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Substrate crosstalk or coupling has been acknowledged to be a limiting factor in
mixed signal RF integration. Although, high levels of integration and high frequen-
cies of operation are desirable for mixed mode RF and microwave circuits, they
make substrate crosstalk more pronounced and may lead to circuit performance
degradation. High signal isolation is dictated by requirements for low power dis-
sipation, reduced number of components and lower integration costs for feasible
system-on-chip (SoC) solutions.

Substrate crosstalk suppression in ground plane silicon-on-insulator (GPSOI)
substrates is investigated in this thesis. Test structures are designed and fabricated
on SOI substrates with a buried WSi, plane that is connected to ground; hence it
is called a ground plane. A Faraday cage structure that exhibits very high degrees
of signal isolation is presented and compared to other SOI isolation schemes. The
Faraday cage structure is shown to achieve 20 dB increased isolation in the frequency
range of 0.5-50 GHz compared to published data for high resistivity (200 Q.cm) thin
film SOI substrates with no ground planes, but where capacitive guard rings were
used. The measurement results are analysed with the aid of planar electromagnetic
simulators and compact lumped element models of all the fabricated test structures
are developed. The accuracy of the lumped models is validated against experimental

measurements.
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Chapter 1
Introduction

The continuous trend towards miniaturisation and the increase of the operating
speed of Integrated Circuits (IC’s) has nowadays made the influence of on chip
parasitics very important. The interaction between several parts of an IC or its
packaging, referred as crosstalk or noise coupling, has been the subject of research
for many years, since it represents a limiting factor in IC technology especially
at very high operating frequencies. Higher levels of integration deteriorate the
problem, which appears in its worst form in radio frequency (RF), microwave mixed
signal ICs, including switched capacitor filters and A/D and D/A converters.

Noise coupling within an IC occurs through the common substrate and through
the capacitances of interconnect lines. The common substrate acts as a collector,
integrator and distributor of coupled noise. The analogue part of a mixed signal
IC suffers the most from substrate crosstalk. The digital part is characterised by
strong and sudden signal switching which has as an immediate effect the injection of
significant levels of noise into the substrate. Sensitive analogue circuitry lying on the
same substrate is affected significantly by the transmitted noise. The performance
degradation can be so severe, it can lead to physical separation of the digital and
analogue parts in different chips. Although hybrid multi-chip modules (MCM)
may be adequate they are limited by inter-chip interconnect parasitics. Single
chip implementations, however, are often the smallest, lower cost and lowest power
solutions. Hence, substrate crosstalk is a fundamental limitation of today’s mixed

signal IC design and fabrication.

It must be noted that apart from the analogue part, high speed sequential circuits
sharing a common substrate can be affected by noise coupling transients. Aragones
et. al. [5] have demonstrated how noise transients can cause permanent errors on

a RAM cell during read and write cycles.



Crosstalk reduction techniques can be categorized as follows: (a) those that mini-
mize the strength of the noise source, and (b) those that reduce the noise coupling.
The first approach requires fundamental changes in the design methodologies and
incorporation of additional circuitry to compensate for the substrate losses. Liu et.
al. [6] have proposed an active technique based on negative feedback. Coupling
minimisation has been addressed by introducing new structures such as capacitive
guard rings [1], [7], [8], [9], [10], [11], [12] that surround the sensitive devices and
break the coupling path of the substrate. More sophisticated substrates, compared
to bulk, can also provide increased isolation. Several studies have been performed
on SOI substrates and it has been shown that they offer superior isolation perfor-
mance at least for frequencies up to 1 GHz [1]. Higher frequencies of operation
for RF IC’s dictate the use of high resistivity substrates as preferred substrate for
mixed signal integration. Raskin et. al. [1] have shown the efficiency of the latter
in conjunction with the use of guard rings. High resistivity SOI substrates present,
however, a more expensive solution compared to substrates used in mainstream
CMOS processes. Bulk CMOS substrates usually have a resistivity at least ten

times lower than that of high resistivity substrates.

Besides measuring the absolute isolation level of different substrates structures, it is
vital that a deeper understanding of the dynamics and physics involved in substrate
coupling is acquired. The effect of parameters such as the separation distance of the
noise source from the sensor and the effect of different dielectrics has to be known,
in order to be able to predict the behaviour of such substrates under operating
conditions. Such research can be accomplished with the help of Computer Aided

Design (CAD) Tools and particularly numerical simulators.

