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General context

The invention of the first transistor in 1947 allows John Bardeen, William
Shockley and Walter Brattain to obtain the Nobel prize in Physics. This important
event leads to a tremendous change in every aspects of life. Indeed after
the first developments in 1954, the first general public application based on
transistors appears with the radio. The field-effect transistor (MOSFET: Metal
Oxide Semiconductor Field Effect Transistor) fabricated for the first time by
Atalla and Kahng in 1960, became the key element for the semiconductor
industry since 70’s to nowadays becoming omnipresent (portable computer,
mobile phone, cars, satellite - - -).

The operating principle of this device remains unchanged but its dimensions
reduce continuously as predicted by Moore law. This phenomena well-known
as "Downscale” from a generation to another (technological node) aims to gain
in terms of electrical performance which substantially means to increasingly
obtain faster transistors and therefore integrated circuit and high level electronic
systems. The other main target of the downscale is to reduce the cost
production of the transistor. Therefore, the semiconductor industry engages
totally in downscale process with the objective of downscaling the density of
transistors each two years as described by the ITRS (international Roadmap for
Semiconductor). In this way between the economical considerations and the
technological progress, the microelectronic evolution allows to obtain electronic
devices (mobile phone, portable computer - - -) more and more fast and complex.

Nevertheless, since 2000’s, the reduction of the dimensions is no longer sufficient
in order to improve the electrical performance of the transistors which defines
the end of the "straight Downscale Era". Indeed at nanometric scale, complex
quantum phenomena are occurring, which deviates the standard operation
principle of the transistor. Therefore in order to preserve the standard transistor
operation, it is necessary to minimize these quantum parasitic effects. Straight
downscale has to be accompanied with alternatives technological solutions
which are:
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* New device based on exotic architecture design: FDSOI (Fully depleted
silicon on insulator transistor), Nanowires and Tri-Gate

* New channel material (III-V group) with higher charge mobility substituting
the Silicon material.

* Mechanical stress induced during fabrication process which enhances the
channel mobility.

 Gate stack process engineering which plays a fundamental role in defining
the technological parameters (threshold voltage Vi, leakage current I, and
operation current I,,).

Whereas the first solution overcome the limits of the conventional planar
architecture on substrate (Bulk technology) from 32nm node technology
authorizing downscale to lower technology node (12nm), the others three
solutions are simply enhancing the electrical performance without decreasing
the dimensions of the transistor. These solutions are widely used in the last
decades and their effects on technological parameters of the transistors are more
and more complicate to understand.

In this context, new electrical characterization methodologies are necessary
to analyze the impact of these new technological solutions, in order to
identify optimum solutions to improve the transistors electrical performance
and diminish its cost production. This is called "Technology Optimization".
Specifically, this work treats in detail the fully depleted FDSOI transistor on which
new Gate stack process and different channel material (such as SiGe) including
channel mechanical stress are carried out during the process fabrication.

Two parameters are representative of all the electrical performance aspects of a
specific technology: the effective work function (WF.g) and the Equivalent Oxide
Thickness (EOT). The aim of this work is to find new electrical characterization
methodologies in order to analytically, rapidly and accurately extract EOT and
WF¢ in case of thin film FDSOI transistors and to pursue the Technology
Optimization.

The first chapter generally introduces the operation principles of a standard
transistor MOSFET on bulk substrate. Specifically a detailed description of
the traditional MOSFET operation during Capacitance-Voltage measurement,
the typical extraction methodologies of EOT and WF¢s based on this C-V
measurements and the flat band voltage Vg, identification are presented.
Moreover a rigorous definition of EOT and WF. is given. The incompatibility
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of this standard C-V measurement technique with innovative FDSOI transistors
and a necessary need of new electrical characterization methodologies in order
to extract EOT and WF.¢ are evidenced.

The incompatibility of the classical C-V extraction methodologies is due to the
missing flat band condition in the FDSOI Capacitance-Voltage characteristics. The
necessity of a physical comprehension of the electrostatic behavior of the FDSOI
during C-V measurement comes out naturally. The first half of the second chapter
is devoted to electrostatic analysis of FDSOI transistor which means to find the
fundamental relationships, in terms of Voltage and Capacitance, accounting of
the complexity of the electrostatic FDSOI behavior during C-V measurements.
The second half fo the chapter is dedicated to the numerical simulation that
canreproduce Capacitance-Voltage characteristics for a specific FDSOI transistor.
Such simulations are fundamental to understand the electrostatic behavior of the
FDSOI device under specific biases conditions (C-V measurement).

The third chapter presents an extraction methodology to extract EOT and WF
which is based on specific strategy (or procedure). This numerical extraction
methodology identifies all the FDSOI stack layers thicknesses (Gate oxide,
channel and buried oxide). This is carried out for each layer by fitting specific C-V
measurements with the numerical simulations that are introduced in the second
chapter. The FDSOI stack thicknesses are required in order to obtain the proper
value of WF.¢ for a specific FDSOI transistor Gate stack. Despite its extraction
precision, the numerical methodology appears costly and complex highlighting
the need of a faster and simpler analytical methodology.

Therefore in the fourth chapter, we will present an analytical extraction
methodology which is faster than the numerical methodology (chapter 3).
It is based on the linear regression which leads to the direct estimation of
the FDSOI stack layers (Gate oxide, channel and buried oxide) thicknesses.
Unfortunately, we will show that this methodology is incomplete since the
fundamental identification of WF.; cannot be carried out. Moreover, the
extraction methodology requires a correction (quantum) on the estimated FDSOI
stack layers thicknesses due to the quantum effects occurring in the channel and
well layers.

Considering the cost of complexity of the numerical extraction presented in
chapter 3 and the limit of the analytical method of chapter 4, the necessity
of an alternative analytical methodology is evidenced. In the chapter 5, a
complete extraction methodology is proposed which leads not only to estimate
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EOT and WF. but as well all the FDSOI stack layers thicknesses, the bulk
substrate properties and the total electrostatic condition (channel, well and metal
charges) of the the FDSOI transistor during C-V measurement. This extraction
methodology is based on new capacitance measurements and an innovative
extraction algorithm which allows to compare different technologies (e.g. Si
and SiGe channel material). Moreover, this extraction is fast and precise since
quantum effects are properly considered.



Chapter 1

Introduction to C-V measurements
and operation of MOS

1.1 Introduction

Metrology, defined by international Bureau of Weights and Measures, as the
science of measurements, embraces both theoretical and practical aspects of the
measurement. The science of measurements plays a fundamental role in the
technology optimization. Indeed electrical measurements and analysis, which
are a fundamental part of device engineering, are carried out continuously
in order to improve and design optimized transistors in the microelectronic
industry. It is in this context that Capacitance-Voltage measurements have
been and are one of the most widely used technique to electrically characterize
MOSFET transistor and consequently extract the relevant parameters related
to specific technologies (materials electrical properties) used in the transistor.
These capacitance voltage measurement are carried out on the traditional
MOS transistor whose acronym stands for Metal oxide semiconductor field
effect transistor. Whereas the Capacitance-Voltage techniques, for traditional
MOS transistors, are well known and mastered in the state of the art, new
electrical methodologies are required for recent upcoming technologies such
as the FDSOI MOSFET transistors, whose acronym, in this case, stands for
fully depleted silicon on Insulator MOSFET transistor. Therefore in order to
understand the problematics related to the new technologies, and especially
the incompatibility of the standard C-V measurement technique with innovative
FDSOI transistors, a detailed description of the traditional MOSFET operation
during C-V measurement, the typical extraction methodologies based on this
C-V measurement and a comparison with FDSOI architecture will be presented.
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Moreover, we will present the fundamental technological parameters and their
impact over the device electrical performances.

Gate
Gate Bias

Z0
L Source 4

Metal

Drain  Body

Substrate P
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T

Body Bias

v

EXO

v

Figure 1.1: Schematic of a MOS capacitance.

1.2 MOS transistor and operation regime during
C-V measurement

As shown in the right side of Fig. 1.1, the MOSFET is four terminal device: Gate
(G), Source (S), Drain (D), and Body (B). The Gate stack is composed of a specific
bilayer structure consisting of a metal on the top of an oxide whereas Source
and Drain are simply ohmic contacts. The Source and Drain contacts feature
highly doped semiconductor wells (102°cm), specifically P or N-type for P or
N-MOS device. The Body contact, always ohmic, features as well a highly doped
semiconductor well (10?°cm) which doping type depends on the MOS type:
N-type well for P-MOS and P-type well for N-MOS devices. Finally the substrate
(or channel semiconductor) is doped, with the same doping type of the Body
well, but at lower level (between 10¥cm= and 10¥cm3). In general terms, this
MOS transistor is a component which plays the role of an electrical switcher by
passing or blocking the channel current between Source and Drain terminals.
The basic principle of this technology is based on what is called the field effect,
which will electrostatically modulate the density of free charge in the channel
by applying a specific Gate Voltage (V). The conductivity of silicon channel,
like any other semiconductor, will depend on the quantity of free carriers in the
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conduction band (electrons) or the valence band (holes). The voltage applied to
the Gate will modulate these quantities, at the semiconductor surface close to the
dielectric, thus obtaining a MOS capacitance. The channel features a doping type,
as previously said, opposite to the Source and the Drain wells. if no Gate voltage
is applied, its resistivity is high and therefore the resistance between Source and
Drain is large. This is called ’off-state’. By applying a proper Gate voltage, the
channel is enriched by the minority carriers, coming from the Source and Drain
wells. The resistivity of the channel decreases sharply and the transistor is said
’on-state’. Thus, in an n-channel transistor (N-MOS), the Source and Drain are
source of electrons and the transistor will be on-state if the channel is enriched by
minority carriers (electrons). The voltage Vi applied at the Gate will enable us to
create the inversion charge in the channel and a different applied voltage at the
Source and Drain terminals (Vps = Vp-Vs = Vp) will displace these charges, under
the effect of a electrical field induced by Vps, from Source to Drain terminal. The
analysis of the band diagrams of the MOS capacitor of Fig. 1.1 (left side) will
allow us to better understand the transistor regime operation depending on the
applied Vg voltage.

1.2.1 Band diagram of the MOS capacitor

The heart of the MOS transistor is the MOS capacitor (Fig. 1.1), presented
and indicated as "varactor" capacitance by Moll [1] and by Pfann and Garrett
[2] in 1959. The term varactor was used at that time to indicate that the
capacitance between a metal and a semiconductor varies with voltage. It
was clear that the semiconductor, different from the metal, had a key role
in the deformation of the expected measured capacitance between the metal
and the semiconductor. Indeed Pfann, Garrett and Moll got to the conclusion
that this variation was due to the behavior of the space-charge layer near
the surface of oxide-semiconductor, and therefore the semiconductor electrical
behavior or more properly the semiconductor operation regime (the electrostatic
condition and the state of its charge). In Fig. 1.2 we report an example
of Capacitance-Voltage characteristics of a simple MOS stack with a P-type
substrate. The C-V curves of this stack is obtained with a Capacitance-meter,
named 4284A, that allows to measure complex impedance thanks to the
superimposition of a alternate small voltage signal and a main continuous
voltage (High terminal) while induced current is measured on the other
grounded terminal (Low terminal). The two terminals are connected to the
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electrical contacts of MOS stack test structure, respectively the High terminal to
the Gate and Low terminal to the Body, as reported in Fig. 1.3. The measurement
has been carried out by varying the Gate voltage from 1V to -1.4V. For each
step voltage (50mV), the small signal voltage induced current is read at the low
terminal by the Capacitance Meter and the relative capacitance is calculated.
These are reported with black triangle symbol in Fig. 1.2.
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Figure 1.3: Experimental

Figure 1.2: Capacitance-Voltage configuration for C-V measurement.
measurements of a MOS capacitor.

In order to understand the Capacitance variation, we propose hereafter a study
of the MOS system through its band diagrams representation, by taking care of
the semiconductor layer electrostatic behaviour. Each material of this capacitor
is characterized by electrical macroscopic parameters that affect the behaviour
of the channel charge induced by V; voltage. In figure 1.4, we report the band
diagrams as well as the relative technological parameters. WF,, the metal work
function, corresponds to the energy that has to be supplied (T = 0K) to extract
an electron from the metal to the vacuum whereas X,x and X. are the electrical
affinity of the oxide and semiconductor which represent the energies required to
extract an electron from their relative conduction bands. WF, is the necessary
energy to extract an electron from the semiconductor: this energy is lower
compared to the oxide electrical affinity. By bringing these three materials into
contact and applying a Gate voltage, a thermodynamic equilibrium is established
among them. We remember that the Gate voltage is the applied voltage at
the Gate terminal and corresponds to the difference between the metal and
semiconductor Fermi energies. If V=0V these Fermi energies are aligned. For
any Vg bias a potential profile is induced along the z position, perpendicular to
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Figure 1.4: Band diagrams of the layers composing the MOS
capacitor: Metal-Oxide-Semiconductor.
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Figure 1.5: Band diagrams of the MOS capacitor at thermodynamic

equilibrium.

oxide semiconductor interface. The type of charge induced at the interface will
define the operation regime of the MOS capacitor during C-V measurement.
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1.2.2 Operation Regime

Before introducing the operation regimes, we need to clarify a few things. As
reported in Fig. 1.5, the semiconductor band bending represents the variation
of potential energy of electrons, in terms of electron Volts (eV). This potential
¢s(z) varies from 0, in the neutral region of the semiconductor (zw) to V=¢, at
the interface oxide-semiconductor (zs). ¢, is known as the potential surface. The
operation regimes depend of the applied V; voltage. Whereas a detail description
of these regimes can be found in Shockley’s book [3], here we propose a brief
picture of these regimes, that are:

1. Accumulation Regime: The channel is enriched of majority carriers. For an
N-MOS with a P-type substrate, the amount of holes (p) is therefore higher
than the level of the holes induced intrinsically by the semiconductor, that
is equal to the number of active acceptors (N,). This occurs when ¢,<0. The
transistor is therefore off-state. In case of P-MOS with a N-type substrate,
the amount of electrons (n) has to be bigger than Ny, where Ny is the donor
concentration. This condition occurs when ¢,>0.

2. Depletion Regime: The surface of the semiconductor is depleted of the
majority carriers. The amount of holes at the oxide-semiconductor
interface is lower than the acceptor concentration. Nevertheless, the
holes concentration, in the valence band, is still superior to the electrons
concentration (n) in the conduction band which means 0<¢,<¢r where
¢r 1s the Fermi potential related to the Fermi holes concentration in the
neutral region from the doping concentration N, (N3 in case of P-MOS
transistor). Therefore we have n<p<N, whereas for a P-MOS we have
p<n<Ny (-¢r<¢:<0). The depletion region is the result of the displacement of
the majority carriers across the semiconductor that are escaping through
the semiconductor-electrode ohmic contact (Body contact).

3. Inversion Regime: In this operation regime, we have an inversion of free
carriers (¢,>0). This condition occurs in case of transistors (1.1 right side)
and as well simple MOS capacitors. Indeed the creation of inversion charge
isrelated to two specific processes: the inversion supplied by the Source and
Drain wells or the carrier generation phenomena [4] that occurs at a specific
generation rate. Specifically we have a thermal generation type which is
always present whenever the temperature of the semiconductor material
is greater than zero kelvin. Once the inversion is generated, independently
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by the Source and by Source-Drain diffusion or thermal generation, two
sub-regimes are identified during the inversion operation regime:

(a) weak inversion: This condition occurs while the inversion layer at
oxide-semiconductor interface is equal or bigger with respect to the
doping concentration of the semiconductor (N,). Therefore we have,
in case of N-MOS transistor, that ¢,>0 and ¢r<¢,<2¢» while for P-MOS
transistor the condition is —2¢r<¢<-¢p.

(b) strong inversion: When ¢, is larger than 2¢, the minority carriers
concentration is larger compared to the majority ones, that means n»p
for a N-MOS. ¢,=>2¢ represents the condition that defines the limit
between weak and strong inversion. In case of P-MOS transistor we
have ¢,<=-2¢r.

In case of MOS capacitor (Fig. 1.2), inversion characteristic is missing. This is
related to the fact that for these measurements there is no Source and Drain
diffusion which doping-type is opposite with respect to the substrate and would
provide a sufficient amount of minority carriers, able to respond to the potential
variations applied to the Gate terminal. The capacitive measurement is then
only related to the response of the majority carriers. This is the capacitance
measurement between the Gate and substrate (Body) terminals, commonly
denoted as Cg,. In general the C-V characteristic associated to majority carriers is
the easiest measurement result to obtain since only two terminals are necessary
(Gate and substrate), which allows us to consider simplified test structures.
There’s no need of specific Source and Drain implantation since the Vg and EOT
can be extracted in the depletion-accumulation region and specifically the EOT
at strong accumulation and the Vg, at the beginning (onset) of the accumulation
[5, 6]. The missing Cg characteristic is used in Bulk substrate for the study of
the carrier mobility because it gives us access to the carrier concentration in the
transistor during channel inversion, as demonstrated by F.Lime et al. [1].

The only phenomena leading to the semiconductor inversion, in this case, is
the thermal generation. The inversion carriers are created at a specific rate
which is fg,. As previously said, during C-V measurement, two signals are applied
at Gate contact: a constant voltage Vi (f;=0) and a small signal voltage v(t)
characterized by a specific frequency f;. The inversion charge, created by the
thermal generation phenomena, can always respond to the constant voltage Vg
since f,>f;=0, but is not capable to respond to the variations of small signal
voltage vg(t) if fg <f;. Since the C-V measurement of Fig. 1.2 (MOS capacitor)
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is carried out at f;=100Kz>f, only depletion and accumulation regimes are
observed on the C-V characteristic.

1.2.3 Total charge and C-V characteristics of a MOS capacitor

As previously seen, depending of the applied Voltage Vg, the semiconductor is
characterized by a specific operation regime during C-V measurement. At this
condition, we have a specific distribution of semiconductor charge (p(z) = p(z) —
n(z) + Ng — N,) from which we can easily calculate the total charge by its simple
integration, which leads to:

Qsc = _Qg = /ZW P(Z) dz (11)

In Figure 1.6 we report the dependence of a simulated total charge as a function
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Figure 1.6: Variation of the total number of carriers of the
semiconductor versus the semiconductor potential drop for a
constant doping (N,) concentration level equal to 10'8cm3.

of the semiconductor potential drop for P-type semiconductor, for a doping
concentration N,=10'8cm3. As we previously said, the total charge varies with
the Gate voltage at different operation regimes. Therefore the C-V characteristic
will depend on electrostatic condition of the semiconductor (the charge and
the potential drop). Indeed, during C-V measurement, for each specific Vg
we have a different distribution of semiconductor charge whose relationship
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with the relative surface potential ¥,. affects the expected dielectric capacitance
between the two electrodes (metal and semiconductor). We remember that, at
the opposite, in a metal electrode, independently of the metal charge, no potential
drop occurs which leads to a very large metal capacitance C,,=dQy, /d¥y, that can
be neglected. Therefore the MOS stack capacitor is a system of two capacitances
in series: the oxide capacitance and the semiconductor capacitance which is
dependent of the Gate Voltage.

If we know the relation between the semiconductor charge Qs. (Coulomb)
and its potential drop ¥, (Volts) we can calculate the associate semiconductor
capacitance Cg=-dQs. /d ¥, leading then to obtain the total capacitance C; from
a given specific charge Qq.: ' ' X

I 1.2
C,  Co  Cu (1.2)

where Cox=csio,/tox is the expected capacitance of the oxide between the two
electrodes. This total capacitance is normalized by the device area and is
measured in Farad/m?. When we increase the voltage V¢ for a semiconductor
of type P (respect. N), as reported in Fig. 1.2, the substrate evolves from the
accumulation of holes (respect. inversion of holes) to the depletion and then
to inversion of electrons (respect. accumulation of electrons). As previously
explained, inversion cannot be measured in the case a MOS capacitor. From
accumulation to depletion, there’s a specific voltage condition for which the
substrate charge is zero. This means Qs=0 that is well known as flat band
condition (Vg,) at the interface oxide-semiconductor. Once we have identified
this voltage condition on the characteristic C-V of Fig. 1.2, we can calculate the
semiconductor charge at any Vg voltage by integrating the total experimental
capacitance from the flat band voltage Vg,:

Ve

Qse = —Qp = — C,dV (1.3)
Vip
The applied voltage Vg, during C-V measurement, is equivalent to the sum of
the drop voltages across the dielectric oxide V., the semiconductor ¥y, and the
difference of Fermi levels between the metal and the semiconductors. From the
analysis of Fig. 1.5, we can calculate

WE, WF,
q q

Vo = + VU + Voo (1.4)

This equation takes into account the relation between the charge at the electrodes
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and the oxide voltage drop Vox=-Qs/Cox. WF, and WF,. are technological
parameters associated to the electrodes materials, their work function. WF, can
be estimated from given doping level Ny, and temperature (T=300 K) by simply
solving the following equation

NSC

W Fae = Xae + Egap/2 + LK5T In (1.5)

(2

where n; is the intrinsic doping level of silicon material (n;=10'°%cm= at 300 K)
and Kp is the Boltzmann constant with L equal to 1 for a substrate of type P and
-1 for a substrate of type N. This leads us finally to obtain:

WFm - WFSC + \I]sc(Qsc) - QSC (16)

Vi sc) —
6(Qsc) q q Cox

Using equations 1.2, 1.5, 1.6 and knowing the relation ¥,.(Qs.) (as reported in
Fig. 1.6), we can predict the experimental behavior of a Capacitance-Voltage
characteristic of a specific Gate stack (Metal-Oxide-Semiconductor). This
Capacitance-Voltage is unique for each specific MOS capacitor (WFy,, Cox and
Nso). In Figures 1.7 and 1.8, we report the simulated total charge and capacitance
as function of the applied voltage V. For this simulation, an oxide thickness
(t,x) was 1 nm, the metal work function WF,, 4.76eV and the semiconductor

doping level equals N,=10%¥cm3. C-V characteristic of MOS capacitor is
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Figure 1.7: Total capacitance as function of the Gate voltage for a
10'8cm3 constant doping (N,) concentration level.

a fundamental source of information. Indeed, its dependence is related to
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Figure 1.8: Variation of the total number of carriers of the
semiconductor versus the Gate voltage for a 10'8cm™ constant doping
(Na) concentration level.

the dielectric oxide and the semiconductor electrostatic behavior (macroscopic
electrical properties). In the state of the Art, the Capacitance-Voltage (C-V)
measurement is used to determine the semiconductor and the dielectric
technological parameters, particularly in MOSCAP and MOSFET structures. C-V
measurements can reveal oxide thickness, oxide charges, contamination from
mobile ions, and interface trap density in wafer processes. These measurements
continue to be important after each process steps that has been performed,
including lithography, etching, cleaning, dielectric and polysilicon depositions,
and metallization processes. C-V characteristics are often used to characterize
the flat band and threshold voltage (Vi) and other parameters during reliability
and basic device testing and to model device performance. It is in this
context that we will introduce in the next section three important technological
parameters that defines the performance of a MOS transistor.
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1.3 Vg, EOT and WF ¢ definition

Based on the work of Troutman [7], the Vg, is defined as the Gate voltage for
which the total semiconductor charge level is zero, as reported in Figures 1.7
and 1.8. By assuming constant doping concentration and classical formalism
(Boltzmann), not only the semiconductor charge is zero but as well the
semiconductor potential drop ¥,.=0. Unfortunately this condition rarely occurs
in the real devices where substrates are characterized by a non-constant doping
concentration and therefore ¥,. #0. From the relation 1.6, we can define the flat
band voltage Vg, as

WE, WF
q q

Va(Qse =0) = Vi, = + W Vin) (1.7
This voltage, expressed in Volts (V), allows the WFy, extraction of the Gate stack
expressed in electron-Volts (eV). The flat band voltage takes into account the
reference potential of the semiconductor (WFs). This depends only on the
semiconductor and it is calculated in eV. Thus, assuming a certain doping level
value, the relation between the metal work function and the flat band voltage
is direct since no drop voltage occurs at this condition (% = 0 and ¥,.=0)
leading to the extraction of the metal work function. This calculation is for
an ideal MOS capacitor, that means zero charge inside the oxide including its
interface (metal-oxide and oxide-semiconductor). Unfortunately such condition
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Figure 1.9: Energy band diagrams of a MOS structure at the flat band
condition without any oxide charge (left figure) and with charges and
dipole in the oxide (right figure).
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doesn’t occur in the real devices. From the first and simple MOS stack capacitors
[1, 2] in the 50-60s, the progressive scaling-down and the necessity of higher
electrical performance devices, pushed them to turn the standard MOS Capacitor
into a more complex multilayer stack with multiple process steps that induce
undesired (or desired) defects across the stack. Indeed the presence of fixed
charges and dipole at specific interface location induce a drop voltage across
the oxide even when the substrate charge is still zero. In Figure 1.9, in the left
side, we show the band diagrams of the ideal MOS capacitor with two different
oxides in series at flat band condition and, in the right side, the band diagrams of
a non-ideal MOS capacitor characterized by the same dielectric stack, metal and
semiconductor but with the presence of fixed charge at the interface between the
first oxide and semiconductor and a dipole located at the interface between the
two oxides, always at flat band condition. We notice that the presence of these
oxide impurities changes the flat band condition with respect to the ideal MOS
capacitor. The relation between the flat band and the metal work function has
to take into account the voltage drop induced by the oxide charges and dipole.
Therefore relation 1.7 becomes:

WFm_WFSC_QfZ

Va(Qee = 0) = Vi =
o(Q ) T q q Cox

46+ Uao(Viy) (1.8)

where ¢, is the impulsed drop voltage located at the interface between the two
dielectrics due to the dipole, Qg is the the fixed charge, Cyx is the equivalent
capacitance of the Gate stack dielectric (series of the two oxide) and W,.(V},)=0
if classical formalism and constant doping are assumed. Moreover, the drop
voltage induced by the fixed charges is g—f since we assume that they are located
at the interface oxide/semiconductor. Therefore, in terms of Vg,, equation 1.6 can

be written as

Q SsC
OOCE

The presence of these charges and dipole doesn’t affect only the flat band voltage
but also the threshold voltage Vy, that is defined from equations 1.6 and 1.8 as

VG(QSC) = Vfb + msc(@sc) -

— Ve (Vip) (1.9)

2q€SiNa(2¢f)
Com

‘/;h = Vfb —+ Q(bf - - \Ijsc(Vfb> (1'10)
The impact of the relative fixed charges and dipole is the same for any applied
voltage Vs (accumulation, depletion and inversion). Therefore, since the
simulated Capacitance-Voltage characteristics of the ideal MOS capacitor of Fig.
1.9 (left side), isreported in Fig.1.7, the C-V characteristics of the real MOS (Fig. 1.9
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right side) will have the same trend of the ideal MOS C-V but shifted of a voltage
We = Qf L + ¢4. This means that we can tune and change the threshold voltage
(and the ﬂat band voltage) by inducing charges and dipole inside the oxide and
therefore by playing with the fabrication process and not only by tuning the
theoretical gate stack parameters (metal work function, oxide thickness and
dopinglevel of the semiconductor). The "tunable" shift on the C-V characteristic is
interpreted by the process engineers as the result of a new C-V measurement on a
different gate stack, with respect to the ideal MOS stack structure, which features
a new metal characterized by an "effective work function" WF.g. The effective
work function is the sum of the metal work function and the shift induced by
fixed charges and dipoles expressed in eV (¢6Vy = quZ + qdq). Indeed from
equation 1.8 we define the effective work function as:

itom
WF,p=WFE, — 2 4 45y + qU, (Vyy) = WE,, — 4Qyitor

ox 60.’1}

+ Q(Sd + q\I/SC(Vfb) (111)
that, in terms of Vg, is
WFeff = qvfb + WFsc - qqlsc(vfb> (112)

and therefore relation 1.6 becomes

Wkhepp  Whe | (Qu) — Qse

v sc) —
o(Qsc) q q Cox

— Ve (Vi) (1.13)

The effective work function value (eq. 1.11) depends strongly on the technology
process through which the process engineers induce fixed charges and dipoles
across the dielectric (¢0Vs = qu L + gd4). Moreover, this value depends on the
dielectric constant and thickness, wh1ch are as well affected by the process, since
they define the drop voltage induced by the fixed charges (—% = —"Q;;%).
Therefore two Gate stacks (metal-oxide-semiconductor) that differ from the
dielectric constant and thickness value ( €,,1, to,1 and €,.0, tor2) With the same
amount of dipole and fixed charges at the oxide-semiconductor interface, will
have two different effective work function values (WFqs1 and WF,). Indeed
the induced oxide voltage (5% # £2), at the flat band condition, will be different

for the two dielectrics supposing the same amount of fixed charge.

The choice of the dielectric type and thickness can be crucial for the electric
performance of the MOS stack. Indeed, the reduction of the dielectric thickness
(Si02) in the subnanometric range produces dramatic gate leakage issues
detrimental for the electrical performance. The process engineers try to replace
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this standard dielectric oxide (SiO2) with the introduction of high-k materials
(or high-dielectric permittivity material) which allows an increasing electrical
performance without reducing the physical dielectric thickness. By convenience,
the physical thickness has been replaced by an electrical thickness or Equivalent
Oxide Thickness (EOT). This technological parameter is used in order to refer all
the dielectric technologies to the reference SIO, dielectric technology. We can
calculate the equivalent oxide thickness by simply using the following equation

EOT = tfﬁ (1.14)
This relation requires the precise value of the Gate stack dielectric constant.
Therefore in order to calculate the effective work function and the equivalent
oxide thickness of a Gate stack, firstly we need to extract the amount of fixed
charge and dipole inside the oxide and secondly the exact value of the dielectric
constant. This extraction results tedious and almost impossible. The aim of
the extraction is not to find the physical thickness of the dielectric and neither
the effective metal work function values but to take into account properly of
the electrical coupling between the two electrodes. It is for this reason that
alternative approach have been proposed in order to extract WF.¢ and EOT and
this will be presented in the next section.
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1.4 Impact of EOT and WF.¢ on the MOS Electrical
performance

EOT and WF extraction is fundamental due to their impact on the transistor
electrical performance. In this paragraph we will define the most important
transistor performance parameters, that are:

1. Threshold Voltage: As seen previously we define the threshold voltage as
the Gate voltage for which the density of inversion charge becomes equal
to the depletion charge. This condition leads to have ¢, = 2¢;. In this
case the inversion charge is the free carrier and the Vg corresponds to
the on-set state of the channel. This parameter is fundamental because
it corresponds to the on-state behavior of the transistor. In the case of
the N-MOS, for negative Vg, the transistor will be off-state (accumulation
regime). By progressively increasing the voltage, a depletion region forms
until its maximum extension and the formation of the first inversion charge
at the surface oxide-semiconductor. The threshold voltage is defined, in
terms of EOT and WFg, as

20 N.(26)EOT
Vi = Vip(WFeg) + 26, — Y15 (2¢5) — 0, (Vi) (1.15)

€Si02

2. Commutation time: This parameter defines the time necessary to pass from
offset to onset state. It’s a fundamental parameter that describes, in terms
of speed, the efficiency of a single transistor in digital circuits. The intrinsic
commutation time is defined by the relation

_ Coe VDD €500, * VDD (1.16)

4 I L EOT

where Vpp is the supplied voltage applied at the Drain that defines the I,y
current. The aim is to diminish this time as much as possible in order to
reduce the commutation time. An optimization of the dielectric oxide is
necessary (comparing different technologies with different EOT).

3. Sub-threshold slope: it is a typical parameter of the transistor during weak
inversion regime.

Ve KT 1 9Q;\ KT EOT dQ,
= = In(1 1— = —1In(1 1— 1.17
810g ID q n< O) ( Com 8¢s ) q n( O) ( €5i04 aQbS ) ( )
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with (1-dQg/¢s x1/Cox)=(1-C4/Cox) Where Cq=-dQq/¢s. It’s given in Volts per
decade and it corresponds to the variation of the potential barrier at the
beginning of the channel (Source-channel) in function of the Gate voltage:
It is a fundamental parameter for the optimization of the ratio between
the saturation current and leakage current [8, 9]. The theoretical limit of
this slope is fixed by the diffusion phenomena of the channel charge at
In(10)KT/q=60mV/Decade at 300K.

