi layers was analyzed in
the case of CPW lines and crosstalk structures. The lines were designed to have
a 50 Q characteristic impedance (W, = 40 ym, W, = 206 ym and S = 24 um,
corresponding to Set b in Table 2.2) and the crosstalk structures were similar to
the one presented in Figure 2.48a.

The results from the line measurements are reported in Figure 3.16 for the
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Figure 3.17: Comparison of crosstalk performance between wafers J409 (no pas-
sivation) and Tracit4 (passivation).

two wafers. Not surprisingly, a much higher effective resistivity is reported for
the passivated wafer, lying around 10 kQ.cm (Figure 3.16). This causes substrate
losses to be virtually null for the passivated wafer. Besides, as the characteristic
impedance of the line was not significantly altered by the thicker oxide in the
passivated wafer (as shown in Figure 3.16b), the loss difference observed between
the two wafers (Figure 3.16c) can be purely attributed to substrate losses in the
unpassivated wafer. These losses amount to 30~70 % of conductor losses in the
1-10 GHz range for this particular line.

The results obtained on the crosstalk structures are presented in Figure 3.17.
The measurements are also shown for varying bias conditions. It is seen that:

- a significant crosstalk reduction is obtained on the passivated wafer, which be-
haves as lossless in the measured frequency range. This reduction is close to 13
dB at 100 MHz and 0 V.

- the passivated substrate, in contrary to the unpassivated substrate, exhibits no
bias dependence.

These experimental results confirm the excellent passivation properties of RTA-
crystallized polySi and also demonstrate that significant substrate loss reduction
and substrate crosstalk can be obtained by passivating the substrate in current
industrial HR SOI technologies.

3.5.4.2 Impact of passivation on active devices

The electrical behavior (DC currents, AC capacitances, self heating and RF perfor-
mance) of active devices was also compared on both wafers in order to check if
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Figure 3.18: Normalized (a) I — V4 and (b) I; — V4 curves measured on wafers J409
and Tracit4 for the 2 um-long floating body and body-tied devices.

Table 3.7: Threshold voltages (in [V]) extracted on the measured devices.

Ly=2pum L; =013 um

FBMOS BTMOS FBMOS BTMOS
UCL4 0.385 0.278 0.316 0.381
J409 0.437 0.292 0.367 0.386

the polysilicon layer below the BOX has an impact on the device properties. The
studied devices were 130 nm and 2 um gate length (L,) partially depleted (PD)
SOI MOSFETs with 30 fingers. The width of the fingers was 2 um (resp. 4 um) for
the short (resp. long) devices. Both floating body (FB) and body-tied (BT) MOSFETS
were considered.

DC currents. The normalized I; — V,; curves recorded for the 2 um-long tran-
sistors are presented in Figure 3.18a. It is seen that for both the BT and FB devices
the curves outline similar DC behavior on the two wafers. In particular, the well-
known kink (related to floating body effects) appears at a similar V; value (which
is V;-dependent) for both the passivated and the unpassivated substrate and in
both cases too the kink was totally suppressed using a body-tied architecture.

The figure also outlines slightly higher currents for the passivated wafer, which
were probably associated to the smaller threshold voltages reported on that wafer
(Table 3.7).

The I;-V, curves of the long devices were also measured in saturated and linear
regimes. The drain current as well as the gate transconductance are plotted in
Figure 3.18b along with the gate transconductance (g,,) in saturation. Excellent
matching is here also observed between the two investigated wafers. In linear
regime the g,,/I; curves presented in Figure 3.19 outline the same body factor
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Figure 3.19: Gate transconductance over drain current ratio measured in linear
regime on wafers Tracit4 and J409 for the 2 um-long devices.

(which is inversely proportional to the g,,/I; ratio in weak inversion) for both
wafers, suggesting that in this range of values (close to 1 pum) the thickness of the
BOX and the passivation layer do not impact on the DC behavior of long devices.

However, for the devices with the shortest channel length significant differ-
ences were found both in the I; — V; (Figure 3.20) and in I; — V,; curves (Fig-
ure 3.21). Higher currents and higher maximum values of gate transconductance
(Immax) were observed on the unpassivated wafers for both the BT and FB MOS-
FETs, despite slightly higher (or similar) threshold voltage values for that wafer
(Table 3.7). The g, /14 curves reported in Figure 3.22a also indicate higher short
channel effects in the case of the unpassivated wafer (lower value of (g /14) max),
which is also further supported by the higher DIBL values reported on that wafer:
230 (resp. 169) compared to 148 (resp. 128) mV/V for the FB MOSFET (resp. BT
MOSFET). The DIBL was obtained by comparing the threshold voltages in linear
and in saturation regimes. The value of V; in saturation regime was extracted
from the measurements by extrapolating the /(I;) vs V, curve, as illustrated in
Figure 3.22b.

AC capacitances. In order to explain these differences RF multiport measure-
ments were performed on devices with 3 RF accesses and with identical dimensions
on both wafers. In such devices the third access is connected to the body of the
devices. As explained in the 4th chapter of this work, this characterization method
provides a powerful means to see the transistor from "inside", i.e., from the body
node.
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Figure 3.20: Normalized I; — V; curves measured on wafers Tracit4 and J409 for
the measured 130 nm-long (a) floating body and (b) body tied devices.
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Figure 3.21: Normalized I; — V,; curves measured on wafers Tracit4 and J409 for
the measured 130 nm-long (a) floating body and (b) body tied devices.

Figure 3.23aillustrates the variations of the input gate capacitance as a function
of the gate voltage at V; = 0V. The devices from both wafers exhibit C-V curves that
are typical to those of MIS capacitors, with capacitance values close to C,x when
the device is either accumulated (negative V, in these nMOS devices) or inverted
(positive V). The figure also shows that higher C,, values are reported on the
passivated wafer (Tracit4), suggesting that devices on this wafer presents either
smaller oxide thickness or longer effective gate length. However, the current level
similarities observed between the two wafers in the case of long devices overrule
the first hypothesis, and actually comforts the second presumption since a given
variation of effective gate length is expected to have alarge impact on small devices
and be negligible in the case of long devices.
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Figure 3.22: (a) Gate transconductance over drain current ratio measured in linear
regime on wafers Tracit4 and J409 for the 130 nm um-long devices; (b) square
root of I; vs V4 curves for V; extrapolation in saturation regime.
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Figure 3.23: Normalized (a) gate and (b) body-drain capacitances extracted from
multiport measurements on 130 nm-long RF 3-port devices from wafers Tracit4
and J409.

The measurements of the body-drain capacitance yielded approximately the
same values on both wafers (Figure 3.23b), suggesting that the HALO doping lev-
els were similar on both wafers. The variations of the effective gate length are
suspected to originate from variations of the physical polysilicon gate length. Be-
sides, a shorter gate length in the case of the unpassivated wafer can also explain
the stronger short channel effects reported for that wafer.

Self heating. Tt is also worth mentioning that the thicker buried oxide in the
case of the passivated wafer did not induce any current deterioration related to
self heating for the investigated 130 nm-long devices. The buried oxide is indeed
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Figure 3.24: Normalized output conductance measured on wafers Tracit4 and
J409 for the 130 nm-long floating body and body tied devices as a function of (a)
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Figure 3.25: Current and maximum stable gains measured on the 130 nm-long (a)

FBMOS and (b) BTMOS devices from the unpassivated and passivated wafers.
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known to form a strong barrier to heat dissipation due its poor thermal conduc-
tivity (100 times lower than that of silicon). As the device heats up due to Joule
effect the carrier effective mobility is reduced due to higher thermal agitation,
which translates into a reduction of both drain current and output conductance.
Under AC operation, the reduction of the output conductance is yet annihilated
at frequencies higher than the cut off frequency of heat dissipation. This means
that an increase of the output conductance is usually observed in the 105-8 Hz
range when the device is self heated [31]. In our case, we observe a good corre-
spondence between the DC and AC values of the output conductance for the BT
MOSFETs on the two wafers (Figure 3.24a), which suggests that the self heating is
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negligible in both cases. The discrepancies observed between DC and AC values
for the FB MOSFETs are due to floating body effects, which increase the DC value
of the output conductance in the sub-kink region (Figure 3.24b). As discussed in
the next chapter, this increase is suppressed for frequencies higher than ~ 10°
Hz.

RF performance. The RF properties of the devices were also briefly investigated
on the two-port devices from both wafers. The current and maximum stable gains
are plotted in Figures 3.25a and b for the 130 nm-long floating body and body
tied devices, respectively. In general, slightly lower gains were recorded on the
passivated wafer, with an exception for |H»; | on the BT MOSFET. This is more than
likely due to the lower gymax values recorded on that wafer and related to the
longer effective channel length.

These curves demonstrate that substantially high RF performance can be achieved
in substrate surface-passivated HR SOI wafers.

3.6 Conclusion

Relying on the experimental findings reported in the previous chapter, the main
objective of this section was to propose a new technique to passivate the substrate
surface of UNIBOND HR SOI wafers. At a wafer fabrication level, the most suitable
method consists in depositing the passivation layer at the top of the HR handle
wafer before the bonding. The passivation techniques proposed in the literature
for conventional HR bulk wafers were then reviewed. Amongst all proposed solu-
tions, passivation with deposited silicon appeared to be the most promising tech-
nique, due essentially to the CMOS compatibility of this material and the excellent
results reported in earlier works ([11,16]). The passivation efficiency of deposited
silicon was therefore quantified as a function of deposition temperature and layer
thickness. Various deposition temperatures lead to distinct morphological struc-
tures: amorphous silicon and polysilicon were respectively deposited by LPCVD at
525 and 625°C. The morphological textures were confirmed by X-ray diffraction.
An intermediary deposition temperature of 580 °C was also investigated, for which
a mixture of amorphous and polycrystalline silicon was probably obtained. The
impact of heavy thermal budgets on the passivation efficiency of the deposited
layers was also studied.

The quantification of the passivation efficiency was performed by effective re-
sistivity (p.sy) extraction, a method described in the previous chapter. The exper-
imental data lead to the following conclusion:

- the best passivation efficiency (highest p.sr value, in the 5-10 k Q.cm range) was
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obtained using polycrystalline silicon, which is likely to be related to the higher
density of traps in such a layer,

- the best passivation efficiency was obtained for a layer at least 300 nm-thick,

- on all types of layer (amorphous, mixed polycrystalline or fully crystallized
polysilicon) an increase of the passivation efficiency was observed after long
thermal anneals in neutral ambient, which was attributed to the recrystalliza-
tion of silicon in the case of deposited amorphous (or mixed) layers and to the
effusion of hydrogen atoms from the passivation layer.

On the basis of these results, a new type of passivation layer was investigated:
polysilicon obtained by Low Pressure Chemical Vapor Deposition (LPCVD) of amor-
phous Si at 525°C followed by a rapid thermal anneal (RTA)-induced silicon crystal-
lization (RTAC). The resulting polycrystalline texture was confirmed by both X-ray
diffraction and SEM pictures. Compared to as-deposited polysilicon, this particular
layer showed:

- excellent passivation properties (with p. sy values in the 10 kQ.cm), which was
demonstrated for the case of an industrial multilevel SOI technology from ST
Microelectronics. The better passivation property of RTAC-polySi is related to
the smaller grain size, as confirmed by SEM pictures.

- excellent surface roughness (rms o of 0.37 nm).

Preliminary bonding tests also demonstrated that bonding of a RTAC-polySi
surface onto a thermal oxide was successful without CMP. This bonding was shown
to sustain high thermal budgets, such as RTA. The non requirement of CMP to
achieve successful bonding reduces the cost of integration of such a layer within
the fabrication process of UNIBOND SOI wafers.

As a conclusion, the experimental results presented in this chapter show that
the electrical, morphological and thermodynamics properties of RTAC-polySi makes
this particular material the best candidate for substrate passivation in UNIBOND
HR SOI wafers at reduced cost. Future work should consist in performing addi-
tional testing focusing on the following aspects:

- electrical characteristics: a specific method should be set up to quantify the level
of bulk and interface trap densities in the deposited layer, in order to provide a
process control parameter,

- thermodynamic behaviour: further testing should be performed to understand
and identfy the dominant mechanisms by which the effective resistivity is in-
creased during thermal anneals on the RTAC-polySi layer,
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- wafer bonding:

- the mechanical strength of the bonding should be evaluated by wedge-opening
measurements such as in [29],

- the quality of the bonding should be assessed over a complete CMOS process-
ing,

- the feasibility of the bonding should also be investigated on wafers of larger
diameters, since currently fabricated UNIBOND SOI wafers are 12 inch-wide,

- the feasibility of the bonding should also be evaluated between an oxidized
substrate covered with RTAC-polySi and a naked HR substrate, in which case
the bonding would be performed between RTAC-polySi and thermal oxide sur-
faces,

- mechanical properties: the mechanical properties of RTAC-polySi such as resid-
ual stress and thermal expansion coefficient have not been investigated. It is
expected that due to the random distribution of crystal orientations as well as
the round shape of the grains in the RTA-crystallized polySi layer, this material
presents low residual stress. It is also expected that, as a silicon-based mate-
rial its thermal properties should be similar to those of the substrate and that
thermal mismatching (which causes undesired wafer warping after high ther-
mal processing) should therefore not occur. This CMOS-compatibility should
nevertheless be confirmed by additional experiments.

And last, the impact on active devices of a surface-passivating polysilicon layer
below the BOX was also investigated in the case of an industrial 130 nm SOI tech-
nology from ST. The passivated wafer had a BOX thickness around twice higher
(975 nm) than the unpassivated wafer (450 nm) used for comparison. Very similar
results were observed between the two wafers for long channel devices and slight
differences were reported for short channel length (130 nm) due to effective gate
length variations between the two wafers. It could be concluded from those exper-
imental data that no significant degradation of the DC and RF characteristics were
observed for such value of BOX thickness. Better results may actually be expected
as the BOX thickness is scaled down since by capturing free carriers from the bulk
the polysilicon layer forms a pseudo ground plane below the BOX. Thinner BOX
and ground planes below the BOX are both known to contribute to the reduction of
SCE in sub 0.1 pum devices [32]. Further work should also be performed to confirm
this trend.
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CHAPTER 4
FLOATING BODY EFFECTS: A WIDEBAND
CHARACTERIZATION OF THE BODY NODE
IN PD SOI DEVICES BY MULTIPORT
MEASUREMENTS

4.1 Introduction

As inferred in the introductory chapter of this work, the SOI technology is well
suited for low power RF applications due, essentially, to a reduction of leakage
current provided by the insulating buried oxide and a reduction of the junction
capacitances. Substrate losses can also be dramatically reduced when high resis-
tivity substrates are used.

From an analogue/RF application perspective, FD devices are known to pro-
vide superior characteristics than their PD counterparts in terms of analogue [1]
(normalized gate transconductance, normalized drain current), RF [2] (cut off fre-
quencies) as well as noise [3] properties. However, the fabrication of FD devices is
more challenging than for PD devices, since FD are very sensitive to film thickness
variations and inherently present higher source/drain resistances. On the other
hand PD SOI processing techniques can be easily imported from planar bulk tech-
nologies, thus leading to significantly lower processing cost. Essentially for this
reason all major foundries (IBM, AMD, Freescale,..) currently producing SOI chips
for digital logic have adopted the PD architecture, which forms the mainstream of
the SOI market.

At a transistor level a challenging issue related to the PD SOI architecture con-
sists in the well-known floating body effects (FBE) [4]. Those effects are associated
with the body region in the silicon film that is left unconnected or floating. The
potential of the body is then mainly controlled by external mechanisms, such as
capacitive coupling with the other electrodes and charge injection. As the body
region forms a back gate in the intrinsic core of the devices, its potential largely in-
fluences the device behaviour. It is the time variations of the body potential which
are at the origin of the FBE and which have caused many surprising behaviors in
SOI transistors and digital circuits.