A great deal of research on numerical methods that attempt to accurately evaluate
and model substrate parasitics has been done over the past few years [13], [14],
[6]. The disadvantages, however, of these methods are the long simulation times
and the large requirements of computer resources. Simpler lumped element models
are needed that can accurately capture the behaviour of substrate parasitics and
that can simultaneously be used in circuit simulators, such as SPICE. These models

ideally have to be scalable and valid over a wide frequency range [1]-[15].

This work investigates the isolation performance of SOI substrates with buried
ground planes. The ground plane SOI (GPSOI) substrate is effectively an SOI
substrate with a thin buried metallic layer below the insulator. The buried metallic
plane is called buried ground plane because it is connected to ground. The material
is new and is manufactured as described in [16], [17], [18]. Substrate crosstalk

studies for this material are performed for the first time and its noise suppression



performance is compared to different existing isolations schemes. The studies are

concentrated on frequencies in the GHz range.

This thesis is organised as follows: Chapter 2 discusses different existing crosstalk
reduction schemes studies. A detailed reference to all the schemes and their per-
formance is included along with the advantages and disadvantages of each of them.
A methodology of studying substrate coupling along with the figures of merit for
isolation performance is explained in detail. Such methodology has been used for
most high frequency crosstalk studies. Modelling issues are also discussed along
with a description of the capabilities and the efficiency of the CAD tools used to
model the specific substrate. Finally, lumped element models introduced so far in

the literature are presented as a base for future use with the ground plane substrate.

Chapter 3 presents the test structures fabricated on the GPSOI substrate to eval-
uate its noise suppression performance. The choice of such structures is justified
as part of the methodology mentioned in the previous chapter. Issues regarding
the fabrication process are also presented along with a detailed description of the
measurement technique. Such a discussion will provide insight into the problems
that may appear when measuring low crosstalk structures at very high frequencies.
Careful control of the measurement conditions is necessary to ensure high levels of

repeatability and consistency over a number of measurements.

Electromagnetic and lumped element modelling of crosstalk in substrates with
buried ground planes is presented and discussed in Chapter 4 with emphasis on the
specific test structures presented in Chapter 3. Simulation results from two electro-
magnetic solvers verify the measurement results of the previous chapter. Lumped
element equivalent circuits that are based on the theory of coupled microstrip lines
and model the behaviour of the test structures are also presented and validated
against simulation and measurement data. Chapter 5 presents experimental results
of pseudo-ground plane test structures used to emulate the behaviour of the buried
ground plane test structures of chapters 3 and 4. These test structures are realised
using a two metal layer process, where the first metal acts as a buried ground plane.
The effects of the buried oxide thickness and the resistivity of the ground plane are
discussed not only for the conventional test structures already shown in previous
chapters but also for long (500 pm) microstrip lines. Measurement results and anal-
ysis of test structures with variable oxide thickness and ground planes of different

materials (aluminium and titanium silicide) are included.

An analysis of crosstalk between two diodes realised on standard (9-15 Q.cm) and
high (200 Q.cm) resistivity substrates is presented in Chapter 6. Electromagnetic

simulations and microwave strip line theory are employed and equivalent circuits of



substrate crosstalk in similar test structures are developed. This chapter acts as a
"bridge” between the analysis of a buried ground plane in a substrate and the SOI

substrates of Chapter 6.

Having analysed separately the impact of a ground plane on crosstalk and the
coupling between two devices on a SOI substrate, Chapter 7 presents a model of
substrate crosstalk in GPSOI substrates. The development of the model is based on
the conclusions drawn from the analyses of previous chapters. Measurement results
of test structures on GPSOI are compared with SOI substrates and the model is

validated against them.

Chapter 8 of this work introduces a Faraday cage structure having advanced crosstalk
suppression capabilities. Vertical metal-filled trenches and the buried ground plane
underneath the oxide form a cage and surround the noise transmitter and receiver
nodes. The superior performance of this structure is explained with the aid of

electromagnetic simulations.

Chapter 9 summarises the results of this work, focusing at the same time at research

topics that may be pursued in the future.