4. Gate leakage current: the shrink of the gate oxide thckness have been
a critical feature of the overall scaling of transistor dimensions for six
decades, enabling a continuous speed improvement even as operating
voltage decrease. Further scaling down is not possible due to the leakage
currents in such thin oxides that reach such a high value as comparable
to ON state current causing very high static power dissipation. The Gate
leakage current depends on the macroscopic electrical properties of the
Gate dielectric whose relation given by Yee-Chia Yeo [10], for the classical
direct tunneling regime, is

Jog =bexp(—af - EOT) (1.18)

where f = egi00(mesros)?, Megr is the tunneling effective mass of the
carriers, ¢p is the tunneling barrier height and « is a constant. Therefore
new alternatives have been proposed in order to diminish this leakage
current due to the tunneling phenomena through the oxide [11]. As
previously said in modern devices, new oxide with higher dielectric
constant, known as high-k dielectrics, are used, replacing the standard
Si0;. These high-k dielectrics allow us to keep the same Capacitance-Voltage
characteristics (same Vy,, S and commutation time) of SiO, and at the same
time reduce the Gate leakage current (Jg).
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1.5 State of the art

As previously described, for the microelectronic industry involved
in the development of advanced CMOS technology for MOS
(metal/Oxide/Semiconductor) transistors, the extraction of EOT (Equivalent
oxide thickness) and WF (effective work function) of the metal gate stack is
important. These two parameters are fundamental in order to compare different
technologies featuring specific architectures or process technology (fabrication
procedure), that are significant for the technology engineers.

The EOT and WFgs extraction from the CV measurements is a well known
technique in the state of the art. The book reference on MOS capacitance
"MOS (Metal-Oxide-Semiconductor) Physics and Technology" [12] describes this
technique in details. For a long time, they proposed analytical methods for
the EOT and Vg, extraction, from the typical points of the CV characteristic
(maximum and minimum) or from its derivative. We will find in the article of
C. Leroux [13] a review of the different techniques of Vg, and WFgg extraction
based on the analytical relation. In the analytical case, we obtain the oxide
capacitance and therefore the equivalent oxide thickness (Cnax=¢sio,/EOT), from
the maximum value of the experimental C-V characteristic.

This hypothesis is no longer valid for nanometric oxide thicknesses because
the thickness, associated to quantum effects (depletion of the free carriers at
the semiconductor surface) becomes at the same order of magnitude as the
measured oxide thickness. This thickness is known as dark space, whose
first appearance is associated with the work of Stern [14] where a study of
the inversion charge in the semiconductor is carried out, demonstrating that
its barycenter is not anymore close to the oxide-semiconductor surface. We
remember that for a silicon oxide the relation between this capacitance (Cox)
and the thickness (t,x) is given by the expression Cyx=egio,/tox Where egio, is the
dielectric constant (3,9 - 8,85 - 1012 F/m).

Therefore, the analytical methods are too approximated for these nanometric
oxide. We need to use an appropriate extraction method for the oxide extraction.
This is based on comparison between experimental C-V characteristic (Fig. 1.2)
and simulation of a MOS gate stack (Fig. 1.7) by tuning the gate stack theoretical
parameters (metal work function and oxide thickness and doping level of the
semiconductor) in order to reproduce the experimental characteristic. This
simulation is taking properly into account the quantum phenomena occurring
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Figure 1.10: Matching between experimental and simulation (solid

curve of the type in Figure 1.7) to extract EOT, metal effective work

function and semiconductor doping. The voltage range (indicated
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Figure 1.11: Energy band diagrams of a ideal MOS structure at the flat

band condition without any oxide charge (right figure) and non-ideal

with charges and dipole in the oxide (left figure) reproducing the
same Capacitance-Voltage characteristic.

at the oxide/semiconductor interface. The aim is to obtain a matching over a
meaningful voltage range and well known in the literature. We report in Figure
1.10 an example of adjustment between the experiment and simulation that
allows us to identify the value of EOT (t,x) and WF.¢ We notice that for the
experimental C-V characteristic we don’t obtain the capacitance related to the
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substrate inversion for positive voltages contrary to the numerical simulation. As
previously said, this difference is related to the fact that for these measurements
there is no Source and Drain diffusion which would provide a sufficient amount
of minority carriers, able to respond to the AC potential variations applied to the
Gate terminal. This new extraction technique needs to solve self-consistently the
electrostatic equation (Poisson) and Schrodinger equation that calculates, for a
specific potential distribution, the free carrier charge across the gate stack. This
simulation leads to the calculation of the potential drop across the semiconductor
for a given charge: Qs.(Vs). Therefore C-V characteristic, for a specific oxide
capacitance, can be reproduced by using equation 1.2 and setting the proper
material (semiconductor) parameters values: Gate metal, oxide thickness and
doping level of the semiconductor substrate without including any oxide dipole
or fixed charges. The simulation assumes always an ideal MOS stack. Therefore,
the value of the metal work function, used in the simulation, will take into
account the oxide defects (fixed charges and dipole) and their electrostatic effect
over the stack. In Fig. 1.11 we report the associate band diagrams, at the flat
band condition, of the simulation (right side) and the experimental (left side) C-V
characteristics reported in Fig 1.10.

These bands diagrams, representing two different stack, lead to the same
Capacitance-Voltage characteristics which are respectively reported in Fig. 1.10
(black- triangles experimental and red simulation). Even if they look different,
these two band diagrams have the same flat band condition, effective work
function and EOT.

The EOT and effective work function WF¢ are defined as the equivalent oxide
thickness, in terms of SiO, dielectric constant, and metal work function of
an ideal Gate stack that reproduces the same electrical Capacitance-Voltage
characteristic of a real Gate stack, supposing the same semiconductor doping
level and type.

Figure 1.12 reports some examples of gate stack simulations compared with
experimental C-V characteristics. If we consider the electrical structure, that we
want to simulate, it is composed of a metal, oxide and substrate that features
a metal work function (WFy, oxide thickness (t,x) and a semiconductor work
function ¢s.. As previously seen, it is composed by the series of two capacitances:
the dielectric capacitance C,x and the semiconductor capacitance Cg.. Therefore,
if we know the relation between the semiconductor charge Qs (Coulomb) and
its potential drop ¥ (Volts) we can calculate the semiconductors capacitance
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only certain parts of the measurement are reliable (degradation due
to tunnel-type leakage currents), according to C.Leroux et al. [15].

Csc=dQsc /d Wy in order to obtain the total capacitance C,.

The equations 1.2, 1.3 and 1.4 allows us to define in a unique way a C-V
characteristic for a specific gate stack by setting the proper value of its
technological parameters: type of metal (WF,, = WF,;s), the oxide thickness
(tox or EOT) and the type of semiconductor (its work function W F,. and relation
between charge and potential: U,.(Qs.).

If we use Vg, instead of WFs,, Vg, EOT and ¥ (Qs) defines in a unique way
the C-V characteristic from equations 1.2, 1.3 and 1.9. However we notice that
the relationship between these equations is complicate and that is not anymore
possible to extract independently EOT and Vg, with respect to the analytical
methods.

Let us remember that with analytical methods, EOT is extracted from the
maximum capacitance value and then Vg, is extracted from an another relation.
By setting these three parameters (Vg, EOT and Ng), we obtain a unique
C-V curve. Therefore it’s possible to identify, from a given experimental C-V
characteristic, by progressive adjustments, this "hat trick" (Vg,, EOT and Ng.) that
performs a simulation that better matches the experiment as reported in Figs.
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1.10 and 1.12.

Indeed, the EOT plays a fundamental role on the amplitude of the maximum
capacitance whereas the doping level Ni. on the minimum value and Vg on
the lateral shift of Vs. Therefore it’s possible to identify Vg and EOT by
simply fitting the experiments with simulation results (Figs. 1.10 and 1.12).
The procedure can result complicated and with an uncertainty since lowest
time cost (rapidity) is demanded in order to perform statistical analysis over
hundreds of devices. This is why, in CEA-LETT laboratory they proposed a new
extraction methodology that allows to automatically extract Vg, and EOT from
a measured C-V characteristic [16]. The only limitation of this methodology
is to identify from the beginning the semiconductor doping, that we consider
not variable over all the same set of measurements and to identify the voltage
range of the accumulation of the majority carrier for which the measurement
is considered reliable. This methodology starts from a quantum simulation of
relation ¥,.(Q..) for a given substrate and find the proper values of EOT and
Vg, for which simulations fits the experimental C-V characteristic, given by the
relations 1.2, 1.3 and 1.9. In order to take into account most of the semiconductors
based on Silicon technology, C.Leroux proposed to simulate different bars of
semiconductor of N and P-type with constant doping concentrations whose
values are defined between 10cm™ and 102°cm? [13]. These hundreds of
simulations are sufficient to take into account most of the situations of MOS
capacitance with a Silicon substrate. Other works, with respect to C. Leroux
and Charbonnier [13, 16, 17], have been proposed in order to extract EOT
and Vg. Despite these attempts, most propose simply to perform specific
measurement, or design new specific test structures in order to minimize the
parasitic effects on Capacitance-Voltage measurements, but very few on the
extraction of EOT and Vg, for FDSOI transistor from the C-V experimental
characteristic. For instance, the work of SHARP [18] proposed to add in series
a capacitance in order to reduce the leakage current in case of really thin oxide.
According to the present work [18], the insulator capacitance analyzer includes
a capacitance whose dielectric thickness value can be configured in function
of the specific measurement need. The aim is to reduce the leakage effect on
the C-V characteristic of the tested transistor. Interesting is the work of AMD
[19] who proposes an apparatus and method related to a new test structure for
capacitance-voltage (C-V) measurements. This test structure is composed by two
transistors in parallel with specific channel lengths. They propose to solve the
degradation problems, tunneling of carriers from the inversion layer through
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the gate oxide, by reducing the Gate length of each elementary transistor. In the
same context, C.Leroux [20] proposed to work on two different test structures
(capacitance) and to work on different measurements in order to get rid of the
parasitic capacitances. The first test structure is characterized by two parallel
transistors with respectively length L; and width W, for the first transistor T,
and length L, and width W, for the second transistors T,. The second transistor
is a similar test structure but having an inversion of Gate lengths. These are
selected so that (LyW1+LyW3)p,-(LaW1+L1 W3)1, =(L1-L2)(W3-W1)=(Cr,-Cr,), and so
that the surface area difference Sequv between the two devices is nonzero. The
work defines a test structure which uses differences in dimensions of MOS
transistors for cancelling by subtraction the various effects of the parasitic
capacitances and of the imprecision in the surface areas of the transistors. The
only work that really concerns the EOT and Vg, extraction, is presented by the
SSM [21]. Indeed he proposed a analysis method based on numerical algorithm
of capacitance-voltage that aims to automatically extract EOT and Vg, including
quantum effects. This work seems too approximated since he tries to take
into account quantum effects with analytical corrections and without using the
relation ¥4 (Qs) that is obtained by a Poisson Schrodinger simulation.

The aim of these works is not to extract the physical dielectric thickness and
neither the metal work function but to take into account the dielectric coupling
between the metal and semiconductor of a specific technology that we want
to characterize as an ideal MOS stack composed by a metal, an dielectric SiO,
with a well known dielectric constant value of 3,9 - 8,85 - 101> F/m? and a
semiconductor. The silicon-oxide of this MOS Gate stack is considered as ideal
without any fixed charge or dipole at its interface. For a given experimental
C-V characteristic extraction of EOT and WF.¢ means to respectively find the
oxide thickness and metal work function of an ideal MOS that has the main
electrical behavior of the tested structure. With EOT and WF.¢, therefore we
define a common language in order to compare different technologies from
the point of view of these two keys parameters, able to strongly influence the
device electrical behavior. Therefore, these two parameters are considered
more universal than the classical parameters as the threshold voltage Vg, or the
inversion capacitance at a given voltage (CET). Therefore with CET and Vy, it’s
complicated to compare two different technologies, CET is dependent on Vi, and
Vi doesn’t depend only on the Gate stack technology (dielectric and metal) but
also on the substrate and even on its polarization. Moreover, comparing EOT
and WF. of two different technologies allows us to highligh phenomena such
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as dielectric growth or electrical shift with respect to the reference polarization
(charge inside the dielectric, interface dipole, variation of metal work function,
etc...).
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1.6 EOT and WF.¢ extraction issues in case of FDSOI
transistors

Despite the methodology proposed by C.Leroux et al. [13] is and has been
used in a reliable way for standard bulk devices, this isn’t anymore the case
for the FDSOI technology whose typical structure is reported in Fig. 1.13. The
challenge is related to the absence of the flat band voltage Vg, and the associated
depletion-accumulation region. The only available C-V characteristic region is
the inversion as reported in Figure 1.14. A solution has been proposed to adapt
the standard extraction methodology to FDSOI device in order to be reliable and
efficient over any region of the characteristic and therefore also in the inversion
region [17]. The fitting between simulation and experiment allows to identify
EOT and Vg. From the given Vg, it is possible to calculate the effective work
function of the Gate metal stack using equation 1.12.

Gate Bias

)]

Source/Drain
Bias

Zw

Substrate i
(Well)
T e

Body Bias v

Figure 1.13: Schematic of a FDSOI capacitance.

However an hypothesis on the semiconductor doping level has to be made
since a difference between the experimental threshold voltage Vi, that is
fitted, and the Vg, that we want to extract (eq. 1.10), is dependent of the
depletion charge that varies with doping level. Therefore, in the work of
Charbonnier [17] the doping level is considered negligible with a value of
10%cm3. This hypothesis is made for one reason. The FDSOI Gate-to-channel
capacitance Cg doesn’t take into account the depletion charge. Indeed, with a
standard bulk simulation (Figure 1.7), in case of minimum value of doping level
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Figure 1.14: Comparison between MOS and FDSOI C-V characteristics.

(10%cm.3), the depletion capacitance disappears. Therefore, the only observed
capacitance is the inversion and accumulation which looks as a typical FDSOI
Cgc characteristic. Other works, with respect to C. Leroux and Charbonnier [17],
have been proposed. Indeed, in the past, many studies have been dedicated to
develop specific extraction methodologies in order to extract the most relevant
parameters in FDSOI structures. In the FDSOI devices, the silicon channel
thickness plays a fundamental role in the determination of the main electrical
and transport properties of the carriers in the inversion layer. Thus its thickness
extraction becomes more and more interesting for the process engineering
such as the buried oxide thickness. One of the most representative work is
presented by Lim et al. [22] with coupling charge model. In this model front
(respectively back) threshold voltage (V;) characteristics as function of the back
bias Vj (respectively Vi) are analyzed in order to electrically characterize these
structures. In fully depleted devices the width of the depletion region is greater
than channel thickness, so that the film can be completely depleted from the front
to the back interface. Depending of this thickness, the two interfaces are more
or less coupled leading to the interdependence of the front and back threshold
voltages [22]. This coupling between the two interfaces can be used to extract
the channel thickness [23, 24]. In the work of Casse et al. [25],the applicability
of this methodology is presented for very thin film FDSOI transistors. Indeed in
this work it has been proved that for really thin channel thickness the extraction
methodology based on the couple charge model lead to a wrong estimation of
the channel thickness. They demonstrate that this was due to the influence of
the substrate capacitance.

Another main representative work, in the state of the art was presented by
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Jian Chen et al. [26]. Indeed, he proposed a specific C-V measurements
in order to extract the thicnesses FDSOI stack channel and EOT. This is the
Gate-to-Drain-Source capacitance Cgps, or Gate-to-channel Cy, in our case as
previously reported in Fig. 2.16. The principle is to extract the EOT at really
strong inversion (Cpax=cfox/trox) by Neglecting the quantum effects. Whereas the
EOT was extracted at the maximum value of Cgps, the channel thickness was
extracted through the back biasing effect on the capacitance characteristics.
At specific bias condition, he found that the inversion charge onset occurs at
the interface channel-back-oxide. Therefore at this condition while almost all
channel is depleted the capacitance seen during the measurement is the series
of the front-oxide and channel capacitance that is Cgps=Crox//Cenn form which the
extraction of the channel thickness is carried out. Unfortunately this analytical
methodology doesn’t take into account of the quantum phenomena. Indeed,
in case of nanometric thicknesses the inversion layer at the back channel is
no longer negligible compared to the depleted channel region. Afterwards
other works, proposed for the same aim, were based on Capacitance-Voltage
measurements: the split C-V technique in the work of BenAkkez et al. [27], split
C-V with back bias modulation and the Gate-to-Body capacitance presented by
Shin et al. [28] and MOS gated diode (PIN) based methods reported by Navarro et
al.[29, 30]. The aim of all these works was to extract the thicknesses of the FDSOI
and especially the channel thickness. Unfortunately these works are not able to
extract the effective work function WF.s of the FDSOI transistors.

Among these works, we previously mentioned a solution proposed by
Charbonnier et al. [17] which fits the experimental capacitance Cq (response of
the free inversion carriers) with bulk numerical simulations. However, whereas
this solution seems to allow us to identify EOT and WF., this methodology hides
difficulties related to the complexity of the FDSOI structure with respect of the
standard bulk transistors. Whereas, for standard bulk transistors, the threshold
voltage Vy, depends only on the semiconductor doping level, metal work function
and oxide thickness, for FDSOI transistors the relation between Vg, and the FDSOI
stack physical parameters is more complex. We remember that the SOI substrate
is composed by channel materials stacked on a buried oxide and substrate well
layers as reported in Fig. 1.13 which is more complex than the standard bulk
substrate composed only by a semiconductor material. The physical parameters
of each FDSOI stack layer will affect the threshold voltage.

In a recent work [31], we show, for FDSOI transistors, how can be tedious and
difficult the extraction of WF¢ by only fitting the inversion capacitance Cg
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Figure 1.15: Cgc versus Vgg characteristics for two FDSOI devices with
a N-well at V=0V (in red) and with a P-well at Vg=0V and -1V (in black
with big and small circles).

and therefore the threshold voltage V; with numerical simulation. Indeed, in
Figure 1.15 we report the experimental characteristics for two N-MOS FDSOI
transistors featuring the same Gate stack (same EOT and WFeff), same channel
and buried oxide thicknesses but different substrate (well) types. The standard
N-MOS transistor is characterized by a P-type well (in black-circles line) from
which the variation of V; are calculated. As we can observe, changing the Well
doping type (in red) or applying a back Vg=-1V (in black dashed line) induces
respectively a shift of the threshold voltage of -115mV and 130mV with respect to
the reference architecture (Standard N-MOS in black line). The solution proposed
by Charbonnier et al. [17], will lead to 3 different effective work function which is
not a good result since both transistors has the same Gate stack and therefore EOT
and WF.¢. Therefore, the extraction of WF¢ should be independent of well-type
or back bias. The proper identification of effective work function WF¢ needs
the exact values of the different physical parameters of FDSOI stack. This is not
possible with the standard bulk numerical simulation proposed by Charbonnier
since the measured C-V characteristic doesn’t seem unique for the same Gate
stack.

The EOT and WF.¢ extraction from the C-V curves faces different obstacles with
SOI substrate that are threefold:
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* The missing flat band condition and accumulation regime on the C-V
characteristics.

* The complex dependence of Vy, with the FDSOI stack parameters.

* The necessity to extract the proper physical parameter values of each FDSOI
stack layer.

As explained in the previous section, the impact of EOT and WF¢ is fundamental
for the bulk technology, in terms of electrical performance. Their extraction is
important also for the FDSOI technology. Therefore, the aim of the thesis will be
to find new electrical methodologies, based on C-V measurements, in order to
extract in reliable and fast way the effective work function and the equivalent
oxide thickness, including all the thicknesses of the stack, for thin film FDSOI
technology.

Due the huge structural discrepancy between FDSOI and bulk, in next chapter
we will introduce the FDSOI technology in terms of geometric structure, we
will calculate the electrostatic relations and also the capacitance relations.
Moreover, a part of the next chapter will be dedicated to numerical simulations.
we will show how to calculate band diagrams, the charge distribution and
the electrostatic profile of a specific FDSOI transistor under specific voltage
conditions.
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1.7 Conclusion

In conclusion, the basic principles of a MOS capacitor have been explored.
Three main regimes (accumulation, depletion, and inversion) are evidenced and
described during C-V measurements.

Impact of Dipole and fixed charges are seen as a possible mechanism in order to
tune the electrical performance parameters of the MOS transistors (Vi).

WF and EOT have been introduced as a common language in order to compare
different technologies. Specifically, WF¢ takes into account the impact of dipoles
and fixed charges induced by process and EOT the innovative technologies
(high-k) replacing the reference SiO2 dielectric.

Most of the FDSOI or bulk performance parameters are strongly influenced by
the equivalent oxide thickness (EOT) and the effective work function (WFg).

We have seen that traditional C-V characteristics techniques, in order to extract
EOT and WF are adequate for the standard bulk technology but are no longer
fitted for FDSOI technology.

New extraction methodology are necessary for FDSOI technology in order to
extract WFqs and EOT.
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Chapter 2

FDSOI Electrostatic Modeling and
Simulation

2.1 Introduction

We saw in the previous chapter that Capacitance-Voltage measurements are used
in order to extract EOT and WF.. In case of standard bulk technology, the
extraction of these technological parameters are carried out using two main
equations which are taking into account the physical phenomena occurring
across the transistor stack during C-V measurement. These are the Gate voltage
relation,

WFm WFSC ScC
VG = - + l:[lsc + Q (2.1)
q q Cox
and the Gate capacitance relation,
1 oV ) I 1 1 00
— =1 - = +—=—= — (2.2)
Cg ( a628(3 CYOX CYSC CVOX aC)SC

Therefore the experimental C-V characteristic of a specific Gate stack transistor
can be predicted using equations 2.1 and 2.2. This prediction is carried out
through analytical estimation of the semiconductor electrostatic behavior which
is identified as the relation between its charge Qs. and surface potential Wg.
Indeed, equation 2.1 represents the relationship between the experimental
voltage applied at the Gate terminal (Vg) and the physical parameters of the
Gate stack layers which are defined in the analytical model. This relationship is
fundamental in order to carry out the extraction of the transistor technological
parameters which passes through the electrostatic modelling of the gate stack
behavior.
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The huge discrepancy, in terms of design structure, between FDSOI (Fig. 2.1)
and the standard bulk technology puts in doubt the validity of the previous
relationships (eqgs. 2.1 and 2.2) for FDSOI transistors. Therefore in this chapter,
Capacitance and Voltage relationships for the FDSOI technology are investigated
and obtained through a band diagram analysis. The aim is to find the relations
between the experimental Voltage and Capacitance and the relative physical
parameters of the FDSOI stack.

Moreover, in the second part of this chapter, a numerical simulation, will be
proposed in order to predict the FDSOI electrostatic behavior. This numerical
simulation resolves Poisson and Schrodinger equations in a self-consistent way
and should allow to better understand the electrostatics of FDSOI structure.

The analytical FDSOI Capacitance-Voltage relationships and the numerical
predictive model will lead to understand the electrostatic behavior of the FDSOI
transistor but also help to find new methodologies in order to extract the FDSOI
technological parameters in the next Chapters. Before to face this analysis,
an introduction of the FDSOI technology is proposed with special focus on the
description of its structure.
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2.2 Fully depleted FDSOI Capacitance and Voltage
Relationships

2.2.1 Introduction to FDSOI technology

The Fully Depleted Silicon thin films technology On Insulator (FDSOI) [1] is one
of the major candidates for the future applications. Indeed, its unique and
compelling architecture, the SOI substrate, leads to a great improvement of
electrostatic behavior and advantage compared to the standard bulk technology
[2]. Historically, the SOI substrate has been introduced for spatial application [3],
since it showed a higher resistance to the ionizing rays with respect to the silicon
substrate. But afterwards the SOI substrate has been employed in different
technology applications due to its clear advantages with respect to the substrate
technology, that are:

1. BOX (buried oxide): the presence of BOX (Fig. 2.1) leads to a total isolation
of the device. There’s no current flow coming from the substrate related
to other adjacent device whereas this is the case for bulk transistors. The
phenomena such as the latch up, well explained in the work of Hargrove et
al. [4], is completely absent in case of FDSOL.

2. Electrostatic control: Due to the steeper Source and Drain junctions [5,
6] and smaller depletion region is fixed by the presence of the buried
oxide. Moreover the not-doped channel leads to less variability of the
technological parameters such as Vy,.

3. Fixed depletion region: a smaller depletion region leads as well to a
smaller transversal electric field which means a better mobility of the free
carriers in the channel and consequently an improvement of the current in
saturation regime.

Fig. 2.1 reports on a typical structure of a fully depleted FDSOI MOSFET. As the
traditional bulk devices, FDSOI is a four-terminal device: Gate, Source, Drain and
Body. The Gate terminal is used to create an inversion charge whose carriers are
supplied by Source and Drain wells whereas a drop voltage between the Source
and Drain terminals induces a field-effect current. Finally, the Body terminal
can be used, in parallel to the Gate terminal, in order to modulate and shift
the channel charge and therefore affecting the Source-Drain current. The Body
biasing is very limited when used in the bulk technology due to the parasitic
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Figure 2.1: a) FDSOI device under biasing (field-effect); b) FDSOI stack
under biasing.

current leakage coming from the substrate whereas the FDSOI technology is
more efficient due to the presence of the Buried oxide. Moreover, as reported
in Fig. 2.1 a (x direction) and b, the presence of a buried oxide (silicon on
Insulator SOI) splits the standard bulk substrate in two independent systems
(semiconductors): the channel, intentionally not doped and the well. The FDSOI
structure is simply an evolution from the standard bulk CMOS process. The
FDSOI Gate stack, like the normal bulk transistor, is always a multiple layer
structure, composed by the metal, dielectric oxide and channel, whereas Source
and Drain are simply ohmic contacts with strongly doped wells (n-type for N-MOS
and p-type for P-MOS). The length of the Gate, L; in Figure 2.1 a (z direction), is
the distance between the Source and Drain terminals whereas the length of the
box between the two shallow trench isolations (STI) is L,. The width W is the
extension of the transistor, in direction perpendicular to the cross section of Fig.
2.1 a.

2.2.2 Vg and Vg voltage relationship in fully depleted FDSOI

The standard Capacitance-Voltage measurements [7] are the main techniques
used to determine the electrical properties of bulk and but also of the
FDSOI transistors. During these measurements voltages are applied on these
four-terminal devices. Four potentials are defined, depending on the terminals:
the Gate voltage Vg, the Source and Drain voltages Vs and Vp and finally the
Body voltage Vj (see Fig. 2.1 a). The relationship between these voltages and the
physical FDSOI stack parameters will be investigated on the FDSOI transistor. We



2.2. Fully depleted FDSOI Capacitance and Voltage Relationships 43

remember that the C-V measurements, differently from the current-voltage (I-V)
measurements are always performed with Vg and Vg at the same potential. Short
channel effect (SCE) phenomena, typical of the Drain current measurements,
such as Drain induced barrier lowering (DIBL), surface scattering, velocity
saturation, impact ionization and hot electron effects [8] are not present during
C-V measurements. This leads to consider the channel and the substrate charge
uniformly distributed along L;, L, and W (uniform in all the surface W*L).

Therefore, for a complete electrostatic description of FDSOI device, a 1-D in-plane
cross section, taken from the 2-D structure, as shown in fig. 2.1 a and b, is
sufficient. In these configurations, the FDSOI Source and Drain contacts are
grounded, the Gate terminal is biased at Vg potential and finally the Body
terminal at Vg potential. The purpose is to find the relation between the Vg and
V3 potentials and the relative potential drops across the FDSOI stack (Fig. 2.1.h),
including the physical parameters. Vi, Uen , Vhox and Wye are respectively the
potential drops across the front-oxide, channel, back-oxide (or buried oxide) and
well substrate.

This relationship between V; and Vy depends on the electrical interaction
between the different layers composing the FDSOI stack. The energies bands of
the different layers are reported in Fig. 2.2 respectively to the vacuum Energy
level (E,). WF,, and Eg, are the metal work function and Fermi energy level of the
metal. Xrx, Xen, Xpoxs Xwen are the electron affinities of the front-oxide, channel,
back-oxide and Well layers and Egfox, Egch, Egnox, Egw are the corresponding energy
gaps. Finally, E¢y and Eqy are the Fermi energy levels of the channel and well
layers.

In case of fully-depleted FDSOI, due to the low channel doping level and
nanometric channel thickness (ts), the channel is always fully depleted. This
occurs when t;<2Xgep max, as reported in the work of Hyung-Kyu Lim and J.
G. Fossum [9], where Xgep max 1S the maximum depletion region in the channel.
The condition comes out from possibility of a simultaneous appearance of this
depletion region from the back and front interface oxide-channel due to the
interaction between the metal-channel and the metal-well systems. Therefore
direct and correlated interaction between metal and well system occurs. The
electrical interaction between the layers causes a band bending of all the entire
system as reported in Fig. 2.3. The applied voltages Vi and Vg induce respectively
a difference of the Fermi energy levels between channel and metal systems and
channel and well systems. Specifically, the relation between Vs and Vg and the
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Figure 2.2: Energies band diagrams of the FDSOI stack layers before
interaction: Metal, front oxide, back oxide and Well substrate.
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Figure 2.3: Band Energies after interaction.
Fermi energy of the metal, channel and well systems are
Etnhn — F
Ve = —fch — Zim (2.3)
q
and 5 5
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where q is the electron charge. The channel Fermi energy is fixed and it is
the reference energy level of the electrons in the entire system. From the
band diagrams of Fig. 2.3, we can easily determine the electrostatic relation
between these potential differences and the potential drops across the FDSOI
stack. Indeed, from equations 2.3 and 2.4, since we have

Etw — Enm

Ve—Vp = — (2.5)

we can find that

W Fem

Ve — Vg — (2.6)

X Ew-—F
+Vfox+qjch+vbox+\PWell_< qW+ W fW>

q

The last term in bracket, of the equation 2.6, is known as the well work function
potential. It is defined in the neutral N-type well region (zw). It is reported in
Fig. 2.3 and is defined as the difference between the vacuum energy E, and well
Fermi energy Egy. It can also be related to well doping level Ny using Boltzmann
law, leading to

Pw =

F X Eow—FE X N
Whw _ Xw  Eew—FEw _ W_ng( dW) @.7)
q q q q

C

whereas for P-type well, it becomes

ow =

v

_ — E
)(;]W n (EcW EvW) —(; (EVW EWV) _ ‘)(qw + zw + KTlg (NGW> (28)

Naw and Ngw are the well doping concentration level for acceptor (P-type) and
donor (N-type) and Ny, and N, are the 3-D effective densities of states for the
conduction and valence bands. Finally K and T are the Boltzmann constant and
the temperature expressed in Kelvin. By defining the difference between the
metal and well work function potential as

WFfm
q

Pmw = — dw (2.9)

we obtain from equation 2.6:

VG - VB = CbmW + Vfox + \I[ch + Vbox + \IjWell (210)
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where the channel potential drop is

Ve = Uen(2s) — Yen(2r) (2.11)
and the well potential drop

Uy = Uw(zp) — Tw(zw). (2.12)

As reported in Fig. 2.4, in the equation 2.10, Vg and Vi, can be related to the
charges in the channel, well and metal (Q.,, Qw and Qy,) with:

*F

Qecn = p(z)dz (2.13)
b /
AW

Qw = p(z)dz (2.14)
W /

where p(z) = q(p(z) — n(2) + Nq(z) — Na(2)) is the carrier concentrations across
the FDSOI stack. p(z) and n(z) are the free carriers densities and Nq(z) and N,(z)
are the doping concentrations along z direction.

E

---- Gauss surface ---- Gauss surface

® test electron e ® test electron e

Zg Zs Zg Zg Zy Zo Zs Zg Zg Zw

a) b)
Figure 2.4: Band Energies with the relatives charge across the FDSOI
stack after interaction.