One purpose of this chapter is to present a small signal AC investigation of
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FBE in PD MOSFETSs for two sources of FBE: impact ionization and gate tunneling.
It is shown here that AC characterization of the devices, and in particular of the
body region, is of substantial interest for a better understanding of the physics
involved in those mechanisms. The analysis is performed using a small signal
modeling approach, for which the model includes a fourth node associated with
the body. In the case of floating body (FB) devices this node is simply left floating
in the model.

Under DC conditions, FBE are traditionally suppressed by fixing the body po-
tential to a constant value, which is typically accomplished by providing lateral
contacts to the body region. In that case, body-contacted (BC) devices are formed.
These contacts are then either connected to the source or to the gate, forming
respectively, body-tied (BT) or dynamic threshold (DT) MOSFETs. AC analysis of
both BT and DT MOSFETSs are then also be performed in this chapter, and the effi-
ciency of their body contact is assessed. One outcome of this study is that the high
value of the body contact resistance in current technologies plays a detrimental
role on the quality of the body contact, and thus on the RF performance of the
devices: above a certain frequency the body contacts loose their efficiency and
the AC body potential becomes controlled by capacitive coupling with the other
nodes. Accurate characterization of the body resistance and the body capacitances
is therefore crucial for a correct prediction of the RF behaviour of body-contacted
PD SOI MOSFETs. It is shown in the last section of this chapter that RF measure-
ments performed on 3-port devices (for the gate, drain and body) with multiport
VNA measurements can be very helpful for a deep characterization of those pa-
rameters.

Unless otherwise stated all measurement results presented in this chapter were
obtained from devices processed at ST Microelectronics using a 0.130 um PD SOI
technology with a film thickness (ts;) of 150 nm, a gate oxide thickness (t,,) of
2.3 nm and 6 metal levels.

4.2 FBE under static regime

In Partially Depleted SOI technology, the thickness of the silicon film is larger than
the width of the depletion region that extends below the channel. A quasi-neutral
region (called the body) therefore exists within the silicon film, which is sand-
wiched between the depletion region and the top of the buried oxide. This region
being inherently isolated from the "outside world", its potential is mainly deter-
mined by external influences such as capacitive coupling and charge injection. The
main mechanisms of charge injection consist in impact ionization, gate tunneling,
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Gate tunneling

? \ Impact ionization

Figure 4.1: Main mechanisms of body charging in FB PD SOI MOSFETSs: gate tun-
neling and impact ionization.

and leakage currents through the forward biased and reverse-biased source/body
and drain/body junctions. Time variations of the body potential largely affect
the device behaviour and are responsible for the well known floating body effects,
which impact on circuit performance.

In digital applications, floating body effects are mostly associated with capac-
itive charging of the body and carrier recombination. They can cause undesired
leakage (parasitic bipolar leakage in passgate circuits [5]), hysteresis and history
dependence of gate delay [6, 7]. These issues can yet be solved or minimized by
proper circuit design [5, 7].

In low frequency analog applications FBE are predominantly governed by mech-
anisms of charge injection into the body region. Until recently, the main physical
phenomenon responsible for body charge injection was impact ionization at the
drain side. In saturated regime, holes generated by impact ionization accumulate
in the body, which leads to an increase of the body potential [4]. This is illustrated
in Figure 4.1. The potential of the body (V};) is raised until the source/body junc-
tion becomes forward biased, which allows the additional hole flow to leave the
body region or recombine with incoming electrons.

In recent technologies however, the aggressive downscaling of device dimen-
sions has put a high pressure on the gate oxide also, which has now become thin
enough as to allow significant amounts of current leakage through the gate. When
the device is biased in strong inversion, this current is mostly associated with holes
or electrons tunneling through the oxide: holes originate from the gate polysili-
con valence band (HVB) and electrons issue from the conduction band (ECB) or the
valence band (EVB) of the silicon film [8]. In the latter case unbalanced holes are
left in the body [9] and, similarly to impact ionization, the resulting current tends
to positively charge the body region (Figure 4.1), thus also leading to an increase
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Figure 4.2: Typical I; — V4 (a) and g4 — V (b) curves measured on floating body
(FB), body-tied (BT) and fully depleted (FD) devices, illustrating the kink effect.

of Vyi.

A direct consequence of the body potential increase is a reduction of the thresh-
old voltage of the front gate channel, which in turn induces an increase of the drain
current. However, it is important to notice that both mechanisms of charge injec-
tion affect the device behaviour under distinct external bias conditions:

- Impactionization produces a noticeable increase in the I; — V; curves for values
of V; typically higher than the threshold of impact ionization in doped silicon.
This threshold depends on the doping level, and therefore also on transistor gen-
eration. For the 0.130 pum SOI technology investigated here, it is approximately
0.5 V. The sudden current rise induced by impact ionization is called kink in the
I; — V4 curves or kink effect. As shown in Figure 4.2a the kink effect is typical to
FB PD SOI technology. It can be suppressed when the body region is connected to
a fixed potential, as in the case of BT MOSFETSs. It is also strongly reduced when
a FD technology is used [10]. In this figure the FD devices were made at Leti.
From an analogue designer point of view the kink in the I; — V; curve induces
a large parasitic increase of the device output conductance (Figure 4.2b), which
can have negative impacts on the performance of analogue circuits [11,12].

- On the other side, gate tunneling current becomes significant for gate bias values
sufficiently large as to reduce the potential barrier for electrons across the gate
stack (=~ 1.1 V in this 0.130 um technology). The increase of drain current in
this case affects the I; — V4 curves and produces a second "hump" in the g, — V4
curves, which is called linear kink effect (LKE) [13] or gate-induced floating body
effect (GIFBE) [14]. It is shown in Figure 4.3 for 2 um-long devices that, similarly
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to the kink effect, the GIFBE does not take place when the body is contacted.

As the floating body effects are associated with body voltage fluctuations both
the kink effect and the GIFBE quantitatively depend on device history, which is
illustrated in Figure 4.4 for 2 uym-long devices. Both the kink effect (Figures 4.4a
and b) and the GIFBE (Figures 4.4c and d) are shown, as a function of the delay time
used for the measurement in forward bias (Figures 4.4a and c) and in reverse bias
(Figures 4.4b and d) modes. Itis clear from the figures that for the two investigated
floating body effects the position of the g, and g,, peaks is a strong function of
the measurement condition. In particular, in forward bias mode and for longer
delay times the peaks are shifted to lower bias values, which is attributed to the
lower body potential (and thus the lower value of V; or V, required to induce
significant impact ionization or gate tunneling, respectively) in the case of slower
measurements [14]. Indeed in that case the increase of Vj; generated by capacitive
coupling is reduced by higher carrier recombination in the body region. When the
device is reverse-biased it can be seen from Figures 4.4c and d that the intensity
of the peaks is reduced regardless of the delay time used for the measurements.
The explanation for this observation is that in this case the body is pre-charged
under high-bias conditions. At lower bias, impact ionization or gate tunneling be-
come negligible and the body voltage slowly recovers its equilibrium state through
carrier recombination.

The correct prediction of the kink effect as well as GIFBE is crucial for the de-
sign of successful analogue circuits, which can only be achieved if accurate models
exist. The elaboration of such models requires a quantitative understanding of the
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Figure 4.4: Tllustration of the kink effect (resp. GIFBE) as a function of delay time
in (a) (resp. (c)) forward bias and (b) (resp. (d)) reverse bias modes.

body charging mechanismes, such as body-source and body-drain junction leakage,
hole-electron recombination inside the body, gate tunneling current and impact
ionization current. The dynamics of the body charging should also be well appre-
ciated, since the transient behavior of the body voltage quantitatively determines
the amplitude of the kink and GIFBE peaks.

In that respect AC characterization can provide both qualitative and quanti-
tative support. The results of AC measurements performed on FB, BT and DT
MOSFETs are therefore presented in the following sections along with the time
constant associated with both the kink effect and the GIFBE. These experimental
data are then explained on the basis of a complete small signal model including
the body node. It is shown that an accurate modeling of the AC behaviour of FBE
requires as accurate characterization of the body node, which, as reported in the
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Figure 4.5: Experimental setup for the AC measurements of the kink effect (a) and
the GIFBE (b).

last part of this chapter, can be performed by the measurements of three-port
devices.

4.3 AC behavior of floating body effects

To gain more insight of the dynamics associated with both the kink effect and the
GIFBE, these two floating body effects were measured as a function of frequency.
As both mechanisms are characterized by very low cut-off frequencies (below 10
kHz) a specific experimental set up was required. The core of the equipment used
was a System Analyzer from HP (HP8163), which can compute the transfer func-
tion (i.e., Vout /Vin as a function of frequency, where v,,; and v;, are respectively
the small signal output and input signals) of a given circuit. An operational am-
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Figure 4.6: Dynamic behavior of the (a) kink effect and the (b) GIFBE in FB SOI
MOSFETS as a function of frequency.

plifier (TLO71CN from ST) was also used to measure the small signal g4 and g,
parameters without altering the applied bias on the drain side. The complete set
up is given in Figures 4.5a and b for the AC measurements of the kink effect and
the GIFBE, respectively.

The results of the AC measurements for a 2 um-long PD SOl MOSFET are plotted
as a function of frequency in Figures 4.6a and b, for, respectively, the kink effect
and the GIFBE and for arbitrary bias points. The results presented in Figure 4.6a
are very similar to the ones reported earlier for silicon-on-sapphire devices in [15]
or FB SOI MOSFETSs [16,17]. In this case the figure clearly outlines the analogy that
exists between the kink effect and the GIFBE. In particular, the AC curves outline
the following attributes for the two types of floating body effects:

- the increase of the small signal parameter (g, or g,,) observed under DC con-
ditions is characterized by a very low cut off frequency, ranging from below 1
Hz to a few kHz. More precisely, the frequency dependence of the curves is
characterized by a pole (f,)-zero (fy) pair in that frequency range.

- in both cases both f, and f; are bias dependent: they increase at higher bias
values.

The results of the AC measurements are also plotted as a function of the DC
bias and compared with the DC measurements in Figures 4.7a and b. In this case
the DC measurements were performed in forward bias mode and using a long delay
time (1 second). This figure again highlights the similarity between the dynamic
behaviours of the kink effect and the GIFBE: in both cases the AC measurements
performed at (very) low frequency closely agree with the DC data, thus outlining

158



4.4 SMALL SIGNAL MODELING OF THE KINK AND GIFBE EFFECTS

[
=]

—&— DC measurements
—— AC measurements

- E
< | =
32 L=2ym]| @ s}
(%) 9 =
3 V =06V 7l
‘020 9 18
@
8 f=100 mHz, 1, 10, g 6l
ko] 100, 1.000 and 10.000 Hz k3
O 15¢ S 5f
3 ©
ko] c
§ 100 § il
2 c 3
a 5, Vv, =50 mV
= 5 2
3 ol —o— DC measurements
) —— AC measurements
0 ‘ ‘ 0 ;
0 05 1 15 0 05 1 15
Drain voltage [V] Gate voltage [V]
(@) (b)

Figure 4.7: Dynamic behavior of the (a) kink effect and the (b) GIFBE in FB SOI
MOSFETSs as a function of applied bias.

strong FBEs. At higher frequencies the AC curves are more and more exempted
from FBE and gradually tend toward a curve similar to the one that would be ob-
tained if the device were free from floating body effects. For a clear interpretation
of these results, a small signal approach is proposed in the next section.

4.4 Small signal modeling of the kink and GIFBE effects

4.4.1 Presentation of the small signal model

For MOSFET devices, the definitions of the output conductance (g;) and of the gate
transconductance (g,,) are respectively given by:

ol id
_ 9la _ d 4.1)
9= v, Vg.Vp=cst YV lvgv,=0
ol iq
_ 9la - -4 4.2)
gm an Vg, Vp=cst Vg lvgv,=0

In these expressions and for the rest of this work, the following convention is used:

- entities used to designate the DC values of voltage and current at any terminal
of the device start with a capital letter,

- entities represented by lower case characters refer to their small signal varia-
tions.

The small signal equivalent circuit proposed in this chapter to model the AC
behaviour of common source PD MOSFET devices is displayed in Figure 4.8a. In
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and (c¢) g, calculations.

this analysis only the intrinsic elements of the device are represented and are all
denoted with the subscript i. Extrinsic elements associated with external accesses
are treated later in this chapter. The circuit is inspired from the model of the
high frequency four-terminal device proposed by Y. Tsividis [18]. It considers all
non-reciprocal C;; capacitances:

_0Qi
Cij = 4.3
Y aVJ Vizj=cst ( )

with i and j being any of the four intrinsic nodes: G, D, B, S. As explained in [18],
these capacitances reflect the variation of the charge at one node induced by a
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small signal voltage applied to another node. They should not be associated with
any physical capacitor-like structures inside the transistor. To remain consistent
with the principle of charge conservation inside the device, the non-reciprocal ca-
pacitances should all be introduced in the model. Among the multiple ways to
achieve this, one elegant method consists in introducing the modified transcon-
ductances [18]:

Im' = Gmi + JwCiy (4.4)
Imp' = Gmbi + JjWCnp (4.5)

as well as the following transcapacitances in the circuit:

Cm = Cdgi - ngi (4.6)
Cmp = Capi — Cpai 4.7)
me = Cbgi - Cgbi (48)

The contributions of C,, and C,,; are yet usually neglected when performing RF
small signal circuit modeling of PD MOSFETs [19,20] and are therefore not consid-
ered here.

For the investigation performed in this chapter the initial model of Tsividis is
then completed in order to account for impact ionization, gate current and body
leakage.

- The impact ionization current is modeled with a v4,; (= v4; — Vsi)-driven current
source of transconductance g4si, similarly to what is proposed in [15].

- Following the same simple approach the small signal gate current is represented
by avysi (= v4i—Vsi)-driven current source of transconductance gp4s;. Analytical
expressions for gpgsi can be obtained by differentiating the I,(V,) formulas
provided in [9].

- In order to also account for the leakage of current through the body-source and
body-drain junctions a body-source (gs;) and a body-drain gj,4; conductances
were included in parallel with, respectively, Cps; and Cpg;.

4.4.2 Derivation of analytical expressions for g,, and g,

The analytical expressions of g; and g,, can be easily computed using the small
signal model presented in Figure 4.8a and by considering, respectively, the drain
(Figure 4.8b) and gate (Figure 4.8c) node connected to the ground terminal. In
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these two cases the equivalent circuits can be further simplified by removing the
body-source transcapacitance (Cx) and by replacing Cyp; with Cpg;. According
to these models, the main contributors to g,; and g,, are their respective intrinsic
components (g4s; and g,;) and an additional quantity related to the body potential

fluctuations:
.
9a = Gasi + GmviRe [ b‘] (4.9)
Vi
.
m = Gmi + GmpiRe [ h‘] (4.10)
Vgi

These expressions indicate that the frequency dependence of g, (resp. gm)
outlined in Figure 4.6a (resp. b) can only be contained in the v;/va; (resp. vp;/Vvg4i)
ratio. This frequency dependence is therefore related to the dynamic fluctuations
of the voltage at the body node, which is connected to the "outside world" by
a network of admittances (Ypai = gjpai + J-WChai, Ybsi = Gjvsi + J.wChsi and
Ybgi = J-wChgi) and two current sources (gpgsiVysi and gpasiVasi)- Eqs. 4.9 and
4.10 can therefore be rewritten as:

Ibdsi + Ybdi
Ybsi t Vbgi T Vbdi

Ibdsi + jwchdi:|
9vvi + JWCppi
4.11)

ga = Gdsi + 9mviRe |: ] = Jasi + GmpiRe |:

Ibgsi T Vbgi
Ybsi + YVbgi + Vbdi

Ybgsi + ijbgi:l
Ibi + JWCppi
(4.12)

Im = 9mi + GmpiRe |: :| = gmi + GmviRe |:

where gppi = gjpsi + gjpai a0d Cppi = Cpsi + Cpai + Chygi respectively represent the
total conductance and total capacitance between the body and the external nodes.
In Eq. 4.11 itis assumed that gjpai << gpdsi Since the body drain diode is strongly
reverse biased in situations where the kink effect is observed (i.e., for saturated
devices).