Chapter 2

Substrate Crosstalk Theory and

Literature Review

2.1 Introduction

Substrate crosstalk or coupling is defined in this chapter. Metrics of performance
are discussed and several isolation schemes that have been researched previously in
the literature are presented. Comparison of these isolation schemes provides some
insight into the level of the crosstalk suppression that have been achieved to date
in SOI substrates. A brief reference to the electromagnetic solvers that will be used

to analyse substrate crosstalk concludes this chapter.

2.2 Substrate Crosstalk Definition and Metrics

The undesirable interaction between different parts of an integrated circuit is re-
ferred to as crosstalk. When this interaction exists through the common silicon
substrate, where the different components of an IC are fabricated, it is called sub-
strate crosstalk or substrate coupling. Decreasing the substrate crosstalk can result
in higher degrees of isolation between devices, circuits and systems. Crosstalk is
measured under small signal operation and the measurement techniques can be
divided into two categories: time domain measurements and frequency domain

measurements.

Time domain measurements employ transient analysis of the test structure and
measurement of a time dependent parameter [19], [5], [20]. This kind of technique
has been used to model crosstalk between interconnect lines, where one line acts as
a noise transmitter (”aggressor” line) and the other lines are the noise receivers or
"victim” lines. A noise transient can also be injected into the substrate through a
transistor (usually MOS). As a result fluctuations are caused and propagate through

the substrate to a remote sensor, usually a diffused contact. The level of substrate
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Figure 2.1: Scattering transmission coefficient definition.

crosstalk is then determined by measuring the peak-to-peak level of the fluctuations

at the sensor.

When the level of crosstalk is determined in the frequency domain, a particular
parameter is measured over a certain frequency range. Scattering parameters (S
parameters) are used for RF measurements and have been established as the pre-
ferred parameters for system characterisation compared to impedance, admittance,
hybrid, and transmission parameters because they overcome the problem of prac-
tically unachievable open- or short-circuit conditions for measurement. Scattering
parameters describe a network’s input-output properties in terms of incident and
reflected power waves. An accepted quantitative measure of crosstalk in the fre-
quency domain is the magnitude of the forward scattering coefficient sy; [1]-[10].
S 1s the ratio of the transmitted power wave at port 2 over the incident power
at port 1 of a two-port network. In the case of crosstalk studies, port one is a
noise transmitter and port two is the noise receiver. The lower the magnitude of
So1, the lower the crosstalk and hence the higher the degree of isolation. Crosstalk
suppression in this work is accessed only by measuring the magnitude of s3; and

not through time domain measurements.

2.3 Comparison of Crosstalk in Different Technologies

In standard bulk CMOS processes the devices are integrated at the surface of a
uniformly doped Si substrate. Figure 2.2 shows the coupling path of the noise
injected from an input node and received by an output node. It can be observed
that crosstalk is a surface phenomenon since the most important coupling path
is located at the surface of the substrate [1]. The coupling decreases with depth.
Crosstalk can be decreased by increasing the separation between the crosstalk source

(input) and sensor (output).
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Figure 2.2: Bulk CMOS coupling path.

Figure 2.3: Heavily doped p* buried layer coupling path.

Recent bipolar and BiCMOS processes integrate transistors on a standard resistivity
epitaxial silicon layer grown on the top of a heavily doped substrate [1]. The main
reason for this is to reduce latch-up problems. The buried plane, however, acts as a
collector and distributor of noise. The higher doping of the buried layer compared to
the doping of the epitaxial layer results in a less resistive coupling path located in the
buried layer (Figure 2.3). Alternatively, it can be viewed as a single node located
under the noise transmitter and receiver. The current injected by the noise source
flows almost directly down to the buried layer and is propagated to the entire chip.
Physical separation of the noise transmitter and receiver does not affect drastically

the isolation properties of such substrates [1], [11], [21].

Crosstalk studies have been carried out in thin-film SOI technology (1], [7], [8], [10].
The devices are built in a thin (80 nm) silicon film, which is located on top of a
buried oxide that separates it from the silicon substrate. This structure allows easy

7
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Figure 2.4: Thin film SOI coupling path [1].

integration of shallow junctions and complete elimination of the dc coupling between
the noise transmitter and receiver. (Figure 2.4). Compared to the heavily doped
buried layer technology mentioned previously, the coupling path is now shifted even
further below the buried oxide. The coupling is now purely capacitive nature down
to the substrate and is found to be proportional to the separation distance [1].
At higher frequencies the buried oxide gradually becomes ”transparent”, increasing
the crosstalk. An advantage of the SOI substrates is the possibility of using a high
resistivity handle wafer to improve crosstalk suppression while at the same time not
influencing latch-up susceptibility. High resistivity bulk CMOS substrates present
technological difficulties in processing that increase cost. It is difficult to retain the
high resistivity nature (i.e. reduced doping) of the substrate because of the diffusion

of small quantities of dopants.