The total charge of FDSOI system is neutral, that means

Qm + CQch + QW =0 (2.15)
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The calculation of Vg and Vi can be calculated through Gauss law since
these potentials are related to the electric fields induced by the charges of the
FDSOI system. Indeed we can calculate the electric field in the front-oxide and
back-oxide using Gauss law. We remember that in case of an infinite plane sheet
of charge, the field is independent of the distance from the sheet. This result
is valid also for two infinite plane sheets of opposite charges separated by a
distance d. It is the case of a parallel plate capacitor. The electric field between
these two infinite plates is independent of the position between them (0<x<d)
and perpendicular to the plate. An ’infinite’ plate is an idealization. Indeed in
real parallel plate capacitors, the plate has a finite dimension and Surface (S=L-
W). However, the result of constant and perpendicular electric field holds as long
as the distance between the two plates (d) is lower with respect to the dimension
of the plates itself (L. and W). These assumptions are valid also for the electric
field of the front oxide (Ef,x) and back-oxide (Eyp.y) in z direction as reported in
Fig. 2.4 a and b.

Indeed in the FDSOI transistor, the parallel plates are respectively the metal,
channel and well material which are separated by a distance tg,x (between metal
and channel) and t,x (between channel and well). The dimension of these
surface "plates" (L;, L, and W ~ 10 micrometers)) which are perpendicular to
z direction are high compared to distance between them (tgx~ 1-3 nm and tyox~
20nm) Therefore, the assumption of constant electric fields independent of z in
the front and back oxide regions is valid. These front and back-oxide electric
fields can be calculated by selecting appropriate Gauss surfaces (1% A and B in fig.
2.4 aand C and D in fig. 2" b). An electron placed in the back-oxide, as reported
in Fig. 2.4 a, will feel the effect of two main electric fields (A and B surfaces).
Therefore the back-oxide electric field is sum of these two contributions, that
are:

Fypey = 22 2.16)
€hox
and Oun+ O
Eapox = —% 2.17)
€hox

Since Qw = —Qm — Qcn (equation 2.15), from equations 2.16 and 2.17 we find that

Qw

€box

Ebox = Elbox + EZbox = (2-18)

An electron test charge placed in the front-oxide conduction band, as reported in
Fig. 2.4 b, will feel as well the effect of two main electric fields (C and D surfaces)
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that are: 0 0
- +
Fipoy = < (2.19)
26fox
and 0
Eogox = — oo (2.20)
2€fox

Since Qm = —Qw — Qcn, We find that the total electric field, in this region, is given

by
QW + Qch

€box

ijox = Elfox + EZfox - (221)

From these electric fields (equations 2.18 and 2.21), we can easily obtain the
relative potential drops as

*B *B
Viox = _/ Fpoxdz = — Qw dz = _Q_Wtbox = - ALl (2.22)
2p zp  €box €box Chox
and
ZS S
Viox = _/ Erox dz = _/ Mdz — _Mtﬂ)x — _Qw + Qen (2.23)
20 20 €fox €fox Cox

where tpox and trox , Chox = ?gﬂ and Cx = zﬂ are respectively the back and
0X 0X

front-oxide thickness and capacitance. From equations 2.22, 2.23 and 2.10 we
obtain the final relation for the front, that is

+
QW Qch +\chh_ QW

Vg— Vg = -
¢ B ¢mW Cfox Cbox

+ Uwen (2.24)

By simply changing the sign of equation 2.24 and replacing Q,, with -Qn-Q., we
obtain the relation for back side, that is
Qm i Qm + Qch

Ve =V =¢wm — 5— — ¥

" (2.25)
Cfox h Cbox well

where ¢Wm = ¢W - ¢m

The relations 2.24 and 2.25 are not totally different from the standard MOS
relation. From these equations, by defining an equivalent potential substrate
as

\Ijsc:\ljch_ C,QW

+ Wwen (2.26)

box

and an equivalent substrate (or total) charge as

Qsc = Qw + Qcn (2.27)
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Figure 2.5: Band Energies after interaction for a MOS and FDSOI
transistor.

we obtain that

Qsc
C(fox

This is the typical MOS electrostatic relation as reported in Fig. 2.5 b, where
structure and band diagrams are shown with respect to the FDSOI device (Fig.
2.5 a). Despite this illusory similarity, significant difference are observed that
are

Vo=V = ¢mw — + Use (2.28)

* U, for standard MOS transistor is simply the semiconductor potential drop
whereas for FDSOI transistors (eq. 2.26) represents the sum of the all
potential drops across the FDSOI stack (¥ cn+VyoxtWwen)-



50 Chapter 2. FDSOI Electrostatic Modeling and Simulation

* Q. for standard MOS transistor is the total semiconductor charge whereas
for FDSOI transistors (eq. 2.26) is the sum of the well and channel charges.

* The impact of Vy on the charge versus Vs characteristic (Fig. 1.8) is different
for bulk and FDSOI transistor: in case of bulk we have a simple shift
Qsc(Vgs,VB)=Qsc(Vgs-Vg) whereas in case of FDSOI transistor we have that
QSC(VGS:VB)#QSC(VGS_VB)-

We can conclude that the relation between the experimental Vi and the physical
parameters of the FDSOI transistor stack (eq. 2.24) is more complicated than
the standard bulk relation (eq. 2.1). This is due to the dependence of Vg
with multiple physical parameters associated to the channel, buried oxide and
substrate well. Therefore the extraction of EOT and WF has to take into account
these dependencies and the proper physical parameters values of all the FDSOI
stack layers.

2.2.3 FDSOI Capacitance relationship

From the voltages relations (eqs. 2.24 and 2.25) previously obtained we can
easily calculate the capacitance relations and therefore find the dependence
of the experimental capacitance with the physical parameters of the FDSOI
stack. As previously observed, the capacitance relationship for a traditional
MOS transistor is obtained through the definition of the total capacitance with
respect to the Gate voltage and therefore the variation of the substrate charge
with respect of the Gate Voltage (dVg/Qs.). Compared to the standard MOS
transistors, the presence of the buried oxide plays a fundamental role, not
only on the relation ¥ (Qs), but as well on the capacitance characteristics
of the FDSOI devices since Cg is affected. The presence of the buried oxide
splits the substrate system in two systems, channel and well. Therefore, it is
more interesting to define capacitances with respect to the channel and well
charges than all the system charge (Qsc=Qcn+Qwen). The aim of this chapter
is to define from an analytical point of view, the expression of the different
accessible capacitances of a FDSOI device without explaining how the associate
experimental measurements are practically carried out.

We have seen that, for the traditional MOS transistors, the gate capacitance is
defined as Cz=-0 Qsc/0Vs. From this definition and eq. 2.1 we obtain the bulk
capacitance relation defined with respect to the Gate potential (eq. 2.2). Now,
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in a MOS transistor, the electrostatic condition of Vg at specific potential and
V=0V is the same of having V=0 and V=-V;. We remember that at this specific
electrostatic condition we have Qs.=-Qn Where Qy, is the metal charge. Therefore
if we define the body capacitance Cy as -0 Qn/0Vy which is defined with respect
to the Body potential, we can easily prove that the Body capacitance is identical
to the Gate capacitance. Indeed we have

1 Ve ' ave\ ' 1

Co (‘a@m> - (‘a@sc) e @29
Therefore, in the traditional MOS transistors, defining the capacitances with
respect to the Gate and Body potentials leads to the same capacitance relation
(eq. 2.2). Contrary to the bulk transistor, this is not longer true for FDSOI
devices, whose structure is characterized by 3 electrodes (metal, channel and
substrate) and 2 dielectrics (FOX and BOX), The effects of V; and Vg on the FDSOI
stack charges is different and depend on the stack technological parameters
such as BOX and FOX thicknesses and therefore their capacitances. The FDSOI
capacitances will depend, during the C-V measurement, on the applied voltage
(Vg or Vp).

From the relations 2.24 and 2.25, we can calculate different capacitances
associated to the relative FDSOI stack charges related to the separated well and
channel material layers. These capacitances are defined with respect to the
variation of the Gate potential (Vg=Vg static V(1)) or with respect to the variation
of the back-Gate (or Body) potential (Vg=Vp static tVp(1)). The capacitances defined
with respect to the Gate voltage are called as "front" capacitances, whereas
the capacitances defined with respect to the Body voltage are called as "back"
capacitances. Two "front" capacitances can be identified. The first "front"
capacitance is the Gate-to-channel capacitance, experimentally introduced by
Yuan et al. [10]. It is defined as the variation of the channel charge with respect
to the Gate voltage whose relation is

9Qa(Ve. V)

Cgc(VGy VB) = Ve

(2.30)
Another definable "front" capacitance is the Gate-to-Body capacitance, whose
first appearance is reported in the work of Shin et al. [11]. It is defined as
the variation of the well charge with respect of the Gate voltage, which can be
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formulated in the following way:

_0Qw(Ve, V)

Cgb(VG7 VB) = 8‘/(}

(2.31)
The relation between these "front" capacitances (Cg and Cg,) and the front-oxide,
channel, back-oxide and Well capacitances can be easily derived by calculating
the derivative of 2.24 with respect to Q., and Qw charges.

From 2.24 we find that the derivative with respect to Q., including multiplication
by -1 of both side of the equation, is

Ve _0Qw 1 0Qm 1 W 0Qw 1 0¥wa

_ — — (2.32)
anh anh Cfox anh C(fox anh anh Cbox anh
and by defining the channel capacitance as
1 OV en
= — (2.33)
Cch anh
, the well capacitance as
1 OVwen
- _ (2.34)
C'well 0Qw

and the new parameter o, which relates the variation of the well charge with
respect to the variation of channel charge, as

C0Qw [9Qm\ " 9Qw
T v (avG) = 90 (2.35)

equation 2.32 becomes

1 1 1 1 1 1
h

C(gc B Cfox Cc Cfox C’box CWell

For what concerns the Gate-to-Body capacitance, we know that, from equations
2.30 and 2.31, Cgp, = « - Cgc. Therefore from equation 2.36 we obtain

1 1 1 1 1 1 1 1
= = + + +a + (2.37)
Cgb ch e Ctox  Chox  Cwen (Cfox Och)

Due to the particular and compelling structure, in a FDSOI device, we can access
to two others capacitances: the "back" capacitances which are defined with
respect to the Body voltage (Vg=V3 statict Vb (1)). The first, the Back-Gate-to-Channel
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capacitance, is defined as the variation of the channel charge with respect to the

Body voltage, that is

 9Qan(Ve, V)
OV

and second, the Back-Gate-to-Gate (or Body-to-Gate) capacitance, is defined as the

variation of the metal charge always with respect to the Body Voltage, that is

Cre(Ve, V) = (2.38)

| 9Qu(Ve. Vi)

Crg(Ve,VB) = Vs

(2.39)
As previously done, we can find the relation between these capacitances and the
FDSOI stack capacitances, by calculating the derivative of the equation 2.25 with
respect to the channel and metal charges and including multiplication by -1 of
both side of the equation. Indeed, we find that

8VB _ an 1 a\chh 8Qch 1 an 1 +a\IjWell

_ _ (2.40)
anh anh Ofox anh ac2ch Obox anh Cbox anh

By defining the new parameter 3, which relates the variation of the metal charge
with respect to the variation of channel charge, as

_ 0Qm (aczch)‘l _ 0Qn

T 9Ve \ OV "~ 9Qen (2.41)

B

and considering equations 2.34, 2.35) and that channel capacitance is defined as
eq. 2.33 but with positive sign, we obtain

L 1 +6<1 1>+—a (2.42)

+ +
C(bc C(ch Obox Cfox Cbox C(Well

From 2.42, since Cpg = (3 - Cye, We can easily calculate the Back-Gate-to-Gate
capacitance as

X
! ! ﬂ'1<i+ ! ) ! L 9P (2.43)

= = o
Cpg  Chef Cen Chox Ctrox  Cpox  Cwen

These capacitance relations can be summarized in matrix form as

Cgc™? l+a 1 a a Crox "
Cop~t 1 -1 -1 1 1 Con !

gb | = o« N X (2.44)
Che™ B 1 1+ 4 —« Chox

Cpg ™" 1 gt 1+ —ap! Cwen
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We remember that Cy is defined as -0Qq/0¥¢, for the "front" capacitances
relationships whereas for the "back" capacitances relationships it is defined as
+0Qcen/0Wey. This difference in sign is related to the definition of the channel
potential drop in equation 2.11. A positive variation of the Gate voltage will
induce a positive variation of the channel potential whereas a positive variation
of the Body voltage will induce a negative variation. In fig.2.6, we report the
schemes of these capacitances. As we can notice we can relate the front (Cy. and

-1 -1
a " Cwen Cen —a "Cwen

Cch
O | | [ | O | I [ | I

(a + 1)_1cfox “_1Cbox ﬁ_lcfox (B + 1)_1Cbox
a) 19)
acch CWell Bcch _a_IBCWell
\ \ ‘
e | o | o | TR | R | |y | A
(a_l + 1)_1cfox Cbox \ chX (1 + B_l)_lcbox

b) d

Figure 2.6: Schemes related to the FDSOI device stack capacitance, of
a) Cgc b.) Cgb C) Che d) Cbg

Cgp) and back capacitances (Cp. and Cpg) with the FDSOI stack capacitance (Croy,
Cens Cpox, Cwen) With only two parameters that are « and 3. These parameters
are new compared to the standard bulk transistor since the FDSOI transistors
feature two separated material layer that are well and channel whose charge
depends on the applied voltages Vg and Vg Therefore, « and 5 parameters are
fundamentals in order to understand the behavior of the FDSOI charges (metal,
channel and well) and therefore the electrostatic behavior of the FDSOI stack
(operation regime) during Capacitance-Voltage measurement. These capacitance
expressions are reported for the first time and they will be used in detail in the
next chapters in order to propose new extraction methodology for FDSOI stack
during C-V measurement. Moreover, these capacitance expressions are similar
to the capacitance relationship of the standard bulk transistor capacitance (see
eq. 2.2).
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2.3 FDSOI numerical simulation

2.3.1 Introduction

The relations between the capacitances, calculated in 2.44, are complex and
correlated. These are controlled by the variation of the metal, channel and
well charges with respect to the variation of Vi and Vg voltages. The direct
relations between Qn,, Q. and Qwen With their relative potential drops ¥, and
Uy, are not known analytically and these are the solutions of more complex
numerical simulations, based on Poisson-Schrodinger formalism (PS). These are
performed by NUMERICAD simulator (UTOXPP [12]). The calculated well and
channel charge with their relative potential drops will be used in order to
calculate the associated FDSOI capacitances. Therefore in this paragraph we
will describe how to perform these simulations and how the concentrations
of the channel and well charge along z direction, with the associated Cg and
Cgp capacitances, are calculated at specific Vg and Vy potentials conditions,
by showing some numerical results obtained in this work. These numerical
simulation will allow to understand the electrostatic behavior of the FDSOI
device during C-V measurement.

The intensive downscaling of CMOS transistor, aiming to improve device
performance, cost of production and energy, leads to FDSOI channel (tq),
front-oxide (tsx) and back-oxide (tpox) thicknesses of very few nanometers.
Mechanisms such as Quantum confinement [13, 14] and wave function
penetration [15], typical of the dual particle-wave nature of the electrons, become
more and more important with the decrease of these thicknesses. The analytical
model proposed by Hyung-Kyu Lim and ]J. G. Fossum [9] is not longer sufficient
with such nanometric thicknesses, since the dark space (1.1nm in terms of Si
dielectric) is in the range of channel and oxide thickness (6-10 nm and 1 nm).
Moreover a distinction of two independent charges (front and back channel) is
no longer possible with such nanometric channel thickness since the channel
can be filled entirely by free carriers. Therefore quantum effect has to be taken
into account in order to predict the real electrostatic behavior and distribution
charge [16, 17]. A classical description of the carrier concentration, based on
Boltzmann formalism, is not sufficient anymore to get a real distribution of
the charge in the channel and well regions. For an accurate description of the
electron behavior and therefore charge distribution, Schrodinger and Poisson
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equations have to be solved self-consistently [18]. This means that from an ab
intio electrostatic potential distribution, calculated within classical formalism,
the Schrodinger equation calculates the charge distribution across the FDSOI
stack. This charge distribution is given to Poisson equation that calculates the
new potential electrostatic distribution. These are solved self-consistently, as
formerly said, until convergence condition is satisfied. The scheme is reported
in fig. 2.7.

Start with initial potential

properties

Solve Schrodinger’s equation

and wave functions ¥; ,(z)

Calculate the
charge density

p(2) & |, (2)| *

distribution @(z) and material T Eigen energies EZ; ,(z)

Solution
found

?(2), p(z)

Solve Poisson equation with
the calculate charge @(z)

Figure 2.7: Flow chart of the Poisson-Schrodinger self-consistent
solution.

2.3.2 1-D Poisson-Schrodinger Equation

As reported in Fig. 2.7, the Poisson law is a differential equation of the second
order with two potential boundary conditions (Vg static, VBstatic): 1he FDSOI
electrostatic potential distribution is the result of a typical Dirichlet problem, that
can be formulated as

ACIAEEEE
¢(ZO) = VG static — Omw
¢(ZW) = VB static

The equations 2.24 and 2.25, previously found, and the Dirichlet problem in
eq. 2.45 are relations obtained from Gauss law related to this Poisson equation.
From the potential distribution calculated by equation system 2.45 and within

the effective mass approximation, for a particle of mass m under a potential
energy qo(z), the charge distribution is obtained with the 1-D dimensional time

(2.45)
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independent Schrodinger equation (fig.2.7), that is given by:

,

—B 2 L2 ) iy(2) + 4d(2)tin(2) = By (2)tin(2)

{ Yiv(21) =0 (2.46)
wi,v(22) =0

\21 < (¢1,v(z),Ei,v(2),¢(Z)) < 22

where m is the effective mass, 7 = % is the Planck constant, v, is the
Ve
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Figure 2.8: a) FDSOI device with in-plane cross section (xq) for 1-D
numerical simulation. b) Cross section Xy, with definition of the
classical and quantum regions along z direction.

wave function of the v-th sub-band of i-th band of Silicon material. As we can
observed, for the Schrodinger equation, as imposed by the boundary conditions,
the particle wave-function has to be zero in two specific positions of the FDSOI
stack, that means zero probability to find a particle in those positions. These
conditions are dependent on the formalism, Boltzmann or Schrodinger, used in
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order to calculate the charge in the FDSOI stack. As shown in fig. 2.8, the free
carrier density is calculated using PS formalism just in specific regions of the
FDSOI stack (the entire channel and part of the well substrate) which includes
oxide/semiconductors interfaces. The complementary zones are within classical
formalism based on Boltzmann law.

With the purpose of including electron and hole wave function penetration,
the PS formalism is also solved in complementary zones as the front-oxide and
back-oxide (Fig. 2.8). This means to have, for the first region (channel),

Yinlss") =0 (2.47)
wi,V(ZF*) =0

and for the second region (well),
Yivles?) =0 (2.48)
wi,v<ZW*) =0

The Poisson-Schrodinger equations are discretized along z direction using
second order derivative discretization [19]. From the obtained discretized
Schrodinger equation, we can calculate the energy eigenvalues (F;,) and the
wave function (¢;) from which we can calculate the free density charge (fig.2.7),
(of electrons in this case) as

() = 3 g ol (1 + ) [iv(2)] (2.49)

1,v

where m",, is the in-plane effective mass of the v-th band and ¢, is the
corresponding sub-band degeneracy for the Silicon conduction band (Table 2.1).
The same can be calculated for holes p(z),

mY x —(Ep—E*; )
p(z) =) #gh JksTln (1 Le RBT ) Wiv(2)]? (2.50)

&0

where m";,, is the in-plane effective mass of the v-th band and g, is the
corresponding sub-band degeneracy for the Silicon valence band (Table 2.2).

From p(z) and n(z) therefore we can calculate the total charge distribution as

p(z) = q- (p(2) = n(2) + Na(z) — Na(2)) 2.51)
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Table 2.1: Silicon masses for calculation of free density charge n(z).
A value of electron longitudinal and transverse mass of 0.916mg, and
0.190m, are used [20].

Conduction  Degeneracy Effective masses m; In-plane effective masses

Band Ellipsoid [electron mass mg] m,, [electron mass my]
kx 2 0.19 0.418
ky 2 0.19 0.418
ky 2 0.916 0.19

Table 2.2: Silicon masses for calculation of free density charge p(z).
A detailed description of the hole masses can be found in the book of
Bhattacharya [20].

Valence Band Degeneracy Effective massesm? In-plane effective masses

[electron mass mg] Mgy [€lectron mass my)
HH 1 0.277 2.5
LH 1 0.201 0.151
SO 1 0.233 0.233

where n(z) and p(z) are defined within quantum formalism (equations 2.49 and
2.50) for 2s* < z > zp* and z* < z > 2w* and classically for the complementary
regions

ad(2) “Egw—49(2)

n(z) = Ne-e™” Ap(z) = Ny-e BT for sw* <z > 2w

(2.52)
n(z)=p(z)=0 for z¢<z>25"Uzp*<z> 25"

Nc¢ and Ny are the 3-D effective density of state for the conduction and valence
band of a Silicon semiconductor [21] in the well region. From the calculated
total densities of charge (2.52) we can finally obtain the channel, well and metal
charges using equations 2.13 and 2.14 with the only difference that the integrals
are evaluated between zs* and z¢* for the channel charge and 25* and zy for the
well charge (wave function penetration). From these charges, we can obtain
the voltage drops across the front-oxide using equations 2.23 and 2.22 Using
these relations, we assume that the penetrating charge is located at the interface
front-oxide-channel (ideal case) but this is not true. However, the impact of
the charge penetration is not important in the determination of the maximum
capacitance and Gate voltage. Indeed, the total charge can be seen as the sum
of the penetration charge and not penetrating one. We remember that the



60 Chapter 2. FDSOI Electrostatic Modeling and Simulation

penetrating charge is only inside the front-oxide whereas the not penetrating
charge is the integral of the density of charge from the interface front-oxide to
the well neutral region (across all the FDSOI stack in z direction). Indeed we find
out that the voltage drop at the front-oxide can be affected since the penetrating
charge see a dielectric thickness lower than the not penetrating charge. Indeed
we find that

Qecn + Qu Qchp Qen + Qu « Qenp

Vi = — T
fox Cfo:p Cfox fox € for fox € fon

(2.53)

where Qg p is the channel charge penetrating in the oxide, Q. +Qw is the total
charge not penetrating and tg,y =tgpy-Atsx. Therefore at really strong inversion
(and as well accumulation in case of standard bulk devices) a variation of the
maximum capacitance and Voltage occurs with respect of the ideal case. The
variation depends on the distribution of the penetrating charge in the oxide that
will define Atg,x. We reportin Fig 2.10 a numerical simulation of both the charges
(taking their absolute values). These are calculated by integrating density of
charge of Fig. 2.9 where the distribution of these charge, close to the interface
oxide-channel, are reported in function of the Gate voltage. As we observe the
amount of charge penetrating (black triangles) into the oxide is at least 200
times lower than the total charge (black circles) for both the accumulation and
inversion regimes. Consequently the drop voltages across the front oxide due to
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penetration charge distribution Vg=-1.32V to 1.23V at V=0V.
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by the total charge (less than 0.4V). The impact on the Gate voltage and therefore
on the capacitance characteristic in case of SiO, is considered as negligible.

Always concerning the distribution charge across FDSOI stack, there’s another
critical point that has to be considered. Indeed whereas the channel charge
is described within quantum formalism, the well charge is described within
quantum and classical formalism. Indeed, its carrier density (p(z)), is defined
within Quantum formalism (2.49) between z* and zw* and within Classical
formalism between zw* and 2w (Fig.2.8). The adjustment of the two solutions is
critical for the majority carriers, since the concentration of the minority carriers
at 20 nm from the interface box-well is negligible. At the right edge of a well
quantum box (zw*), the wave functions of the carriers at the different energy
levels is zero. Thus this boundary condition creates an artificially area without
charge (about 5 nm. zyw* — 5nm < z < zw* ). The conventional solution is thus to
connect a few nanometers before this edge the classical solution, calculated until
this new border, with the quantum mechanically solution, calculated always
within the quantum region (until = < zw* ) to ensure a seamless transition.
Therefore, accordance between classical and quantum mechanical solution in
zw* —5nm is necessary in order to obtain a continuous solution [12]. A good choice
of the 3-D effective density of states mass, in the classical region is necessary
in order to have this perfect matching between these two regions (classic and
quantum). The values are reported in Table 2.3.

Table 2.3: Classical 3-D silicon masses for calculation of free density
charges p(z) and n(z) in the classical region at T=300K

Band 3-D Effective density of 3-D Effective density of
states mass [electron mass states [10®em ™3]
mo]
Conduction Band 1.12 2.96
Valence Band 1.25 3.5

The value of the in-plane effective mass for the heavy hole (HH) valence band
doesn’t correspond to the standard value (0.513m,) used in the state of the Art.
This value (mgp.,) of 2.5mq, with m, for the electron mass, has been obtained
from the calibration of the simulation, based on parabolic approximation, with a
more complex and accurate 6- K-P band self-consistent simulation, as reported
in the work of S. Soussou et al. [22]. This value is used in order to modify the
effective mass of the heavy hole ((CEMA) corrected effective mass) and fit the
Capacitance-Voltage characteristic obtained with the 6- K- P methods. This value,
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obtained through the CEMA method, takes into account the real curvature of
heavy hole band, that affects its effective mass. This leads to higher value of
3-D effective density of states (Ny= 3.5 - 101%m~3) and 3-D DOS mass (1.25m,) for
the valence band in the classical region with respect to the value (3 - 10¥cm=3)
used in the state of the art.

Until now, we just mention the technological parameters related to the
Silicon material used in conventional transistors but in the last decades
Silicon-Germanium (SiGe) has been proposed as a worthy prospect and
legitimate candidate for P-MOS FDSOI devices [23, 24, 25, 26]. Indeed, in the
FDSOI technology, channel material has a fundamental role in defining the
electrical properties as mobility and transport [27]. Since the purpose of this
work is to characterize, as well, devices with SiGe channel, a proper calibration
of the technological parameters is necessary.

Table 2.4: Siy.,-Ge, masses for calculation of free density charge p(x)

with y=0.25
Valence Band Degeneracy Effective masses m? In-plane effective masses
[electron mass m] my, [electron mass m]
HH 1 0.277 1.5
LH 1 0.201 0.151
SO 1 0.233 0.233

In the previous work of S.Soussou et al. [28], it has been demonstrated that
during the Si-SiGe channel epitaxy, tensile stress is induced by the presence of
the Germanium. This tensile stress causes a variation of the channel lattice
constant. Thisleads to a SiGe channel film compressively strained. This induces a
variation, in form of deformation, splitting and shift [29], of the channel valence
bands. In order to take into account this deformation, a value of the in-plane
effective mass of 1.5m, is necessary, as reported in Table 2.4. This value is set
for an expected concentration level of 25% of Germanium. The value of in-plane
effective mass for the heavy hole of the valence band has been obtained, as done
previously for the strained Silicon, from the calibration of the CEMA simulation,
based on parabolic approximation, with a more complex and accurate 6-K-P
band self-consistent simulation [22]. Indeed the K-P formalism is able to take
into account of the mechanical stress, the presence of Germanium in the FDSOI
channel and its effect over the curvature of the energy bands. As reported in
the work of Yang et al. [29], the in-plane effective mass takes into account the
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variation of the curvature whereas the proper values of the gap energy and
electron affinity (Egsice) of the valence band takes into account the shift and
splitting of the bands energies. In this work, just the variation of the valence
bands is taken into account since the only devices based on SiGe channel film
are the P-MOS FDSOI ones. Once understood the evaluation of the electrostatic
potential and charge distribution across the device stack and how to take into
account the difference between Si and SiGe channel, we can finally evaluate the
effect of the electrostatic potential (Vg, V) and technological parameters (tsox, teh,
thox and Nwep) over the charges (Qcq, Qwen and Qn) and the relatives capacitance
(Cgc, Cgb, Che and Cbg)-
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2.3.3 Numerical simulation of Electrostatic Potential and C-V
characteristic of FDSOI stack

The purpose of the numerical simulations is twofold:

* Understand the electrostatic behavior of a FDSOI stack: calculation of the
potential profile and distribution of the charges (Q., and Qwen).

» Simulate and predict the Capacitance-Voltage characteristic for a specific
FDSOI stack which is defined by a specific set of physical parameters
(trox=EOT, WF=WFes, tch, thoxs Nwen €tc.).

For this purpose, in this paragraph we report two numerical simulation results
obtained in this work. These are the "front" capacitances (Cg and Cg,) carried out
at two specific back bias conditions (Vg=0V and V5=5V) . These simulated charges,
respectively channel and well, at different V¢ biases, will lead us to obtain the
Gate-to-channel and Gate-to-Body capacitances in case of NMOS-FDSOI device.
The simulated device structure is shown in the scheme of Fig. 2.11.  For

tm Lrox ten thox twen
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(). / ; :
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Figure 2.11: FDSOI device with in-plane cross section for 1-D
numerical simulation with definition of the classical and quantum
regions along z direction.

this specific simulation, a thickness of 1Inm and 20nm for front-oxide and the
back-oxide are considered. Moreover, a value of 4.76eV for WF,, and a well
doping level of 10'® cm™ (P-doped) are taken into account. Both the quantum box
widths, for channel and well, are set 10nm thick. The electrostatics simulation is
performed by varying the Gate voltage, from -1.32V to 1.27V with a step of 50mV,
and by fixing the Body voltage, as said previously, at two specific values: 0V and
5V.
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Table 2.5: SiO, masses for calculation of free density charge p(z) and

Band Degeneracy Effective masses m? In-plane effective masses
[electron mass my] m,, [electron mass m;]
HH 1 0.5 0.5
LH 1 0.5 0.5
SO 1 0.5 0.5
Conduction 6 0.5 0.5

The front and back-oxide are SiO, material whose effective masses are reported
in Table 2.5. These effective masses values are different with respect to the Si
material and are used in PS equation in order to take into account the wave
function penetration. The value of SiO, dielectric constant (esio,) is 3.9¢o, where
¢o is the vacuum dielectric constant, while electron affinity (Xgsio,) and energy
gap (Egsio,) are respectively 1.1eV and 9eV. The channel and well are pure
Silicon crystal oriented in <001> direction. They are characterized by a dielectric
constant value (eg;) of 11.7¢o and a Eg g and X, s; respectively of 1.12eV and 4.2eV.

For each bias (Vg), Poisson-Schrodinger is solved self consistently until
convergence condition is reached.

Band diagrams and relative electrostatic potential profiles are reported in Figs.
2.12 and 2.13 for the case Vg=0V. Due to nanometric scale and a non-doped
channel, we can observe that the variation of the Gate voltage, from V;=1.23V
(blue solid line) to Vs=-1.32V (red solid line), induces a variation of the potential
and energy band profile across the whole FDSOI stack.

These variations of electrostatic potential distribution are occurring due to the
simultaneous variation of FDSOI channel and well charges, as reported in Figs.
2.14 and 2.15. Specifically, we can observed that the trends of Qg and Qw,
with respect to Gate voltage variation, are similar. Indeed by increasing more
and more the Gate voltage from negative to positive values, the channel and
well charges become more and more negative. We remember that whereas the
potential drop of the back oxide is only induced by the well charge (equation
2.22) , the front-oxide potential drop is induced by both the well and channel
charges (equation 2.23). The distribution of these two charges, as function of Gate
voltage, is not the same. This is strongly dependent on the device technological
parameters (t, thox, Nw, material channel, Vg back biasing etc..).
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Figure 2.12: Simulated Energies Figure 2.13: Simulated electrostatic
band diagrams of the FDSOI stack potential of the FDSOI stack from
from V=-1.32V to 1.23V at Vz=0V. V=-1.32V to 1.23V at Vg=0V.
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Figure 2.15: Free carriers

From these simulated charges, NUMERICAD UTOXPP calculates directly the
capacitance Cg and Cg, by using equation 2.30 and 2.31.