These expressions highlight the two main factors determining the AC body
potential: small signal current injection into the body (through gpas; and gpgsi)
and coupling with the other nodes via an admittance network. They therefore
provide a quantitative and qualitative description of the dynamic behaviours of
the kink effect and the GIFBE presented in Figures 4.6 and 4.7, as detailed below.

- Low frequency region (i.e., f < fp): Under low frequencies, the capacitive terms
can be neglected in Egs. 4.11 and 4.12, which then simplify into:
Ybdsi Ybdsi (4.13)

= Jdsi T Imbi—
Ibbi Ibsi

9d,LF = Gdsi T Imbi
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Ybgsi Ibgsi
= P + ——— (4.14)
bbi Gmi T Gmbi Ibsi T Gbdi

Im,LF = Gmi T Gmbi

Again, the body-drain junction conductance is neglected in Eq. 4.13 due to the
reverse biasing of the body-drain diode. Under low V; bias (which is assumed
in Eq. 4.14), the values of g rq; and g;psi are expected to be of the same order
of magnitude. g;pq; should however rapidly decrease as the device is asymmet-
rically biased (positive V).

Expressions 4.13 and 4.14 indicate that the increase of output conductance (resp.
gate transconductance) recorded at low frequencies is mainly dictated by the ra-
tio between the impact ionization (resp. gate tunneling) transconductance and
the conductance of the body-source junction. As the back gate transconductance
is a reasonable fraction of the output conductance (or the back gate transcon-
ductance), the visible increases of g,; observed in the curves of Figure 4.6 imply
that when impact ionization becomes significant gp4s; is at least of the same
order of magnitude as gjps;. For a similar reason, gpgys; is at least of the same
order of magnitude as g;»s; when the GIFBE occurs.

- High frequency region (i.e., f > fo): In this case the capacitive terms in Egs. 4.11
and 4.12 dominate and the high frequency limits of g, and g,, become:

Chii

9d,HF = Gdsi gmbi% (4.15)
bbi
Chgi

ImHF = mi T Imbi ~ = Imi (4.16)

Copi

In both cases the AC potential of the body is therefore dictated by a capacitive
divider, which provides a lower contribution to the back gate modulation than
the real parts in Egs. 4.13 and 4.14. This is because in both cases the capacitive
coupling between the body node and the AC excitation node (the drain in the
case of g, and the gate in the case of g,,) is much smaller than the coupling
with the ground node (at the source). Indeed,

- under strong impact ionization regime and positive body voltage we can rea-
sonably assume that Cpz; << Cps; due to the forward biasing of the body-
source junction [15];

- in linear regime at high gate bias we can consider that Cj4; = 0 since the front
channel shields most of the electric field lines that run between the gate and
the body region.

As a consequence at high frequencies the increases of output conductance or
gate transconductance provided by the back gate modulation in Egs. 4.15 and
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4.16 are smaller than at low frequencies and this explains why a decrease of the
AC curves are observed in both cases (Figures 4.6).

- Pole-zero region: According to Egs. 4.11 and 4.12, the zero expressions for the
kink effect and the GIFBE are respectively given by:

1 /9vasigvpi
ke = Y IbdsiIbbi 4.17
fO,kmk o7 deiChhi ( )
1 /GbgsiGvvi (4.18)

So,ciree =
2T [CpyiCppi

while both are characterized by the same pole expression:

1 gupi
= — 4.1
fr 210 Cppi (4.19)

Since in both cases the transconductance associated with the floating body ef-
fects (gpasi Or gngsi) is of the same order of magnitude than g5 (and thus
Ivpi) and the coupling capacitance (Cpa; or Cpg;) is much smaller than Cyp;, the
comparison between the pole zero expressions indicates that f, < fo. In other

o | 9opiCrai <1 (4.20)
Soxink 9basiCrbi

o | 9obiCrgi -1 @21)
Sociree '\ 9bgsiCrpi

for floating body devices, which is consistent with the results presented in Fig-

words, we have:

ures 4.6.

The very low frequency of the pole observed in the figures can also be explained
with Eq. 4.19: when the body-source junction is forward biased due to either
impact ionization or gate tunneling current, we have gjps; >> gjpa; and the
body conductance simply reduces to gj»s;. This parameter has typical values
in the 107! ~ 10=7 S/um range for Vi values in the 0.2-0.5 V range [10],
which explains why very low cut off frequencies are reported in Figures 4.6 for
both the dynamic behaviours of the kink effect and the GIFBE. Besides, as gjps:
exponentially increases with Vj,; this also explains why the pole frequency is an
increasing function of the drain (resp. gate) voltage.

164



4.4 SMALL SIGNAL MODELING OF THE KINK AND GIFBE EFFECTS

o
N
o

—o— Measurements

~

59 g —— Model
(g_ 8r lg_ 65| BSIMSOI
@ 6f S
S R V=11V ]
e 5 ©
c c 5r
Q 4 o
[5] [5]
2 D 45f
C 3 c
IS ©
=, | £ g
Qo ~©- DC measurements = 2 _
T 4L —— AC measurements (10 kHz ) Ly=2um | 8 35l Vy=50mV
O ~ - BSIMSOI simulations V=50 mV Ly=2pm
‘ ‘ 3 ‘ ‘ ‘ ‘
% 05 1 15 10° 10 10° 10° 10*
Gate voltage [V] Frequency [Hz]
() )
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values.

4.4.3 Comparison with BSIMSOI

The validity of the proposed small signal approach was further assessed in the
GIFBE case and using AC Eldo simulations with BSIMSOI [21], which is a SPICE
compact model for SOI circuit design already being used in production by ma-
jor semiconductor companies such as IBM and AMD. This analytical and scalable
model considering the GIFBE, the mobility and gate tunneling parameters of the
model were tuned to obtain a close fit between the measured and the simulated
DC curves of the studied device as shown in Figure 4.9a. This figure also reports
the total (g,,) and intrinsic (g,;) values of the gate transconductance calculated
by BSIMSOL: a very good correspondence is observed between the high frequency
values of g, (AC curve obtained at 10 kHz) and the intrinsic g,,;, which confirms
the validity of Eq. 4.16.

In Figure 4.9b the simulated data are plotted as a function of frequency. The AC
measurements are also reported in the figure for reference. The elements of the
small signal circuit were obtained in this case from the values of the intrinsic node
parameters provided by the DC BSIMSOI simulations. An excellent correspondence
is observed here between the measured and simulated data, confirming that the
small signal model given in Figure 4.8 correctly predicts the AC behavior of the gate
transconductance in PD FB SOI devices. More importantly, this also validates the
interpretation of the GIFBE dynamic behaviour provided in the previous section.
It is anticipated that our description of the dynamic behaviour of the kink effect
is also correct, on the basis of previous similar work [15].
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Figure 4.10: Extrinsic transconductance measured on a FB, BT and DT MOSFETs
from a 0.130 nm technology, outlining the substantial increase of g,, when the
body is connected to the gate (DT MOSFET).

4.5 Body-contacted devices

As inferred in a previous section, floating body effects are traditionally avoided in
PD SOI technology by connecting the body to an external node. In both body-tied
devices and dynamic threshold MOSFETs the DC body potential is controlled by an
external access, which prevents V},; increases related to either impact ionization
or gate current. As illustrated in Figures 4.2 and 4.3 for body-tied devices this
also suppresses the kink effect and the GIFBE. As a result, the DC values of g, in
body-contacted MOSFETs and under high V,; bias are lower than for their floating
body counterparts. In linear regime, the gate transconductance of body-contacted
MOSFETs is also lower under high gate voltage (where GIFBE is typically observed).
In the case of DT MOSFETSs, higher values of g, are however expected compared
to FB or BT MOSFETs since both the front and back gate contribute to the device
transconductance (i.e., gm = gmi + Gmpi)- This is shown in Figure 4.10 on 0.130
um devices.

The AC behaviour of g; and g, for body-contacted devices are investigated in
the following sections.

4.5.1 Output conductance of body-contacted PD SOI MOSFETs

In this paragraph, 0.18 um-long devices were measured with a low frequency
(10 kHz-4 GHz) Vector Network Analyzer from Rhode & Schwartz (ZVR) under
varying biasing conditions. For each measurement the Y parameters were de-
embedded from the raw parameters using a classical open subtraction method [22].
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Figure 4.11: Output conductance measured on body-contacted (BT and DT MOS-
FETS) and FB devices from a 0.18 pum technology.

The extrinsic output conductance was then computed from the Y parameters ac-
cording to [19]:
ga = Re(Y22) (4.22)

The output conductances of the measured BT and DT devices are presented in
Figure 4.11 as a function of frequency. The measurements recorded on a FB device
from the same technology are also included for comparison.

Atlow frequencies, Figure 4.11 highlights the significant improvement obtained
on g, by connecting the body to the source or the gate, since both the DT and BT
structures exhibit a value of g; more than two times lower than for the FB device.
However, the measurements also show that this positive effect is lost at higher
frequencies, since both DT and BT devices suffer from a 150 % g; degradation
between the low frequency and high frequency (~ 4 GHz) levels.

This clearly defined increase of output conductance observed in the case of
body-contacted devices can simply be explained by considering a similar equiva-
lent circuit as the one proposed in Figure 4.8a in which an additional resistance
(Rpe) is connected to the body node. It is obvious that this resistance is placed in
parallel with Cpa; and gpgsi in the case of DT MOSFETs and with y,; in the case of
body-tied devices. The resulting small signal equivalent circuit used for g4 calcu-
lation is presented in Figure 4.12. It can be seen that Ry, shorts all body-to-ground
impedances at low frequencies. It is also worth noticing that the circuit is identical
for both DT and BT devices since the output conductance is defined by grounding
all terminals except the drain. This already explains why similar AC g4 behaviours
are observed for the DT and and the BT MOSFETSs in Figure 4.11.
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Figure 4.12: Equivalent circuit of a body-contacted PD SOI MOSFET seen from the
drain terminal and used for g4 calculation. This circuit can be used both for DT
(body node connected to the gate) and BT (body node connected to the source)
MOSFETs.

In both cases the g, expressions developed above (Eqs. 4.11, 4.13 and 4.15)
can be rewritten as:

Ipasi + JwCpai
= i + iRe | —F———"7— 4.23
gd = Ydsi + Gmbi |: Rl;el + jwCopi :| ( )
gaLF = Gasi + gmhigbfiii ~ Gdsi (4.24)
Rhe
Cpai Cpai
9a,ur = Gasi + gmhi—bdl ~ Jdsi + gmbiﬂ (4.25)
Chhi Cbsi

It is seen in these expressions that at low frequencies the device output conduc-
tance is roughly equal to the intrinsic conductance of the channel since the body
resistance is several orders of magnitude lower than gp4si. In this case the body
region becomes a cold node, which prevents the impact ionization current to have
any effect on the body potential. At higher frequencies however, the non zero
value of the body resistance induces a zero-pole pair in the g4 curves. This pair is
similar to what occurs in FB devices, except that in this case the zero is observed
at a lower frequency than the pole. This is attributed to the much higher value of
the body-to-ground conductance in the case of body-contacted devices (R,}) than
in the case of FB MOSFETSs (gjpsi + gjvai)- Indeed, for DT and BT devices the zero
and the pole expressions are:

A/ iRy}
o n A NIsiThe (4.26)

" 21 JCpaiCppi

1 R,!
o= 271 Cppi

(4.27)
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and Eq. 4.20 becomes :
Jr Ry Cpai
~ >1 (4.28)
Sokink IvasiCrpi
due to the high value of R,

At higher frequencies (f > f,), Eq. 4.25 indicates that the body potential is de-
termined by the same capacitive divider as in the case of floating body devices (Eq.
4.15). The high frequency g4 values of DT and BT devices then become similar to
those found for the FB MOSFETSs, despite their different DC body bias, as observed
in Figure 4.11. This is also shown by Eldo simulations presented in Figure 4.13a,

which outline the gradual transition of the g; curves when the body resistance is
reduced:

- atvery high Ry, values, the simulated DT device behaves closely like a FB MOSFET

with ga1r > gaur and fp < fo,

- as Ry, decreases the device starts behaving like the measured DT or BT MOSFET
with garr < gaur and fo < fp.

For these simulations an external body resistance was added to connect the
body node to the gate. It is also seen in the figure that as the body resistance is
further reduced the zero-pole pair is rejected to higher frequencies, which is ben-
eficial for the use of body-connected devices in RF applications. This is illustrated
in Figure 4.13b in which a reduction of Ry, was obtained by increasing the number
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Figure 4.14: Measured g,, as a function of frequency on a FB, DT and BT devices.

of parallel gate fingers of the RF device while keeping a fixed total device width of
60 um.

4.5.2 Gate transconductance of body-contacted PD SOI MOSFETs

Following the same approach as in the previous paragraph, the extrinsic gate
transconductance of the investigated body-contacted devices was computed from
the Y parameters:

9m = Re(Y21) (4.29)

The measured data are plotted in Figure 4.14 for a FB, a BT and a DT MOSFET. It
is seen that only the DT MOSFET device exhibits a strong reduction of g,, above a
certain frequency limit.

Once more, these observations can be interpreted by considering a small signal
circuit of the devices that includes the body resistor: Ry, is either connected to
the gate (Figure 4.15a) or the ground (Figure 4.15b), for respectively, DT and BT
MOSFETSs. According to those models the gate transconductances of a DT MOSFFET
and a BT MOSFET in saturated regime are respectively given by:

Ibgsi + Rl:el + ijgbi
= P + iRe 4.30
Im,DT = Imi + Gmbi |: Rl;el + j0Cop: ( )
Ibgsi + ijghi
= i + iRe | —/F——"——"7"— 4.31
Im,BC = Imi + Imbi |: Rl,;el + 7 0Chpi :| ( )

in which, again, it is assumed that Rgel is several orders of magnitude than g;psi,
djpvai and gpgsi. These expressions show that at low frequencies we have gy, 1r =
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Figure 4.15: Equivalent circuit of the (a) DT and (b) BT MOSFETs used for g,
calculation.

9mi + Gmpi for the DT device and gy, 1r = gmi for the BT device. In both cases the
high frequency expression is determined by the same body capacitance network

as for FB or BT :
Cgb Cglrn

ImHF = mi T Gmbi ~ — = Imi + Imbi ~
Chpi Cp

1

(4.32)

bi

These observations imply that as Cyp; is much smaller than Cypi, the high fre-
quency value of g,, becomes close to g,,; for all DT, BT and FB devices. In the
case of DT MOSFETSs, a noticeable reduction of g,, is then observed at higher fre-
quencies as illustrated in Figure 4.14 [23]. This can also be interpreted as a loss of
control from the back gate on the front channel. In the case of BT devices, the LF
and HF limits are roughly equal, which translates into a relatively flat frequency
behaviour.
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Table 4.1: Low and high frequency expressions for g,, and g, considering floating
body or body resistance effects in FB, BT and DT MOSFETSs.

FB BT DT
Ibgsi
9m,LF Gmi + Gmbi g Sgo a0 Imi Gmi + Gmbi
Cglrri
Im,HF Gmi + Gmbig,, -
Ibdsi
9d,LF Gasi + Gmbi g, Yasi Gasi
. Cpai -, . - Crai
Yd,HF Gdsi T Gmbi¢,, = Gdsi T Gmbi g,

4.5.3 Summary

The expressions developed above indicate that both LF and HF values of the two
most important IC analogue device figures of merit (g,, and g4) are a strong func-
tion of body-related parameters, such as the back gate transconductance and the
body capacitances. An accurate modeling of those parameters is then crucial to
correctly predict the AC behavior of advanced PD SOI MOSFETs. As valid models
can only be obtained by confronting them with real life measurements, this means
that experimental characterizations of the body region are vital for the assess-
ment of PD SOI MOSFETs models such as BSIMSOI. The next part of this chapter
describes how a deep characterization of the body node can be performed by using
multiport RF measurements.