2.4 Isolation Schemes

Guard rings have been investigated to determine their suitability to suppress crosstalk
[1]-[10]. Guard rings are substrate contacts that completely surround a region [22].
They are essentially p™ diffusions in a p-type substrate or nt diffusions in an n-
type substrate. They are connected to a ground potential and provide isolation by
"absorbing” the substrate potential fluctuations generated by the devices located
adjacent to them. Guard rings are applicable to all the technologies mentioned
above. Their efficiency, however, is strongly dependent on the technology itself.
Bulk CMOS technologies can benefit from the use of guard rings because of the
surface nature of crosstalk. In other technologies, where crosstalk is not a surface
phenomenon, guard rings are not as efficient. Raskin et. al. [1] showed that in a
thin film SOI substrate guard rings provide a significant improvement in isolation if
they are combined with high resistivity substrates. At very high frequencies, where
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Figure 2.5: Combination of guard rings and dielectric trenches in a SOI substrate.

the buried oxide becomes transparent, guard rings have been shown to be the only

crosstalk reduction scheme that can improve isolation in SOI substrates [7], [8], [10].

Dielectric trenches are another isolation scheme that can be implemented in bulk
and SOI technologies. The trenches are usually filled with a dielectric or lined
with a dielectric and filled with polysilicon. They surround the areas of interest
and in SOI substrates they extend in depth all the way down to the buried oxide.
Complete dc isolation can be achieved with this scheme. High frequency crosstalk
however, cannot be suppressed by buried oxides and trenches. The coupling (oxide
or junction) capacitances associated with them have negligibly small impedance
that offers no isolation at all. Combinations of guard rings and trenches in various
substrates can also exist for improved isolation and are only dependent on the extra

processing costs required (Figure 2.5).

A detailed comparison of the aforementioned isolation schemes was carried out by
Raskin et. al. [1]. Figure 2.6 depicts some the results of these studies. It can
be observed that the use of any kind of isolation schemes provides considerable
isolation improvement over none at all. Bulk silicon exhibited the highest crosstalk
starting from frequencies below the GHz range. The degree of isolation is increased
when guard rings are introduced. The best isolation is achieved by a combination
of guard rings and high resistivity SOI substrates. The improvement however is
seen only up to 10 GHz. This implies that at higher frequencies the only scheme

that provides crosstalk suppression is the guard rings.

Other technologies make use of the principles of low crosstalk shown in high re-
sisitivity SOI substrates. Silicon on Sapphire (SOS) or Silicon on Anything (SoA)
both provide superior crosstalk suppression. However, they are not available for
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Figure 2.6: Comparison of high resistivity thin film SOI substrate with guard rings
with standard resistivity SOI with guard rings and bulk. The oxide thickness is 0.4
pm for the SOI cases and 0.95 pum for the bulk case [1].

large-scale manufacture, although they have been around for a few years. Compati-
bility with existing processing and manufacturing practices is the key for a possible
migration to new low crosstalk technologies. A post processing modification to an
existing CMOS process that adds a ground plane below the devices and circuits by
etching the backside of the wafer, has been proposed by [23], [24], [25].

The ground plane SOI (GPSOI) substrate that is discussed in this thesis exploits
the same principle by incorporating a buried metallic plane in the SOI layer stack.
The only modification to an existing SOI process is a ground connection from the

top of the wafer down to the buried metallic plane.