The relations 2.30 and 2.31 are independent of the frequency and therefore of
the reaction time of the free carriers (channel and well). Indeed, we assume
that the free carriers charge in the channel and well instantly responds to the
variation of the small signal voltage applied at the Gate terminal (vg(t)). This
means, as previously said, that we don’t have any frequency dependency with
these simulated capacitance. Moreover, the simulator assumes that the charge
inversion of electron and holes, occurs in the channel independently of the MOS
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Figure 2.16: FDSOI capacitance characteristics (Cgc in black , Cg, in
red) and « parameter versus the Gate-Source voltage.

type and layout. We will always have both inversion for positive (electron) and
negative (negative) voltage. This means that in the channel or in the well, in
terms of numerical simulation, we have a source for both type of the charges
(n and p). We have seen that this is not true in case of a P-MOS or N-MOS
FDSOI where the support of only one type of free carriers can occur. Indeed
in Chapter 1, as reported in Fig. 1.14, we saw experimentally that in case of
P-MOS devices, accumulation of electrons doesn’t occur since Source and Drain
are highly p-doped and channel is not doped at all. The Capacitance voltage
characteristics, Cg. and Cg,, calculated from the charges of Figs. 2.14 and 2.15,
are shown in figure 2.16. The Cg, associated with electron inversion, is reported
in black solid line whereas Cg, in red solid line.

From these capacitances, by simply calculating their ratio (Cg,/Cg), Wwe can
obtain the parameter o = 9Qw/90Qn. o has an important role in defining the
FDSOI capacitances (eqs. 2.36, 2.37, 2.42 and 2.43). This parameter describes
the electrostatic regime operation of a FDSOI device. Indeed in Fig. 2.16,
we observe that for Vgs<0.4V, and therefore a value of o higher than 10!, the
Gate-to-channel capacitance is zero since no channel charge is present. Only the
Gate-to-Body capacitance is present and the well charge dominates the FDSOI
electrostatics. On the contrary, for Vs>0.7V and therefore a value of « lower than
102, the Gate-to-Body capacitance is zero and the Gate-to-channel capacitance
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Figure 2.17: Simulated Energies Figure 2.18: Simulated electrostatic
band diagrams of the FDSOI stack potential of the FDSOI stack from
from Vg=-1.32V to 1.23V at Vg=5V. Vs=-1.32V to 1.23V at Vg=5V.
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Figure 2.19: Free carriers Figure 2.20: Free carriers
distribution of the FDSOI stack distribution of the FDSOI stack
channel from Vg=-1.32V to 1.23V at well from V=-1.32V to 1.23V at
VBZSV. VBZSV.

increases since the channel charge, at strong inversion, get closer to the interface
oxide-channel and screens the effect of the Gate voltage on the well charge.
Therefore, the well charge is fixed and independent of the applied voltage for
Vss>0.7V. This parameter can be obtained experimentally and will be used to
identify the proper way to characterize the FDSOI stack, as will be shown in the
next chapter.

These capacitances (Figure 2.16) can be affected by the back biasing Vg and the
numerical simulation can predict the impact of Body potential on C-V previously
calculated. We report in Figures 2.17 and 2.18 the bands diagrams and the
electrostatic potential profile across the FDSOI for Vz=5V. As observed, the
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Figure 2.21: FDSOI capacitance characteristics (Cg in black, Cg, in
red) and « parameter versus the Gate-Source voltage.

first remarkable difference with respect to Vg=0V, is the band diagrams. We
remember that in the first part we introduced the relation between Vy and
the channel and well Fermi energies (equation 2.4). Therefore, based on this
relation, by applying such Body voltage value, a split of the Fermi energies occurs
between the channel and well system (Fig. 2.17). The immediate consequence
is a variation of the potential distribution as reported in Fig. 2.18. Indeed the
potential drop across the back-oxide and well are shifted toward negative values
by larger positive values of V. This potential variations are induced by the
simultaneous variation of the channel and well charge, as reported in Figs. 2.19
and 2.20, with respect to the condition Vg=0V (Figs. 2.14 and 2.15). Moreover
at V=5V (compared to Vz=0V) the distribution of the channel charge radically
changes. Indeed the onset of the inversion charge starts close the interface
channel-back-oxide and not at the interface front-oxide-channel as for Vz=0V.
By increasing the Gate voltage the channel is progressively filled with electrons
until their appearance at the interface front-oxide-channel.

V3 therefore affects the relations ¥, (Qcn) and Uy (Qw). As consequence, we will
expect that the capacitance Cg. and Cg,, based on the relations 2.36 and 2.37 will
change with respect to Vz=0V. Indeed, as shown in Fig. 2.21, the calculated Cgq. and
Cgp, capacitances vary with back biasing. A remarkable deformation and shift of
Cgc and Cy, are observable in this figure, if compared to the capacitance at V=0V
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reported in dashed line while the capacitances at Vz=5V are in solid lines. The
same discussion can be done for two other capacitances, Cp. and Cpg, defined in
eq.2.42 and 2.43 where 5 parameter plays the same role as «.

Changing the box, channel thickness and doping level has an non-linear effect
on the capacitance characteristic. Indeed as for Vg, deformation and shift are
expected. We can conclude that this numerical simulator is capable to predict
the C-V characteristics of a FDSOI stack from a specific set of physical parameters
values of a FDSOI stack. This simulated capacitance can be compared with the
experimental C-V characteristic of a real FDSOI transistor allowing the extraction
of the technological parameters of the FDSOI. All these elements will be discussed
in the next chapter where extraction of EOT and WF.¢ of the FDSOI devices will
be carried out by fitting the experimental C-V with such numerical simulations.
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2.4 Conclusion

In this Chapter, FDSOI device technology has been presented by specifically
focusing on the structure and its difference with respect to the bulk technology.

FDSOI Electrostatics has been introduced by analysing the interaction between
the different band diagrams (all the layers composing the FDSOI stack).

From the band diagram, relationship between the experimental voltage and the
physical parameters of the FDSOI stack have been obtained for the front and
back Gate terminals. Specifically, these equations relate the respective biases, Vg
and Vy to the respective potentials drops (¥, Ywen) and metal, channel and well

charges (Qm ,Qcn and Qwen)-

Capacitances (Cgc, Cgp, Cyc and Cyg) have been defined with respect to Vg and Vg
potentials which also are related to the FDSOI stack capacitances.

The obtained C-V relations will be used in order to characterize the FDSOI stack
through simple strategy.

Due to the not-known analytical relationships, Qc(¥c,) and Qw(¥wen), the
previously defined capacitances cannot be directly calculated and compared
with experimental results.

Numerical methods (UTOXPP), based on Poisson-Schrodinger formalism, has
been presented in order to predict the electrostatic behavior (charges and profile
potential) of a specific FDSOI stack under specific bias conditions.

The numerical prediction will be used, in the next chapter as important
tool, in order to understand the physical phenomenon during field effects
measurements and to extract the technological parameters (WF¢ ad EOT) of the
FDSOI devices.
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Chapter 3

Numerical Extraction of WF ¢ and
EOT based on inversion C-V
measurements

3.1 Introduction

As already seen in the chapter 1, the effective Work function (WFey) and
the Equivalent Oxide thickness (EOT) are key parameters for FDSOI device
characterization. WF.¢ and EOT are the values of Work Function and Thickness
that an ideal Metal/SiO2 gate stack should have to account for the measurements.
They directly influence Capacitance Equivalent thickness (CET), Threshold
voltage (Vi) and therefore on-current. Both are strongly related to the process:
dielectric thickness, metal gate work function and dielectric interface dipole [1].

We have also seen that the former methodologies [2, 3] for automatic and
statistical extraction of WF.s and EOT are compatible for bulk technology
but no longer sufficient for FDSOI technology. Moreover, we remember
that Capacitance-Voltage extraction of the flat band voltage (VFB) in the
accumulation region has been traditionally the WF.s extraction method for
the bulk technology. The absence of CV signal in the accumulation and flat
band regions compared to standard bulk capacitance pushes us to look for
alternative solutions for WF.¢ and EOT extraction. Indeed the inversion region
(Vi), including its modulation, as reported in Fig. 3.6, still available in FDSOI can
be used to extract the WF¢+ and EOT.

The extraction difficulties are due to the complexity of the FDSOI structure
compared to the bulk technology (Fig. 3.1) and the strong influence of several
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technological parameters (previously introduced) on Vg such as: channel
thickness t.,, buried oxide (BOX) thickness t,,x and well doping level of substrate
N-Well at BOX backside. All of them may impact the V; of transistor with a certain
Gate stack with its EOT and WF.

In this chapter, we will present a methodology based on numerical simulation
which allows a reliable extraction of WFes and EOT. This methodology has
been validated on a wide set of transistors (15), all processed on a same
wafer. Therefore, we will present first the process and the different splits
among the transistors. For a reliable extraction, the classical Cg measurement
is no longer sufficient and an additional C,. measurement is presented to
allow the characterization of the buried oxide capacitance. Then the different
characteristics are compared and the methodology to lead from them to a
reliable extraction of EOT and WF, is presented. Finally, the extraction results
are commented both to confirm the methodology and to analyze the impact
of process module on FDSO stack thicknesses and metal Gate effective work
function.
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3.2 Technology and test structures

We will present in this paragraph, the reference FDSOI MOS architectures that
have been used for this extended study. Various technology options, such as Gate
stack process, Source-Drain well type, channel materials and back plane doping
type, have been introduced and investigated as possible technological solutions
in order to improve the electrostatic performance of the reference architectures.
The two reference architectures are reported in Fig. 3.1 respectively: (a) FDSOI
P-MOS device and (b) N-MOS device both featuring a gate stack characterized by
a metal bilayer (Poly and TiN) on the top of oxide bilayer (High-k dielectric HFON
and SiON).

Source Drain  Body Source Drain  Body

——
P+ N+
P-Well N-Well
a) Standard N-MOS b) Standard P-MOS

Figure 3.1: Standard (a) PMOS and (b) NMOS FDSOI devices: both

feature a gate stack TiN+Poly on a bilayer oxide HFON+SiON but (a)

with SiGe channel and N-Well substrate and (b) with Si channel and
P-Well substrate.

To get these devices, the process starts from an ultra-thin silicon body over a
buried oxide. The strained Sip75Gepzs channel (cSiGe) is selectively processed
in PMOS areas by epitaxy process followed by a Ge condensation. This step
is performed before shallow trench isolation (STI) regions are patterned and
the back side wells are implanted. Thus, the channel thickness is around 6-8
nm of Si or Sip75Gegss over a 20 nm BOX with a P or N-Well with a 108cm?
doping level at its backside. Two different interlayer (SiON) dielectrics, can be
deposited corresponding to two different final oxide thicknesses: EOT=1 nm
for GO1 and EOT=3 nm for GO2. The bilayer high-k HfON/SiON is deposited by
Atomic Layer Deposition, Metal Organic Vapor deposition and decoupled plasma
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nitridation. To obtain N and P gate types, a sacrificial gate is deposited before the
final metal gate (TiN+Poly), specifically to each N or P gate type. Sacrificial gate
includes specific additives which are diffused by thermal annealing in order to
adjust dipole at oxide bilayer inner interface [1, 4]. The final metal gate bilayer
(TiN+Poly) is the same for all the devices (N and P-MOS) and it is deposited right
after the sacrificial gate etching. After final gate deposition, the Source-Drain
implantations (specific to each FDSOI MOS type) are carried out, followed by final

annealing. The process for the Gate stack deposition is reported in Fig. 3.2.

2nm

1nm

2

Annealing at
900 °C for 10s

@

S/D annealing
at 1005 °C

3

Sacrificial gate
stack removal

@

Top TiN | Top TiN |
Al 1 A | o
Pedestal TiN Redestal Tilj \ Final TiN
HFON 1 HFON | HFON HFON
SiON SiON :s SiON ==\ ;s SiON %i
Channel Channel Channel Channel

Substrate

Substrate Substrate Substrate

\/

Dipole

Figure 3.2: Sacrificial Gate first approach: 1) sacrificial Gate

deposition, 2) annealing at 900 C for 10s, 3) Sacrificial Gate stack

wet removal and 4) Final Gate deposition, Gate patterning and
Source-Drain annealing.

Table 3.1: Set of different FDSOI devices featured by a combination
of different process modules on metal gate, channel (Si and SiGe) and
well (P and N doped) for GO1 and GO2 dielectrics.

Device channel Metal Well substrate

Si N-Gate P

N-MOS Si N-Gate N
Si P-Gate P

SiGe P-Gate N

SiGe N-Gate P

P-MOS SiGe N-Gate N
Si P-Gate N

Si N-Gate N
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From these standard FDSOI MOS (Fig. 3.1), a wide set of devices can be obtained
by combining the process modules on metal gate, dielectric, channel and well
type, as reported in Table 3.1. 13 extra architectures are obtained with respect to
the two reference devices for a total of 15 different transistors reported in Table
3.1. For the N-MOS transistors for each dielectric type (2 dielectrics: GO1 and
GO2) we have 3 different architectures: the reference N-MOS device (Fig. 3.1 a),
N-MOS device featuring a N-type Well and an N-MOS with a P-Gate metal. Thus a
total of (2x3) 6 N-MOS transistors are obtained. Same discussion can be done for
the P-MOS devices. Indeed, for each dielectric type (2 dielectrics: GO1 and GO2)
we have 5 different architectures: the reference P-MOS device (Fig. 3.1 b), P-MOS
device featuring a N-type Gate and P-type Well respectively, a P-MOS device
featuring N-type Gate, a P-MOS device featuring Si channel material and a P-MOS
device featuring Si channel material and N-type Gate. The last architecture exists
only for GO1 dielectric. Thus a total of ((2x5)-1) 9 P-MOS transistors are obtained.
Therefore, the sum of the different N and P-MOS transistors is (6+9) 15.

These multitude of devices will allow us to investigate the impact of the different
process modules on the Gate stack technological parameters (EOT and WFe¢)
but also to validate the numerical methodology that we will propose in the next
section. The originality of this work is the possibility to test several different
structure characterized by different technological specificities.
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3.3 Numerical methodology

3.3.1 Experimental configurations and inversion C-V
characteristics

As previously said, the numerical methodology is carried out using specific
experimental Capacitance-Voltage characteristics. Two types of measurements
are performed on this set of devices: the gate-to-channel capacitance (Cgc)
and the back-gate-to-channel capacitance (Cy.) [5]. These have been already
defined in the first chapter in equations 2.30 and 2.38. As explained in chapter
1, Capacitance meter has two main terminals: Low and High. Whereas the
High terminal imposes a static voltage (Vgias) with a superimposed small signal
voltage (v(t)), the Low terminal, consisting of an grounded Ampere-meter,
reads the current (I(t)) which is induced by the variation of the small signal
voltage. For C, measurements (Fig.3.3), the small AC signal is applied on
the Gate (Vg=VgstarictVe(t)) and the induced capacitive current is measured on
Source and Drain (I(t)=dQ(t)/dt). For Cp. measurements (Fig.3.4), the small
AC signal is applied on the back side contact (Vg=Vp statictVp(t)) and the induced
capacitive current is still measured on Source and Drain (I(t)=dQg(t)/dt). In
both experimental configurations the Source and Drain are grounded. The back
(or front) contact is not necessary grounded but it can be biased at specific
value during C,. measurements (or Cy). This is well known as "Capacitance
Modulation". Therefore in order to calculate these capacitances, since we know
the imposed voltage and the induced current, the capacitance-meter uses the
following relation

_ oW
(1) = % (3.1)
that for Cyc becomes
_ ot —0Q«(Ve,Ve) 0t  —0Qcn(Ve,Vs)
C=10gm = o oveld)  oveld) (3.2)
and for Cy.
_ ot —0Q«m(Ve,Ve) 0t  —0Qm(Ve,Vs)
C=105,0 = ot Velt) V() (3.3)

that are exactly identical to the relations defined in chapter 2 (2.30 and 2.38).
These measurements have been performed for all the devices.
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Figure 3.3: Experimental configuration for Cg. measurement.

VG VB static

af— ]

N/P-Well

Figure 3.4: Experimental configuration for C,, measurement.

Fig.3.5 shows the results of these experiments for the standard P-MOS GO2
device. The two measurements are respectively carried out with Vg=0V for Cg
(left figure) and with V=0V for Cp.. Whereas C, characteristic is well known
in the literature [6, 7, 8, 9], Cy. characteristic is reported for the first time (right
figure) [5]. The first remarkable difference is the maximum capacitance value
between Cg and Cy. capacitances. This is due to the difference of thickness
between the front (trx) and back-oxide (t,,;x). Another remarkable difference
is the voltage range for which the two characteristics varies. Indeed, whereas
for Cg characteristic a variation of AVgs=0.3V is sufficient in order to see the
capacitance variation from the 10% to 90% of its maximum Capacitance value
CET (weak inversion and strong inversion), for Cy,. characteristic a variation of
AVgs=1.5V is necessary. We remember that for C, characteristic the inversion
charge is located at the front channel, close to the interface front-oxide/channel,
whereas for Cy,. characteristic the inversion charge is located at the back channel,
therefore close to the interface channel/back-oxide.
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Figure 3.5: Experimental Cg(Vgs) (left figure) and Cp(Vgs) (right

figure) capacitance characteristics for a standard P-MOS GO2 device.
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bottom figure) capacitance characteristics with modulation.
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As usual, the maximum capacitance of Cq, during strong front-inversion, should
be used for the front-oxide thickness (GO2) extraction. For the first time, Cy.,
during strong back-inversion, can be used for the back-oxide thickness (tyox)
extraction. Fig.3.6 a (top-left) displays the modulation of the Cg(Vgs) curves
with body bias Vg for P-MOS GO2 device, illustrating the onset of back channel
inversion for negative Vy’s. Vg varies from -11V to 5V with a step of 1V.
Interestingly, with the back gate operation mode, Fig.3.6 b (bottom-right) shows
that similar characteristics can be obtained for Cy.(Vgs) curves with also clear
formation of front channel inversion for negative Vg’s. Vg varies from -1.9V
to 0.5V with a step of 0.1V. The maximum value of the capacitance for all the
modulated Cg and Cy. characteristics, reached respectively at Vgs=-1.5V and
Vps=-7V, is identical and therefore independent of the back (or front) bias voltage.
These characteristics, including their modulation will be used to extract the
effective work function and the equivalent oxide of all the devices previously
presented.

Table 3.2: Set of different FDSOI devices featured by a combination

of different process modules on metal gate, channel (Si and SiGe) and

well (P and N doped) for GO1 and GO2 dielectrics. We also report on
the Vy, shifts that are observed for the different architectures.

Device channel Metal Well A Vg GO1 | A Vi, GO2
substrate [mV] [mV]
Si N-Gate P Reference | Reference
N-MOS Si N-Gate N 45 115
Si P-Gate P 90 45
SiGe P-Gate N Reference | Reference
SiGe N-Gate P 60 90
P-MOS SiGe N-Gate N 100 45
Si P-Gate N 320 250
Si N-Gate N X 295

As summarized in TABLE 3.1, we have the opportunity to test a significant
number of devices, N-MOS and P-MOS, on which we can get various channel
materials, Gate type and well type for ground plane. In order to carry out the
parameter extraction of EOT and WF., including the channel box thicknesses,
Cgc and Cy,. measurements, previously introduced, are performed on this set of
devices.

The different C,y. characteristics versus Vgs at Vg=0V are reported for N-MOS GO1
(Fig. 3.7 right side) and GO2 (Fig. 3.8 right side) and P-MOS GO1(Fig. 3.7 left side)
and GO2 (Fig. 3.8 left side) devices.
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Figure 3.7: Gate-to-channel capacitance at back bias Vz=0V for P-MOS
and N-MOS FDSOI GO1 with Vy, shift with respect to the reference
architecture.
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Figure 3.8: Gate-to-channel capacitance at back bias Vz=0V for P-MOS
and N-MOS FDSOI GO2 with Vy, shift with respect to the reference
architecture.
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The arrows in these figures identify the Vi, shift from reference when we modify
some process modules of the gate stack. Vi, shifts are reported in TABLE 3.2. The
references reported in these figures for each MOS type (N or P) correspond to the
reference process given in Fig. 3.1. N-MOS reference transistor (Fig. 3.1 a) has a
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N-Gate and P ground plane with a Si channel whereas P-MOS reference transistor
(Fig. 3.1 b) has P-Gate and N ground plane with a SiGe channel. The Vy, shifts are
calculated at 50% of the maximum capacitance value of the reference transistors
characteristics. A first observation of the impact of the process modules on Vy,
with respect to the reference Capacitance-Voltage characteristics leads to assert
that

* The impact of P-Gate metal seems to be independent of the MOS type (P or
N) and channel material. The only observed dependency is with dielectric
type: for GO1 devices we have a AV, of 90-100mV and for GO2 devices we
have a AVy, of 45mV.

* The impact of the N-Well type seems to be dependent of the MOS type (P or
N) and dielectric type (GO1 or GO2).

* The impact of the channel material (SiGe) seems to be dependent of the
dielectric type: for GO1 devices we have a AVy, of 320mV and for GO2
devices we have a AVy, of 250mV.

It’s obvious that these impacts are observed on the threshold voltage Vi, but this
doesn’t necessary mean that the same impacts are observed on WF.¢. Indeed if
we consider the standard N-MOS GO1 reference transistor (Fig. 3.7 blue-squares)
and the same structure but with a N-Well type (Fig. 3.7 white-squares and
blue line) we observe that they have a different threshold voltage (AVy=45mV).
Despite this different Vi, we know that these two transistors have the same Gate
stack which means same EOT and WF,¢. Therefore, in order to extract the proper
value of WFg, we have to take into account the relationship between Vy, and the
well doping level. Unfortunately, this is not the only dependence. Indeed, Vi
depends on other physical parameters such as buried oxide thickness, channel
material and thickness and Gate metal which get tedious the correct extraction
of WF. The extraction of the correct physical FDSOI stack parameters is firstly
required in order to extract then the correct WF¢ value.
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3.3.2 Principles

The extraction of Gate stack parameters (EOT and WF.g) for these devices
(TABLE 3.2) is obtained by fitting Quantum Simulation to experimental
capacitance-voltage characteristics (C-V). Indeed, for a specific FDSOI stack
device (WFer, EOT, ten, thox, Nw), we can simulate Cg and Cyp. characteristics
and compare them to experimental measurements. We underline that such
agreement is not a simple fitting, but we propose here a method based on
a specific procedure that allows us to properly identify all the physical stack
parameters including the technological parameters of the Gate stack (EOT and
WF). This method has four main steps, that are:

1. Extraction of EOT by fitting C,. characteristic at Vz=0V.
2. Extraction of tyox by fitting C;,. characteristic at Vg=0V.

3. Extraction of t¢, by fitting Cy at large negative (or positive for N-MOS) back
bias V5.

4. Extraction of Ny by fitting C,. from positive to large negative (or inversely
for N-MOS) back bias Vg

Each step of the proposed methodology requires a fitting procedure between
the experimental C-V characteristic and numerical simulation in order to extract
the relative physical parameter. These simulations, based on PS formalism are
obtained through NUMERICAD Simulator previously introduced in chapter 2.
Values of the physical parameters (such as effective masses, energy gap, dielectric
constants etc..) are reported in the previous chapter. We remind only that for the
Si and SiGe channel we have corrected in-plane effective masses for the heavy
hole valence band (mDOS-HH xy) of 2.5m0 for Si and 1.5m0 for SiGe that are
taken into account (2.1 and 2.2). If we write equations 2.28 and 2.36, reported in
chapter 2, in terms of WF¢ and EOT, for Vg relation, we obtain
Qsc - EOT

Ve=WUFett —pw — ————— + Use + V3 (3.4)
€si02

and for Cg relation

1 €502 1 €si02 1 1
= + + + - (3.5)
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These Relations suggest that it is not necessary to perform a simulation each
time we change EOT or WFy if we keep the same channel, buried oxide
thicknesses and well doping level. Once we perform a numerical simulation
for a FDSOI transistor T; (EOTi, WFer1, teh1, thox1 and Nwq) we obtain its
Qsc1(¥ge 1) information. We remember that Q. is the sum of the channel and
well charges (Qw+Qc) and ¥ is the sum of the potential drops across FDSOI
stack (¥ch+VpoxtPwen) from which we can easily calculate Ce, Cpox, Cwen and a.
Therefore, we can predict analytically, without performing any other simulation,
the C-V characteristic of a FDSOI transistor T, that only differs with respect to T,
transistor for the Gate stack technological parameters (EOT;, WF¢5). This can be
carried out with equations 3.4 and 3.5, using the previous numerical simulation
Qsc1(¥se 1) and the new values EOT;, WF,. As previously seen in chapter 1,
this is the same methodology used in the state of the Art for the standard bulk
transistor in order to extract WF.¢ and EOT.
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Figure 3.9: Standard PMOS GO2 Gate-to-channel capacitance

compared with Simulation (NUMERICAD) with different channel and
BOX thicknesses (each fit leads to a certain WFqs and EOT extraction).

We can consider that WF.¢ and EOT are correctly identified once we have found
the correct values for the different FDSOI stack technological parameters (tp, thox,
Nw). We can consider that it is the case if we account of the proper dependencies
of the experimental capacitances with Gate and Body biases.

The first step is the identification of EOT, the equivalent thickness of the front
oxide. In order to carry out this extraction, we need to fit the inversion



Chapter 3. Numerical Extraction of WF 4 and EOT based on inversion C-V
measurements

90

experimental Capacitance-Voltage characteristic Cy(Vgs) at Vg=0. In the 3
graphics of Fig. 3.9, we report Cy.(Vgs) experimental characteristic for the same
Standard P-MOS GO2 device (red triangles). And, for each figure, we report
a numerical simulation which fits perfectly the experiment for a specific set
of physical parameters (tch, thox, Nw). Therefore, a good fit of Cg(Vgs) can be
obtained for three different set of parameters leading to three different values for
EOT and WF,¢. These values are given with a precision of 0,01 nm and 3-4 meV.
Whereas EOT is found to be independent of t,.x and t., values (with precision
below 0.01 nm), a 25meV WF uncertainty is found.
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Figure 3.10: Experimental standard PMOS GO1 and GO2
back-Gate-to-channel capacitance compared to Simulation
(NUMERICAD) leading to ty,x extraction.

GO2
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Such a result confirms the importance of a previous extraction on ty,x and te
in order to accurately extract WF.¢. The only parameters that can be properly
extracted is the equivalent oxide thickness EOT. The front oxide EOT can be
extracted by applying the methodology proposed by Charbonnier et al. [10],
whereas WFq¢ remains still inaccessible.

Once the front oxide EOT is extracted, the following step is the extraction of the
buried oxide thickness ty,x. To extract ty.x, we have recently proposed a new
C-V measurement (Figs. 3.4, 3.6 and 3.5), the Cy.(Vgs) earlier mentioned, with
back side wafer (Body) contact as Gate. Fig. 3.10 shows back-gate-to-channel
capacitance measurements results for a standard P-MOS GO1 and GO2. The
corresponding CV curves for GO1 and GO2 (Fig. 3.10) shows characteristics
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Figure 3.11: Standard PMOS GO2 Gate-to-channel capacitance vs
Simulation NUMERICAD) with two different channel thicknesses (7,9
nm t., is mandatory for fitting all CVs).

similar to the standard gate-to-channel capacitance but at a significantly lower
level (0.16F/m™ versus 0.95F/m2). Adjustment with quantum simulation allows a
reliable extraction of the box thickness, independently of t, and EOT (or tgy) [5].
A 20 nm box thickness is necessary in order to fit Cy.(Vgs) capacitance for both
the standard PMOS (GO1 and GO2).

From the extraction of EOT and t,.x found respectively at 2.85nm and 20nm for
this standard P-MOS GO2 gate stack, we confirm that the hypothesis of 17nm for
tpox 1S wrong. Therefore, WF¢ found for the third right figure in Fig. 3.9 is also
not valid. Therefore, among the three first fitting solutions, only two are still
a possible solution. These two simulations differs from their channel thickness
value: 7.9nm for the first fitting simulation (blue line first figure of Fig. 3.9) and
7.0nm for the second fitting simulation (green line second figure of Fig. 3.9). It’s
obvious that in order to get the correct value of WF, we need to extract the
proper value of the channel thickness which is the last step of the methodology.
ten can be obtained by comparison between simulations and experiments on
a large set of CV characteristics for which back biases vary from 0V to large
values leading to back interface inversion (Fig. 3.11). We can notice that there
is only one channel thickness that Vy, shift versus back biasing is varying with
the channel thicknesses and only one thickness value account account for the
experimental variation. It leads us to conclude that 7.9nm is the right channel
thickness. Therefore the correct fitting solution is the first figure of Fig. 3.9 whose
EOT, ty0x and t., are respectively 2.85nm, 20nm and 7.9nm. this fitting result lead
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to WFs value of 4.695eV for the Gate stack of the standard P-MOS GO2 transistor.
This extraction is carried out by knowing the correct well doping concentration
used in the numerical simulation (Nyw=10*%cm3).
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Figure 3.12: Impact of well doping on Cg. characteristics for GO1 and
GO2.

If we choose a different doping level (#10cm=) and we impose the same
value of effective work function (4.695eV) and channel thickness (7.9nm) for
the numerical simulations, we will not be able to fit all the Cg characteristics
at different Vg of Fig. 3.11. Indeed Vi, versus Vg depends also on the well doping
level Ny for a specific Vg range.

In Fig. 3.12 a, we report the comparison of two experimental Cy. characteristics
at different Vg of a standard GO1 N-MOS and N-MOS with N-type well (N-Well in
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red and standard (P-Well) in black solid line). In Fig. 3.12 b, we report the same
comparison but for a GO2 devices. As we can observe for both cases, GO1 and
GO2 devices, the impact of well doping is observed just for the characteristics
with a back bias that varies from -2V to 5V (characteristics in dotted-line). The
impact is simply a shift among the different characteristics. The value of this
shift depends firstly on the well doping concentration of the two devices and
secondly on the applied Body voltage. The shift is negative as we go from P-Well
to N-Well. Its amplitude varies from 5V to -2V with a maximum around 1-2 Volts.
but for Body biases above 5V or -2V (solid lines in Fig. 3.12) the C-V characteristics
superimpose. This observation is valid for GO1 and GO2 devices. Therefore, in
order to extract WF.¢ and EOT, we don’t need to take into account the proper well
doping level value in the numerical simulation since for high or really low value
of Vg the characteristic C, is independent of the well concentration.
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Figure 3.13: Numerical simulations with 3 different well doping level
showing the independence of the extraction with the well doping
level for Cg at high Body voltage V=7V and -5V.

Since we showed, as reported in Fig. 3.12, the independence of Cy. characteristics
at Vz=-7V and 5V with the well doping level, the fitting of these two
characteristics, once extracted EOT from Cg characteristic and tyox from Ci.
characteristic, is sufficient in order to extract t,, and more importantly the
proper WF value independently of the well doping level used in the numerical
simulation. This is also valid for our standard P-MOS GO2 device. This lead
to obtain the technological parameters without fitting all the C,. characteristics
at different Vy as done in the third step of the methodology but just two
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characteristics. =~ Whereas the third step of the methodology requires the
proper value of the doping level and channel thickness, the fitting of two Cg
characteristics at large positive and negative back biases requires only the
proper value of the channel thickness.

In Fig. 3.13 we report simulations with respectively a well doping level of
10'%cm3, 10cm™= and 10'8cm3. These simulation fitting lead to the same WFe
value.The fitting of all the C,. characteristics at different Vy will lead to extract
the correct value of t, and Ny. By applying this methodology we can extract the
technological parameters of the Gate stack of all the 15 devices.
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3.4 Results

The numerical methodology, previously introduced, is applied on all the 15
devices in order to extract their Gate stack technological parameters (EOT, WF ).
The aim is twofold:

* toverify the coherence and robustness of the methodology on the extraction
of Gate stack technological parameters (affecting EOT and WFg).

* to investigate the impact of the different process modules on the physical
parameters of the FDSOI stack.