4.6 Body characterization by multiport S-parameter measurements

4.6.1 Geometry of the investigated structures

This section demonstrates the possibility of characterizing the body node of PD
SOI MOSFETs under dynamic conditions by multiport S-parameter measurements.
This characterization method requires a multiport Vector Network Analyzer (VNA),
a piece of equipment that has now been commercially available by all major VNA
providers. Classically, a multiport VNA has four RF ports and enables to measure
the S-parameters between each pair of ports. According to the number of ports
used, the measured S-parameters can therefore be presented under 2x2 (as in
classical 2-port S parameter measurements), 3x3 or 4x4 scattering matrices.

In the context of PD SOI device characterization the advantages provided by
multiport measurements can be exploited by connecting (at least) one of the RF
ports to the body of the device. This of course implies properly designing the de-
vice layout: providing a body contact and a connection to an additional RF probing
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(a)

(c)
Figure 4.16: (a) Top view of a 3-port PD SOI MOSFET embedded in its RF pads, (b)
core view of the device (15 fingers of 4 um each) and its external connections, (c)
zoom on body contacts at left edge of the polysilicon fingers.
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Figure 4.17: Intrinsic part of a 3-port PD SOI MOSFET in saturation.

pad. In H-like gate architecture, body contacts are traditionally provided at both
ends of the polysilicon fingers. When these two body contacts are connected to-
gether a 3-port RF device is formed and the body can be measured independently
from the gate and drain accesses (Figure 4.16a). If, on the contrary, the body con-
tacts are each connected to a different probing pad, a 4-port RF device is formed
and both accesses of the body region can be independently measured. The re-
sults of 3-port characterization on 0.13 pum-long devices are presented in the next
sections .

For this purpose, a complete small signal model for the measured 3-port de-
vices including extrinsic elements is first presented. This model is then used to
characterize the intrinsic and extrinsic part of the devices and to illustrate the
possibility of modeling the AC behaviour of the measured 3-port under any given
bias condition. The bias point selected in this work is that of a saturated 0.13 um
DT MOSEET at its nominal drain voltage, i.e. V; =V, =0.6 Vand Vg = 1.2 V.

4.6.2 Small signal circuit description

Intrinsic elements. According to the circuit presented in Figure 4.8, the intrinsic
part of a body-contacted PD SOI MOSFET measured in saturation can be described
with the simplified model of Figure 4.17. In this last circuit it is assumed that V4
is high enough to create impact ionization at the drain side and Vj is too small
to produce significant gate tunneling current. The gate tunneling transconduc-
tance (gpgs:) is then removed from the circuit. In addition, the body-drain junction
conductance (gjpq;) is assumed to be negligible due to the reverse-biasing of the
body-drain junction and is therefore not considered either.

In such conditions, the Y matrix of the given three-port network (Y'Y;) is simply:
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Figure 4.18: One finger-schematic view of a BC PD SOI MOSFET, defining the phys-
ical locations of the device intrinsic region as well as the active zone extensions at
both edges of the polysilicon finger.

Jw(Cysi + Cgai + Cgpi) —jwCygi —jwCqpi
YY; = Imi —JwCqqi 9dsi T Jw(Csqi + Cpgi + Cgai) Imbi — JWCpgai
—Jjw(2Cqpi — Cpgi) =9pdsi — JWCpgi Gjpsi + JW(Cpgi + Cpgi + 2Cgpi — Cpgi)

4.33)
Extrinsic elements. For a quantitative RF characterization of the intrinsic part
of the devices, it is crucial to consider the parasitic elements in the small signal
equivalent circuit. The parasitic elements are defined here as being all electri-
cally active parts of the device structure that affect the signals before they reach
the active region of the device, while the active region consists in all the portions
of channel-doped silicon located below the polysilicon fingers and limited by the
specified (or drawn) device width. This is illustrated in Figure 4.18. For the inves-
tigated BC PD MOSFETs, the following assumptions are made:

- All parasitics are due to resistive effects and capacitive coupling. In other words,
inductances associated with access lines are considered to be negligible in the
investigated frequency range.

- The resistive effects inside metallic lines are negligible compared to the ones
produced inside the silicon region (for the source, drain and body accesses) or
the polysilicon fingers (for the gate access).

- All capacitors (intrinsic and extrinsic) in the structure are assumed to be either
directly proportional to the drawn gate width (W) or independent on Wy.

Based on these assumptions and the geometry of the investigate structures,
the identified parasitics (Figure 4.19) can be classified as follows:
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Figure 4.19: Parasitic fringing capacitors around and below the channel in BC PD
SOI MOSFETs. The parasitic resistances are also illustrated.

- extrinsic capacitors. These capacitors directly scale with the device width and
are associated with fringing fields both above (Cyse = Cysr+Cysov, Cgde = Cgay +
Cgaov) and below (Cgse, Cpge and Cpg.) the channel, as illustrated in Figure 4.19.
These parasitics shunt the intrinsic capacitors in the equivalent circuit and are
therefore not dissociated here from the intrinsic capacitors.

- extrinsic resistors. As shown in Figure 4.19 the source (R;.) and drain (R 4.) extrin-
sic resistors are associated with the diffusion regions. The gate (R4.) and body
(Rpe) resistors are associated, respectively, with the polysilicon fingers and the
silicon region located below the active region.

- AZE capacitors. These capacitors are associated with the lateral extensions of
the active zone (AZE) below the polysilicon fingers (Figure 4.18) which are re-
quired to access the body region. They are bias dependent and W independent.
In general, they contribute to an additional body-source (Cps azg), body-drain
(Cpa,azE), body-gate (Cpg,azE), gate-source (Cys,azr) and/or gate-drain (Cpg,azE)
coupling, which is shown in the following paragraphs.

- access capacitors. These capacitors represent the coupling between metallic lines
at both edges of the polysilicon fingers. They are assumed to be independent
on the device width and are denoted using the subscript a. (Ex.: Cpga)-

- extrinsic-extrinsic capacitors. Similarly as in [20, 24], these capacitors (Cxyee)
represent the capacitive coupling between metallic lines above the silicon region
and the polysilicon fingers. Depending on the structure, some extrinsic-extrinsic
coupling also occurs at the external sides of the two external fingers. In all cases,
the Cyye. capacitors directly scale with Wy and shunt the access capacitances.
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Figure 4.21: (a) Measured input capacitance (Im(Y71)/w) as a function of the fin-
ger width for DT MOSFETs and FB MOSFETSs on the investigated technology. (b)
Extrapolated values of Im(Y11)/w and Im(Y12)/w at Wy = 0 as a function of V,
for the DT and FB MOSFETS.

The complete equivalent circuit considered in this work and including all intrinsic
and extrinsic elements is presented in Figure 4.20. It can be seen that this circuit is
quite complex due to the high number of elements present in the model. However,
the idea developed in the coming sections is not to extract all those elements from
the measured S-parameters. It is simply to focus on the body-related parameters
only, and to illustrate the easiness with which those parameters can be extracted
using 3-port S-parameter measurements.

4.6.3 Importance of the AZEs in body-contacted devices

In body-contacted PD SOI MOSFETSs, AZEs play an important role on the electrical
behaviour of the devices. Being located directly beneath the gate stack and elec-
trically connected to the channel, these regions behave as parasitic transistors at
both ends of the polysilicon fingers and therefore actively contribute to the device
operation. This has already been experimentally observed in [25].

The impact of the AZEs is mostly noticeable on the behaviour of the device
capacitances. This is illustrated in Figures 4.21a and b. Linear regressions of the
I'm(Y12)/w parameters obtained on DT and FB devices with distinct finger widths
and several V; values are presented in Figure 4.21a. This type of regression is clas-
sically used to extract the device parasitic gate-to-drain access capacitances (Cy4a)
at Wy = 0, as explained in [19, 20]: the devices are traditionally biased in deep
depletion (in which case the equivalent circuit largely simplifies) and are assumed
to show no dependence on the applied bias. The measurements performed on

178



4.6 BODY CHARACTERIZATION BY MULTIPORT S-PARAMETER MEASUREMENTS

Rbx
Cox,AZE +Cbxa +Choxee

Cox

1

Figure 4.22: Small signal equivalent circuit used to model (a) the measured
Im(Y13), Im(Y32), Im(Y33) and (b) the measured Re(Y33) parameters. These sim-
plified circuits were obtained from the one presented in Figure 4.20.

Cox,AZE +Chbxa +Chxee

the FB devices confirm this expectation, as demonstrated in Figure 4.21b, which
also outlines no V, dependence for the extrapolated value of the input capacitance
(Im(Y11)/w) on the FB devices. On the contrary, the two figures outline a large V,
dependence for the extrapolated values of both Im(Yy;/w) and Im(Y;2/w) and
for V, values higher than V;. This bias dependence can be directly attributed to
the AZEs in the DT (or, more generally in body-connected PD SOI) devices: for val-
ues lower than V; the silicon surface below the AZEs is depleted and this intrinsic
part of the AZEs does not contribute to any increase of the gate-to-source or gate-
to-drain capacitance. For values higher than V; an inversion layer is formed at the
silicon surface everywhere below the gate stack. In this case, the silicon surface
below the AZE becomes electrically connected via the channel with both (under
linear regime) the source and drain diffusion regions and a substantial increase
of the gate-to-drain (in Im(Y12/w) IWfZO) and gate-to-source (in Im(Y11/w) IWfZO)
coupling is observed.

The bias-dependent characteristics of those parasitics should be clearly kept
in mind when characterizing any type of BC (BT, DT or three-port BC MOSFETS)
devices. Ignoring this effect can lead, for instance, to severe underestimations
of the device input capacitance when biased in saturation and thus, to strong
discrepancies between measured and simulated circuit or device performance.

4.6.4 Extraction of the body capacitances

Using small signal simulations of the circuit presented in Figure 4.20, it is possible
to show that a good approximation for the —I'm(Y13), —Im(Y3»), —Im(Y3;) and
I'm(Y33) parameters can be obtained by considering the admittance of the circuit
presented in Figure 4.22a, in which the intrinsic capacitance is put in series with
the body resistance, both being shunted by the extrinsic capacitances. In the first
two cases (—Im(Y;3) and —Im(Y3;)), the subscript x for the elements of the figure
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Figure 4.23: (a) Imaginary parts of —Yi3, —Y3;, —Y3, and —Y33 as a function of
frequency, which are shown to closely match the simple RC network presented in
Figure 4.22a, (b) —Im(Y13) wazo as a function of V.

can be replaced by g and d respectively. This also holds for the third parameter
(=Im(Y31)), with the exception in this case that the intrinsic capacitance (Cpy) is
given by 2Cyp; — Cpgi (EQ. 4.33). For the last parameter (Im(Y33)), the capacitances
must be replaced by the sum of all capacitances seen from the body to the external
nodes (i.e., Cyx,azE = Cpg,azE + Cps,aze + Cra,azg) while keeping for the "intrinsic”
part: Cpx = Cpai + Cpsi + 2Cgpi — Chgi (Eq. 4.33).

As illustrated in Figure 4.23a this simple 2-port model adequately fits the mea-
sured values. It is therefore considered in the following lines as the base tool for
the extraction of the body capacitances. Indeed, the low frequency input capaci-
tance value for the 2-port network given in Figure 4.22a is equal to the sum of all
capacitances in the circuit:

CLF = Cbx + Chx,AZE + Cbxa + Chxee (4-34)
while the high frequency value is simply the sum of all parasitic capacitances:
CHF = Cbxa + Cbx,AZE + Chxee (4-3 5)

In these expressions bold parameters highlight the width-dependent capacitances.
These terms can be removed by extrapolating the expressions at Wy = 0:

Crrlwy=0 = Curlw=0 = Coxa + Cpx,AzE (4.36)

It results from the above equations that the values of Cpy.. and Cp, can easily be
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extracted from the measured data according to:

Crxee = Cur — Crrlw =0 (4.37)
Cyx = Crr — Crrlwr=0 — Chxee (4.38)
(4.39)

while only the sum of Cpyx, and Cpx aze can be obtained from 4.36. From a small
signal modeling perspective, this can be a problem since both Cjyx,; and Cpx aze
are separated elements in the circuit of Figure 4.20. There is however one par-
ticular case where Cpx, can be dissociated from Cpx azr, which is when the de-
vices are measured in strong inversion. In this case, the inversion layer formed in
the AZEs completely screens the body from the field lines that emanate from the
gate polysilicon and we therefore have Cpgzg = 0. The low frequency value of
—Im(Y13/w) IWfZO is then simply Cpgq. The gate bias dependence of this param-
eter is illustrated in Figure 4.23b. In the cases of the body-source and body-drain
capacitances, the small signal circuit can be approximated by placing the Cpsq,azE
and Cpgq 4z terms in parallel with, respectively, Cpsqs and Cpg,. This approxima-
tion can be performed when R, and R, are small compared to the other resistive
terms (Rg. and Ry.) in the circuit. In this case, only the sums of Cpx, and Cpx,aze
(for x = s and x = d) are required for a complete small signal description of the
device AC behaviour.

The extracted values of the body capacitances are summarized in Table 4.2.
Extrinsic extrinsic elements were found to be negligible on the studied devices.

Table 4.2: Extracted body capacitances on the measured 3-port devices in satura-
tion (V3 =V, =0.6V,V;=12V).

Cpa [IF/um] Cps [fF/um] Cpgi [fE/um] | Cgpi [fF/um]
0.32 1.62 0.08 0.02
Craa+Cra,aze | Crpsa + Crs,azE Crga Crg,AzE
[fF/finger] [fF/finger] [fF/finger] [fF/finger]
0.24 0.55 0.35 0.10
Chdee Ch [fF/um] Chgee
[fF/um] see [fF/um]
~0 ~0 ~0

4.6.5 Extraction of the body resistance

The value of the body resistance can easily be extracted by considering the two-
port network of Figure 4.22a. When this circuit is used to model the Im(Y33)
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Figure 4.24: Extracted value of Ry, as a function of device width (W) and number
of fingers (Ny).

parameters, the Ry, resistor is indeed directly associated with the body access
resistance Ry,:
Rpx = 1/3Rpe (4.40)

In this expression, the 1/3 factor accounts for the distributed nature of the RC net-
work associated with the body region. This factor is also traditionally considered
to model the gate resistance in RF devices [26].

Figure 4.24 shows the value of Ry, obtained for devices with a varying finger
width (Wy) and for devices with a varying number of fingers Ny (keeping a constant
N¢.Wy product). Itis seen that Ry, (1) displays a linear dependence with respect to
Wy and (2) closely decreases as (1/Ny)?. This behaviour is very similar to that of
the gate resistance, which further supports the validity of the extraction method.

The extrapolated value of Ry, obtained for W =0 (=150 Q) also provides a good
estimation of the parasitic resistance associated with the body interconnects in the
AZE (Rp azg)- The figure shows that its contribution is not negligible with regards
to the overall value of Rp.. Indeed normalized values of R, and Ry 4zr were found
to be respectively close to 63 kQ/um.finger and 7.75 kQ/ finger /contact.

4.6.6 Extraction of the body source junction conductance

The extraction of the body-source junction conductance (g;»si) can be directly
achieved by considering the real part of Y33. Indeed, the 2-port network seen from
the body node can be improved by including g;»s; (Figure 4.22b). The admittance
of this circuit is characterized by a pole-zero pair and the low and high frequency
values of Re(Y33) are respectively given by:
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Figure 4.25: Re(Y33) measured as a function of the frequency for different body
bias values.