2.5 Simulation and Modelling Tools

Substrate crosstalk simulation is an active area of research and depending on the
test structures several simulators can be employed to provide an initial estimation
of the coupling through the substrate. Semiconductor solvers have been used [1],[7]
to investigate crosstalk in test structures that include active components as noise
receivers and transmitters. Although they have been proven to be accurate for these

cases, these solvers can not model magnetic effects that are present in other cases
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like interconnect crosstalk or electromagnetic coupling between passive components
(inductors). Electromagnetic solvers on the other hand model both electric and
magnetic effects but they are not suitable for silicon device simulation. This work
only considers test structures without silicon devices and investigates how electro-
magnetic solvers can be used to estimate substrate crosstalk in these test structures.
Electromagnetic solvers are used to solve Maxwell’s electromagnetic equations (Ta-
ble 2.1) for planar structures embedded in a multilayered dielectric substrate. They
are based on a numerical discretization technique called the Method of Moments.
The planar metallisation patterns in the signal layers are meshed using rectangular
and triangular cells. Each cell has unknown electric and magnetic current distri-
butions, which are simulated by functions called basis functions. The amplitude
of the basis functions is determined by boundary conditions. For example, the
voltage drop across an ideal (zero thickness, infinite conductivity conductor) must
be zero. This discretization process transforms the electromagnetic equations into
an equivalent network model of self and mutual inductive and capacitive elements.
In this network, the nodes correspond to the cells in the mesh and hold the cell
charges. Each cell corresponds to a capacitor to ground. All nodes are connected
with branches, which carry the current flowing through the edges of the cells. Each
branch has an inductor representing the magnetic self-coupling of the associated
current basis function. All capacitors and inductors in the network are complex,
frequency dependent and mutually coupled, as all basis functions interact electri-

cally and magnetically.

Reference Differential Form | Integral Form
Gauss’s Law V.-D=p, $D-ds=0Q
S
Faraday’s Law VXE=—-% gE-dl:—éf%—lf-ds
Gauss’s Law for Magnetism | V-B =0 $B-ds=0
s
Ampere’s Law VxH=J+% $oH - d =
Js (J +22) -ds

Table 2.1: Maxwell’s Electromagnetic Equations

In order to simulate a circuit a substrate must be defined first. A substrate definition
describes the medium where a circuit exists. An example is the substrate of a
multilayer circuit board, which consists of layers of metal tracks, insulating material,
ground planes, vias that connect tracks, and the air that surrounds the board. A
substrate definition enables the user to specify properties such as the number of
layers in the substrate, the dielectric constant, and the thickness of each layer of
the circuit. A substrate definition is made up of substrate layers and metallization

layers. Substrate layers define the dielectric media, ground planes, air or other
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layered material. Metallization layers are the conductive layers in between the
substrate layers. Once the substrate definition is complete, ports are assigned to

the circuit and the solution process begins.

For the purposes of this work, two electromagnetic solvers have been used. These
are Momentum, part of the Advanced Design System by Agilent Technologies [26]
and FM-Sight, part of the Microwave Office software, provided by Applied Wave

Research [27].

2.6 Conclusion

The substrate crosstalk figure of performance used throughout this thesis has been
presented in this chapter. A comparison of current thin film SOI technology with
bulk revealed the superiority of the former [1]. SOI substrates have a clear advan-
tage over bulk silicon but suffer at high frequencies, when the buried oxide becomes
"transparent”. The use of dielectric trenches, guard rings and high resistivity han-
dles enhances the isolation performance in different frequency ranges. Published
studies [1], [7], [8] have shown that, in SOI substrates, the most efficient method
of substrate crosstalk suppression at low frequencies is the addition of dielectric

trenches, whereas high frequency crosstalk can be suppressed only by guard rings.
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Chapter 3

Substrate Crosstalk Suppression
with Buried Ground Planes

3.1 Introduction

Chapter 3 presents experimental results of test structures fabricated on a substrate
with a buried ground plane. The substrate does not include the silicon layer of the
GPSOI substrate, so that the effect of the ground plane to substrate crosstalk can be
isolated from any other effects caused by the presence of additional silicon layers.
The absence of ground contacts leaves the buried metallic plane of the GPSOI
electrically floating and that case is investigated and compared to a substrate that

does not have a ground plane at all.