The first target is important since it will validate the numerical extraction
methodology. As previously observed, the extracted tyox and tq, are expected to
shift the threshold voltage Vy, but not necessarily WF.¢. Indeed, the effective
work function could also vary with channel material (Si versus SiGe) but it is
obviously independent of the Source and Drain or Well type. Indeed, during
the device fabrication, the implantation of the Source-Drain as well as the back
substrate well is carried out without any influence on the MOS Gate stack, since
carried out around the Gate stack deposition.
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Figure 3.14: Fitting between simulations and experiments for two
MOS devices having two different well types at back side of buried
oxide.

The consequence is that a reliable parameter extraction must verify the
independence of WF.¢ and EOT with variations on types of Source and Drain
(N or P diffusion) or Well implantation (N or P-type).
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Figure 3.15: Fitting between simulation and experimental data for

two different MOS devices having a same gate stack and two different

Source and Drain implantation (GO2 NMOS with N-Well and GO2
PMOS with N-Well and N-Gate metal and Si channel).

The validity of the extraction methodology has been confirmed on three different
MOS devices, corresponding to two different well types (Fig. 3.14) and two
different MOS types as reported in Fig. 3.15. Moreover, the good fit of both the
inversion characteristics in Fig. 3.15 validates the good choice of mDOS-HH of
2.5m, for Si channel [3]. Indeed, only a good value of mass, related to electrons
(conduction band) and holes (valence band), can reproduce with a same WF¢
and EOT both capacitances in hole and electrons inversion.

WF.s and EOT extracted for all the fifteen tested FDSOI devices (TABLE 3.2) are
reported in Fig. 3.16. The square identifies N-MOS devices whereas the triangles
P-MOS devices. For what concerns the colors of these symbols, they identify the
Gate metal type: red for P-Gate and blue for N-Gate. These symbols can also be
solid and open which represent respectively architectures (N-MOS and P-MOS)
with P-type and N-type wells. Finally, the channel type are indicated with specific
circles: black for the Si channel and gray for the SiGe channel. The extraction
results are reported in two graphs respectively for GO1 and GO2 architectures
(Fig. 3.16). The agreement reported above on WF. and EOT for three different
MOS structures (Figs. 3.15 and 3.14) is identified in Fig. 3.16 with a blue arrow.
Among the fifteen different devices, other configurations correspond to same
gate stack and channel material but different Source and Drain or back side well
types. The extractions of their WF.¢ and EOT lead to a good agreement which are
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Figure 3.16: WFs versus EOT for different PMOS and NMOS FDSOI
structures. Impact of Ge and sacrificial Metal gate and coherence of
WF¢ and EOT extractions are shown.

identified with green arrows in Fig. 3.16.

This validate the proposed numerical methodology. Therefore, the accurate
extraction of the physical parameters of all different devices can be used in
order to investigate the impact of the different process modules over its physical
parameters (thicknesses and effective work function).

Starting with the channel thickness if we report it in function of EOT for different
P-MOS and N-MOS FDSOI structures we can investigate the impact of Ge material
and the coherence of t., and EOT extractions. Indeed, as reported In Fig. 3.17, we
can observe that the dependence of ty with EOT varies only with the channel
material (Si and SiGe) and the oxide type (GO1 and GO2). Indeed, we observe
in Fig. 3.17 that it is equal to 6.1 nm for Si material and 7 nm for SiGe material
for all GO1 devices and 6.8 nm for Si material and 7.9 nm for SiGe material for
all GO2 devices. Therefore, in case of SiGe channel devices, we found that the
channel thickness is found to be 1 nm thicker than Si channel devices Moreover,
the dielectric type (GO2 and GO1) plays a role in the final channel thickness value.
Indeed we found that the GO2 process module leads to less channel consumption
than GO1 process for both Si and SiGe channel material.

For what concerns the buried oxide thickness ty,.x, we report it as function of
EOT on Fig. 3.18 and it is found at the same 20 nm value for all the different
MOS devices, a value corresponding to the target of the SOI substrate. Therefore,
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Figure 3.18: tyox versus EOT for different PMOS and NMOS FDSOI
structures.

we can conclude that the different process modules don’t affect the buried oxide
thickness.

Different is the extraction result for the equivalent oxide thickness with respect
to the buried oxide. Indeed, as reported in Figs. 3.16, 3.17 and 3.18 we observed
that EOT depends on oxide type (GO1 and GO2) but also on channel material
(Si and SiGe). As already evidenced in previous studies of Soussou et al. [11], the
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gate oxide formation leads to a slight interlayer thickness increase in case of MOS
transistors with SiGe substrate. We notice here an interlayer regrowth around
0.12 nm for all GO1 SiGe channel devices and 0.3 nm for all GO2 SiGe channel
devices.

Finally, the last technological parameter, that we want to analyze, is the effective
work function. As can be observed in Fig. 3.16, WF.; depends on Gate type,
channel material and oxide (GO1 and GO2). Considering first the GO1 devices,
we notice an average shift of 100mV from N to P metal gate. It is the expected
effect of Al dipole created at HFON/SiON interface by the sacrificial gate process
proposed by Suarez Segovia et al. [1] (see Paragraph 3.2). Moreover, with SiGe
channel material, WFs evidences an additional shift of 145 mV. In Fig. 3.7 we can
observe that Vy, shift with SiGe channel reaches 320 mV. It is partially explained
by the shift of valence band for SiGe semiconductor and this is already take into
account through PS simulation, but an additional WF¢ shift of 145 mV is required
to account for the whole Vy, shift. It has been attributed to an interface dipole at
SiGe/SiON interface [11]. For GO2 devices the observe effect are similar but with
smaller amplitude. Both dipoles at HfON/SiON and SiGe/SiON device interfaces
decreases of 45 and 95 mV, respectively.
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3.5 Conclusion

We can conclude that the validated numerical methodology allows us to extract
in precise and coherent way all the physical parameters of a specific FDSOI stack.
The numerical extraction is carried out on 15 different devices which makes this
work original with respect to any previous work. It is based on 3 main steps that
are: (1) identification of front oxide EOT, (2) identification of the buried oxide and
(3) identification of the channel thickness. This extraction procedure is necessary
in order to obtain the proper WFeff value of the 15 different devices.

The obtained results from the numerical extraction allows us to observe the
impacts of the different modules on the technological parameters which are the
following:

* The sacrificial Gate induces a WF.g shift of 100mV for GO1 devices and
45mV for GO2 devices. This is associated to the presence of an induced
dipole at the interface HK/SiO2 which is different for GO1 and GO2
dielectrics.

* The buried oxide thickness (20nm) is found to be independent of any
process module. Therefore, no impact is observed with the different
technological processes.

e The channel thickness is found to be 1nm thicker with GO2 devices
compared to GO1 devices since GO2 deposition leads to less channel
consumption. Moreover, the channel thickness is found to be 1nm thicker
for devices with SiGe channel material compared to devices with Si channel
material.

* An hypothesis of the presence of the dipole (150mV) with SiGe channel at
the front-oxide/channel interface is made in order to account of observed
experimental Vg, shift (320mV) between the Cq characteristics. This has to
be proved in the next chapters.

Despite this precise extraction, that leads for the first time to WF.¢ extraction,
the numerical methodology defects in terms of time and computation cost
(complicated numerical procedure) which are fundamental in order to carry
fast statistical analysis. Therefore in order to extract the FDSOI technological
parameters including WF. in a faster, less complicated and accurate(such as
the methodology presented in this chapter) new analytical methodologies are
necessary with respect to the numerical methodology.
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Chapter 4

Analytical characterization of
FDSOI stack based on inversion C-V
measurements and linear
regression

4.1 Introduction

In the previous chapter, we have seen that the numerical methodology allows
us to extract all the FDSOI thicknesses (EOT front oxide, channel and buried
oxide) including WF.s. Despite its precision and validity, it leads to very
high computational and time costs which are fundamental for the statistical
analysis. Indeed, we remind that in the numerical methodology each thickness
has to be extracted through a fitting procedure between the experimental C-V
characteristic and the numerical simulation based on PS formalism which makes
it complicate and really expensive in terms of time. The numerical approach
is not convenient to obtain fast results. Another approach that can overcome
these issues related to the time and computational cost is the analytic procedure.
Indeed, the major incentive for recent researches has been to attain simple
analytical methods in order to extract the most important technological MOS
stack parameters. The criterion are threefold:

» fast
* simple

* less expensive
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The extraction of the different FDSOI stack thicknesses is the primary goal of
this chapter. It is why that we will present an analytical method based on linear
regression which allows us to extract specifically the EOT front oxide, buried
oxide and channel thicknesses in a faster way than to the numerical approach.
This methodology is based on C-V measurements such as the previous numerical
methodology. These are the inversion C-V measurements (Cgc(Vgs) and Cpc(Vgs))
which are already presented in chapter3.

Therefore, in the first part of this chapter the principles of the analytical
methodology, based on Boltzmann formalism, will be presented in order to
extract the different FDSOI stack thicknesses. Instead, the second part of
the chapter mainly will focus on the validity of the analytical extraction
methodology. Indeed, Quantum numerical simulation will be compared to the
extraction results which are obtained within Boltzmann formalism. Finally, in
the last part of the chapter we will discuss about the limits and advantages of the
analytical approach with respect to the previous numerical methodology.
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4.2 Analytical extraction methodology based on
linear regression

In the chapter2 we have obtained, through FDSOI band diagram analysis, the
complex analytical expressions of C,. and Cp. capacitances depending on the
parameters « and 3. These relations 2.36 and 2.42 can be simplified under
specific electrostatic conditions, therefore at specific V; and Vg voltages. Starting
from C,. characteristics, considering that we are at large front-inversion, we can
assume that a=dQwen/dQ=0. Indeed no variation of the well charge is induced
by Vi small signal variation due to the screening effect [2, 3] of the free channel
carriers at the front channel. Therefore starting from the C,. capacitance relation
(eq.2.36), we obtain simply that

! ! + ! + ! + ! + ! ! + ! (4.1)
= « ~ .
Cgc Cfox C'ch Cfox C'box C(Well C’fox Cch

The gate-to-channel capacitance depends only on the front-oxide and channel
capacitance at strong front-inversion. A simple calculation of 1/Cy can be
obtained in case of Boltzmann approximation. Indeed, by assuming that the
inversion channel carrier is located exactly at the interface front-oxide-channel
and using Boltzmann formalism [4] we know that the inversion charge Q. inv(zs)
is proportional to e?¢*s) where B = wis- Therefore, Cey can be defined as BQch iny-
This leads us, as reported in the work of T. Poiroux [5] to reduce equation 4.1 to

Lt 11 Oy 1, 1 (4.2)
C(gc Cfox Cch C(fox 0 Qch inv Cfox B Qch inv

where Qe iny is the integral of Cy capacitance. This relation can be used, as
proposed by Imed Ben Akkez [6], to extract the front-oxide thickness. Indeed
a plotting of the reciprocal capacitance versus the reciprocal inversion charge
leads to a straight line. With a linear regression [7], we can extract the reciprocal
front-oxide capacitance (therefore its thickness) from the y-axis intercept and
the value of B from the inverse of the slope as shown in Fig. 4.1 for a standard
P-MOS GO2. This methodology can be approximate for two specific reasons.
Firstly the linear characteristic (black line in in Fig. 4.1) is calculated with the
linear regression over a small region (Qc, iny') Which means imprecision on B
value. An imprecision of B value also impact the value of the oxide thickness
obtained at y-axis interception. We remind that B here is considered as a pure
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Figure 4.1: Linear plot of 1/Cgc(Vgs) versus 1/Qcp iny(Vgs) allowing the
extraction of the front-oxide thickness for a standard P-MOS GO2
device.

fitting parameter whose obtained value, from the inverse slope, (B1=44mV) is
really different from the expected theoretical and physical value at 300 Kelvin
(B1=26mV) [4].

Due to the limited region for which the linear regression is applied in the
previous extraction methodology and consequently its incertitude on the oxide
thickness value extraction, we propose for the fist time an alternative approach.
By multiplying both side of the equation 4.2 by Q iny We obtain

Qch inv _ Qch inv l (4.3)

= +
C(gc Cfox B

This relation suggests that plotting Qcinv/Cec should give straight lines versus
Qchinv- As reported in Fig. 4.2 for Vp=0V, the relation is linear and from the
slope (nsx) We can extract the classical reciprocal front-oxide capacitance and
its corresponding thickness, it leads to a slightly different value with respect to
the former methodology: 3.48nm (with our methodology) and 3.54nm [6] of t¢y.
This difference can be explained by observing the two characteristics on which
the extraction is carried out. Indeed, it’s obvious that it’s easier and more reliable
to calculate the value of the oxide thickness from the large linear region of Fig.
4.2 than the small linear region of Fig. 4.1.
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Figure 4.2: Linear plot of Qcp, iny/Cgc(Vis) versus Qe iny(Vgs) allowing
the extraction of the front-oxide thickness for a standard P-MOS GO2
device.
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Figure 4.3: Linear plot of Q¢ iny/Cpc(Vgs) versus Qcp iny(Vgs) allowing
the extraction of the back-oxide thickness for a standard P-MOS GO2
device.

This methodology can be applied as well on Cy,. characteristic [8, 9] in order to
extract the box capacitance and its thickness. For large back-inversion condition
(i.e. fig.3.5 Cy for Vps>-4V) we can assume that 5=dQn/dQ.,=0. Indeed no
variation of the metal charge is induced by Vg small signal variation due to the
screening by channel layer of any back side modulation of inversion layer at the
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V=5V to V=-11V allowing the extraction of the front-oxide and
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Figure 4.5: Linear plot of Q¢ inv/Cpc(Vps) versus Qcpiny(Vps) from
Vgs=0.5V to Vg=-1.9V allowing the extraction of the back-oxide
thickness for a standard P-MOS GO2 device.

back channel. As 3 is zero, a=dQw/dQ.,=-1 since the variation of the channel and
well charge is identically induced by Vg. Therefore from equation 2.42 we obtain
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that

S (PR | O R (4.4)
Cbhe Con Chox Ctox  Chox Cwei Ceoh Chox  Cwen '

The back-Gate-to-channel capacitance depends only on the back-oxide, channel
and well capacitance. We remind that during C,. measurement, at large negative
Vgs bias (P-MOS), the channel is in strong back inversion condition (holes) and the
well substrate is in really strong accumulation condition (electrons). Moreover,
the well capacitance is much larger than the buried oxide capacitance since in
accumulation condition and it can be neglected. Therefore C;,. depends primarily
on the channel and buried oxide capacitance at strong back channel inversion
condition. By assuming that the inversion channel carrier is located exactly at
the interface channel-back-oxide (where Qg iny(2r) is proportional to ¢#¢(>7)) and
the well capacitance is negligible, equation 4.4 reduces to
1 1 1 1 104(zs) 1 1

Obc Cbox Och Obox 0 Qch inv Cbox B Qch inv

where Qg inv 1S the integral of Cp.. By multiplying both side of the equation by

Qchinv We obtain

Qch inv Qch inv 1
= + = (4.6)
Cbc Cbox B

This relation, similar to Cg4 case (eq. 4.3), suggests as well that plotting Qch inv/Chc
should give straight lines versus Qc, iny- AS reported in Fig. 4.3 for Vg=0V, the
relation among them is linear and from the slope (1p0x =1/Cpox) We can extract
the classical reciprocal back-oxide capacitance and its corresponding thickness
leading to 20.59nm for ty,,x value (classical back-oxide thickness).

By applying this methodology for all the Cy curves at different V and all the Cy,
curves at different Vg we should obtain again straight line at respectively strong
front and back inversion channel conditions. Therefore equations 4.3 and 4.6
can be generalized in terms of Vg and V; as follows

Qch inv(VB) . Qch inv(vB) 1

Ogc(vB> B Cfox * E (47)
Qch inv(VG) Qch inv(VG) 1

= — 4.8

Cbc (VG) Cbox * B ( )

In Figs. 4.4 and 4.5, Qch inv/Cge @aNd Qch inv/Che Versus Qeniny curves for different
Vg and Vg are reported. With Qe inv/Cec(Vs) characteristics (Fig. 4.4), we
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front-oxide and channel thickness back-oxide and channel thickness
for a standard P-MOS GO1 device. for a standard P-MOS GO1 device.

notice the different impact of Vg bias with respect to the characteristic at
V=0V (red line). Whereas for positive Vg voltages no effect is observed and
therefore superimposition occurs, for negative Vy voltages the characteristics
start to detach from the reference characteristic (Vg=0V) and specifically at large
negative voltage (Vz=-11V) another linear region appears, for low Q. iny Values,
featuring a higher slope with respect to the reference curve. This region can be
used in order to extract the channel thickness. Indeed as observed in chapter2,
at large negative Vg voltage the onset of the channel inversion is located at
the interface channel/back-oxide while the channel is almost fully depleted.
Therefore in this linear region, the experimental capacitance corresponds to
oxide and channel capacitances in series. Equation 4.7 should be rewritten as

Qchinv ( 1 1 ) 1
Cgc (VB ) Cfox Cch QCh m B

Therefore Fig. 4.4 clearly exhibits two asymptotic lines with small slope
value (7¢x=1/Csox in green dashed-dotted line) equal to reciprocal front-oxide
capacitance (same line in green of fig. 4.2) and large slope (blue line) value equal
to reciprocal gate-through-silicon capacitance (1/Cgx+1/Cey Where Cen=ech/ten)-
Therefore, it allows the extraction of front-oxide and channel thickness. Whereas
trox, With respect to fig. 4.2, can be obtained from positive to large negative Vg,
the thickness channel is found only with characteristics at very large negative
Vs whose slope is calculated at very low charge level. A value of 6.3nm for the
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channel thickness is found for this standard GO2 P-MOS. The relation used for
the thickness channel is justified by analyzing the distribution charge at large
negative back biases, as previously said.

Similar discussion can be done for C,. characteristics, as reported in Fig. 4.5.
The impact of V¢ front bias on Cy. characteristics is similar to the impact of Vg
back bias on the Cq characteristics. Whereas for positive Vg voltages no effect is
observed and therefore superimposition occurs with the reference characteristic
(Vg =0V redline), for negative Vg voltages the characteristics starts to detach from
the reference characteristic (Vg=0V) and specifically at large negative voltage
(Vg=-1.9V) another linear region appears, for low Q. iny Values, featuring a higher
slope with respect to the reference curve. In this region, the inversion onset
occurs at the interface front-oxide-channel. Therefore the capacitance seen is
the result of the series of the channel, back oxide and well capacitances and we

have 0 . | | .
ch inv
= + + inv + — (4.10)
Cre(Vg) (C pox Cean C We11> Cetiny B

Two asymptotes are evidenced, such as for Cq, with small slope value (green
dash-dot line) equal to the classical reciprocal back-oxide capacitance (same
line in green of Fig.4.3) and large slope (blue dash-dot line) value equal to
reciprocal well-through-silicon capacitance (1/Cpox+1/Cen+1/Cywen Where Cen=¢cn/ten
and C*:,=Cwen//Can). Therefore Cyey has to be known in order to extract the
thickness channel.

Results for a standard P-MOS GO1 device are reported in figs. 4.6 and 4.7 where
corresponding value of tgy=1.28nm, t,,x=20.61nm and t.,=5.4nm are obtained. In
order to carry out these extractions for FDSOI SiGe and Si channel based devices,
specifics value of the channel dielectric constant ¢, are used for t,, extraction.
Indeed, for an expected 25% of germanium concentration for a standard P-MOS
device, a value of 12.875¢, is taken into account. This value is calculated from
Schaffler relation [10]

€5i,Ger_, = €5i + 4.Txeg (4.11)

where e=11.7¢¢ and x is the percentage of Germanium present in the
semiconductor.
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4.3 Comparison with NUMERICAD simulation and
quantum correction

The proposed methodology uses a Boltzmann formalism which doesn’t take
into account the quantum nature of the charge in the channel [11, 12, 13,
14, 15]. Using Boltzmann formalism implies to have an ideal charge located
exactly at the interface between front-oxide and channel or channel and
back-oxide during strong front inversion or back inversion respectively for
Cgc and Cp. characteristics. This doesn’t reflect the real distribution of the
channel charge which needs a Schrodinger formalism as described in Chapter
2 where phenomenon such as dark space and wave function penetration [16]
are occurring. Therefore, a discrepancy between the extracted values, obtained
with Boltzmann formalism, of the different FDSOI stack layers and the effective
ones is expected. NUMERICAD simulations (UTOXPP) including quantum effects
can also accounts very accurately of experimental dependence of gate and body
capacitance with Qg iny. Indeed, the fit authorizes an accurate evaluation of the
different MOS layer thicknesses. Therefore, the accuracy of the experimental
methodology can be validated.
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Figure 4.8: Linear plot of Figure 4.9: Linear plot of
Qch inv/Cgc(VGS) VETrsus Qch inv(VGS)- Qch inV/Cbc(VBS) VETrsus Qch inv(VBS)-
Comparison between NUMERICAD Comparison between NUMERICAD
fit and experimental methodology fit and experimental methodology
for the standard P-MOS GO1 and for the standard P-MOS GO1 and
GO2 devices. GO2 devices.

Fig. 4.8 reports the comparison between the experimental methodology (circles)
and NUMERICAD simulations (blue line) for t;y extraction. For the same
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characteristic, a small difference between the obtained values of tgy is reported.
Indeed a value of 0.97nm and 3.13nm for GO1 and GO2 devices is obtained
by fitting the experiments to Quantum simulations whereas a value of 1.28nm
and 3.48nm was been obtained by simply calculating the slopes of linear
Qch inv/Cac(Vas) versus Qe inv(Vgs) characteristics. This error of 0.3nm is due to
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L E A t, o =1-1nm Channel ! V,_=-9V1 S t, = L-1nm Channel ?\/B:_]_]_V.
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1 - i s 1 - E
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Figure 4.10: Hole carrier density Figure 4.11: Hole carrier density
versus channel position from versus channel position from
NUMERICAD at different Vg and NUMERICAD at different Vg and
Vy=-9V for the standard P-MOS Vp=-11V for the standard P-MOS
GO1 device. Evidence of the GO2 device. Evidence of the
difference between the physical difference between the physical
and electrical channel thickness. and electrical channel thickness.

the formalism applied within the experimental methodology as previously said
(Boltzmann versus Schrodinger) which doesn’t take into account the dark space
(around 0.3nm in terms of equivalent SiO2 oxide thickness). Figs. 4.10 and 4.11
are numerical simulations of the channel charge within quantum formalism.
They report the channel carrier density profiles (GO1 and GO2) obtained by
NUMERICAD for various biases V¢ at the minimum Vi. As we can observe, the
barycenter of the charge, in strong front inversion, is located at 1.1nm from
the interface oxide-channel (red arrows) that exactly corresponds to 0.3nm of
dark space in terms of SiO2 equivalent thickness. Therefore, in order to get a
precise thickness value, a correction has to be made on the previous extracted
front-oxide thickness tgyx obtained within Boltzmann formalism which suppose
that the charge barycenter is exactly located at the interface oxide-channel. The
corrected front-oxide thickness is

Zffoa:q = tfox + Ldark (412)
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Figure 4.12: Numerical simulation (UTOXPP) of the dark space as a
function of the inversion channel charge, in terms of SiO, and SiGe
dielectric constant.

For what concerns back-oxide extraction, an error of 0.6nm is evidenced between
the extracted thicknesses (Fig. 4.9). Indeed a value of 20nm for GO1 and GO2
devices is obtained by fitting the experiments to Quantum simulations whereas
a value of 20.61nm and 20.58nm was been obtained by simply calculating the
slopes of linear Qg inv/Cpc(Ves) versus Qg inv(Vps) characteristics. This is always
due to the presence of two semiconductors (channel and well) located at the
top and bottom sides of the buried oxide. We remind that whereas the channel
is at strong back inversion, the well is in strong accumulation (neglected in
the equation 4.5). This electrostatic condition corresponds to the presence
of two dark spaces: one associated to the channel and the other to the well
(the associated capacitances are eg;/t4.+). Therefore, in order to get a precise
thickness value, a correction has to be made as well on the extracted classical
back-oxide thickness (tyox), including the double presence of the dark space, that
is

thozg = tbor + 2ldark (4.13)

The front-oxide and back-oxide thicknesses are calculated in terms of SiO,
equivalent thickness thickness (EOT). Taking into account the correction of the
channel and well quantum dark space (0.3 nm), we obtain: EOTgo1=tfx ¢=0.98 nm,
EOTgo2=tfox ¢=3.18nm, EOTgox Go1=thox ¢= 19.98 nm and EOTgox o2 =thox = 20.01 nm
in very good agreement with NUMERICAD values (Figs. 4.8 and 4.9).
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The channel thickness extraction requires a larger dark space correction with
respect to the front-oxide and back-oxide thicknesses extractions (Eqgs. 4.12
and 4.13). We remind that Figs. 4.10 and 4.11, are numerical simulation
results of the inversion channel charge versus the channel position (z). The
extraction of tg, occurs at the onset of inversion at back interface between
the channel and the buried oxide interface (overlapped region between the
blue asymptote and experimental data in Figs.4.4 and 4.6). At this electrostatic
condition (lower charge inversion level) an observed 1.6 nm thickness for the
dark space at Si back interface is observed (blue arrow). It accounts for the
difference between simulated and extracted SiGe channel thickness. Therefore
the corrected channel thickness is

tehg = ten + Ec—htdark (4.14)
€5i0,

We remind that in order to extract the channel thickness, a corrected value of
the front-oxide thickness is necessary. The different values of dark space used
for the channel thickness extraction (1.6nm) and front and back oxide thickness
extraction (1.1nm) are justified by the fact that these extractions are occurring at
different inversion channel charge levels. Indeed t, extraction is carried out at
lower channel charge level compared to tgx and tyox extraction. Unfortunately
as reported in Fig. 4.12, the dark space is dependent of the channel charge
level. For simplicity, two fixed values (Fig. 4.12) of the dark spaces are taken
into account during the extraction which are exactly the errors found between
the previous extraction results based on Boltzmann Formalism and the fitting
numerical simulation results. In this chapter, only results for PMOS devices have
been shown but similar results have also been obtained for NMOS devices. The
results of the P-MOS devices are identical to the ones obtained in the previous
chapter through numerical simulations which validated the analytical extraction
methodology.
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4.4 Conclusion

We can conclude that for the first time an analytical extraction methodology
based on linear regression which exploits the linearity of Qcp, iny/Cgc and Qch inv/Cae
versus Q. inv Characteristics has been presented. Moreover, the impacts of the
modulation Vg and Vg on these characteristics have been investigated.

The analytical methodology leads us to directly and analytically extract all
the FDSOI stack thicknesses (tgx, ten and ty.x). This is carried out by simply
calculating the slopes of the linear region of of Q¢ inv/Cec and Qch inv/Cpe Versus
Qcn inv Characteristics.

The analytical methodology has been validated through comparison with the
numerical simulations results obtained in the previous chapter.

The extraction methodology is faster and less complicated procedure compared
to the previous numerical methodology which is expensive in terms of
computational and time cost.

Despite the simplicity of this methodology compared to the numerical
methodology, WF.¢ and the well doping concentration cannot be extracted. Only
a fitting between the experimental C-V and the numerical simulation which uses
the FDSOI stack thicknesses extracted with the analytical methodology as inputs,
allows us to properly identify WF.¢ (previous chapter last step of the numerical
methodology).

Moreover the analytical methodology needs to take into account a dark space
correction due to the discrepancy between the Boltzmann formalism (used in
the methodology) and the PS formalism (used in the numerical simulation).
The values of these dark spaces are considered constant even if dependent of
the channel charge level. This approximation can lead to imprecision of the
extracted front, back oxide and channel thicknesses.

Therefore this fast and simple extraction technique is not sufficient and rigorous
to evaluate the impact of the technology over all the electrical performance of
the FDSOI transistors. This leads us to look for new analytical methodologies for
a complete characterization of the FDSOI devices.
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Chapter 5

Analytical characterization of
FDSOI stack based on
universal curve Qot(Ec-Ef)

5.1 Introduction

In the previous chapters, we proposed two different extraction methodologies in
order to extract the relevant parameters of the FDSOI transistors. The first, the
numerical methodology, is based on fitting the experimental C-V capacitances
with the PS numerical simulation [1, 2]. We remind that this methodology is not
simply a fitting operation but an accurate procedure carried out by following a
specific extraction strategy (see chapter 3 for details). The second methodology
is the analytical extraction presented in Chapter 4. This methodology contrary to
the numerical procedure, is based on simple linear regression and doesn’t need
any numerical simulation in order to extract the various FDSOI stack thicknesses
(see chapter 4 for details).

We have seen that both methodologies have advantages and disadvantages in
terms of computational cost and extraction rapidity. We briefly remind the most
important ones:

* The numerical methodology allows us to extract all the the FDSOI stack
thicknesses (trx, ton and tpox) and the effective work function WFes.
Unfortunately, in terms of computation cost and extraction time is really
expensive (days).

* The analytical methodology allows us to extract only the FDSOI stack
thicknesses (tsx, ten and tyex) but not the effective work function. It’s a fast
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and simple procedure that allows us to extract the different FDSOI stack
thicknesses in few seconds.

Therefore, It’s clear that the two methodologies are not adequate for a fast
and complete characterization of the FDSOI transistors because either the
extraction methodology is too slow and complicate (numerical) or is not complete
(analytical).

The aim of this chapter is to present an innovative methodology which is fast,
complete and accurate for the technological optimization of FDSOI transistors.
The chapter is divided in 3 main parts.

The first part is focused on the calculation of the different charges of FDSOI stack
(metal, channel and substrate). In order to calculate these charges, two other C-V
measurement set-up are introduced and presented with respect to previous Cg
and Cy. inversion capacitances.

The second part is related to the presentation of the principles of the extraction
methodology. The electrostatic information obtained in the first part and the
innovative capacitance measurement methodologies will be used to carry out the
extraction of the thickness of the different layers (gate oxide, substrate channel,
buried oxide) in an innovative way compared to the previous works in the state
of the art [3, 4, 5, 6] and as well as the effective work function WF.¢ and the Well
doping level for Si and SiGe FDSOI devices.

Finally, the third part is the conclusion of the chapter where an evaluation of
the methodology and a comparison with the previous analytical and numerical
methodologies are carried out.
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5.2 Calculation of the FDSOI stack charges

5.2.1 Introduction to the different capacitances measurement
set-up on FDSOI transistors

In order to calculate the well, channel and metal charges, we will introduce in
this paragraph the different Capacitance-Voltage characteristics which can be
measured on a FDSOI transistor. This will be carried out on a P-MOS FDSOI
transistor featuring a GO2 dielectric, a Si channel, a P-type metal Gate and N-type
Well as reported in the scheme of Fig. 5.1. We remind that this device is build with
the same technology process introduced in chapter 3. As previously presented
in chapter 2, we have analytically defined 4 different capacitances for a FDSOI
transistor. Up to now, we have experimentally introduced only two different
capacitances among the 4. These are the Gate-to-channel Cgc and Body-to-channel
Cpc capacitances which are used in order to carry out the previous numerical
(chapter 3) and analytical (Chapter 4) extractions. In this paragraph, we will
present two other capacitances which are the Gate-to-Body Cg, and Body-to-Gate
Cpg Capacitance. These are fundamental in order to calculate the different
charges in the FDSOI stack as will be seen in the next sections.

Starting from Cg, measurement, the first experimental result was reported in
the work of Shin et all [7]. In Fig. 5.1 we show the classical experimental
configuration for the measurement of Gate-to-channel (Cg.) and Gate-to-bulk (Cgp,)
capacitances at Vg=0V. In order to carry out Cg, measurement (right side of Fig.
5.1), the small AC signal is applied on the Gate (Vg=V static+Vg(t)) and the induced
capacitive current is measured on Body terminal or Well (I(t)=dQwep(t)/dt) which
leads to obtain, with the Capacitance meter,
ot —0Qwen(Ve,Ve) Ot ~ 9Qwen(V, V)

C=10gm = of Weld) Vel (5.1)

that is exactly identical to the relation 2.31 defined in chapter 2. The
experimental results, Cy in black line and Cg, in red line, are reported in Fig.
5.2.