1
Re(Ysy)lir=—— 1 (4.41)

+ [
be 9jbsi

Re(Y33)lnr = (4.42)

Rpe

Thus, for low body bias values we have Ry, << 1/gjpsi and Re(Y33) = gjpsi.

The experimental data obtained on the investigated device are plotted in Figure
4.25. In this figure, Re(Y33) was plotted as a function of frequency for several
body bias values. The zero-pole created by the body resistance is clearly outlined.
It is also observed that the LF value of this parameter is an increasing function
of V,, since the junction becomes forward biased at higher body voltages. The
figure also indicates that the extraction of g;js; for values below 1 uS seems to be
jeopardized by the accuracy of the measurement set-up. For V;,=0.6 V, the body
junction conductance tends to a value on the order of 10 uS. Note in this case
that due to the forward biasing of the body junctions and the distribution of these
junctions along the device width, the body potential is expected to vary along the
device width. In this case the extracted value of gj»; is only an indication of the
"average" conductance seen from the body to the source via the junctions and may
not be extrapolated for other device widths.

The reader might also have noticed that according to the above expressions
the high frequency value of Re(Y33) should, in theory, directly yield the value of
Ry.. However, it can be seen in Figure 4.25 that this parameter does not tend
to a clearly distinct plateau level, which might be related to second order effects
that were not considered in the model or related to the accuracy limitation of the
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Figure 4.26: Imaginary part of Y;,/w extrapolated at Wy = 0 as a function of the
gate bias.

open-deembedding procedure. Attempting to extract Ry, using this method might
therefore lead to inaccurate results.

4.6.7 Comparison between modeled and measured data

The extraction of the gate-source, gate-drain and drain-source capacitances of the
circuit could theoretically be accomplished according to the methods described
in [20]. This exhaustive work details how it is possible to dissociate the intrin-
sic from the extrinsic, extrinsic-extrinsic and access capacitances. In our work a
simpler approach was used: the extrinsic extrinsic capacitances were neglected
as they were found negligible in the body connections. The sum of the access
and AZE capacitances could then directly be extracted using a linear extrapolation
at Wy = 0. As in the case of the body-gate capacitance, the Cys azr and Cga,aze
terms could be dissociated from, respectively, Cyss and Cyaq by applying a spe-
cific bias on the gate. For instance, the V, dependence of Im(Y1,/ w)lwfzo is
illustrated in Figure 4.26. According to the circuit of Figure 4.20, this term pro-
vides all width-independent gate-drain capacitances. Figure 4.26 indicates that it
presents a low value when the device is biased in deep depletion: in this case the
‘intrinsic’ contribution from the AZEs is assumed to be negligible and we have
Im(Y2/w) wa:O ~ Cgda. A similar approach was used to determine Cgys,.

The intrinsic capacitances are then classically obtained from the Im(Y;;) pa-
rameters (with i, j = 1,2) [19] and the rest of the parasitics extraction is achieved
by determining the values of the source, drain and gate resistances using the strong
inversion method proposed in [27]. The intrinsic front and back gate transconduc-
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tances can then be evaluated from the following expressions, which are only valid
at low frequencies and account for the presence of the source and drain resis-

tances:
Re(Yy) = Gmi (4.43)
1+ gmiRse + gdi(Rse + Rde)
Re(Ya3) = gmbi (4.44)

1+ gmhiRse + gdi(Rse + Rde)

And finally, the output conductance is classically obtained by considering the low
frequency value of Re(Y>;):

1 1
Re(Y2) = gai + —— + (4.45)

Rse Rde

To conclude this section, the entire equivalent circuit that can be extracted
from the measured 3-port device using multiport measurements is presented in
Figure 4.27. This model is slightly simplified from the one presented in 4.20 but it
is worth noting that merely all parameters could be independently extracted. (The
parameters that could not be dissociated are grouped into common brackets.) In
this model the g;»s; and gjpa; terms were neglected. The gp4s; term associated
with the kink effect is also not considered, as the characteristics frequencies as-
sociated with the kink effect are lower than than the available frequency range of
the multiport VNA.

As shown in Figures 4.28 and 4.29, the model still adequately fits with the
measured real and imaginary parts of the 3-port Y-parameters. It can also be
observed that the model closely agrees with data obtained on a DT MOS device, in
which case the body node in the small signal equivalent circuit is connected to the
gate terminal.

4.7 Conclusion

In this chapter we investigated from an analogue perspective two important float-
ing body effects (FBE) that are known to play critical issues in partially depleted
(PD) SOI-based digital logic. These FBE are related to impact ionization and gate
leakage currents, which respectively induce an increase of output conductance
(g4) in saturated devices and an increase of gate transconductance (g,,) in lin-
ear regime. Unlike previous works reported in the literature, a small signal ap-
proach was adopted here to study the AC behaviour of these two types of FBEs
on a 0.13 um technology from ST Microelectronics. A small signal equivalent cir-
cuit of the PD device including the floating body node was then used in order to
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Figure 4.28: Real parts of the Y;; parameters as measured on a 3-port and a DT
RF devices and as modeled using the equivalent circuit of Figure 4.27 in which the
9rasi and gjps; terms are neglected.
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CHAPTER 4. FLOATING BODY EFFECTS: A WIDEBAND CHARACTERIZATION OF THE BODY NODE

model the experimental data and derive analytical expressions of the measured
ga and g,. These expressions were shown to accurately describe the frequency
behaviour of the output conductance and that of the gate transconductance. They
also highlighted the very high similarities that exist between both phenomena.

As FBE are traditionally prevented by providing lateral contacts to the body
region, body-contacted devices were also measured and modeled using the same
small signal approach. Two classical device architectures were considered: with
the body either connected to the source (body-tied or BT devices) or to the gate
(dynamic threshold or DT devices). The frequency analysis clearly indicated that
the benefits gained under DC conditions by the body contacts (yet, to the cost of
die area consumption) were lost at high frequencies: the output conductance of
BT devices increase and the gate transconductance of DT devices decrease for fre-
quencies typically higher than a few hundreds of MHz. A large difference therefore
exists between the DC and RF values for these two factors of merit, which can lead
to serious circuit performance issues if ignored at a circuit design stage.

However, using a two-port small signal model these observations could be very
simply explained by the quite large value of the body resistance and the body
contacts (Rp.). This high resistance leads to the undesired situation that the AC
body potential is fixed by capacitive coupling with the other nodes at frequencies
higher than 1/(21mRy.Cpp), in which Cyp), represents the total body capacitance.
These findings therefore clearly suggest that an accurate modeling of the AC be-
haviour of BC devices requires an as accurate knowledge of the body resistance as
well as the body capacitances.

The last section of this chapter was therefore devoted to illustrate the use of a
novel method for the characterization of the body node in BC devices, consisting in
multiport VNA measurements on devices with 3 RF-probing pads (two conventional
pads connected to the gate and the drain and one additional pad connected to the
body contacts). The multiport measurements (and the resulting 3x3 Y matrices)
could be fully exploited to extract all intrinsic capacitances, the body resistance
and almost all of the extrinsic capacitances. It was shown in particular that the par-
asitic capacitances associated with the lateral extensions of the active zone below
the gate polysilicon (required for the body contacts) are strongly bias dependent
and may clearly not be neglected for an accurate modeling of the device behaviour.
Other intrinsic parameters, such as the back gate transconductance and the body
junction conductances could also be extracted from the measurements (to the limit
of the equipement accuracy). After injecting the extracted values of both intrinsic
and extrinsic parameters into a complete 3-port small signal model, the wideband
frequency behaviour of the measured device could be quite accurately predicted.
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A precise modeling of a DT MOSFET of identical geometry and originating from the
same technology could also be achieved by simply connecting the body to the gate
node in the model, thus supporting the accuracy of the model and the extraction
procedure.

The small signal modeling approach presented here provides a complementary
approach to large signal models (such as the ones presented in [28,29]), which con-
sider devices as pure black boxes and for which the behaviour is described using
merely blind, though accurate, mathematics. The strong accuracy of large signal
models for the time, amplitude and frequency dependence of the device behaviour
makes that kind of models particularly well suited for circuit design applications.
On the other hand, the wideband multiport small signal modelling approach de-
veloped here deeply penetrates into the device physics. It not only sorts out the
contribution of the parasitics from that of the intrinsics but also allows to dif-
ferentiate and describe the different mechanisms that occur inside the devices
and which alter its electrical behaviour, such as the body coupling with the other
nodes. By doing so, this approach can therefore be of great support for the pa-
rameterization of SOI compact models (such as BSIMSOI). Compact models indeed
require the precise determination of numerous parameters, many of them being
directly associated with the body and traditionally obtained by fitting methods.
Also, one advantage of using multiport VNA measurements is that both real (such
as conductances and transconductance) as well as imaginary (such as intrinsic and
extrinsic capacitive terms) parameters can be all extracted using only a few mea-
surements (at different biases) while keeping the same equipment set-up. This
extraction method is therefore cost- and time-effective.
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CHAPTER 5
RF CHARACTERIZATION OF TRIPLE GATE
DEVICES

5.1 Introduction

As CMOS technologies continue to scale down increasingly challenging issues are
faced to maintain high performance (HP) logic circuits. According to the predic-
tions made by the 2005 ITRS Roadmap [1], the primary challenges in the forthcom-
ing six years will consist in the implementation of devices with enhanced mobility,
high gate dielectric and metal gate electrodes. A number of these improvements
will be achieved on planar bulk CMOS devices but the bulk CMOS technology should
reach the limit of scaling by 2013, which corresponds to the production year of
13 nm-physical gate length for HP logic (L4 zp). Beyond 2013 more advanced tech-
nologies will need to be considered, such as ultra-thin body (UTB) fully depleted
SOI MOSFETs or multiple-gate MOSFETs (MUGFETSs) with quasiballistic enhanced
transport [1]. These two technologies should already come on the production
stages by 2008 (Ly yp = 22 nm) and 2011 (Lg yp = 16 nm), respectively. However,
the ultimate MOSFET is projected to be the multiple-gate device since the scaling
of MUGFETSs is superior to that of UTB FD MOSFETs. This improved scaling is es-
sentially due to a better control of short channel effects in MUGFETSs. Leading IC
manufacturers such as AMD [2], Intel [3], IBM [4] and Freescale [5] have all been
devoting much effort in the past years to the fabrication and integration of such
devices.

The successful fabrication of multiple gate devices is currently a hot topic. A
variety of device geometries have been explored [6] such as double (Figure 5.1b)
or triple gate MOSFETs (quantum wire [7] (Figure 5.1c), FInFET [8] Figure 5.1d),
A-channel SOI MOSFET [9]), quadruple-gate devices (gate all-around (GAA, Figure
5.1e) device [10], DELTA transistor [11], vertical pillar MOSFET [12], Pi-gate SOI
(Figure 5.1f) MOSFET [13] and Omega-gate SOI MOSFET [14] (Figure 5.1g)) and,
more recently, the inverted T structure or ITMOSFET [5] (Figure 5.1h). Comparative
studies performed on multiple gate devices generally show that for a given silicon
volume devices with a higher gate area present a better control of short channel
effects [6,15,16], and thus, better DC performance. Unfortunately, the fabrication
of multiple gate devices is in most cases hardly compatible with classical planar
CMOS processing due to their 3-D gate configuration. Nevertheless, some devices
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Figure 5.1: Schematic description of the (a) single gate, (b) double gate, (c) triple
gate, (d) FinFET, (e) gate-all-around, (f) Pi-gate, (g) Omega-gate devices and (h) in-
verted T MOSFETs.

present a better compatibility than others with standard CMOS technologies, such
as FinFETs and triple gate structures. Real FIinFET structures were already pre-
sented for the first time in 1989 [11] under the name of DEpleted Lean-channel
TrAnsistors (DELTA). Some advantages offered by FinFETs devices are the natu-
ral self alignment of the two gates, their compatibility with strained Si and their
higher area efficiency (especially if spacer lithography is used [17,18]). This kind
of devices currently appears as the most promising Si-based transistors to meet
the ITRS Roadmap requirements for device performance in future generations.
So far, much of the effort devoted to the realization of FInFETs and triple gate
structures has focused on their technological aspects [4,17,19-22], on design con-
siderations [6,16,23-26] and their perspectives for digital applications [2,19,27].
Very little work has thus been performed to assess their analogue figures of merit
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5.2 INVESTIGATED TRIPLE GATE DEVICES
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Figure 5.2: (a) Picture of the fins after the deposition of the polysilicon. (b) Cross
section of the fins and definition of the geometrical parameters.

[28]. The aim of this chapter is to partially fill this lack by providing an investiga-
tion of the RF properties of such devices. The DC behavior of the measured devices
is first presented. The results of the RF characterization are described next, on the
basis of a small signal analysis.

5.2 Investigated triple gate devices

The n-type devices investigated here were fabricated at IMEC, Leuven, Belgium,
on standard resistivity UNIBOND SOI wafers with a buried oxide thickness of 145
nm. Devices originating from two different lots (A and B) were measured. The
fin patterning was performed using either e-beam lithography and dry etching (lot
A) or 193 nm-lithography and hard mask trimming (lot B, comprising two wafers:
D19 and D20). In the latter case a hydrogen anneal and a sidewall oxidation were
used for surface smoothening and corner rounding. The fin height/spacing ratio
(Hfin/Srin) were 75 nm/100 nm and 60 nm/328 nm for the devices of lots A and
B, respectively. The fin pitch (Pyiy) is given by Sgin + Wyiy (Figure 5.2b).

In the case of lot A, the threshold voltage was adjusted using a channel implant
and a 2.0 nm-thick SiON + 100 nm PolySi gate stack. For lot B, no implantation was
made and a high K (SiON + HfO) + metal (TiCN) + 100 nm PolySi gate stack was
made for V; tuning. A picture of the fins after the polySi deposition is presented
in Figure 5.2a. In the case of Wafer D20 from lot B a 40 nm-thick selective epitaxial
growth (SEG) was performed on the source/drain extensions. No SEG was made on
the other wafers. After the HDD implantations and RTA, NiSi was used as silicide
and only one metal level was deposited.
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Gate

Figure 5.3: Geometry of the studied RF FinFETs: illustrative example with 2 fingers
of 10 fins each.

As in this fabrication process a horizontal gate is naturally formed on the top of
the fin the fabricated devices are treated here as triple gate devices [16], in opposi-
tion to FinFETs which present no top conduction [8]. According to Figure 5.2b, the
total channel width in a single fin device is simply given by: W;o=2xH rin + Win.
This parameter is of course to be multiplied by the number of fins in multiple
(parallel) fin devices such as in Figure 5.2a.

A schematic top view of the RF structure is also provided in Figure 5.3 for a
clear understanding of the RF architecture. It is seen that the classical multifinger
RF structure has been preserved, and that in this case each polysilicon finger is
composed of a certain number of fins. The total width of the device is thus given
by:

Wiot = (2Hfin + Wrin)NginN finger (5.1)

in which Ny, and Nginger respectively denote the number of fins per finger and the
number of fingers. As the devices from lot A had only 2 fingers (compared to 50 for
the devices from lot B) they were not optimized for maximum RF performance and
most of the results presented in the following sections were obtained on devices
from lot B. The nominal dimensions for devices of lot A and lot B are summarized

Table 5.1: Nominal dimensions of the RF devices from lots A and B.

L, Hyin Wegin Nyin Wy
Sri ) N

[nm] [nm] [nm] fin [/finger] S [um]

lot A 50 75 55 100 88 2 15

lotB 60 60 32 328 6 50 2
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Figure 5.4: Normalized drain current and subthreshold swing (a) vs gate length
and (b) vs fin width.

in Table 5.1. When not explicitly stated in the text, the geometrical dimensions of
the referred devices correspond to their nominal values.