3.2 Buried Ground Plane and GPSOI Substrates

The buried ground plane substrate contains a buried metallic layer, which is located
between the silicon substrate and an oxide layer deposited above it. This substrate
is part of the ground plane silicon on insulator (GPSOI) substrate. The buried
ground plane substrate (or handle substrate) is bonded to a silicon substrate with a
layer of oxide. Then the active substrate is polished down to the desired thickness
and the GPSOI is formed. The GPSOI is manufactured by the Northern Ireland
Semiconductor Research Centre (NISRC). This work has been a collaboration be-
tween the Department of Electrical and Electronic Engineering, Queens University
of Belfast, Northern Ireland and The Department of electronics and Computer Sci-
ence, University of Southampton, England. Similar technologies, which combine
buried ground layers and silicon bonding techniques include the silicon-on-metal
and silicon-on-silicide-on-insulator (SMI-SSOI) substrates. More information on
the manufacturing aspect of these substrates can be obtained from [16], [17], [18],
as they are beyond the scope of this work. The GPSOI substrates discussed in this

work contain a tungsten silicide (WSiy) buried metallic plane. Figures 3.1 and 3.2
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show a cross-sectional view of the GPSOI substrates and a pictorial representation
of the manufacturing process respectively. It must be noted that the thin polysil-
icon cap layer is assumed to be either part of the insulator (oxide) or the ground

plane (tungsten silicide) depending on its doping and thickness.

Si active layer 1.5-1.6 pm 10" em™

W Si, ground plane Si handle substrate 9-15 Q.cm

0.2 pm, 40 pQ.cm

Figure 3.1: Cross-sectional view of the GPSOI substrate.

3.3 Substrate Crosstalk Test Structures and Experiments
The crosstalk suppression capability of the GPSOI substrate has been initially as-

sessed on substrates without a silicon active layer. The purpose of these studies
was twofold. Firstly, they provide an initial estimation of the isolation improvement
when compared to bulk silicon substrates. Secondly, they can help towards the un-
derstanding and the modelling of the effects of buried ground planes without the
extra complexity introduced by the silicon active layer. This kind of partitioning
can be viewed in the context of a methodology for studying substrate effects. Such
a methodology includes simplified representations of complex devices, such as tran-
sistors, that help de-embed the substrate coupling effects from additional complex
effects introduced by the devices themselves. The behaviour of active or passive
devices on substrates with buried ground planes such as the GPSOI, is not fully

understood and constitutes a research field on its own.

Figure 3.3 shows the two substrates considered. The buried ground plane substrates
will be referred to as the GPSOI for these initial studies. The term GPSOI is a
misnomer at this stage since it does not include the active silicon layer and is

therefore not a SOI substrate.
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Figure 3.2: GPSOI substrate manufacturing process.
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Figure 3.3: The two substrate configurations under investigation: GPSOI substrate
(left), control SOI (right)
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Figure 3.4: Plan view of the test structure for substrate crosstalk studies on ground
plane substrates.

Figure 3.4 shows a plan view of the test structure that was designed for these
studies. The crosstalk suppression capability of the substrate was assessed by mea-
suring the magnitude of the forward transmission scattering parameter sy; between
the two square metal pads at the centre of the structure. The separation of the
metal pads was varied from 75 pm to 200 um. The two square pads were embedded
in the coplanar wave-guide (CPW) ground-signal-ground (GSG) structure shown in
Figure 3.4. The dimensions of the transmitter and receiver metal pads was chosen

to be 50pum x 50um in agreement with test structures from previously published
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studies [1] and in order to facilitate comparison with previously published results.
The dimensions of the CPW structure were in large degree dictated by the mea-
suring equipment. The spacing between the ground and signal pads on each port
was the recommended one by the manufacturer of the measurement probes. The
lateral spacing between the probing pads of the two ports was approximately 750
pm. The probe pads were placed as far apart as possible to minimize noise and

crosstalk between the probes.

Transmiter and Receiver

Top-down Contacts to Metal-on-oxide Pads
Buried Ground Plane P

Ground

0.2 pm WSi, Buried

Ground Plane
1.0 pm

Figure 3.5: The CPW crosstalk test structure with a grounded buried WSi, plane
(Grounded GPSOI).

The GPSOI substrate allows two configurations to be studied, depending on whether
the buried WSi, plane is connected to ground or left electrically floating. Both
configurations were studied. In the first configuration the buried ground plane
was contacted from the top by metallised vias and was locally connected to the
coplanar RF ground pads on the surface. This configuration will be referred to as
the ”grounded GPSOI” from now on. The test structure for the grounded GPSOI
is identical to that of Figure 3.4. When the top-down contacts to the WSi, plane
are absent, then the buried ground plane is floating electrically. This configuration
will be referred to as the ”"floating GPSOI”. The third and final substrate that was
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