For what concerns the last capacitance, the Body-to-Gate Cpg, in Fig. 5.3 we
report its experimental configuration and the experimental configuration of the
Body-to-channel capacitance measurement (Cy.), already presented in Chapter 3,
respectively at Vg=0V.
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Figure 5.1: Scheme of the standard experimental configurations
for Gate-to-channel (Cg) and Gate-to-Body (Cg,) capacitances
measurements in case of a FDSOI device.
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Figure 5.2: Gate-to-channel (Cg) and Gate-to-Body (Cgp,) capacitances
characteristics versus Gate-to-Source voltage (Vgg) for a P-MOS GO2
Si-channel device.

Whereas Cyc and Cg, are well known in the state of the art [7], Cy, is presented for
the first time such as C, which is reported in the previous chapter 3 (see also the
work of B.Mohamad et al. [8]). In order to carry out C,; measurement (right side
of Fig.5.3), the small AC signal is applied on the Body (Vg=Vp satictVp(t)) and the
induced capacitive current is measured on Gate terminal (I(t)=dQn,(t)/dt) which
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Figure 5.3: Scheme of the experimental configurations for
Body-to-channel (Cp.) and Body-to-Gate (C,,) capacitances
measurements in case of a FDSOI device.
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Figure 5.4: Body-to-channel (Cy,c) and Body-to-Gate (Cy,) capacitances

characteristics versus Body-to-Source voltage (Vgg) for a P-MOS GO2
Si-channel device.

leads to obtain, with the Capacitance meter,

_ ot —9Qm(Ve, V) 9t —0Qu(Ve,Vs)
¢=10 du(t) ot oVe(t) OVg(t) (5.2)

where Qy, is the metal charge. This relation is identical to equation 2.39 defined in
chapter 2. We report the experimental results, Cy,. in black line and Cy,¢ in red line,
in Fig. 5.4. All these 4 capacitance measurements lead to a complete back and
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front split C-V measurements of the FDSOI transistor. Each measurement gives a
different electrostatic information of FDSOI stack condition. We remind that in
case of traditional bulk transistors, as presented in Chapter 1, an identification of
the flat band condition with the classical state of the art methods [9] is necessary
to calculate the total charge in the substrate. The identification of the flat band
condition in a standard bulk transistor C-V characteristic is possible since all this
capacitance is the result of the entire evolution of the substrate charge (Inversion,
depletion and accumulation) [10]. It’s obvious that an operation regime analysis
of the FDSOI transistor during C-V measurement is necessary to understand how
these capacitance characteristics are related to the evolution of the channel,
metal and well charges of the FDSOI stack. Therefore, the aim of the next section
will be to carried out an operation regime analysis of the FDSOI stack to find
a possible flat band condition such as in the traditional bulk transistors and
consequently access to the metal, channel and well charges which means the
whole electrostatic condition of the FDSOI stack.
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5.2.2 FDSOI transistor Operation regime during C-V
measurement

We remind that in chapter 2 we have previously obtained the analytical
expression of all the 4 Capacitances relations that are measurable on FDSOI
transistors (the "front" Cg and Cg, capacitances and the "back" C,. and Cpg
capacitances). These analytical expressions have been related to two important
parameters that are o« = 0Qw/0Qxn and g = 0Qm/0Qn Which are strongly
dependent of the operation regime condition of the FDSOI stack. Therefore,
it is interesting to carry out an operation regime analysis starting from these
capacitance expression and to see if there’s a condition for which these
capacitances relations are simplified and turned into the same capacitance
relation of the traditional bulk where the calculation of the charge from the flat
band condition is easily carried out.

Starting from Cy,, and Gy, capacitances we report here the expressions obtained
in chapter 2 that are respectively

1 1 1 1 1 -«
= ——+ + + + (5.3)
Cbc Och Obox 6 < Cfox Cbox > C(Well
1 1 4 1 1 1 1 —apt
— = = + + + + : (5.4)
Cbg Cbcﬁ 6 < C(ch C(box ) Cfox C(box C(Well

As reported in Fig. 5.5, four main regions (or regimes) are evidenced that are:

* regimel: This first region (Vps<-8V in Fig. 5.5) is characterized by the
presence of the Cy. signal whereas Cp, is zero. We remember that Cp,
and Cpg signal are related respectively to the variation of the channel and
metal charge with respect to the Body potential (Vg) variation as reported
in Fig. 5.6 a. Therefore this regime, called "strong back inversion", is
dominated only by the variation of the channel charge Q., whereas Qy, is
fixed since the response of the channel carriers, that is related to the Cy,
capacitance characteristic, screens the electrostatic fluctuations influence,
applied on the Body, on the metal charge. Indeed the Cy, capacitance signal
is absent. The variations of the channel charge are directly coupled with the
variations of the well charge as reported in the scheme of Fig. 5.6 a. From
this analysis we obtain that § = 0 and consequently o = —1 which leads to
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Figure 5.5: Different operation regimes on Body-to-channel

(Che) and Body-to-Gate (Cpg) capacitances characteristics versus
Body-to-Source voltage (Vgs) for a P-MOS GO2 Si-channel device.
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* regime2: The second region (-8V<Vps<-3.5V in Fig. 5.5) is characterized
by the simultaneous presence of both the characteristics C,. and Cp,.
During this regime the Cy. capacitance decreases with his associate channel
charge whereas Cy, starts to rise up strongly. Indeed the screening effect,
dominating the first regime, decreases its effect on the metal charge since
the channel is not anymore at strong back inversion. Therefore we have
a simultaneous variation of Q. and Qn with respect to the fluctuations
induced by the Body potential (induced by the Qe variations) as reported
in Fig. 5.6 b. Therefore, all the charges are varying as function of Vg voltage,
as reported in the scheme of Fig. 5.6 b. Equations 5.3 and 5.4 represent the
relations of the Cy. and Cy, characteristics during this regime.

» regime3: The 3™ regime (-3.5V<Vps<-4V in Fig. 5.5) is characterized by
the only presence of Cy, signal since Cy. signal is absent. Indeed once the
Cpc capacitance disappear, for large positive Vg voltage, the channel is not
anymore in inversion condition which means no free carriers and a fully
depleted channel as reported in Fig. 5.6 c. We know that the channel charge
is the contribution of two main charges: the free inversion carrier and
the fixed charge related to residual channel doping level (Qcn=Qch invtQch fix
where Qe ix=qtecnNen). Since Qen iny=0 and Qe 1x=0, due to low doping level
in the channel, we know that the effective charge in the channel can
be considered zero. Even if Q. sx#0, the fixed charge Qg ux Will simply
shift the flat band condition and the total charge as a function of Vgs
characteristic and no other impact on this characteristic trend will be
observed. Therefore, when the channel is in fully depleted condition, the
metal charge is directly coupled with well charge as reported in the scheme
of Fig. 5.6 c. In this electrostatic condition, we have that

_0Qw 0Qch _ OQw _

— . = = —1. 5.7
90w 0Qm _ 90m (5-7

aft

Relation 5.4 becomes

1 1 1 1 pl Bl
= + + + 5=+ (5.8)
Cprg  Crx  Chox Cwen Cen Chox

Whereas the last term of equation 5.8 can be neglected since 5! = 0, the
second last term 51/C4,=0/0 is an indeterminate form that has to be solved.
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Indeed we know that

6_1 1 o ac2ch a\chh o O\I’ch

= . = 5.9
Cch an anh an ( )

Since the channel is fully depleted the potential induced by metal (or well)
charge is simply

“len = =
€ch Cg; Cg;

where Cgi=¢., /t., 1S the channel capacitance. Therefore, the second last term
of eq.5.8) becomes

\IJch _ Qm Qm _QWell (5.10)

5-1L _ Ve _ 1
Cch 8Qm CSi
Finally from equations 5.8 and 5.10 we can obtain the simplified expression

of Cyg during the third regime, that is

(5.11)

1 1 1 1 1
= + + =+ (5.12)
C(bg Cfox C’box C(Si CWell
This last expression can be reformulated as
1 _ tfox + thox + tch(ESiOZ/Ech> + 1 _ EOTack i 1 (5.13)

Chg €si02 C'wen €si02 C'wen

This is the typical capacitance of a bulk transistor featuring an
EOTstack=tfox+tpox+ten€sioz/ecn) Which is the result of direct coupling between
metal and well charges. This regime is defined in our work as the FDSOI
bulk regime and represents the evolution, from depletion to accumulation,
of the metal (or well) charge. The channel behaves as a dielectric since it
has no free carriers.

trox + ten(Esio2/€si)*thox

Leox)T ten(Esioz/ s,,s,i,) -

VGS rrrrrrr </\/ / E gap AVgg
Fox| 4 BOX e
Metal Channel SR el

Figure 5.7: Scheme of FDSOI stack and application of Thales’s
theorem.
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The value of the voltage range for which we have the FDSOI bulk regime is
given in first approximation by

Zfbo:p + tch(‘ES'iOQ/ech) + tfo:r)

5.14
(tch<65'i02/€ch) + tfoac) ( )

AVpg = Eg<

This expression is obtained with the Thales’s theorem as
reported in Fig. 5.7. Indeed for Thales’s theorem we know that
AVgs/Egap=(trox+ten +thox)/(Egap+Egap(esioz)/ecn) Which leads to equation 5.14.
This 339 regime is the most important region and will be the key for the
identification of the flat band condition and the calculation of the well
charge as we will see in the next section.

» regime4: The last regime (Vps>-4V in Fig.5.5) is defined by the onset of
electrons channel inversion phenomena as reported in Fig. 5.6 d. The
electrons inversion carrier are created through thermal generation at
specific rate which is fg,. During C-V measurement two signal are applied at
the Body contact: a constant voltage Vg (fz=0) and a small signal voltage vy(t)
at specific rate fy,. The electrons inversion phenomena will always responds
to the constant voltage since f,> fz=0 but it is not capable to respond to the
variations of the small signal since f,>f;,. The channel charge will depends
on the applied Body voltage Vg. Deformation of the bulk capacitance is
expected and is dependent of the amount of channel charge created by the
thermal generation phenomena. This regime is defined as distorted FDSOI
bulk regime.

Among these 4 different regimes, we remind that the most important one is the
FDSOI bulk regime (or 3" regime) from which the identification of well flat band
can be carried out.

Similar analysis can be carried out on the "front” FDSOI capacitances, Cgc and Cgp,.
Here we remind the expressions obtained in chapter 2 for these capacitances that
are respectively:

1 1 1 1 1 1
-4 —+a +—+ (5.15)
Cgc Cfox Cch ( Cfox Cbox CWell >

1 1 1 1 1 1 1 1
_ I S I + (5.16)
Cgb ch e Ctox  Chox  Cwen ( )




Chapter 5. Analytical characterization of FDSOI stack based on

130
universal curve Q(E.-Ey)

We have reported in Fig. 5.2 Cgc and Cg, capacitances and the 4 main operation
regimes which are similar to the ones defined for the "back" capacitances:

* regimel: The first region (Vgs< -1.1V in Fig. 5.2) is characterized by Cg,=0
and large Cg signal. This is dominated by the channel charge, and is defined
as strong front inversion regime. The well charge is constant and doesn’t
vary due to the screening effect of the channel charge on the potential
variations induced by V¢ voltage. Since « = 0, from equation 5.15 we obtain

that C, capacitance is
1 1 1

= +
C(gc C’fox Cch

(5.17)

* regime2: The second region (-1.1V<Vs< -0.6V in Fig. 5.2) is characterized
by the simultaneous presence of both C,c and Cg;, capacitances. This means,
such as for Gy, and Cy,, characteristic in the second regime, a variations of all
the FDSOI charges (Qwen, Qm, Qcn). Therefore relations 5.15 and5.16 define
the Cgc and Cg, characteristics in this region.

 regime3: During 3™ regime (-0.6V<V¢s>0.6V as reported in Fig. 5.2), we
have only the presence of Cg, signal while Cg. is zero. As for Cy,. and Cyg
characteristic in the third regime, the channel is depleted (C,.=0) and the
Cgp characteristic is the result of the direct coupling between metal and well
charge. From equation 2.37, in this regime, since a‘1(+ch =-Landal 21— =0

. . Csi Cfox
we easily obtain:

1 1 1 1 1

C(gb B C’fox * C(box * C_Sl * OWell.
This equation is identical to the relation 5.12 and consequently 5.13. This
regime is still defined as FDSOI bulk regime and it is the key for the
calculation of the FDSOI stack charges. This capacitance relationship is the
result of the direct coupling between the metal and well charges with an
equivalent dielectric given by EOTqck=trox+thox+ten(€sioz/ecn). The first time
that Cy, measurement was reported [7], Shin et all believed that Cg, remains
constant in depletion and does not reach its accumulation value due to the
absence of AC response of holes in case of N-MOS devices. But as we will
analytically and experimentally demonstrate in next sections, this is not
true. This capacitance is the result of the direct coupling between the well
charge and the metal charge which features and EOT given by the series of
the front-oxide, channel and back-oxide capacitance (equation 5.13). The
channel behaves as a dielectric oxide. The value of the voltage range for
which we have the FDSOI bulk regime is found with an analysis similar to

(5.18)
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the one for Cg, and it is given as in first approximation by

(tbox + tch(GSiO2/€ch) + tfom)
(ten(€sio2/€ch) + toox)

AVgs = E, (5.19)

* regime4: The last regime (Vss>0.6V as reported in Fig. 5.2) is defined by the
onset of electrons channel inversion phenomena. The electrons inversion
carrier are created through thermal generation at specific rate which is fg,.
As for the "back" capacitance, this regime is defined as distorted FDSOI
bulk regime.

We have seen that both for Cg, and Cy, the 3™ regime or FDSOI bulk regime
is fundamental since the FDSOI device works as typical bulk capacitance. This
region can be used in order to extract the flat band condition of the well substrate
thus allowing the calculation of the well charge. Since during the FDSOI bulk
regime the capacitance relations are the same for Cg, and Gy, in the next sections
we will prove experimentally that Cg, and Cp; measurements will give the same
result. This will be carried out through modulation of these capacitances by the
bulk or Gate contact.



Chapter 5. Analytical characterization of FDSOI stack based on
universal curve Q(Ec-Ey)

132

5.2.3 Effect of back and front basing on the Gate-to-Body
capacitance measurement

Modulation effect on Cyc by back biasing characteristics is well known in the state
of the art [7] whereas modulation effect on Cy. by front biasing was reported for
the first time in chapter 3 [8]. Here, we report corresponding results for Cq. (Fig.
5.8) and for Cy,. (Fig. 5.8) with respect to the reference characteristics at Vz=0V
and V=0V of Figs. 5.2 and 5.4.
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Figure 5.8: Gate-to-channel Figure 5.9: Body-to-channel
characteristics from large negative characteristics from large negative
(-11V) to positive (6V) Body bias (-1.65V) to positive (1V) Gate bias
(Vp) for a P-MOS GO2 Si channel (V) for a P-MOS GO2 Si channel
device. device.

The effect of back-bias Vg on Cg, characteristics were firstly reported in the work
of Shin [7] whereas the effect of front-bias Vg on Cy,, characteristic are not known
in the state of the art. In order to carry out Cg, measurement with back-biasing,
a back bias voltage Vg has to be applied in series to the Ampere-meter (Low
terminal connected to the Body) as reported in the first configuration in Fig. 5.10.
But as explained in the work of Shin [7], it is not possible since the low terminal is
forced at ground. Therefore, in order to carry out Cg, measurement, he proposed
an alternative configuration (2nd configuration in Fig. 5.10). An reverse back
bias Vg has to be simultaneously applied on Source-Drain and Gate terminals.
Unfortunately, during Cg, measurement (2" configuration of Fig. 5.10) at large
back biasing, e.g. Vg=-11V, high potential drop between Gate and Source-Drain
terminals can occur if the signal at the different contacts is not synchronized.
Since the front-oxide features few nanometers of oxide thickness, a high voltage
drop would lead to an oxide breakdown phenomena [11, 12]. In order to avoid
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Figure 5.10: Alternative configuration for Cg measurement with
back biasing.
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Figure 5.11: Cy, versus Vgs with back biasing Vg varying from 6V to
-11V with a step of 0.5V for a P-MOS GO2 Si channel device.

this dielectric breakdown, we have proposed two significant adaptations of the

experimental set-up:

 First, the voltage applied on the Gate terminal and Source-Drain (-Vg)
terminals (reported in the 2" configuration of Fig. 5.12) are simultaneously
increased to -Vg by progressive steps to avoid any significant bias drop on
gate oxide. Then, the capacitance measurement is performed, meaning that
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Figure 5.12: Alternative configuration for C,, measurement with
front biasing.

) ' ) ' ) ' ) ' ) ' ) ' ) ' ) ' ) ' ) ' ) ' )
’ ——GO02 V=0V Reference ‘ e

c | Coax regime 3 + regime 4

t Ve, =50mV |
S=100mm?
f=100 KHz 7

-1.65V 7

ey ¥ ¥ I ¥ I ¥
-12 -10 -8 6 -4 -2 0 2 4 6 8 10

Ve [V]
Figure 5.13: Cpg versus Vs with front biasing Vg varying from 1V to
-1.65V with a step of 50mV for a P-MOS GO2 Si channel device.
Gate bias evolves from -Vg+v,(t) to V-V+vg(t).

» Second, the current limitation of the measurement unit at Source and Drain
has been reduced to avoid any gate oxide breakdown but not too low to
guarantee a reliable measurement of the induced current at the (Body) Low
terminal (Fig. 5.12).

Once these actions are taken, a measurement of Cg, is possible. Results from
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positive (6V in green) to large negative (-11V in blue) back bias Vg are reported
in Fig. 5.11 with respect to the reference characteristic at Vg=0V (in red from Fig.
5.2). These characteristics are plotted in function of Vgs. Two important effects
are observable due to the back bias voltage Vg. Firstly the range voltage AVgs
for which we have the FDSOI bulk regime and the distorted FDSOI bulk regime
(indicated by the horizontal double arrows) decreases from positive to large
negative Vg voltage. Secondly, also the capacitance variation ACg,=Cpax-Crmin
(indicated by the vertical double arrows) during this regime is dependent of the
applied Vg voltage.

For what concerns C,;, measurement, the modulation is carried out through
front-biasing V;. Indeed, in order to perform this measurement, the front
bias voltage V; has to be applied in series to the Ampere-meter (Low terminal
connected to the Gate) as reported in the first configuration in Fig. 5.12.
Unfortunately, as seen for Cg, case, this is not possible since the low terminal is
always forced at ground. Therefore, in order to carry out C,; measurement, we
have proposed for the first time an alternative configuration (2nd in Fig. 5.12).
As clearly reported in this second configuration an inverse front bias Vg has to be
simultaneously applied on Source-Drain and Body contacts. Contrary to the Cg,
measurement, during C,, measurement synchronization among Source-Drain
and Body signal and limitation of the Body current are not necessary thanks
to the thicker buried oxide with respect to the front-oxide which can not lead
to any breakdown phenomena. Results from positive (1V in green) to large
negative (-1.65V in blue) front bias V; are reported in Fig. 5.13 with respect to the
reference characteristic at V=0V (in red from Fig. 5.4). These characteristics are
plotted in function of Vgg. Similar observation can be done for these capacitance
measurements. Firstly, the range voltage AVgs for which we have the FDSOI bulk
regime and the distorted FDSOI bulk regime (indicated by the horizontal double
arrows) decreases from positive to large negative Vi voltage. Secondly, the
capacitance variation ACg,=Crpax-Crin (indicated by the vertical double arrows)
during this regime also decrease from positive to large negative V¢ voltage.

We have previously said that Cg, and Cg during the FDSOI bulk regime (channel
fully depleted with no minority carriers) should be the same capacitance since
we analytically demonstrate that both are the result of the direct coupling
between metal and well charge (eq. 5.12=eq. 5.18). Whereas C,; shows a
significantly variation as a function of Vs voltage, Cg, shows a lower variation
with Vg voltage (AC,g» ACgp) as reported in Figs. 5.11 and 5.13 for characteristics
respectively at Vg=0V and V=0V. This is due to the large difference, in terms of



Chapter 5. Analytical characterization of FDSOI stack based on

136
universal curve Q(E.-Ey)

range, between Vgs and Vis voltages during Cg, and Cpg measurements. But even
if Cpg evidence at each Vg a larger well capacitance shift due to a larger range
on Vgs, we must keep in mind that each characteristic only lead to a section of
the Gate to well FDSOI capacitance. Indeed, we must keep the regime 3 with
fully depleted channel to guarantee a reliable measurement. We remind our
goal is to calculate the well charge and this can be carried out only through
an identification of the well flat band condition. The flat band condition can
be identified only if we can observe the entire evolution of the well charge and
therefore the FDSOI bulk regime capacitance. Two questions are rising up. First
how we can rebuild the entire FDSOI bulk regime capacitance starting from Cg,
or Cyg characteristics? Second, how Cpy(Vgs) and Cg,(Vgs) can be the same when
they appear significantly different in Figs. 5.11 and 5.13?
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5.2.4 Reconstruction of Cg, capacitance and comparison with
Cyg characteristic

We must notice that Cg, and Cpg are reported as a function of Vgs and Vgs in Figs.
5.11 and 5.13. It’s well known in the state of the art and well described in chapter
1, that a standard MOS bulk capacitor is the result of the direct coupling between
the metal and substrate charge. Its capacitance characteristic is usually reported
as a function of the applied voltage between the metal and bulk contacts Vgg.

From depletion to

J— . EOT accumulation

ftgg‘j a Qwelli
VGT ‘.l\ze.t;[. ox d:;]l;l:;;d BOX r’m Vs E)rz?p?ectcigmulation
ja—— N —
\J? Vs Vo Metal | ox | dePleted | o m Vgl
a) = -

i \/
= Vs

Figure 5.14: Cg, (a) and Cyg (b) measurement during FDSOI bulk
regime.

We remind that during the FDSOI bulk regime, Cg, and Cpg measure the coupling
between the metal and well charge while the channel is fully depleted. These
electrostatic conditions are reported in Fig. 5.14 for Cg, and Cpg characteristics.
This suggest, as carried out for the traditional MOS capacitor, to plot respectively
Cgp and Cyg as a function of Vgg and Vg (red arrows Figs. 5.14 a and b) and not
as a function of Vgs and Vgs (black arrows Figs. 5.14 a and b). This means to
plot these capacitance characteristics as a function of the potential difference
between the metal and well electrodes.

Results for Cg, and Cp, are reported in Figs. 5.15 and 5.16. Starting with Cg,
characteristics, we observe that by plotting them in function of Vgp voltage we
obtain the full Cg, capacitance which is the result of the well charge evolution
from depletion to strong accumulation condition. Vgg is defined as Vgg = Vgs+
Vsg with Vgg = -Vgs. Each characteristic at a specific back bias Vg represents a
portion of the entire capacitance. As reported in Fig. 5.15, the characteristic at
V=6V (in green) features a capacitance for which the well (A Cyep1) is mostly
in depletion regime while the characteristic at Vzg=0V (in red) and finally the
characteristics at Vz=-11V (in blue) features a capacitance for which the well is
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Figure 5.16: Cy, versus Vg with front biasing Vg varying from 1V to
-1.65V with a step of 50mV.

respectively in depletion-accumulation and strong accumulation regime. It rises
up more clearly that only one Cg, measurement cannot figure the entire FDSOI
bulk regime capacitance variation, but multiple characteristics at different Vg
biases are necessary to rebuild it.
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The reason are twofold:

* Front-oxide breakdown: We remember that for Cg measurement we
applied the High terminal (Vs-Vg) on the Gate contact and Source and Drain
are biased at -Vy (Fig. 5.10). It’s obvious that Vs cannot largely varies since a
high potential drop between the Gate and Source-Drain contacts could lead
to the front-oxide breakdown.

* The voltage range of the FDSOI bulk regime: As we previously described the
voltage range (eq. 5.19) for Cg, characteristics is not enough (AVgs~1V) to
figure the entire evolution of the FDSOI bulk regime capacitance.

Therefore, by plotting the Cg, at different Vi biases as a function of Vgg we
can rebuild the entire bulk regime capacitance. This is the answer at the first
question of the previous section.
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Figure 5.17: Cg, and Cy, versus Vgg measurement during the 3,4
regime for a P-MOS GO2 Si channel device.

For what concerns Cy, versus Vgs characteristics, as previously put in evidence
in Fig. 5.13, the set of characteristics looks more to a similar C-V characteristic.
Cpg characteristics still need to be plotted as a function of Vgg voltage. Indeed
as reported in Fig. 5.16, at first sight, we obtain a unique curve without
any significant discrepancy among the characteristics at different front bias
Vis. The characteristics at Vg=1V (in green), V=0V (in red) and Vs=-1.65V
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(in blue) are mostly superimposed. However these characteristics are not
perfectly superimposed due to the distorted FDSOI bulk regime at which the
FDSOI transistor undergoes. Indeed this regime deforms the FDSOI bulk regime
capacitance since the channel electrons inversion occurs due to the thermal
generation phenomena. The total Cy, capacitance can be obtained with only two
characteristics in a valuable range (e.g. Vg=1V (in green) and V=0V (in red))
since the voltage range (eq. 5.14) of the FDSOI bulk regime for Cp, characteristic
(AVgs~8V) is higher compared to Cg, characteristic (AVgs~1V).

The characteristics Cg,(Vgp) and Cpg(Vge) should give the same exact capacitance.
Indeed, by plotting Cy as a function Vgg (=-Vgg), and comparing it with Cg,(Vgg)
characteristic, we obtain the same characteristic, as reported in Fig. 5.17. Vgg
is defined as (Vgg = Vst Vs with Vg = -Vgs). This unique characteristic is the
result of the direct coupling between metal and well whose charge progressively
pass from depletion to accumulation region. This characteristic is the complete
FDSOI bulk regime capacitance whose behavior is identical to a typical bulk
capacitance characteristic (see Chapter 1). This answers to the second question
of the previous section which clearly evidenced the apparent difference between
Cgp and Cpg characteristics as a function of Vgs and Vgs. Such Gy, capacitance can
be used in order to determine the condition of zero well charge or well flat band
condition.
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5.2.5 Identification of the well flat band condition (Vg,w) and
calculation of the total charge

The FDSOI bulk regime has a fundamental role to identify the electrostatic
condition of the FDSOI transistor. Indeed, the well charge can be calculated from
such experimental C,, characteristic. Once the well flat band condition on the Cy,
capacitance is determined, we can integrate Cy,, capacitance from Vg, to any Vgg
voltage, as carried out on the standard bulk transistor (chapter 1). Therefore, we
have

Ves
Quan = [ Chg Ve (5.20)
Vi

This leads us to know the overall polarization state of the SOI well substrate
at least during inversion or depletion conditions of the channel. The Gauss
theorem tells us that the electric field at the channel surface will be the sum
of the two components that are induced by the channel charge and substrate
charge. Whereas the measurement of the channel inversion charge, which
is calculated by simply integrating the capacitance Cq, is well known in the
state of the art, the measurement of the substrate charge is not common in
MOS SOI technology since there’s not a direct way to access to the substrate
charge. Unlike the Cg, measurement of traditional MOS transistor whose entire
depletion-accumulation regions are well known and thus their analysis of flat
band condition and charge (Figs. 1.7 and 1.8 ) as a function of applied voltage,
the Cg, measurement of FDSOI transistors is reported here for the first time
(Fig. 5.17). We remind that this curve is a typical characteristic of a traditional
MOS stack, where the gate is always the studied gate capacitance and its oxide
corresponds to a stack composed of three dielectric layers (the Gate front-oxide,
the depleted channel that behaves like a dielectric and finally the buried oxide
or back-oxide) and the substrate is located at the backside of the buried oxide.
The methodology, used in the state of the art in order to extract EOT and Vg, or
WF, for a traditional MOS stack, can be used here to extract the Vg, and EOT for
FDSOI transistors.

We report in Figure 5.18 the comparison of experimental with the C-V
characteristic simulation that takes into account the quantum effects. With such
fitting of experimental result with numerical simulation, a flat band voltage
of 280mV and a dielectric equivalent thickness of 25.1 nm are obtained. This
adjustment allows us to estimate the effective work function WF. of this stack
(4.58 eV). The EOT is extracted as well in the accumulation region and it is equal
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Figure 5.18: Extraction of Vg, from Cyp, characteristic for a P-MOS Si
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ch

The extracted effective work function is the WF.¢ value of the metal Gate of the
FDSOI stack and the EOT is the sum of 3 dielectrics thicknesses (front-oxide,
channel and buried oxide) between the metal and well substrate. The value
of the effective work function includes the cumulative impact of the different
electrostatic effects (fixed charges and dipoles) across these 3 dielectrics.

The identified flat band voltage is independent of the Source and Drain voltage.
Indeed, since the channel is fully depleted, Vs and Vp cannot control the
electrostatics of the channel. The well flat band voltage can be identified on the
classical Cg, characteristic at Vg=0V of Fig. 5.2 since we know that the flat band
voltage of the substrate at the back of the buried oxide for which the total charge
is zero. We are now able to calculate the channel and substrate charge for each
Vs voltage. In Figure 5.19 we report the superposition of the complete FDSOI
bulk regime capacitance characteristic with Cg, characteristic at Vg=0V.

This charge calculation, performed for the different semiconductor layers
(channel and substrate), is carried out and reported in Figure 5.20. The integral
of these capacitances, Cg. and Cg (F/m?), leads to the associated charges Q., and
Qwen (C/m?). We can also turn this charge into number of carriers N(Q) as
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Figure 5.19: Identification of the flat band on front FDSOI
capacitances.

reported in Figure 5.20 by considering the following relationship:
Q= q- N(Qtot) (5.22)

where q is the elementary charge. In Fig. 5.20, we report the trend for the two
charges: the free carriers of the channel (Q.,) and the substrate charge (Quwen)-
Strictly speaking, the total charge (seen at the front-oxide/channel interface) is
the sum of the free charge and the fixed charge carriers:

Qtot = Qch + Qwell + Qchfix + Qbo:p + Qint (523)

where Qg six 1S the depleted charge (Qch ix=qtenNen), Quox 1S the sum of the fixed
charges located within the buried oxide, including its front and back interface,
and Qi is the fixed charges located at the front-oxide/channel interface. Since
we suppose a really low doping level in the channel and not significant presence

of Qint and Qypox charges, we simply propose:
Qtot = Qch + Qwell (524)

We can notice in Fig. 5.20 that once we have the onset of the inversion charge
(square black) in the channel, the well charge (in red) saturates due to the
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Figure 5.21: Qo Versus Vgs at Vg from 6V to -7V with step of 0.5V.

screening effect. The value of well charge, during strong front channel inversion
at Vgs=-1.8V, is important and not negligible. Indeed, its values is higher than
10% of the calculated channel charge at this voltage condition. As carried out for
the reference characteristic at Vg=0V, the total charge at the front-oxide/channel
interface can be calculated for all the characteristics at different Vg, since
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we know the well flat band condition. Indeed, as reported in Fig. 5.18, the
integral from the well flat band condition of the rebuilt FDSOI bulk regime C-V
characteristic (black spheres) is sufficient to obtain the charge well at any Vgg
voltage and for any Cg, characteristic (at any Vg voltage). For sake of clarity
in Fig. 5.18, we report also the Cg, characteristic at Vg=4V (green circles). We
remind that this characteristic is a part of the entire FDSOI bulk regime C-V
characteristic (black spheres). It’s obvious that the integral of FDSOI bulk regime
C-V characteristic (black spheres) will give us the well charge values of the
Cgp characteristic at Vz=4V (green circles). Once the well charge is known, the
channel charge is obtained by integrating the Cy at Vg=4V characteristic. The sum
of the well and channel charges leads to the total charge for the characteristic at
Vp=4V. In Fig. 5.21, we report the trends of the total number of carriers N(Q)
as a function of Vgs voltage for all the back bias Vg varying from -7 (in blue) to
+6 (in red) Volt from the reference characteristic Vg=0V (in red). Two regimes
are observable for all the characteristics. The first is the channel depletion
regime characterized by a lower slope and the second is the inversion channel
regime whose slope is higher with respect to the channel depletion regime. It
is noteworthy to observe that, apart from the depletion regime, as soon as we
have the onset of inversion in the channel, all the different characteristics are
superimposed. This seems to reflect a general behavior of the semiconductor,
since it is a relationship between Vs and N(Qqt) and appears to be independent
of the applied Vj voltage. This general behavior will be investigated in the next
section and will be the key for the proposition of an new extraction methodology
of EOT and WF.. In Fig. 5.21 we also report the well flat band condition. This
condition is identified during channel depletion regime and occurs for Vgs=Vg w
which is

Qwen =0

Qo =0 (5.25)

Qtot = Qch + Qwell =0

Interesting is another electrostatic condition, which can be identified on Fig. 5.21
occurring during the channel inversion regime (Q.,#0), that is

{Qch = _QWell 7& 0 (526)

Qtot = Qch + Qwell =0

This is the front flat band condition Vg, o0 for which the electric field on the
front-oxide is zero assuming no fixed charges (see chapter 2). This condition (eq.
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5.26), different from the well flat band condition (eq. 5.25), is identified for all the
capacitance characteristics at Vg<0 (Fig. 5.21). In the next section, two main goals
will be addressed. Firstly we will demonstrate why we have for a specific FDSOI
stack a general trend. Secondly, we will see how this relationship N(Qx:)(Vgs) can
be used to carry out the extraction of WF¢ and EOT.
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5.3 Analytical extraction based on universal curve
Qtot(Ec'Ef)

5.3.1 Universal Curve: Qo (E+E,)

In the previous section, we have obtained the experimental characteristics of
total charge N(Qq), seen at the front-oxide/channel interface, as a function of
the applied voltage Vs at different Vg back biases for a specific FDSOI transistor
(P-MOS GO2 Si channel). We observed that a universal trend occurs once
the channel is in inversion regime (Q.#0). Indeed, the characteristics are
superimposed as reported in Fig. 5.21. This universal trend of the total charge
as a function of the potential Vgs is investigated in this section. This universal
behavior between N(Q«t) and Vgs, suggest us to investigate their relationship
expressed in terms of FDSOI stack physical parameters which can be obtained
from the analysis of the band diagram of Fig. 5.22

: V}/

\'

Zy Zg Zp

Figure 5.22: FDSOI band diagrams at the front oxide.