On both lots, single gate devices were also processed in the exact same way as
the triple gate structures, with the exception that the active region was not addi-
tionally patterned to form fins. The device width in this case roughly corresponds
to the width of the active region (Wy), also reported in the table.

5.3 DC characteristics of the triple gate structures

The DC and RF analyses were performed on the RF devices from lot B - Wafer D20,
unless otherwise stated, with 50 gate fingers of 6 fins each and for a nominal gate
length of 60 nm and a nominal fin width of 32 nm. The subthreshold slope in
linear regime (or linear swing, S) measured on the devices is reported in Figures
5.4a and b, for devices with different gate length (40, 60 and 120 nm) and fin width
(22, 32 and 42 nm), respectively. The current data in both figures were normalized
by considering the total device gate width (Eq. 5.1).

As shown in Figure 5.4a, the 60-nm technology investigated here outlines a
good control over SCE, with a subthreshold slope close to 73.5 mV/dec. This
value is even close to the ideal figure for Ly = 120 nm (S= 62.9 mV/dec). Such
performance largely competes with data reported in other published works for
FinFETs and triple gate devices with similar dimensions (Table 5.2). The swing is
seen to be largely degraded for a gate length of 40 nm, due to a small L,/ Wyin
ratio and excessive short channel effects [16,26].

As expected from both experimental [21] and numerical [16, 26] works, the
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devices also exhibit reduced SCE as the fin width is reduced. This is shown in
Figure 5.4b, which reports lower S values for narrower fins, and may be explained
by a higher control from the gate on the channel [16,26].

The normalized drain currents and extrinsic transconductance (g,,) values ob-
tained at V4=1.2 V are reported in Figures 5.5a and b for the various Ly and Wiy
values, respectively. For our nMOS devices, the <110> Si crystal orientation on the
lateral channels provides a lower mobility for electrons than for holes [31]. This
partly explains why device performances are inferior to those reported in previ-
ous works for devices with similar dimensions. They are also comparable to those
of devices with longer gates, which might be related to lower mobility values or

Table 5.2: DC performance of the investigated triple gate structures and compar-
ison with previous works (*: taken at V; = V4 = 1.3 V, **: physical thickness,
**%: on the side walls of the fins ).

This
[4] [4] [26] [29] [17] [30] [21] [21] [21] 211 | ok
Ly [nm] 30 30 30 50 60 60 105 | 145 | 145 | 145 60
tax [nm] 1.6 1.6 / 1.8 2.5 1.5 2.2 2.2 2.2 2.2 2
Hip [nm] 65 65 50 50 50 36 82 82 82 82 60
Wiy nm] 10 20 10 30 40 55 13 13 23 63 32
Si
orientation®** / <100> / / <110> / <111>| <111>| <111>| <111> <110>|
SEG Yes No No No No Yes No No No No Yes
Siin ImV/dec] 75 75 77 / 70 68 73 64 65 80 73.5
fonlvgo-1v 1460 | 675 | 800 | 470 | 400 | 1140% 600 / / / 520
[HA/pm]
Vg V] 15 1.5 1 1 1 13 1 1 1 1 1.2
Immax
(s 1330 |/ / / / / 700 | 600 | 600 | 590 | 650
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Figure 5.6: (a) Normalized drain current and (b) maximum value of normalized
transconductance as a function of fin width for the wafers with (D20) and without
(D19) SEG.

higher parasitic source/drain resistance. It is also seen here that the increase of
9m expected by a reduction of L, is lost at L;=40 nm due to pronounced SCEs.
This additionally leads to a noticeable reduction of the threshold voltage.

A decrease of the fin width, which is necessary to reduce short channel effects,
is seen here to have a strongly detrimental impact on both the normalized drain
current and maximum value of gate transconductance (gmmax)- This is illustrated
in Figures 5.6a and b, which respectively report the normalized currents (for V, =1
Vand V, —V;=1 V) and the maximum g, (at V4=1.2 V) values as a function of W¢;,
for the two investigated wafers. As inferred by previous works this observation
may partly be explained by the increase of the parasitics source/drain resistance as
the fins are made thinner [4,18,32]. This is further supported here by the obvious
lower device performance on the wafer that received no SEG (wafer D19).

From the perspective of device DC performance, Figures 5.4b, 5.6a and 5.6b
clearly highlight the fact that, unless the device fabrication process is further im-
proved, the fin geometry must be chosen by considering the trade off that exists
between a good control over short channel effects (for which thin fins are needed)
and high drain current values (for which lower parasitic S/D resistances, and thus
thicker fins, are required). Thinner fins could be favored in low power applications
(with reduced off state current) while devices with wider fins might be more ap-
propriate for high performance digital circuits. As we see in later sections the fin
width also has a strong impact on the device RF properties.
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5.4 RF properties of the investigated triple gate MOSFETs

The aim of the RF characterization performed in the following paragraphs is triple.

- First, it is to assess the RF performances of the available triple gate devices in
terms of gain and cut off frequencies and compare them with those of planar
devices with similar gate length.

- Second, it is to extract the intrinsic and extrinsic elements of an equivalent small
signal model for the nominal device geometry. As illustrated later in this chap-
ter, this approach is a powerful means to identify the technological issues arising
during the fabrication process.

- And last, it is to provide different technological paths to optimize the device RF
performance. Performance predictions for optimized devices can then be easily
performed on the basis of the small signal model previously obtained.

5.4.1 Factors of merit investigated in this work
5.4.1.1 Current and power gains

One important factor of merit that is used to characterize the RF properties of
transistors consists in the current gain (|H»:|), which is given by:

[Y2|
Y11l

|Ho1| = (5.2)

The current gain is often used since it is traditionally considered to reflect the
RF properties of the intrinsic core of the devices (i.e., without being affected by
the access parasitics) [33]. However, by definition the computation of the current
gain imposes a short load condition at the output port and this factor is therefore
not representative, by itself, of the power gain that can be expected from a given
device.

For this reason the MAG is more often used, which is defined as the maximum
power gain that can be extracted from a given transistor. According to two-port
theory, it is obtained under conjugate matched conditions at both input and out-
put. The MAG can be written in terms of the device S-parameters as follows:

MAG = 1521 (k-Vkz-1) (5.3)
[S12]

where k is Rollet’s stability factor:

_ 1- |511|2 - |522|2 + |A|2

k
21812821

(5.4)
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Figure 5.7: Classical equivalent circuit of a MOSFET in which the non quasi-static
effects are not considered.

with A = §11522 — $12521.

The MAG also accounts for the stability of the device through the factor k.
When k>1 (and [S12].|S21] > 1 —|S;;]2 with i = 1, 2), the device is unconditionally
stable, which means that it will not oscillate regardless of the input and output
load impedances. When k<1, the device may become unstable under some in-
put/output load conditions and the MAG becomes undefined. In such conditions
the maximum stable gain (MSG) is traditionally used. It is computed from:

MSG = 321 (5.5)
S12

The MSG represents the gain that would be achieved if the conditionally stable
device were first terminated with resistors to the point where it becomes uncondi-
tionally stable (i.e., k=1), and then conjugately matched at both the input and the
output.

5.4.1.2 Cut-off frequencies

Two additional figures of merit are considered in this work: the cut-off frequency
of the current gain (f;) and the cut-off frequency of the maximum power gain, also
referred to as the maximum oscillation frequency (fmax). For the classical small
signal equivalent circuit presented in Figure 5.7, Ref. [34] provides the following

expressions:
fo=—c . o
1+ ﬁ (1 + (Rse + Rae) (gmi + gai)) + (Rsi + Rai) gai
Smax = s o
Cont Cgdi [ Cgai
(1 + %) \/4gdi (Rge + R“) + 2% (% i ngSQ))
Where fc is givel’l by Zgzn;vi '
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Figure 5.8: (a) Measured gain curves as a function of frequency and gate length
on the devices from lot B and (b) comparison of the corresponding f; and fiax
values with published data measured on bulk and SOI technologies. NB: for our
devices the physical polysilicon gate length is reported.

In these expressions, both Cgs; and Cyq; include the overlap capacitances and
fringing fields between the polysilicon gate and the S/D extensions. The expres-
sions indicate that both f; and f,,4x are negatively affected by the device parasitics,
namely Rg., Rae, Rge as well as the extrinsic capacitances.

The impact of those parasitics on the RF properties of the investigated multi-
ple gate structures is detailed in the coming sections. However, it must be kept
in mind that these expressions provide only approximate values of f; and fiax,
which for instance do not include the effect of C;;. Besides, they appear to loose
their accuracy for low values of the Cy/Cyq ratio. They are introduced here for
illustrative purposes only. For a better accuracy of the work presented in the fol-
lowing sections, f; and f,,4x predictions for optimized devices are based on small
signal circuit simulations and are then extracted from the modeled |H>; | and MAG
vs frequency curves, respectively.

5.4.2 RF performance vs gate length

The investigated devices were measured up to 110 GHz with an Agilent VNA
mounted on a Cascade prober and 100 pum-pitch Picoprobes. A two step deem-
bedding method (open and short subtraction) was applied to remove the access
parasitics from the measured S-parameters. The current gains, MSG and MAG
of the devices are reported for the three available gate lengths (Wyr;,=32 nm) in
Figure 5.8a. The corresponding measured cut off frequencies (f; and f,ax) are
plotted in Figure 5.8b as a function of L,. In this figure, the data are compared
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with those obtained on other currently available or recently developed Si-based
technologies. It is to be noted that since these are the first RF measurements of
TG structures, the comparison is performed here with either bulk, fully-depleted
or partially-depleted SOI technologies.

The figure shows that, even if f,,4x values close to 100 GHz could be reached,
they remain lower than what was reported in earlier works for planar devices. The
same comments also apply for the f; data. As inferred by Eqs. 5.6, this might
be related to the presence of stronger parasitics in the TG structures, which is
what is analyzed in the following paragraphs. The first investigated parasitics are
related to the gate. The gate resistance is known to be a factor severely limiting
the maximum oscillation frequency of RF planar devices.

5.5 Issues related to the gate processing in TG MOSFETs

From the perspective of device RF performance, patterning low-resistance gate
fingers at a desired length in TG or FinFET structures presents two major issues:

- An efficient silicidation of the gate polysilicon is a troublesome task, considering
the highly nonuniform thickness (topography) of the polysilicon sheet.

- A particular care must be taken to prevent polysilicon residues along the fins,
which can largely contribute to increase the level of parasitic capacitance at the
gate.

5.5.1 Gate silicidation

As explained in [43], two main approaches are currently under development to
provide a reliable gate process scheme that is compatible with CMOS mass pro-
duction, keeping in mind that the primary concerns in this area are to obtain a
controllable threshold voltage value and to ensure reduced gate leakage.

The first method consists in forming the gate using mid-gap metals (for V;
tuning) and high-K (to reduce gate leakage) dielectric, which is a difficult approach
due to the high gate topography of TG structures. The deposited metal layer is
on the order of several nm-thick [44] and the gate stack is therefore completed
with an additional polysilicon (or amorphous Si as in [44]) layer. In this context,
one advantage gained by using a metallic layer is the absence of depletion effects
in the polysilicon. From an RF performance perspective, the deposited metal is
too thin to provide any reduction of the gate resistance and the polysilicon layer
must therefore be silicided. The gate silicidation is traditionally performed at the
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Figure 5.9: SEM picture taken across the fin in a TG device from lot A, illustrating
the presence of residual spacers and residual polysilicon along the fins in the BOX
recess.

same time as that of the S/D extensions. A second approach, which seems to
be more promising to simultaneously tune the threshold voltage to the desired
value and achieve low gate resistance, is called full gate silicidation (FUSI). In this
process, the patterned gate polysilicon is converted into NiSi [45] or CoSi [22] by
a silicidation step that completely consumes the gate poly-Si. Since both the S/D
extensions in the fins and the polysilicon gate do not have the same thickness,
the gate silicidation is differentiated from that of the S/D extensions [43]. In this
case, the V; tuning can be obtained by segregating the appropriate impurity at the
silicide gate oxide interface [46], and the full silicidation of the gate is expected to
provide low values of gate sheet resistivity. However, even for planar devices there
are still two serious challenges to NiSi integration: incomplete gate silicidation,
which is alength dependent phenomenon, and variations in the gate silicide phase
[471].

In Figures 5.10a and b we present the results of |H>;|, MSG and M AG measure-
ments obtained on the 50 nm-long SG and TG devices (respectively) from lot A. For
the TG devices a poor gate silicidation was performed. Post-process investigation
and SEM pictures actually identified residual spacers on the polysilicon as the rea-
son for this: the presence of the spacers locally prevented the silicidation of the
polysilicon. A SEM picture illustrating the presence of spacer residue on the sides
of the fins is given in Figure 5.9. The picture shows the right side of a (wide) fin
and is taken in the S/D extensions.
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Figure 5.10: H»;, MSG and MAG measured on (a) single and (b) triple gate devices
with unoptimized geometry and incomplete gate silicidation.

For the TG devices the figure clearly outlines very poor values of fy. (lower
than 8 GHz) due to the non-optimized device geometry (the RF structures were
made of only two, unfolded, 5 to 30 um-wide fingers) but also to the high value of
the polysilicon finger sheet resistivity.

The figure also highlights an unusual behaviour for the H»; and MSG curves
of the TG devices: the curves exhibit a zero-pole pair that is not observed in the
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Figure 5.11: Illustration of the fy,.x increase obtained by a reduction of R, for a
device from lot B (W¢;,,=42 nm).

case of the SG devices. An explanation for such behaviour is given in the next
paragraph.

The sheet resistivity of the deposited polysilicon in the TG structures (Rg) was
obtained by first extracting the gate resistance (Rg.) from the RF measurements
using the strong inversion method proposed in [48] and then by normalizing R

according to:
_ 3RgeNrLy

R
: Wpoly

(5.8)

In this expression, N represents the total number of fingers and Wy, considers
the total "folded" width of a single finger: Wyo1, = AW + (2Hfin + Wyin)Npin +
Sfrin(Nfin — 1) where AW is the distance between the metal contact at the gate
access and the active region. The factor 3 in Eq. 5.8 accounts for the distributed
nature of the extracted R, value [49]. In the case of lot A the extracted Ry value
was 48 Q/0 for devices with Wy=15 um, Ny=2, Ny=88 fins/finger, Wy;,=55 nm,
Sfin=100 nm and Hy;,=75 nm. This value was also extracted from single-gate
(SG) devices processed on the same wafer but for which no e-beam fin patterning
was performed. In this case the length of the polySi fingers was simply given by
Wpoty = AW + Wy with Wy being the width of the active region. The comparison
yielded a value of Ry more than three times higher for the TG structures than for
the SG devices (Rp=15 Q/0O), which could be uniformly silicided.

In the case of lot B, the silicidation process was improved by removing the spac-
ers using an etch-back step and the values of sheet resistivity for the TG and SG
structures of identical geometry (Wyg=2 um, Ny=50, Nr;,»=50 fins/finger, Wy;,=32
nm, Sri»=328 nm and H ;=60 nm) were found to be 37 and 42 Q/0, respectively.
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Table 5.3: Values of the small signal parameter extracted from the measured de-
vices and used in the simulations.

Wiin | Gmieff,HF| 9di O 0 %de
[nm] [mS] [mS] R, [Q] R, [Q] [Q]
EXP1 22 21.3 3 4 18.3 21.3
EXP2 32 27.3 4.5 8 8.5 10.25
EXP3 42 29 6 10 5.5 6.5
Cys C., [fF] Cgs ft [GHz] Sfmax [GHZ]
[fF] 9 [fF] (meas/ sim) (meas/ sim)
EXP1 32 13.2 15.5 69/69 91/87
EXP2 32 14 14.5 91/98 93/101
EXP3 31 15 14.5 100/95 95/100

Though a slight reduction of Ry was obtained in this case for the TG devices these
values are still 4~5 times higher than what can be expected by successful gate
silicidation in planar devices with similar gate length [50]. This observation im-
plies that silicidation is a challenging issue in TG or FinFET devices and that for
optimized RF device performance it must be adapted to the high fin topography.

To evaluate the impact of the sheet resistivity on the f,, performance of the
investigated FinFETs, small signal simulations were performed using the simple
circuit presented in Figure 5.7. The elements of that circuit were extracted using
conventional extraction techniques [48,51] and their values are reported in Table
5.3 (EXP1). In this case the capcitance values represent the sum of their corre-
sponding intrinsic and extrinsic contributions. Figure 5.11 displays the MSG/MAG
curves for a device with L;=60 nm and Wy, =42 nm (N =50, Wy=2um). The figure
reports both the measured and simulated data for the extracted R, value (n=0 in
the graph) and a close match is observed between the two curves. The other sim-
ulated curves illustrate the enhancement of the MSG/MAG curves (and of fiax)
obtained when reducing the gate resistance by multiples (1) of 2. It is seen that for
the investigated device a 4 times reduction of Ry could increase f,,x up to 150
GHz. Larger reductions of Ry could even increase fj,4x up to higher values. How-
ever this effect is seen to saturate due to the importance of the other parasitics
(Rs, Rg4. and fringing capacitances) in the TG devices.

5.5.2 Polysilicon residues

Another particular source of trouble in the gate processing of multi-gate devices
is the complete etching of the polysilicon when defining the gate length. During
the gate definition, the removal of the fin oxide creates an undercut in the BOX
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Figure 5.12: (a) Comparison between simulated and measured gain curves for de-
vices from lot A: SIM1 data were obtained with the classical small signal equivalent
circuit of Figure 5.7 and SIM2 data were obtained with that of Figure b. (b) Classi-
cal equivalent circuit in which the non quasi-static effects are neglected and which
includes an additional parasitic RC network associated with polysilicon residues
along the fins.

(also called BOX recess) at the fin/BOX corner. As a consequence, the polysilicon
that is deposited to form the gate may not be totally removed from the undercuts
if a classical poly etch method is used during the resist trimming operation, in
which case polysilicon residues may be left along the fins. These residues can be
removed by an additional etching step called polysilicon etch back [52].

When unwanted residues are still present they form polysilicon lines that are
electrically connected to the gate and contribute to a large increase of the parasitic
gate-source as well as gate-drain capacitances. These parasitics do not affect the
device DC behavior and can therefore only be highlighted by an AC or RF charac-
terization of the devices. The direct impact of those extra-parasitic is a reduction
of the Cys/Cyq ratio and of finax (Eq. 5.6).

In the case of lot A, no polySi etch back was used and polysilicon residues were
clearly left along the fins. This is also illustrated in the SEM picture of Figure 5.9.
It is assumed that these un-silicided polysilicon residues present a much higher
resistivity than the rest of the gate. As was shown in Figure 5.10b, these extra
parasitics are suspected to induce an apparent zero-pole pair in the gain curves
of the TG structures, which was not observed for the corresponding SG devices
(Figure 5.10a). Figure 5.12a (SIM1) indicates that such behaviour can clearly not
be modeled using the classical small signal circuit presented in Figure 5.7. For an
accurate description of the |H>;| as well as the MSG/MAG vs frequency curves
(SIM2) an additional RC network therefore needs to be included in the model, which
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is displayed in Figure 5.12b. In this case the values of Rge1, Rge2, Cys1, Cgs2, Cgar
and Cyq> were tuned to obtain a close match between the modeled and measured
data. This could however only be achieved for values such that:

Rge = Rger (5.9)
Cgs = Cgsl + CgsZ (5.10)
ng = ngl + ngZ (5.11)

in which Rg,, Cy4s and Cy4 are, respectively, the values of the gate resistance, gate-
source and gate-drain capacitances extracted from the measurements when the
classical model of Figure 5.7 is used (SIM1).

For the investigated device of lot A, a Cys/Cyq ratio of 1.27 is found. This is
a poor value as further detailed in Section 5.6.3. If no polysilicon residues had
been left in the structures, the parasitic RC network could have been removed
from the circuit of Figure 5.12a and a Cys1/Cyar ratio of 1.8~2 would have been
obtained. This value is close to what is reported for devices of lot B and for which
a polysilicon etch back step was processed (Section 5.6.3). Figure 5.12a (SIM3)
illustrates the effect on the gain curves of suppressing the parasitic network. The
comparison with the SIM2 curve indicates that the reduction of the capacitance
in this case has no effect on f; because the pole-zero frequencies associated with
Ry are lower than f;. A 100 % increase of fiax is however observed, due to the
strong increase of the Cys/Cyq ratio (and the high value of the gate resistance in
this case).

5.5.3 Metal gate processing

The processing of metal gate/high K devices that preserve their integrity at high
frequency is also a troublesome task, as illustrated in this section. The deem-
bedded S-parameters of a device from lot B - wafer D20, for which the gate stack
consisted in SiION+MOCVD TiCN+H f O+polySi, are shown in Figure 5.13. In this
case the low frequency parts of th e curves were obtained using a low frequency
(10 kHz-4 GHz) VNA from R&S and a HF VNA (50 MHz-110 GHz) from Agilent.
The figure outlines the presence of severe kinks in both the S,; and S, curves.
As shown in Figures 5.14a and b, these kinks are associated with a low frequency
drop of the device transconductance and a low frequency increase of the device
output conductance, respectively. These observations can be interpreted as a par-
tial loss of control from the gate on the channel for frequencies higher than a
certain cut-off frequency (f.). For the 40 nm-long device, these variations occur
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Figure 5.13: Typical S-parameters measured on the devices from lot B (high
K/metal gate stack), outlining the presence of a severe kink in the S,; and Sy
data.
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Figure 5.14: Real parts of the (a) Y»; and (b) Y>, parameters as a function of fre-
quency and gate length for devices from lot B.

in the 107-10° Hz range. It is however seen in both figures that this range and its
associated f; are an increasing function of the device gate length, while it displays
no dependence with respect to Wy, (Figure 5.15).

As also shown in Figure 5.13, the kink in the S»; and S»» curves can be re-
produced using the equivalent circuit of Figure 5.16, in which an additional RC
network has been added at the gate access. In this circuit, Cy4s> can be neglected at
low frequencies and the effective intrinsic transconductance (gmierr,r) is simply
9gmi- For frequencies above f, Cys» shunts Rge» and the amplitude of the signal
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Figure 5.15: Real parts of the Y>; parameters as a function of frequency and fin
width for devices from lot B.
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Figure 5.16: Equivalent circuit used to model the kink in the S»; and S»» curves of
the devices from lot B.

across Cys is the result of a capacitive divider. We therefore have:

Gmieff,LF = Imi (5.12)

Cys2
, — g2 5.13
Imieff HF = Imi Cys2 + Cys + Cou ( )

The extracted values of gmierr.Lr a0d Gmierr,ur are reported in Table 5.4 as a
function of Wy;,. The extrinsic transconductance values (i.e., including the effects
of the S/D resistances) are also included in the table (g,;,).

The physical origins of these kinks are not yet clearly understood. They were
observed on the SG and TG devices of both wafers from lot B (though much lower f.
values were recorded for wafer D19) and were not observed on lot A. This suggests
that they could be inherent with the processing of the high K/metal gate stack. To
our knowledge, the RF properties of high K metal/metal gate MOSFETs have not
been studied elsewhere. Further investigation should be performed to understand
the causes of this phenomenon.
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Table 5.4: Transconductance values extracted from the measured devices as a
function of Wgiy.

Wein Im Imieff,LF | YmieffHF gmieff,LF/ YGmieff,LF | Ymieff HF
[nm] | [mS] [mS] [mS] Imiefrar | [US/pm] | [uS/um]
22 20 37 21.3 1.73 868.5 500.0
32 28.7 40 27.3 1.46 877.2 598.7
4?2 34.5 45.5 29 1.57 936.2 596.7

5.5.4 Gate resistance reduction

Besides a complete or improved silicidation of the polysilicon, two other obvious
methods for reducing the gate resistance in the investigated devices are briefly
mentioned here:

- Optimized device design: First, a further reduction of Ry, by a factor of 4 could
have easily be obtained by providing a metallic connection to both sides of the
polysilicon fingers. For the classical RF multifinger geometry this however re-
quires a multilevel processing. In our case the device fabrication was stopped at
Metal 1 to reduce the time and cost of fabrication. The impact of a R4, reduction
on fmax was illustrated in Figure 5.12a for a device from lot B with W =42 nm.

- Optimized fin pitch design: Second, another approach to reduce Ry, is to de-
crease the spacing between adjacent fins. Indeed in this region the polysilicon
simply acts as a medium for charge transportation and does not actively con-
tribute to the device transconductance. In this respect, e-beam lithography (such
as in lot A) can provide much lower spacing than optical lithography, but this
expensive approach is not adequate for mass production. An alternative and
more promising technique consists in using spacer lithography [17], which is
also called sidewall transfer process [18]. This technique makes use of spacers
at the sidewalls of a sacrificial layer to provide a hard mask. This mask is then
used to pattern the fins [17] (Figure 5.17a’-c’). With this approach no fin trim-
ming is required and one every two fin spacings (Srin1) may be made equal to
the lithographic spacing (S;) minus twice the fin width. The other fin spacing
(Sfin2) is then defined by the lithographic width of the sacrificial fin. When us-
ing conventional lithographic fin definition (Figure 5.17a and b), a fin trimming
technique must be employed to reduce the fin width to nanoscale dimensions.
This contributes to an increase of S, by twice the thickness of the trimmed
layer (As). Note that the spacer technique also provides a doubling of the num-
ber of fins for a given lithographic fin pitch (Py;,), thereby doubling the current
density for a given layout area.
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Figure 5.17: Description of fin spacing definition during (a)-(b) an optical litho-
graphic process and (a’)-(c’) a spacer layer transfer process.

If a spacer layer transfer technique had been used in the case of lot B, the fin
spacing could have been easily reduced by a factor of 2 (~150 nm). Though this
is still far from the theoretical optimum value (10~15 nm) reported in [53], such
a reduction of Sy, (while keeping the same number of fins) would have led to a
non negligible R4, decrease of roughly 30 %.

5.6 Parasitic source/drain resistances - Effect of fin width on RF
performance

The important source/drain resistances encountered in FInFET and thin-fin TG de-
vices is an important factor limiting their DC or digital performance since they con-
tribute to a non negligible reduction of the drain current and of the gate transcon-
ductance [4,17]. As was illustrated in Figure 5.6 this parasitic effect is increased
for thinner fins due, partly, to the increase of the S/D resistances as the fin cross-
section is reduced [32]. Reducing the resistances of the S/D regions is therefore
crucial to ensure high performance of TG and FinFET devices. This is currently
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Figure 5.18: Schematic top view of the S/D geometry of the investigated TG devices
(a) without and (b) with SEG-raised source and drains. The silicide film is not
represented but is assumed to cover the OSE and S/D regions.

achieved using two different techniques.

5.6.1 Reduction of S/D resistances using silicon epitaxy

In this approach, the cross section of the fins is increased by performing a selective
epitaxial growth (SEG) on the S/D extensions. This technique has been investigated
by many research groups [4,17,18] and was used on the investigated devices.

The parasitics R, and R4, resistances were extracted from the RF measure-
ments on devices from lot B using the strong inversion method proposed in [48].
These series resistance include the contribution of the following regions (Figure
5.18a): the extensions below the spacers, the extensions between the spacers and
the S/D regions (referred here as the outside-spacer extension regions or OSE re-
gions), and the S/D silicide region.

Figure 5.19a shows the S/D resistances obtained as a function of the fin width
for the devices with (wafer D20) and without (wafer D19) the 40 nm-thick SEG.
Please note that the reported fin widths are those measured after the fin patterning
and therefore correspond to the physical values in the channel region only. If a
uniform SEG can be performed on the whole fin periphery the fin width in the
OSE regions is expected to be close t0 Wrinsp = Wrin + 2tsgc Where tsgg is the
thickness of the epitaxial layer.

The figure clearly highlights the tremendous benefit gained from using a SEG
process in the investigated TG devices, especially for thinner fins. The figure also
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Figure 5.19: Fin width dependence of (a) source and drain resistance and (b) f;
and finax values for the TG devices from lot B.

outlines the strong increase of the S/D resistances as W¢;, is reduced. This is also
true for the devices that received the SEG, for which a 16 % reduction of Wi sp
leads to an increase of R, and R, by a factor close to 3.5! As explained in [32],
this large increase may be partially explained by the complex dependence of the
total S/D resistance on the fin geometry and process parameters such as the area-
dependent Si-NiSi contact resistance.

Another reason for this unexpected resistance rise in the SEG-processed devices
could be non uniform or uncomplete deposition of the SEG layer on the periphery
of the fins, due to the presence of residual spacers along the fins. These spacers,
formed during the gate spacer definition, were shown in [18] to significantly impair
the efficiency of the SEG. As reported earlier, the SEM picture presented in Figure
5.9 actually indicates that such spacers were present in the devices from lot A.

The impact of Wy, on f; and finax is illustrated in Figure 5.19b for the devices
with and without SEG. In both case the value of f; is seen to be significantly affected
by a fin width reduction. According to Eq. 5.6, this can be partly attributed to an in-
crease of the S/D resistances, which explains why the devices without raised source
and drains suffer much more from a Wy;, reduction. However, another factor can
empirically explain the reduction of f; and fy4x caused by shrinking the fins: as
reported in Table 5.4 a decrease of gmicsr,ir is also observed while the input gate
capacitance remains roughly unchanged despite a small reduction of W;,; (Table
5.3). For frequencies above f., Table 5.4 also suggests that the g, /(211 Cyiy) ratio
is further reduced for thinner fins because a higher gmicrr,1r/Gmierr,nr rato is
reported on those devices, indicating a more pronounced loss of gate control at
high frequencies.
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Figure 5.20: Simulated impact of R, and R, . on the gain curves of a device from
lot B (Ly=60 nm, W¢in=42 nm, Nf;,=50 /finger).

Several reasons can explain the reduced normalized gmierr,.r value reported in
Table 5.4 for thinner fins, such as a reduction of the mobility and/or a reduction of
the effective gate-source and gate drain voltage due to higher S/D resistances. The
main contributor to this observation in the measured devices is still undefined.

5.6.2 Reduction of S/D resistances using low Schottky barrier junctions

An alternative approach to solve the problem of parasitics S/D resistance in mul-
tiple gate devices consists in using metallic, or low Schottky barrier (LSB) source
and drain extensions. This technique is still under development but has already
been successfully implemented on FinFET devices [54, 55]. Another advantage of
LSB junctions is the reduction of overlap capacitances due to the limited diffusion
of dopants below the gate oxide. In our case it is difficult to accurately predict the
reduction of the source and drain resistances that could be expected from using
(LSB) junctions, since it merely depends on the contact resistance between the Si
and the silicided Si, which is itself critically conditioned by the silicidation process
parameters. Figure 5.20 illustrates the theoretical improvements of f; and fiax
obtained for the same device as of Figure 5.11 by reducing the parasistic S/D re-
sistances with arbitrary factors (multiples of 2). In this case the value of g,,; was
kept constant and the impact is seen to be more more pronounced on f,,,x than

on ft-

216



5.6 PARASITIC SOURCE/DRAIN RESISTANCES - EFFECT OF FIN WIDTH ON RF PERFORMANCE

EEEm

Si fin S/D region

X

BOX

Polysilicon

(b)

Figure 5.21: Illustration of the parasitic gate fringing capacitances in TG devices
at the fin edges: (a) above and (b) inside the BOX.