We can imagine that it is a relationship between the voltage drop in the
semiconductor and the total charge seen at its interface. Indeed from the analysis
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Figure 5.23: N(Qo)(Ef-Ec) for different FDSOI and bulk transistors
featuring different channel and doping type and level.
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Figure 5.24: Distribution of the channel charge at 3 different
conditions indicated in Fig. 5.23: (A) front channel inversion, (B) back
channel inversion and (C) fully depleted channel.
of the band diagram of Fig. 5.22 we can easily obtain
WEer  (Epen(N(Qrot)) — Ee(N(Qrot))  Xen  qN(Qrot) EOT
Vgs = + - - (5.27)

q q €5i0,

where Efn(N(Qwon)-Ec(N(Qior)) is the difference between the Fermi energy and
the conduction band energy at the interface (zs) and -qN(Qt)EOT/esioz=Viox-
Therefore, this relation 5.27 implies that if N(Qu)(Vgs) is universal then
N(Qot)(Efch-Ec) must be also universal since WF, EOT and X, are constant
parameters. Therefore, we carried out different simulations by coupling in a
self-consistent way the Poisson and Schrodinger equations for different FDSOI
devices and seeking each time to identify the relationship between the total
charge Q::=QcntQwen located at the interface and the relative position of the
Fermilevel and the semiconductor conduction band always at the interface. This
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study was made for transistors with SOI substrate featuring different channel
material and different substrate type as well as back biases. In Figure 5.23, we
report N(Qtot) as a function of (E¢y-Ec) characteristics for two FDSOI transistors
with the same Si channel thickness of 6.3 nm and a buried oxide of 20 nm and
different well type (P in black and N in red at 10'¥cm?3) at V3=7,4,0,-4 and -7V.
Two important observations can be done. Firstly, as we can see in Fig. 5.23
for the N-Well FDSOI simulations (red lines), a universal behavior is observed
for electrons and holes independently of the applied back bias V. Secondly,
a universal behavior is also observed independently of the Well-type of the
devices. Indeed superimposition between simulations for the N-Well FDSOI (red
lines) and P-Well FDSOI (black lines) occurs during electrons ad holes channel
inversion. In Fig. 5.23, we also report a simulation of a FDSOI at Vg=-7V
which features the same front and back-oxide thicknesses of the previous N-Well
FDSOI device (red lines) but different channel thickness t.;,=8.3nm (blue line).
As reported in Fig. 5.23, the comparison of the characteristics at Vg=-7V for
ten=6.3nm (red line) and t.,=8.3nm (blue line) reveals still a universal trend of
the N(Q) as a function of (E¢cy-Ec) characteristic but not for all the channel
inversion regime. This can be explained by investigating the channel charge
condition during the inversion regime. In Fig. 5.24, we report the channel
charge distribution at three specific conditions indicated in Fig. 5.23 for the
characteristic at Vg=-7V (red line), they are respectively the front channel
inversion (A), the back channel inversion (B) and the fully depleted channel (C).
Therefore, the characteristic N(Qo)(E¢cn-Ec) at Vg=-7V (in red) has two different
channel inversion conditions (front and back). We observe that whenever we
are in the back channel inversion (Fig. 5.24 (B)), the two characteristic are not
superimposed as indicated by the two box and arrows (red and blue stripes). This
suggest us that a universal law can be observed once front channel inversion
condition occurs. This is a necessary condition at the front-oxide channel
interface.

Another aspect which needs to be investigated is the impact of the dimensions
of the channel at really few nanometers (below 4 nm) on the universal
characteristic during front channel inversion (holes and electrons). Indeed
at this condition, the independence of the charge at the front-oxide/channel
interface with respect to the potential at channel/back-oxide interface is
investigated. In Fig. 5.25 (left figure), we report numerical simulation of the
absolute value of N(Q) as a function of Eg+-E. for FDSOI devices featuring
different channel thicknesses. These simulations have been carried out from
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Figure 5.25: EMA numerical simulation of N(Q¢) as a function of

(Et-E¢) for FDSOI devices featuring different channel thicknesses

(from 10nm to 1nm) and for bulk device featuring a 700nm substrate
with 10'%cm doping level.

1nm to 10 nm channel thickness values and compared to a simulation of bulk
transistor with 10%cm doping level for which no back interface exist (t.,=00).
Two important observations can made:

1. The universal characteristic can be generalized to the case of bulk transistor
(black line for N,=10'®cm?3) since its characteristic during inversion
or accumulation is superimposed with FDSOI numerical simulation
characteristic as reported in Fig 5.25 (left figure).

2. The universal characteristic is valid for a channel thickness larger than 4nm
since superimposition between the characteristics is no longer observed
below this channel thickness limit. The associated shift A(Egs-E.) calculated
at N(Q)=5.3x10'"cm? with respect to the bulk characteristic at strong
inversion and accumulation are reported in the right figure of Fig. 5.25.

In Fig. 5.25, we report the superimposition of the numerical FDSOI simulation
with a single simulation of a P-type substrate bulk transistor with N,=10*¢cm?.
This superimposition occurs independently of the doping level and type of the
bulk transistor. In Fig. 5.26 we report numerical simulation (EMA approximation
in red) of N(Qt,) as a function of Eg+E. characteristics for the previous P-type
substrate bulk transistors with a doping level N, of 10'® and other two with an
N, of respectively 1017, 10! cm™. As we can observe the universal trend occurs
independently of the doping level and distribution.

It’s worth to note that if a different formalism (classical Boltzmann formalism
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Figure 5.26: N(Q)(Ef-Ec) for different bulk transistors featuring

different doping levels.
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Figure 5.27: N(Qot)(E¢-E¢) for two FDSOI featuring Si channel and two
different doping type (N in red and P in black) at respectively Vg=-7V

and Vg=7V.

(blue lines) and Fermi-Dirac formalism (black lines)) is used for the calculation
of the total charge a different universal curve (for holes and electrons) is obtained
as reported in Fig. 5.26. The independence of the universal curve with doping
level can be easily proved in case of Boltzmann formalism by calculating the
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intrinsic solution which is

R T T N (529

where B=1/kgT and ¥, is the potential surface calculated in eV with respect to the
intrinsic Fermi energy (E;). This characteristics which is a straight blue dashed
line is reported in Fig. 5.26 as a function of E+E.=V,-Eg.p/2. More generally in
case of a different doping concentration (N, or Ny) we can define the difference
between the Fermi and conduction energies at the surface for a p-type substrate
(blue lines in Fig. 5.26) as

Et— Ee=V, - Bln <N) ~ Lo (5.29)
n; 2
This can be similarly obtained in case of n-type semiconductor (Ng). The
Boltzmann formalism doesn’t take into account the quantum effects of the
charge. Therefore, only numerical simulation results within EMA approximation
are considered for a realistic description of the charge distribution. Therefore,
the validity of the universal curve can be generalized for all possible FDSOI
transistors featuring different channel (t;;>4nm) and buried oxide thicknesses
and well and channel doping type and level. Moreover, as observed previously
for the bulk simulation at 10'®cm? doping level, this universal law can
be validated on other bulk transistors featuring different doping level and
distribution. We can conclude that once the onset of the inversion of free carriers
in the channel (holes or electrons) occurs at the front-oxide/channel interface, we
have a universal law for electrons or holes of total charge that depends only
on the type of channel semiconductor that we simulate (Silicon, Germanium,
GaN, etc...). These two universal laws for holes and electrons can be deduced
for Silicon material from the characteristics of Fig.5.23 and are reported in red
triangles for holes and black triangles for electrons in Fig. 5.27. These universal
curves are reported for the first time (Fig. 5.27) and they will be used in order
to extract EOT and WF.+ as we will show in the next section. The curves in
orange circles and gray circles reported also in Fig. 5.27 represents the general
law of the specific FDSOI device which is dependent of the buried oxide and
channel thickness. These two curves can be also used in order to extract EOT
and WF since they include the back channel inversion regime (depends on
the buried oxide and channel thickness) and the front channel inversion regime
(universal law). These universal laws mean that once we are in accumulation or
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inversion with free carrier becoming larger than any other source of charge, the
dependence of potential at the interface reaches a universal behavior typical of
the semiconductor that leads to unique dependence between the potential and its
derivative. Such behavior disappears when we are no longer in a "one" interface
situation: thin film before 4nm, nanowires, ect..
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5.3.2 WF¢s and EOT extraction based on Q. (E+E;) of MIS
structure

The relation between N(Q,) and Vgs suggest to rewrite equation 5.27 as follows

q2N(Qtot)EOT
€Si0,

q@Vas + Xen — (Efen(Qrot) — Ee(Qrot)) = WFeg — (5.30)

where X, is the electronic affinity of the reference semiconductor (4.2 eV for
Silicon) due to the value used in the PS simulator. Therefore, we expect that
plotting qVgs+X-(E+-E.) as a function of N(Qq) leads to a linear law whose slope is
proportional to EOT and the ordinate at the origin is the effective work function.
The linearity is maintained only during front channel inversion condition.

We remind that we have already obtained the experimental relationship
between Vs and N(Qqt) for a specific FDSOI transistor (in our case a P-MOS GO2
Si Channel device) as reported in Fig. 5.21. Therefore, we can use the general
curve of the FDSOI device for holes inversion (EgEg.), obtained numerically as
reported in Fig. 5.27 (orange circles n. 3), in order to extract EOT and WF.¢ for
this specific FDSOI transistor. Indeed for each specific experimental N(Qot) value
we know the associated numerical value of Eg-Er.. Wi extraction is therefore
obtained with an innovative methodology compared to the previous works in the
state of the art [13, 14, 15].

This kind of plot, for the characteristics of the P-MOS GO2 Si channel device
is reported in Figure 5.28. The EOT and WF extraction has been carried out
by using its experimental Q(Vgs) relationship reported in Figure 5.20. As we
can observe, the characteristic is linear for most of the total charge range which
represents the front channel inversion regime. Once the channel is in depletion
regime, the qVgs+X-(E¢-E.) versus N(Qqt) characteristic is no longer linear and the
experimental curve (red line) starts to detach from the linear curve (black dotted
line). The linear characteristic leads us to an estimation of WF.¢ and EOT through
the calculation of its slope (q*EOT/esi0,) and the interception of line with y axis
(at Qt=0) as reported in Fig. 5.28. In this case, we find 4.59 eV and 2.75nm for
a P-MOS GO2 featuring Si channel and a N-type well which is in agreement with
the simulation result obtained in chapter 3.

The same calculation can be carried out for all the capacitance characteristics
at different Vy back biases as reported in Fig. 5.29. As we can observe, from
positive (5V in green) to large negative voltage (-7V in blue), the function (eq.
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Figure 5.28: WF. and EOT extraction for a P-MOS GO2 device
featuring a Si-channel and N-type well at Vg=0V.
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Figure 5.29: WF. and EOT extraction for a P-MOS GO2 device
featuring a Si-channel and N-type well from V=5V to -7V with a step
of 1V.

5.30) has a linear trend for more extended N(Q) range. Indeed if we take into
consideration the characteristic at Vg=-7V (in blue) we observe that its linear
region is bigger with respect to all the other characteristics (e.g. V=0V in red
Fig. 5.28). This extended region represent the back channel and front channel
inversion conditions. We remind that in order to carry out the EOT and WF
extraction we are using here the law of the specific FDSOI for which the channel
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thickness is 6.3nm (orange circles in Fig. 5.27 curve 4).

Therefore, the linearity is maintained with same slope during these two regimes
since the channel thickness value used in the PS simulation (6.3nm in this case) in
order to obtain E¢E. corresponds to the physical thickness of this specific P-MOS
GO2 devices. The channel thickness value has a huge impact on the N(Q)(E+-E.)
characteristic during back channel inversion regime (see Fig. 5.23). Indeed if the
simulation Ef-E. used for the extraction was obtained with a different channel
thickness, a linear characteristic will be obtained only during front channel
inversion condition and not back channel inversion regime as will be shown in
case of GO1 device in Fig. 5.31.

Indeed this reduced linearity is observed on the extraction of EOT and WF¢ for
a P-MOS GO1 (EOT=0.85nm) device Si-channel and N-type well which features
a different channel thickness (5.7nm) compared to the previous GO2 device
(6.3nm). The comparison of its N(Q)(Vgs) characteristics with respect to our
previous GO2 device characteristics is reported in Fig. 5.30. A general trend
is also observed for GO1 device. Indeed once the channel inversion occurs
the different characteristics (red lines) are superimposed. Another important
observation is the higher slope of the N(Qut)(Vgs) for the GO1 device (red
lines) with respect to GO2 device (black lines). Indeed, we remind that these
characteristics depend on Gate stack technological parameters as EOT (GO2 in
black and GO1 in red), channel material (both Si) and WFs during front channel
inversion. Since GO1 device features a smaller dielectric than GO2 device, this
explains the higher characteristic slope for GO1 device with respect to GO2
device. In Fig. 5.31, we report the extraction of EOT and WF,¢ for the two devices
when we use the same universal law obtained at t;,=6.3nm. As we can observe,
the straight line for GO1 device characteristic at Vz=-7V is not obtained for all
the inversion regime range (6x10cm2<N(Q,)<8x10%%cm2). Indeed as we can
observe this experimental curve (red line) is superimposed with a straight green
line only for positive total charge values when front channel inversion occurs. A
linear law is obtained which is sufficient to extract the technological parameter of
the transistor. Indeed, a value of WF.¢ and EOT of 4.65eV and 0.85nm is obtained
for the GO1 as reported in Fig. 5.31. This result can be obtained by only using
the characteristic at Vg=0V. We can resume the main important steps to perform
an extraction of EOT (tgy) and WF.g at the front Gate stack of a specific FDSOI
transistor.

* 4 C-V measurements are firstly carried out on the FDSOI transistor which
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Figure 5.30: N(Qtot) versus Vgs: comparison between GO1 (t.,=5.7nm)
and GO2 (t.;,=6.3nm).
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Figure 5.31: Extraction WF¢ and EOT for GO1 and GO2 devices.

1G02

GO1

V. =6V

V=4V

Y
Massaans
MAMAALLL
M

] | Qu7QurQu0 |

V. =068V—

fb front

\Y =-0.615V|

fb front—

V=7V V=7

6.4
6.2
6.0
5.8
5.6

| I R L B B EENLE BN R RN L RN B
-18 -16 -14 -1.2 -1.0 -08 -0.6 -04 -0.2 0.0 0.2 04 0.6

Ves [V

5.4 ~

5.2 1
5.0 1
4.8 1

3.4

46 JWF,=4.665eV.—~= e b e
LR W i
4.4 4

4.2
4.0-
3.8
369 Qu=Qu*Qu™ |

\ V,=av .

GO1 -
EOT=0.85nm-]

i, W EOT=2.75nm

L |
8 7 6 -5 -4 3 2 -1

1

2 3 4 5 6 7 8

N(Q,,) [10°°m~]

are respectively the "front" capacitances (Cg and Cg,) and the "back”
capacitances (Cp. and Cyg) at different Vg and Vg biases.

* Cpg(Vir) characteristics are used to rebuild the entire FDSOI bulk regime

capacitance.

* This C,z FDSOI bulk regime measurement is used to extract WFes from the
well flat band condition and tyox + tenesioz/ecn + tiox from the accumulation
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region of the capacitance. tpox, tenesioz/ech and tgyx are respectively the
thicknesses of the buried oxide, silicon channel and the Gate front-oxide.
This method turns the FDSOI problem into a typical MOS on bulk substrate
extraction problem.

The identification of the well flat band on Cps(Vgg) allows us to calculate
the total charge using also "front" capacitances (Cg and Cgp,) characteristics
at Vg=0V. The well charge is obtained by integrating the Cg, characteristic
from well flat band and the channel charge from the integration of Cg
characteristic. Relationship between the total charge N(Qy,) and Vs voltage
is obtained for the C-V characteristic at Vg=0V.

The methodology also lies on, discovering under certain conditions
(accumulation or inversion at the front channel interface), a universal
relationship between the total charge N(Q.) and E;-E. the position of which
depends only on the semiconductor nature (Silicon in this work) when front
channel inversion regime occurs.

As suggested by equation 5.30, the extraction of EOT and WF for a specific
FDSOI stack can be carried by plotting qVgs+X-(E¢-E.) as a function of N(Qqt)
using the general law of the FDSOI (orange (3) or gray (4) circles in Fig. 5.27)
E¢ -E. which includes the universal law (red (1) or black (2) triangles in Fig.
5.27) and the experimental relationship N(Q.)(Vgs) at Vg=0V. From the slope
of this plot and the interception at y axis EOT and WF are extracted.
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5.3.3 Xefr and tyox extraction using Q.«(EfE.) of SIS structure

The front Gate stack is a typical metal-insulator-semiconductor (MIS) structure.
The extraction methodology, previously proposed, is perfectly adequate for
MIS structure since equation 5.30 relates the applied voltage Vss between the
channel and the metal to the total charge N(Q:.t) seen at the front-oxide/channel
interface. Therefore, the use of only one single universal curve (electrons or
holes) N(Qt)(E+-Ec) is sufficient in order to extract EOT and WF¢s structure
since only one semiconductor is present in such MIS structures. In some case
polysilicon replaces the metal of MIS structure, leading to a stack composed
by an insulator and two semiconductors which is known as SIS structure [16].
The semiconductor shows a different electrical behavior compared to the metal
in terms of charge behavior. Typical phenomena of the semiconductor charge
such as dark space, depletion and potential drop are not occurring in case of
metal since the charge is ideally placed at the oxide interface. It is for this
reason that the use of the relationship N(Q)(EfE.) is necessary to take into
account the nature of the semiconductor. Therefore, its obvious that contrary

E,
Vbox ~ E

Zy Zg Zp Zg Zy

Figure 5.32: FDSOI band diagrams at the back oxide during Cy,
measurement.

to the MIS structure, two universal curves are necessary in order to extract
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the technological parameters of a semiconductor-insulator-semiconductor (SIS)
structure stack due to the presence of two semiconductors. A typical SIS structure
in a FDSOI transistor is the back Gate stack which features a buried oxide
insulator between two semiconductors (the channel and the well) as reported
in Fig. 5.32. During back Gate operation (C,. and C,;, measurements) the total
charge seen at channel/back-oxide interface is:

Qtot = Qch + Qm = _QWell (5-31)

The band diagram of Fig. 5.32 represents the back Gate stack at strong back
channel inversion (holes, +Qi) condition while the well is in accumulation
(electrons, -Qot). It comes out naturally that equation 5.30 is no longer adequate
for SIS structure. From the band diagram of Fig. 5.32, we can easily obtain the
correct relation for the back Gate stack which is:

XW - Xch . EfW(_Qtot) - Ecw(_Qtot) + Efch(Qtot) - Ecch(Qtot) _ qN(QtOt)h:)OX

q q €5i09
(5.32)

We remind X, and Xy are the electron affinity of the channel and well. Relation
5.32 doesn’t take into account the presence of dipoles and fixed charges across
the buried oxide. Therefore, we feel essential to introduce a new parameter: the
effective electron affinity X.¢ which is defined as

Ves =

EnZLRNRTY (5.33)

where qQg/Cpox is the shift induced by the fixed charges Qg and ¢, is shift induced
by the dipole present at the channel/back-oxide interface. This technological
parameter, equivalent to WF¢ for the front Gate stack, takes into account the
eventual dipoles and fixed charge across the buried oxide. Therefore, equation
5.32 can be rewritten as

A®N(Qtot) tbox

€30,
(5.34)

As equation 5.34 suggests, if we plot qVgs+Xch+(Efw(-Qtot)-Ec w(-Qtot))-(Es ch (Qtot)-
Eccn(Quot)) as a function of N(Q)=N(Q+Qn), a linear dependence can be
observed with a slope proportional to ty,x and an ordinate at the origin equalling
the effective electron affinity of the well. In order to carry out this extraction we
need two universal laws which are:

qVBS+(EfW(_Qtot)_EcW<_Qtot>>_ (Efch<Qtot) _Ecch(Qtot))+Xch = Xeﬁ'_
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Figure 5.33: N(Qot)(E¢-E¢) for two FDSOI featuring Si channel and two

different doping type (N in red and P in black) at respectively Vg=-7V
and Vg=7V.

* (Erw(-Qot)-Ecw(-Qor)) which is related to the well substrate (electrons curve).
* (Efcn(+Qrot)-Ec cn(+Qior)) Which is related to the channel (holes curve).

This differences (E¢+-E.) in terms of Energy are calculated for the well and channel
charge at Q¢ and -Q;o: conditions. As we can notice from equation 5.34 what we
need is the difference between two universal characteristics which can be easily
calculated from the characteristics of Fig. 5.27. The results is reported in Fig.
5.33. The necessary step required to carry out the extraction is to calculate the
back Gate stack N(Q)(Vps) experimental relationship as previously done for the
front Gate stack (N(Q)(Vgs) Fig. 5.21). We remind that the total charge during
back operation is Qi :=Qm*+Qcn. Therefore, in order to calculate the channel and
the metal charge we need to integrate respectively the capacitance Cy,. and Cpg of
Fig. 5.4 from the well flat band condition (Vg, ) as previously carried out for Cg
and Cg, measurement (Figs. 5.19 and 5.20). The well flat band voltage is the same
of Fig. 5.18 but with opposite sign. During the 3" regime (or FDSOI bulk regime),
we have

Qm = _Qw (5-35)

This means that when we integrate Cy, from well flat band condition to any Vs
we obtain simultaneously both the well and metal charge since the depleted
channel charge is negligible. In Fig. 5.34 we report the capacitance of Fig.
5.4 and the well flat band condition (or metal), from which we can calculate
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Figure 5.34: Cp, and Cyg Versus Vs characteristics at Vg=0V.

the total charge. The channel charge can be easily calculated by integrating
the capacitance Cy. (black circled line Fig. 5.34). In Figure 5.35, we reported
the trend of the two charges: the free carriers of the channel (Q.) and the
substrate charge (Qwen). AS we can notice in Fig. 5.35, once we have the onset
of the inversion charge (square black) in the channel, the metal charge (in red)
saturates due to the screening effect. The value of metal charge, during strong
back channel inversion is fixed and not necessary equal to zero. Consequently
Cpg signal is absent. On the contrary, when channel inversion doesn’t occur,
the metal charges varies as a function of Vgs from its flat band condition as
in the standard MOS transistor (FDSOI bulk regime). As carried out for the
reference characteristic at V=0V, the total charge can be calculated for all the
characteristics at different Vg once we know the flat band condition. In Figure
5.36, we report the trends of the total number of carriers N(Q) for back bias
V¢ varying from -1 to 1 Volt (the reference characteristic Vg=0V is in red). It is
noteworthy to observe that, apart from the depletion regime, as soon as we have
the onset of inversion in the channel, the different curves are superimposed.
This reflects the general behavior N(Q.)(Vgs) of the back Gate stack of the FDSOI
device, such as for N(Q.)(Vss) (black lines reported in Fig. 5.36 from Fig. 5.21) for
the front Gate stack. Interesting is another condition for which the total charge
is zero. Indeed as reported clearly in Fig. 5.21, we can observe that another
flat band condition can be identified at Vs=-0.85V, called back flat band voltage
Vip pack- This condition occurs when the channel is in inversion regime contrary
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to the well flat band condition, which is

Qch = _Qm 7é 0
Qtot = Qch +Qm =0

(5.36)

The electric field at the back oxide (look chapter 2) induced by Q. and Qpn
at Vps=-0.85V for characteristic at Vg=-1V ( blue line in Fig. 5.21) is zero. As
previously said, these characteristics N(Q:(Vgs)) can be used to carry out the
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Figure 5.37: Xq¢ and ty,ox extraction for a P-MOS GO2 device featuring
a Si-channel and N-type well from V=1V to -1V.

extraction of tpoy and Xeg by using the two universal laws and relation 5.34. In
Fig. 5.37 we report the result of the extraction of the technological parameters
of the back Gate stack for the same P-MOS GO2 Si channel device. A buried
oxide thickness and the effective electron affinity values of respectively 20.25nm
and 4.2 eV are obtained. The extraction of the BOX thickness doesn’t need any
quantum correction since both the numerical universal curves, used for the
channel and well, are taking into account the quantum phenomena occurring
in these layers (dark space, wave function penetration).
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5.3.4 Siversus SiGe channel

We have applied these innovative measurement methodologies to the
characterization of the FDSOI gate stack, enabling an accurate evaluation
of the thickness of the different layers (EOT, tcn, thox) and the extraction of
the effective work function WF.g (using C,; measurement Fig. 5.18 and using
the total charge Fig. 5.29) or effective electron affinity Xeg. These innovative
methodologies can be applied also to FDSOI transistor with SiGe channel [17, 18].
We remind that a Vi, shift on Cg characteristic is observed with SiGe channel
devices with respect to the Si channel devices (see chapter 3). In Fig. 5.38, we
report Cg characteristics for two P-MOS FDSOI devices featuring the same GO1
front oxide, same buried oxide, N-type well but different channel material.
Sip75Gegas induces a Vy, shift of 340mV . An hypothesis of the presence of the
dipole (160mV) at the front-oxide/channel interface and and valence energy shift
(180mV) was made in chapter 3 in order to account of observed experimental
Vi shift between the Cy characteristics. This hypothesis was proposed by A.
Soussou et al. [19] in order to justify the shift occurring in presence of SiGe
channel material in bulk transistor. This hypothesis is fundamental since it

3.0 S — 0.18 —r——r——r—r—r——r—7— —

28| GOLSi . 1 GO1Si
26| GO1SiGe ] 0164 GO1SiGe T
4] GO2S \ h 0.14_' ) GO2Si ]
2.2 ] |
q'g'z.o-: t,=0.84nm 5 0121 t,,=201nm |7
A (o] | 0B 3 0o A t,,=20.25nm |
S 14]| 72750 5V =340mV/ 12 o008 8V =345V \ t, =20.25nm | ]
0l.24 4= ] — w
gl2 V_=-0.69V V=03V 1 3 V. =-7.15V _ L
O ;.g-_ T T 10 0.06—_ V. =4.6V N‘! v =37V
0.6—: 1 0.04—- \. ,,,\\ ‘ 1
0.4 V=082V | 1 0024 L \ooSiat VvV =-0.3Y
0.27 | o ] --a-- Experimental |
0.0 T T T T T }I T P T T T - = 0.00 L ottt
-14 -13 -1.2 -11 -1.0 -09 -0.8 -0.7 -0.6 -05 -0.4 -03 -0.2 -0.1 0.0 10 -9 -8 -7 -6 -5 -4 -3 2 -1 0
Vs [V Vs [V]
Figure 5.38: Cgc versus Vgg at Vg=0V Figure 5.39: Cy,. versus Vgg at V=0V
for 3 PMOS devices: GO1 with Si for 3 PMOS devices: GO1 with Si
(red) and SiGe (green) channel and (red) and SiGe (green) channel and
GO2 with Si channel (blue). GO2 with Si channel (blue).

defines the value of the effective work function for devices featuring a SiGe
channel. Therefore, we feel essential to investigate and try to validate the
hypothesis of the dipole presence at the dielectric-semiconductor interface.
Moreover, the physical parameters values of SiGe material proposed by A.
Soussou et al. [19] and used to carry out properly the EOT and WF,¢ extraction
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(see Chapter 2) are investigated. In order to validate this hypothesis, we will
apply the previous methodologies of extraction on the P-MOS GO1 SiGe channel
device and these are:

* WF and EOT extraction (Fig. 5.29) using N(Qq.t) versus Vgs characteristic.
» Xeer and tyox extraction (Fig. 5.37) using N(Qyot) Versus Vgs characteristic.

* EOT=tpox*tten+trox and WFes extraction using Cpe versus Vgp characteristic
(Fig. 5.18).

The extraction methodology is based on the universal curve Eg(Qto)-Ec(Qtot)
previously introduced for the Silicon material. It’s obvious that this curve is
different in case of SiGe material ( blue curve in Fig. 5.40 to be compared with
red curve corresponding to Si material). This new curve (holes) will be used to
carry out properly the extraction of the different technological parameters of the
P-MOS GO1 SiGe channel device. As we previously confirmed such characteristic
depends only on the semiconductor material (SiGe versus Si material). We
remind that a proper value of the in-plane effective mass for SiGe material takes
into account the variation of the valence band energy (AE,) with respect to Si
material.

15

front channel inversion (holes)
101

N(Qtot) [10*m™?]

front channel inversion (electrons)

-10

-15 4

-1.4 -1.2 -1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 0.4
E-E_[eV]
C

Figure 5.40: N(Qot(E¢-Ec)) characteristics for Si and SiGe material.