5.6.3 Parasitic capacitances in TG devices

It is well known that the high frequency performances of RF devices are negatively
affected by parasitic capacitances, which are mainly attributed to gate overlaps
(Cyso and Cyq,), gate fringing fields (Cysr and Cyqr) and interconnects outside the
active area (Cysq and Cyqq). We neglect here the contributions of Cysq and Cyaq
and as in the previous chapter, we use the following notations for the extrinsic
capacitances: Cyse = Cgso + Cygsr and Cgge = Cgao + Cgar. Extrinsic capacitances
associated with fringing fields at the edges of the fins are illustrated in Figure 5.21a.
Additional fringing taking place in the BOX recess at the fin edges is illustrated in
Figure 5.21b.

The input capacitance (Cyiy) of the investigated TG devices was extracted from
the low frequency part of Im(Y;1)/(w) after de-embedding. It is plotted in Figure
5.22a for devices from lot B and is compared to that of single gate devices from
the same wafer and with identical gate length. The selected bias was a point in
strong inversion (V;=1.7 V and V=0 V) because the single gate devices could not
be measured in deep depletion mode due to pronounced short channel effects.

The data are plotted as a function of the device gate width (W) and the figure
shows that a first order extrapolation of the measured data yields normalized Cyin
values of 1.33 fF/um for the TG structures and only 1.09 fF per um of active gate
width for the SG device. This indicates a 20 % higher value in the case of the TG
MOSFETs. Assuming that the normalized oxide capacitance is equal in both SG and
FinFET devices, this increase is solely due to additional fringing effects in FinFETs.
Using additional gate-drain capacitance data in strong inversion, the extrinsic gate
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Figure 5.22: (a) Extracted input capacitance of TG and SG devices on wafer D20
from lot B as a function of the total device width, and (b) simulated impact of a
reduction of Cge = Cyse + Cgae On the gain curves of a device from lot B (L;=60
nm, Wri,=42 nm, Nr;,»,=50 /finger).

capacitance was actually found to be 50 % higher for the TG MOSFETS.

Such an increase of capacitance in TG devices is obviously related to the three
dimensional nature of the fins. 3D Silvaco simulations performed in [15] on both
SG and triple gate devices have actually pointed out that this increase was essen-
tially due to additional fringing at the vertical edges of the fins, i.e. above and
below (inside the BOX) the fins. These simulations therefore indicated that one
way of reducing this parasitic effect could be to increase the H ¢, / Wy, ratio, thus
designing taller and thinner fins. Another source of parasitics might also be the
polysilicon regions located between the fins that induce extra fringing from the
gate to the S/D extensions and also to the BOX. Dissociating the relative contri-
butions of each source requires an extensive investigation using 3D field solvers,
which was not performed in this work.

For the simulated device of Figures 5.11 and 5.20, the Cy4s/Cya = (Cysi +
Cyse) [ (Cgai + Cgae) ratio obtained in saturation was found to be close to 2.1. It
is expected that this value could be further improved by fin design optimization.
Figure 5.22b illustrates the important f; and f,4x improvements that could be
expected from reducing the parasitic capacitances by 20 and 40 % and increasing
the Cys/Cyq ratio to, respectively, 2.3 and 2.7.
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5.7 Conclusion

FinFETs and triple gate MOSFETs are known to be promising devices for future
IC generations since they appear to provide the best alternatives over bulk CMOS
technologies to meet the performance targets set by the ITRS Roadmap in future
IC generations. These devices therefore currently constitute a "hot" topic in todays
microelectronic industry and have been the subject of numerous investigations.
However, almost all of the work reported in the literature has focused on the
digital factors of merit of such devices, such as the current density, the Ion/Ioff
ratio, the subthreshold slope, the DIBL, ... while only a few have attempted to
assess their analogue performance. This chapter has provided for the first time
an investigation on the RF properties of sub-100 nm triple gate devices.

The main RF factors of merit considered here were the transition frequencies
of the current gain (|H>;|) and of the maximum available gain (M AG), respectively
fr and finax. The parasitics that affect these factors of merit have therefore been
extracted from the RF measurements using a small signal modeling approach. This
approach has shown that building the gate stack is a critical issue in FinFETs or
triple gate devices, for several reasons.

- First, special care must be used not to leave polysilicon residues in the BOX
recess along the fins. These residues do not affect the device DC behaviour
but, being directly connected to the gate, they do increase the parasitic gate
capacitances and significantly reduce the RF performance of the devices.

- Second, achieving a uniform gate silicidation also presents a major issue in Fin-
FETSs or TG structures which are characterized by a major current flow below the
vertical gates. To be effective, the gate silicidation must be adapted to the high
topography of the fins. Residual spacers along the polysilicon fingers must also
be removed to prevent partial silicidation. As the gate resistance strongly affects
the value of f),4x in RF devices, this is a critical point. The gate resistance can
also be reduced by decreasing the distance between adjacent fins, which could
be achieved using a spacer lithography instead of a classical optical lithography.

- Third, the processing of gate stack consisting in high K+metal+polySi (which is
a widely investigated combination for leakage current reduction and V; tuning)
has also proved itself to be a troublesome task, since devices with such gate
stack exhibited a loss of gate control above a certain frequency. As this effect
was observed on both single gate (SG) and TG devices from the same wafer
and was not on devices with SiON+polySi gate stack, it is believed to have been
caused by an unknown process irregularity or to be inherent with the gate stack
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processing. No literature data could be found over the RF properties of devices
with high K/metal gates.

Another particular source of trouble in the design of FIinFETs and TG devices
is the high S/D resistance, which severely limits the I,, in this type of devices. A
reduction of the source and drain resistances is classically achieved by performing
a selective growth epitaxy (SEG) on the fins by a fin silicidation. In our case, the
RF measurements performed on devices with and without SEG clearly outlined
the tremendous f; and fi.x benefit gained in S/D-raised devices. Besides, the
extraction of the S/D resistances on devices with fin widths varying from 22 nm
to 42 nm also indicated that a significant R, and R4, increase was obtained for
thinner fins, leading to a direct degradation of f; and f;,4x. Thinner fin devices
also present an increased control of short channel effects. In that respect, the
fr and finax performance of RF FinFETs and RF TG structures therefore puts a
constraint on the minimum allowable fin width. It is however believed that this
constraint could be relaxed using metallic S/D regions and low Schottky barrier
junctions, which is currently investigated by several research groups.

Finally, the parasitic capacitances associated with gate overlap and gate fring-
ing have also been investigated and compared to those of SG devices of similar
gate length and processed on the same wafer. The comparison indicated a 50 %
increase of parasitic capacitance for the investigated TG devices. This increase
of capacitances can be explained by the 3D configuration of the fins, leading to
higher fringing at the top and the bottom of the fins. Another source of additional
fringing is the non active polysilicon region located between the fins. It is believed
that a 10~20 reduction of these parasitics could be obtained by increasing the fin
height and reducing the fin pitch. This might however also lead to an increased
complexity of the gate silicidation due to the higher fin topography.

Despite all these difficulties in fabricating highly performant RF FinFET or TG
devices, it is worth mentioning that f; and fj.. values as high as 100 GHz were
recorded for these "unoptimized" devices, providing encouraging results. Addi-
tional simulation results displayed in Figure 5.23 illustrate the f,,x improvements
that could be gained by, successively (and additionally), reducing R . by a factor of
8 (a factor of 4 can easily be obtained by connecting the gate fingers at both sides,
an additional factor of 2 could be obtained by improving the gate silicidation or
using fully silicide gates), reducing R, and R, . by a factor of 2 (anticipating the
use of metallic sources and drains) and by considering a 20 % reduction of the
fringing capacitances (which could be partially achieved by reducing the fin spac-
ing and/or increasing the fin height). It is seen that for this "golden" transistor a
theoretical f;,4x Value close to 260 GHz could be achieved. Knowing that for RFIC
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Figure 5.23: Anticipated increase of f),4x by optimizing the investigated TG struc-
ture of lot B.

circuits such as distributed amplifiers the DC gain - bandwith product represents
70~80 % of finax [56], these early measurements tend to show that FinFETs and
TG structures are promising devices for future low power RF applications.
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CHAPTER 6
CONCLUSION

This work contributes to the assessment of the performance of the SOI technol-
ogy for current and future analogue/RF applications. The investigation was per-
formed in the context of both passive and active device integration. In Chapters 2
and 3, the investigation performed on passive devices mainly focused on the eval-
uation of the substrate performance, which largely determines that of passive de-
vices such as transmission lines and inductors. This investigation confirmed that
a substantial enhancement of the device electrical characteristics can be obtained
by using high resistivity (HR) substrates instead of standard resistivity (ps;=20
Q.cm) substrates. However, the major part of the work showed that the effective
resistivity (p.rr) of HR SOI wafers can be strongly affected by parasitic conduc-
tion at the substrate surface, and that, in general, the value of p.sy is at least one
order of magnitude lower than the nominal wafer resistivity (= 10 kQ.cm). This
generates additional losses in the substrate and, strictly speaking, the wafers can
no longer be considered as lossless despite what could have been hoped by using
such a type of substrate. In particular noticeable increases in CPW line losses and
crosstalk level were observed on the non-passivated HR SOI wafers. Line losses can
be reduced by stacking higher numbers of metal levels, but crosstalk issues are
expected to even worsen in future generations of SOI wafers for which a reduction
of the BOX thickness is envisaged in order to reduce self heating and short chan-
nel effects [1]. BOX thickness reduction in combination with parasitic substrate
conduction (PSC) in HR SOI wafers might also lead to an increase of undesired
S/D coupling in short length devices. Such coupling is known to increase the de-
vice output conductance [2], thereby altering their performance for analogue/RF
applications.

From a substrate engineer point of view, the high performance of HR SOI wafers
can therefore still be further improved. This point was thoroughly investigated in
Chapter 3, in which a cost effective, CMOS compatible and efficient optimization
pathway was demonstrated. The proposed method is based on a passivation of the
substrate surface with RTA-crystallized silicon, which completely prevents PSC.
Compared to literature data, this technique was proved to be the only one that
simultaneously combines a high passivation efficiency, a high thermodynamic sta-
bility and a high compatibility with the UNIBOND SOI wafer fabrication process.
An outcome of this investigation is that substrate-passivated HR SOI wafers fully
recover their nominal value of substrate resistivity (i.e. ~ 10 kQ.cm) and can there-
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fore be considered as lossless. This makes substrate-passivated HR SOI wafers
highly competitive with regards to more exotic (and more expensive) dielectric
substrates, such as fused silica, which are often used for RF applications. Prelim-
inary testings also tend to indicate that for substrate-passivated HR SOI wafers
active SOI devices do not suffer from the presence of the underlying polySi layer.
Further work in this direction should however be performed to test the full com-
patibility of polySi substrate-passivted HR SOI wafers with complete CMOS process
schemes.

At an active device level, the work presented in this thesis intensively used a
small signal approach to provide wideband device characterization. The investiga-
tion was performed on both partially depleted (PD) SOIMOSFETSs and fully depleted
(FD) triple gate (TG) SOI MOSFETs in Chapters 4 and 5, respectively.

The work presented in Chapter 4 showed that the dynamic behaviour of the
gate-induced floating body effect in PD SOI devices, which is caused by gate tun-
neling current in sub 250 nm CMOS technologies, presents large similarities with
that of the well-known kink effect. As a consequence both mechanisms can be
treated the same way from a small signal point of view and a unified small sig-
nal model that includes the body node was proposed to account for both effects.
An accurate determination of the body-related parameters therefore proved to be
crucial for a correct frequency modeling of those mechanisms. In this respect
wideband multiport VNA measurements, as performed in this work for the first
time on 3-port body-contacted RF PD SOI MOSFETSs, were shown to provide a cost
and time effective tool to completely describe the body parameters, including both
intrinsic and (some being bias-dependent) extrinsic parameters. This allowed for
instance an accurate extraction of the body resistance, including both the contrib-
tions from the active zone and that of the active zone extensions. In the case of
dynamic threshold (DT)MOSFETsS, the small signal modeled and the measurements
also demonstrated that the DC gain in transconductance obtained by connecting
the body to the gate is actually lost at frequencies higher than 1-2 GHz due to the
high value of the body resistance and a loss of control of the AC body potential.
This also leads to a similar increase in device output conductance but does not
affect the device cut-off frequencies, namely f; and f;,4x (data not shown here).
More efficient body contacts (i.e., of lower resistitivity) would help increase the
frequency range throughout which the higher performance of the DTMOSFETS is
preserved. This might make them strong candidates for RF applications in the
largely exploited 2.5 GHz range.

In Chapter 5, the RF performance of multiple gate SOl MOSFETs, which form
the future of the 2005 ITRS Roadmap, was investigated for the first time. The AC
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analysis showed that fabricating high quality RF triple gate devices is more com-
plex than in the case of planar devices, which is essentially due to the 3D nature of
the MUGFETSs. The analysis pointed out the silicidation of the polysilicon gate fin-
gers as well as that of the source and drain extensions as the major technological
issues directly affecting their RF characteristics. Compared to planar devices, ad-
ditional parasitic fringing was also found to reduce the device cut off frequencies.
However, it is to be noted that despite those issues the investigated 50 nm-long
devices outlined cut-off frequencies on the order of 100 GHz. It is expected that
by proper process (such as the use of FUSI gates and several metal layers) and
device geometry (such as a reduction of the fin spacing) optimization cut-off fre-
quencies higher than 200 GHz could be obtained making such devices promising
contenders for mixed signal RF applications.

To conclude, the work performed in this thesis also showed that (1) AC and (2)
wideband measurements along with small signal modeling are essential to achieve
accurate device characterization and assist device processing:

1. In the context of technology and device development, AC measurements pro-
vide complementary information compared to DC data. Numerous examples
can be found in this sense, especially in Chapter 5 of this work. For instance,
the additional parasitic capacitances formed by polysilicon residues along the
fins in the studied TG structures do not affect the DC device characteristics and
therefore could not have been identified by DC measurements only. In a simi-
lar way, the noticeable reduction of the gate transconductance occurring in the
several hundreds of MHz range for devices with a metal gate/high-k gate stack
clearly pointed out some technological issue(s) at the gate, probably related to
the complex gate stack of those devices. This issue could not have been pointed
out by purely DC measurements either. In Chapter 3, multiport RF measure-
ments applied to body-contacted PD SOI devices have also provided data that
could not have been obtained using DC measurements. In fact, these 3-port
measurements enabled for the first time a complete small signal modeling of
body-contacted SOI MOSFETSs including the parasitic effects of the non perfect
body resistance.

2. Still in the context of technology and device development, wideband measure-
ments can in certain cases prove themselves as a substantial source of informa-
tion. As outlined in the different chapters of this work, effects impacting on the
electrical behaviour of active and passive SOI devices are characterized by very
distinct time constants and associated cut-off frequencies, such as 1 Hz-10 kHz
(floating body effects in floating body partially depleted SOl MOSFETS), ~10 MHz
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(self heating effects in SOI MOSFETS, not reported in this work), 100 MHz-1 GHz
(loss of body voltage control in body-contacted SOI MOSFETSs), ~1 GHz (dielec-
tric relaxation in HR SOI substrates suffering from parasitic surface conduction),
>100 GHz (f; and fiax values of current Si-based RF technologies)... It is clear
that this list is not exhaustive and it is expected that new phenomena, with their
own characteristic frequencies, will affect the behaviour of new devices in next
IC generations.

Thus, in all cases, a small signal characterization based on wideband measure-
ments helps identifying and understanding the origin of the mechanisms occur-
ring in the studied devices. This also suggests that, by providing technological
feedbacks to process engineers, using AC measurements and AC characterization
in parallel with DC measurement at early stages of transistor development can
largely facilitate the fabrication and integration of new devices. In our case, this
win-win approach was successfully applied from the very start of FIinFET device
development at IMEC and in the frame of an IMEC-UCL collaboration.
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