Once we take into account the proper universal characteristics we can extracted
WFes, EOT, Xegr and tyox using equations 5.30 and 5.34, as carried out for the
previous P-MOS GO2 Si channel device. As previously said the first extraction
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Figure 5.41: WF ¢ and EOT extraction for two GO1 devices featuring
a Si channel (in red) and SiGe channel (in black).

is carried out using N(Qq.) as a function of Vgs characteristics. In Fig. 5.41, we
report the extraction of WF.¢ and EOT for GO1 Si channel device (red lines) and
GO1 SiGe channel device (black lines). A value of 4.665eV and 0.85nm is found
for the GO1 Si channel device whereas for GO2 SiGe channel device a value of
4.83eV and 0.89nm are obtained. We remember that the electron affinities are
respectively 4.2 eV for Si and 4.115eV for Sig75Geg2s. The results are similar to
the ones obtained with the first numerical methodology (look chapter 3). The
difference of 165mV between the two extracted WFe is primarily explained
by the presence of the dipoles or fixed charges at the front interface between
front-oxide/channel in case of SiGe channel device. This extraction is carried out
on N(Q¢ot) as a function of Vgg. Therefore, only the impact on the front interface
has been observed (Fig. 5.45). The second step is the extraction of the effective
electron affinity during back operation. Indeed we respectively report in Figs.
5.42 and 5.43 results for the P-MOS G Si channel and P-MOS GO2 SiGe channel.
We notice that the buried oxide thickness value of 20.25nm is the same for both
the devices whereas the effective electron affinity is different. Indeed we have
4.2eV for Si channel device and 4.37eV for SiGe channel device. A difference
of AXe£=170mV is found and it is similar to the previous shift AWF£=165mV
obtained during the extraction of the effective work function. This difference
as for the front oxide can be deduced as impact of an equivalent dipole or fixed
chargeslocated at the channel/back-oxide interface. This extraction is carried out
on N(Qqot) as a function of Vgg characteristics obtained from the characteristics of



Chapter 5. Analytical characterization of FDSOI stack based on
universal curve Q(E.-Ey)

168

qVGS+C+(Ec ch-Ef ch)-(Ec W_Ef W) [e\/]
qVGS+C+(Ec ch-Ef ch)-(Ec W-Ef W) [e\/]

. : Xg=A2eV |, 9t /650, ] ) : Xa=a 37 eV \ 9t /Eq0, :
o ] w o] Ty ]
_1_. 4 ,1_. ’» _.
5] t,,=20.25nm 2] t,,=20.25nm
-3 ] T ; T T T T T T -3 ] T Il T T T T T T

-2 -1 0 1 2 3 4 5 6 7 -2 -1 0 1 2 3 4 5 6 7

N@Q,,) [10*m?] N@Q,,) [10m~]

Figure 5.42: Xq¢ and tyx extraction Figure 5.43: Xq¢ and tyx extraction

for a P-MOS GO1 device featuring a for a P-MOS GO1 device featuring a
Si-channel and N-type well from SiGe-channel and N-type well from
Vs=0.2V to -0.2V. Vs=0.3V to -0.3V.

Fig. 5.18. Therefore only the impact of the back interface has to be observed (Fig.
5.45) on the extraction results. We find that the differences among the extracted
effective work functions and electron affinities are mostly the same. Indeed we
have:

W Fetrsice — W Flegrsi = Xefrsice — Xeftsi ~ 170mV (5.37)

Until know we have found the same difference by comparing the extraction
results between these two devices and we have related these shift to the possible
presence of the same dipole or fixed charges at both the channel interfaces
(back and front) due to the SiGe material. In order to understand which is the
primarily element (dipoles or fixed charges) that induces a shift on WF¢ and Xes
a last extraction has to be carried out using C,:(Vgp) characteristic. Indeed the
measurement of the well flat band condition (WFc¢) on the Cy,¢(Vgg) characteristic
for the two different Si and SiGe channel devices gives us a supplementary
information compared to the previous extractions. We remind that the value
of WFs extracted at well flat band condition includes all the effects induced
by the presence of fixed charges and dipoles across the FDSOI stack dielectrics
which are the front and back oxides and the channel (including the two channel
interfaces). This extraction is carried out on Cpg versus of Vgg characteristics.
Therefore, in case of a same dipole at the front and back interfaces, no impact
of these dipoles has to be observed (Fig. 5.45) on the extracted value of WF¢
since their effects are opposite. But most importantly, this couldn’t happen if we
were supposing the same fixed charges, instead of dipoles, at the front and back
channel interfaces induced by SiGe material their electrostatic effects would
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Figure 5.45: Scheme of FDSOI SiGe with dipoles and shift of valance
band.

cumulate. Moreover, since the two compared devices have the same stack except
for channel material (Si and SiGe), the effective work function extracted using
Cpg Versus of Vgg has to be similar. As reported in Fig. 5.44, where Cy,; versus Vgg
characteristics are shown, values of the effective work function of 4.66eV and
4.63eV are respectively obtained for the P-MOS GO1 Si channel (red) and P-MOS
GO1 SiGe channel device (Green) which are really similar. Moreover, a direct
extraction of the channel thickness is carried out for these two devices leading
to a value of 6.3nm for SiGe channel device and 5.7nm for Si channel device.

The different extraction results are summarized in TABLE 5.1. These results
leads us to validate the hypothesis of the presence of the dipole at the front and
back channel interfaces with SiGe channel and to reject any influence of fixed
charges at the interface. The reasons are twofold:
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Table 5.1: Extraction result using the three previous methodologies.

DEVICE 15t 2nd 3rd
Methodology =~ Methodology =~ Methodology
WFeff Xeff WFeff
P-MOS GO1 4.665eV 4.2eV 4.66eV
channel Si
P-MOS GO1 4.83eV 4.37eV 4.63eV

channel SiGe

* Firstly, the shifts AWF¢ and AX¢ are found to be the same at the front and
back Gate stack. This confirms the effect at each SiGe/oxide interfaces.

 Secondly, the extraction of WFe at well flat band condition (3™
methodology) reveals that effects at the two interfaces counterbalance,
meaning that the WF, shift is due to the dipole and not to charges.

The Vy, shift of 340mV in case of C, characteristics in Fig. 5.38 has been justified
by the presence of the dipole (165mV) and the energy valence band shift with
respect to the Si material. More tedious is the relation between the dipole and
valence energy shift with the Vy, shift of 3.4V observed for the Cy,. characteristics
in Fig. 5.39. This larger shift is due to two specific reasons:

* The direct shift induced by the back channel interface dipole and valence
band energy shift (AV=340mV).

* The effect of modulation induced by front channel interface dipole and
valence band energy shift (AV=340mV). Indeed as reported in Fig. 5.39
a front bias Vs=-AV applied at the C, characteristic of P-MOS Si channel
device (red dashed line) reduces the Vi, shift with respect to the P-MOS SiGe
channel device up to 340mV which is directly related to the back channel
interface AV.

Therefore, the Vy, shift seen on Cyc and Cy, can only be explained by two similar
abrupt voltage drops at SiGe interface (Fig. 5.45). The Valence band shift related
to SiGe band structure explains only one half of the Vg shift, implying the
existence of an additional dipole at SiGe/SiO, interface.
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5.4 Conclusion

In this chapter, we have presented for the first time a new extraction
methodology for fully depleted FDSOI transistors which is fast and reliable. This
methodology authorizes the extraction of the effective work function W at the
front interface, all the FDSOI stack thicknesses (tfy, ten and tyex) and the effective
electron affinity X at back interface.

Its has been demonstrated that this methodology overcomes the limits of the two
previous methodologies since it is complete, fast with a minimal computational
cost.

In order to carry out these extractions, a new capacitance measurement Cyg has
been presented. The reconstruction of the entire FDSOI bulk regime capacitance
has been successfully demonstrated from which an accurate identification of the
well flat band has been achieved using standard extraction techniques used for
the traditional bulk transistors.

The identification of well flat band condition on the Cpg(Vgg) allows us to calculate
for the first time the well charge in the FDSOI transistors and consequently the
total charge seen at the front interface. Thus, the FDSOI electrostatic condition is
perfectly known from these measurements.

Two universal behaviors which are respectively N(Qt)(Vgs)=N(Qcn+Qw)(Vgs) and
N(Qot)(Ves)=N(Qcn*+Qm)(Vgs) are reported for the first time. These characteristics
show a universal dependence between the total charge and the applied voltage
and are used for the extraction of the technological parameters of the FDSOI
stack. Moreover, two flat band conditions have been identified for the first time:
the front flat band Vg, ¢ and the back flat band Vg, 1, conditions.

Numerical simulations have been performed for different transistors. It has
been demonstrate that a universal law E¢{(N(Q:ot))-Ev(N(Q1ot)) for electrons and
holes is observed independently of the channel thickness (the only limit is :
ten>3nm), buried oxide thickness, channel and well doping level and type and
transistor type (FDSOI or BULK). Therefore, the relationship between the total
charge seen at the dielectric-semiconductor interface and the difference between
the Fermi and conduction Energy levels depends only the physical parameters of
the simulated semiconductor where inversions of electrons and holes occur.
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We have shown that using these universal laws and the experimental
relationship N(Q)(Vgs) or N(Qt)(Ves), we can extract WFqg, EOT (or tgy) and
Xeff and thox-

Finally, the hypothesis of the presence of the dipole (170mV) with SiGe channel at
the back and front channel interface made to account of observed experimental
Vi shift(340mV) between the Cy characteristics has been validated. This has
been achieved through the analysis of extraction results using the methodology
presented in this chapter. Indeed whereas the same shift is found at the front
gate (AWF£=165mV) and back gate (AX.=165mV) with respect to the Si channel
device no shift is observed on the WF extraction at the well flat band condition
since the dipoles effects at the front and back channel interfaces is opposite. This
validate the previous hypothesis proposed by A. Soussou et al [19].
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Conclusion and Perspectives

As described in the previous Chapters, for the microelectronic industry
involved in the development of advanced CMOS technology for MOS
(metal/Oxide/Semiconductor) transistors, the extraction of EOT (Equivalent
oxide thickness) and WF (effective work function) of the metal gate stack is
important. These two parameters are fundamental in order to compare different
technologies featuring specific architectures or process technology (fabrication
procedure). Moreover, EOT and WF. extraction is fundamental due to their
impacts on the transistor electrical performances and still important in FDSOI
technology. It is in this context that we felt essential to propose new electrical
characterization methodologies, based on C-V measurements which can extract
in reliable and fast way the effective work function and the equivalent oxide
thickness for the fully depleted SOI technology.

Indeed as reported in chapter 1, we have reminded that EOT and WF extraction
from the C-V measurements is a well known technique in the state of the art
for the standard bulk technology. For a long time, they proposed analytical
methods for the EOT and Vg, extraction, from the typical points of the C-V
characteristic (maximum and minimum) or from its derivative. Unfortunately,
these methodologies are no longer adequate for the FDSOI technology. The
issue is related to the absence of the flat band voltage Vg and the associated
depletion-accumulation region on its Capacitance characteristic. The only
observed capacitance is the inversion or Cg characteristic from which only the
identification of Vy, is possible. Despite the few attempts in the state of the art to
extract EOT and WF.s from Cg characteristic (Vy,), the complex dependence of
Cgc characteristic with the FDSOI stack parameters makes this extraction tedious
and not reliable.

The huge structural and electrical capacitance behavior discrepancies between
FDSOI and bulk transistors are evidenced in chapter 2. The extraction of EOT and
WF.s for bulk transistors has been carried out by using the typical capacitance
and voltage relations. For this reason an introduction of the FDSOI technology
in terms of geometric structure and calculation of the electrostatic relations and
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the capacitance relationships have been carried out. These are fundamentals
in order to carry out the extraction of the FDSOI technological parameters.
Moreover, a part of the chapter has been dedicated to the numerical simulation
of the FDSOI stack. These simulations are based on PS formalism within the
effective mass approximation (EMA). Indeed, this part of the chapter shows
specifically how to calculate the band diagrams, the charge distribution and
the electrostatic profile of a specific FDSOI transistor under specific voltage
conditions which are fundamental for the FDSOI electrostatic comprehension
and for the analysis carried out in the chapters 3, 4 and 5.

In chapter 3, we have presented the first extraction methodology, the numerical
methodology, based on a specific algorithm in order to extract accurately EOT
and WF.+. The numerical extraction was carried out on 15 different devices of
same wafer which made the work original with respect to any previous work.
We have seen that the numerical extraction methodology is based on 4 main
steps that are: (1) identification of front oxide EOT, (2) identification of the buried
oxide thickness, (3) identification of the channel thickness and (4) extraction
of WF¢. Each step of the proposed methodology required a fitting procedure
between the experimental C-V characteristic and quantum numerical simulation
in order to extract the relative physical parameter. Moreover, in order to
carry out the extraction two specific capacitances measurements were used:
the typical gate-to-channel C, characteristic and a new back-gate-to-channel C,
capacitance. This new capacitance measurement results from the variations of
the channel charge induced by the small signal applied on back gate contact
potential. Cy,. capacitance has been presented in this chapter for the first time.
A first identification of the various FDSOI stack thicknesses was necessary in
order to obtain the proper WFs value of these 15 different devices, N-MOS
and P-MOS, on which we had various channel materials (Si or SiGe), Gate metal
type (P with sacrificial gate process or N with standard process), gate dielectric
(GO1~1nm and GO2~3nm) and well type (N or P) for ground plane. The results
obtained with the numerical extraction allowed us to observe the impacts of the
different modules on the technological parameters. A WF shift of 100mV for
GO1 devices and 45mV for GO2 devices due to the sacrificial Gate process (P
metal gate) with respect to the standard process. The buried oxide thickness
has been found independent of any process modules. The channel thickness has
been found to be dependent of channel material (1 nm thicker in case of SiGe
channel with respect to Si channel), on the dielectric type (1 nm thicker in case
of GO2 (~3nm) dielectric devices with respect to GO1 (~1nm) dielectric devices).
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Finally, WF.¢ has been found to depend on the channel material. Indeed an
observed shift of AWF.=150mV between SiGe and Si GO1 channel devices due
to a hypothesized dipole located at the front-oxide/channel interface induced by
SiGe. Despite its precise and complete extraction, the numerical methodology
lacks in terms of time and computation cost (complicated numerical procedure)
which are fundamental in order to carry fast statistical analysis.

It is for this reason that an alternative approach has been proposed in
Chapter 4 with respect to the numerical methodology: the analytical extraction
methodology. This extraction methodology is based on linear regression which
exploits the linearity of Qch inv/Cgc aNd Qch inv/Cpe VErsuSs Qcn iny Where Qe iny is the
channel inversion charge calculated for the integral of Cg. and Cy,. characteristics.
This approach, presented for the first time, allowed us to directly and analytically
extract all the FDSOI stack thicknesses (tsx, tch and tyex). Indeed, this is carried out
by simply calculating the slopes of the linear region of Qcn iny/Cgec @and Qch inv/Chc
versus Qe invy Characteristics. The analytical methodology has been validated
through comparison with the numerical simulations results obtained in chapter
3. We have evidenced the simplicity and rapidity of this analytical methodology
compared to the numerical methodology but also that WF¢ cannot be extracted.
Since the classical Boltzmann formalism has been used to carry out the extraction
of the various FDSOI stack thicknesses and doesn’t take into account quantum
effects of the channel charge, a correction, in terms of dark space, on the
extracted classical thickness values was necessary. For the correction of the
FDSOI stack thicknesses two constant dark space values were respectively
considered, in terms of equivalent SiO, thickness, of 0.3 nm for the front and
back oxide thicknesses and 0.5nm for the channel thickness. This assumption
of a constant dark space thickness (independent of the channel charge) and the
impossibility to extract WF¢¢ have pushed us to look for alternative solutions.

Indeed, in Chapter 5, we evidenced that the two previous methodologies are
not adequate for a fast and complete characterization of the FDSOI transistors
because either the extraction methodology is too slow and complicate (numerical
of chapter 3) or it is not complete (analytical of chapter 4). In order to
overcome both the limits of the previous methodologies, an innovative extraction
methodology (which is fast and reliable) for fully depleted FDSOI transistors is
presented in this chapter. We have seen that in order to carry out this extraction,
all the capacitances had to be measured on the FDSOI transistor. These
capacitances are the front capacitances, which are the previous gate-to-channel
Cgc and the classical gate-to-bulk Cg, capacitance and the back capacitances which
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are the previous back-gate-to-channel C,. (presented in previous chapter) and
the new bulk-to-gate Cp, capacitance which is presented for the first time in
this chapter. We have also shown that from this particular C,,; capacitance
characteristic, it’s possible to identify the well flat band condition and thus the
first effective work function (WFg) which includes all the impacts of the fixed
charges and dipoles across the whole FDSOI stack. Once the well flat band is
extracted, we have shown that the well charge (also reported for the first time)
can be easily calculated by integrating C,, capacitance. Moreover, from the
calculated well charge, we can easily obtain the total charge which leads to a
perfect knowledge of the electrostatic condition of the FDSOI transistor since the
channel charge is easily calculated from the integral of Cg4 or Cy. capacitances.
The experimental trend of the total charge as a function of Vgg characteristics at
different Vg showed a general behavior for the specific FDSOI transistor during
the front and back channel inversion condition. But more importantly, this
general electrostatic behavior of the specific FDSOI led us to discovery for the first
time a universal law E¢(N(Q))-Ev(N(Qtot)) which occurs at strong front channel
inversion (holes and electrons) and which is dependent only of the simulated
semiconductor physical parameters. Moreover, we have shown that using these
universal laws and the experimental relationships N(Qt)(Vgs) or N(Qwt)(Vgs)
we can extract WFeg, EOT (or trx) and Xeg and tpox Which leads to a complete
characterization of the FDSOI stack. WF¢, EOT (or ts,x) are respectively extracted
from the intercept at y-axis and the slope of the qVgs+X-(Es-E.) as a function
of N(Q) characteristic. X and tyx are also extracted from the intercept at
y-axis and the slope of the qVps+Xcn+(Ef w(-Qtot)-Ec w(-Qtot))-(Ef ch(Qtot)- Ec cn(Qtot)) @s
a function of N(Qt,)=N(Q+Qm) characteristic. Finally, the precise and complete
(front and back) extraction of the technological parameters of the FDSOI allows
us to prove the existence of a same dipole (AV~150-170mV) at the front and back
channel interfaces between SiGe and its oxide.

We can conclude that an accurate, robust, fast and complete extraction
methodology has been successfully validate and develop in chapter 5 for the
fully depleted FDSOI transistors which will be fundamental for the technological
Optimization. Moreover, the discover of a universal law which depends only on
the simulated semiconductor material will certainly have a drastic impact for the
future research and specifically in the field of reliability and compact modelling.
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Future works and recommendations

Hereafter, we suggest some works that can be investigated in a near future:

* Investigation of the impact of the Germanium concentration on the
universal curve.

» Investigation of the behaviour of the universal curve under the
channel thickness limit (t;,<4nm) within the K-P formalism which takes
properly into account the effective mass variation and the variation
of the distribution of the band energies for Silicon and SiGe materials.
Comparison of the result within K-P formalism with the result obtained
within EMA formalism.

* Development of an automatic tool for statistical extraction of WFeg, teox, thoxs
ten, Nwen and Xegr. based on the previous extraction methodology (chapter
5).

 Investigation of the extraction precision of well flat band condition on
the FDSOI bulk regime capacitance characteristic (Cyg(Vgp)) and of the
various FDSOI stack thicknesses (trx, ten and tpx) on the Cg, Cpe and
Cphg capacitance characteristics. Moreover, analysis of the variability of
the previous FDSOI stack thicknesses, WF.¢ and X extraction on all the
capacitance characteristics at different front (V) and back Vg biases.

» Adaption of the extraction methodology to new materials (III-V). This
means, trying to identify the universal law by proper identification of the
physical parameters (effective mass, gap energy ---) for the III-V group
materials with respect to well-known Si and SiGe materials.

* Investigation of the use of the universal law in the compact modelling and
reliability research fields.
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Résumé

Comme décrit dans les chapitres précédents, I’extraction de ’EOT (épaisseur
équivalent d’oxyde) et WF (travail de sortie effective) de la grille métallique
est fondamental pour l'industrie de la micro-électronique impliqué dans le
développement de la technologie CMOS avancée pour les transistors MOS
(Métal / Oxyde / Semi-conducteur). Ces deux parametres sont fondamentaux
afin de comparer technologies caractérisé par différents architectures et
différents procédures de fabrication. En autre, ’extraction de EOT et WF,¢ est
fondamentale en raison de leur impacts sur les performances électriques du
transistor MOS et encore important pour la technologie FDSOL. Il est dans ce
contexte que nous sentions essentielle de proposer de nouvelles méthodes de
caractérisation électrique, a partir des mesures C-V pour extraire de manieére
fiable et rapide le travail de sortie effective et ’épaisseur équivalent d’oxyde pour
la technologie FDSOL.

En effet, comme indiqué dans le chapitre 1, nous avons rappelé que I’extraction
de 'EOT et WF¢ a partir des mesures C-V est une technique bien connue
dans l’état de l'art pour la technologie bulk standard. Pendant longtemps,
ils ont proposé d’analyse des procédés d’extraction de ’EOT et Vg, a partir
des points caractéristiques de la caractéristique C-V (maximum et minimum)
ou de son dérivé. Malheureusement, ces méthodes ne suffisent plus pour la
technologie FDSOI. Le probléme est lié a I’absence de la tension de bande plate
Vi, et la région associé de déplétion et accumulation sur la caractéristique
capacitive. La seule mesure capacitive observée est I'inversion connu autre
mode comme la caractéristique grille-canal (Cq) sur la quelle I’identification de
la tension de seuil (V) est possible. Malgré quelques tentatives dans I’état de
’art, I'extraction de 'EOT et WF¢¢ sur la caractéristique Cge (Vi) est complexe
en raison de la dépendance aussi complexe entre la caractéristique Cq. et les
parametres électriques de I’empilement de transistor FDSOI que rend cette
extraction fastidieux et surtout pas fiable.

Les énormes écarts structuraux et du comportement électrique capacitive
entre FDSOI et et le transistor bulk traditionnelle sont évidence au chapitre
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2. En effet, l'extraction de EOT et WF.s pour les transistors bulk a été
toujours réalisé en utilisant les typique relations de capacité et tension non
plus compatible avec la technologie FDSOI. Pour cette raison, une introduction
de la technologie FDSOI en termes de structure géomeétrique et le calcul
des relations capacitives et relations électrostatique sont effectuées. Ce sont
fondamentaux afin d’effectuer I’extraction des parametres technologiques de
FDSOL. En autre, une partie du chapitre a été consacreé a la simulation numérique
de l’empilement FDSOI. Ces simulations sont basées sur le formalisme
Poisson-Schrodinger dans ’approximation de masse effective (EMA). Cette partie
du chapitre montre précisément comment calculer les diagrammes de bande, la
répartition de charge et le profil électrostatique des transistor FDSOI dans des
conditions de tension spécifiques qui sont fondamentales pour la compréhension
électrostatique de transistor et aussi pour ’analyse réalisée dans les chapitres 3,
4ets.

Du coup dans le chapitre 3, nous avons présenté la premiere méthode
d’extraction, la méthode numérique, basée sur un algorithme spécifique afin
d’extraire EOT et WF¢ avec précision. L’extraction numérique a été réalisée
sur 15 dispositifs différents ce que rend ce travail original pour rapport aux
autres précedent travails. Le méthode d’extraction numérique est basée sur
quatre étapes principales qui sont: (1) identification de I’épaisseur d’oxyde de
la grille face avant, (2) I'identification de I’épaisseur d’oxyde enterrée (de la
grille fasse arriéere) (3) 'identification de I’épaisseur de canal et (4) I’extraction
de WF,¢. Chaque étape de la méthodologie proposée est base sur des procédures
d’ajustement entre la caractéristique C-V expérimentale et la simulation
numérique quantique afin d’extraire le parameétre physique correspondant. Afin
de réaliser I’extraction, deux spécifiques mesures capacitives ont été utilisées:
la typique caractéristique capacitive grille-canal Cy. et une nouvelle capacité
grille-arriére-canal Cy.. Cette nouvelle mesure capacitive est le résultat a partir
des variations de la charge de canal provoquée par le petit signal de tension
appliqué sur le contact de grille face arriere. Cette capacité Cy,. a été présentée
dans ce chapitre pour la premiere fois. Cette mesure et Cg sont utiliseé pour
identifier les différentes épaisseurs de ’empilement de FDSOI qui sont nécessaire
afin d’obtenir la valeur correcte de WF¢ de ce 15 différents dispositifs, N-MOS
et P-MOS, sur lesquels on a different matériaux de canaux (Si ou SiGe), type de
métal de grille (P avec le processus de grille sacrificielle ou N avec le processus
standard), type de diélectrique de grille (GO1=1nm et GO2=3nm) et enfin le
type de well (N ou P). Les résultats obtenus par I’extraction numérique nous
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a permis d’observer les impacts des différents modules sur les parametres
technologiques. Un décalage de travail de sorti effective de 45mV et 100mV est
observé pour les deux dispositifs GO1 et GO2 du processus de grille sacrificielle
(métal P) par rapport au module standard. L'épaisseur d’oxyde enterrée est
trouvé indépendante de tous les modules de processus. I’épaisseur du canal est
trouveé étre dépendante du matériau de canal (1 nm plus épaisse dans le cas du
canal SiGe par rapport au canal Si), du type de diélectrique (1 nm plus épaisse en
cas des dispositifs avec diélectriques GO2 ( « 3 nm) par rapport a GO1 ( « 1 nm)).
Enfin, WF a été trouvé dépendre du matériau du canal. En effet, un décalage
observé de A WF¢ = 150mV entre SiGe et Si canal pour les deux dispositifs GO1
est expliqué par la presence de un dipéle hypothétique situé a 'interface avant
oxyde/canal induite par le module SiGe. En dépit de son extraction précise et
complete, la méthodologie numérique manques de rapidité et facilite en termes
de couts de temps et de calcul (procédures numériques complexes) qui sont
fondamentales pour mener une analyse statistique rapide.

Il est pour cette raison que on a proposé une autre approche d’extraction
dans le chapitre 4 par rapport a la méthodologie numérique: la méthode
d’extraction analytique. Cette méthode d’extraction est basée sur une simple
régression linéaire qui exploite la linéarité de Qcn inv/Cgc €t Qch inv/Che €n fonction
de Qchinv OU Qchiny €St la charge de canal d’inversion calculée en intégrant les
caractéristiques de Cg. et de Cy.. Cette approche, présentée pour le premier fois,
nous a permis d’extraire directement et analytiquement toutes les épaisseurs
de 'empilement FDSOI (tsx, ten €t thex). Cela est fait simplement en calculant
les pentes de la region linéaire de les caractéristiques Qchinv/Cgc €t Qch inv/Chc
en fonction de de Q. iny- La méthode d’analyse a été validée par comparaison
avec les résultats des simulations numériques obtenus dans le chapitre 3. Nous
avons mis en évidence la simplicité et la rapidité de cette méthode d’analyse
par rapport a la méthodologie numérique, mais aussi que WF¢ ne peut pas
étre extrait. En autre, depuis le formalisme de Boltzmann classique est utilisé
pour faire l’extraction des différentes épaisseurs de ’empilement FDSOI, cette
méthodologie analytique ne prend pas en compte des effets quantiques de la
charge de canal, et comme conséquence une correction en termes de dark space,
sur les valeurs d’épaisseur classique extraites est nécessaire. Pour la correction
des épaisseurs de I’empilement FDSOI deux valeurs de dark space constants
ont été respectivement considérée en termes d’épaisseur équivalente SiO2 : 0.3
nm pour I'épaisseur d’oxyde face avant et arriere (enterrée) et 0.5 nm pour
I’épaisseur du canal. Cette hypotheése des valeurs des dark space constant (charge
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indépendante du canal) et I'impossibilité d’extraire WF¢ nous ont poussés a
chercher des solutions alternatives.

Dans le chapitre 5, nous mettons en évidence que les deux méthodes précédentes
ne sont pas suffisantes pour une caractérisation rapide et complete des
transistors FDSOI parce que soit la méthode d’extraction est trop lent et
compliqué (numérique du chapitre 3) soit ce n’est pas compléte (analytique
chapitre 4). Afin de surmonter les deux limites des méthodes précédentes,
une méthode d’extraction innovante (qui est rapide, fiable et complet) pour
le transistor FDSOI est présentée dans ce chapitre. Nous avons vu que pour
réaliser cette extraction, toutes les capacités devaient étre mesurées sur les
transistors FDSOI. Ces capacités sont les capacitances face avant, la précédente
capacité classique grille-canal Cy. (présentée dans le chapitre précédent) et la
capacité grille-substrat Cgp, et les capacités face-arriere, la précédente capacité
grille-arriére-canal Cy. (présentée dans le chapitre précédent pour la premier
fois) et 1a nouvelle capacité substrat-grille Cps qui est présente pour la premiere
fois dans ce chapitre. Nous avons également montré que a partir de cette
caracteristique capacitive particuliére, Cyg, il est possible d’identifier la condition
de bande plate de substrat et donc déterminer le travail de sorti effective (WFeg)
qui prends en compte de tous les impacts des charges fixes et dipOles sur
I’ensemble de I’empilement FDSOL.

Une fois que la bande plate est extraite, nous avons bien montré que la charge du
substrat (également montre pour la premiere fois) peut étre facilement calculée
en intégrant la capacité Cp,. En autre, depuis la charge de substrat calculé, on
peut facilement obtenir la charge totale qui conduit a une parfaite connaissance
de I’état électrostatique des transistors FDSOI puisque la charge de canal est
aisément calculable en intégrant les capacités Cq ou Cp.. La caractéristique
expérimentale de la charge totale en fonction des Vs a différents Vy montre
un comportement général pour un transistor FDSOI spécifique une fois que la
condition d’inversion de canal face avant et face arriéere est satisfait. Mais plus
important encore, ce comportement électrostatique général nous a amenés a
découvrir pour la premiére fois une loi universelle E{N (Qor)) - Ev(N(Qor)) qui
se produit a forte inversion des canaux avant ou arriére (trous et électrons)
et qui ne dépend que des parameétres physiques simulés de semi-conducteurs
du canal. En autre, nous avons montré que en utilisant ces lois universelles
(trous et électrons) et les relations expérimentales N(Qt)(Vgs) ou N(Qtor)(Vs),
nous pouvons extraire WF¢s, EOT (ou tgy) pour la grille face avant et X et
thox pour la grille face arriere. Ce qui conduit a une caractérisation compléte
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de 'empilement FDSOI. WFg, EOT (ou tsy) respectivement sont extraits a partir
de lintersection a I’axe y et la pente de la caractéristique qVgs + X- (E+-E.) en
fonction de N(Qto). Equivalemment X (affinité électronique effective) et tyox
sont extraits de ’'ordonnée a ’origine a I’axe y et la pente de la caractéristique
qVes+Xch H(Esw(-Qtot) -Xew(-Qtot)) -(Efcn(Qtot)-Eccn(Qror)) €n tant que fonction de
N(Qtot) = N(Qcn + Qm)- Enfin, la précise et complete (avant et arriére) extraction
des parametres technologiques du FDSOI nous permet de mettre en évidence
Iexistence d’'un méme dipéle (150-170mV) a l’avant et les interfaces de canal
arriere entre SiGe et son oxyde. Nous pouvons conclure qu'une methode
d’extraction précise, robuste, rapide et complet a été validée avec succes et
développer au chapitre 5 pour les transistors FDSOI qui sera fondamentale pour
son optimisation technologique. De plus, la découverte d’une loi universelle
qui ne dépend que du matériau semi-conducteur simulé aura certainement un
impact considérable pour la recherche future et plus particulierement dans le
domaine de la fiabilité et de la modélisation de model compact.

Les travaux futurs et recommandations

Ci-apres, nous vous proposons quelques ceuvres qui peuvent étre étudiés dans
un avenir proche:

* Analyse de 'impact de la concentration de germanium dans le canal sur la
courbe universelle

* Etude du comportement des courbes universelles dans la limite d’épaisseur
de canal (t;; <4 nm). Dans le KP formalisme qui prend correctement en
compte la variation de la masse effective et la variation de la distribution
des énergies de bande pour les matériaux silicium et SiGe. Comparaison du
résultat dans le formalisme KP avec le résultat obtenu dans le formalisme
de P'EMA.

» Développement d’un outil automatique pour lextraction statistique des
WPFes, trox, thoxs ten, €t Xeff puits N. sur la base de la méthode d’extraction
précédente (chapitre 5).

» Etude de la précision d’extraction de bande plate sur la caractéristique
capacitive Cyg (Vgs) pendant la condition de déplétion total du canal de
FDSOI et des différentes épaisseurs pile FDSOI (tgx, tch €t tpox) SUr les
caractéristiques capacitives Cq, Cyc and Cpe. En outre, 'analyse de la
variabilité de des tous les précédentes épaisseurs de 'empilement FDSOI
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et I'extraction WF et Xeff sur toutes les caractéristiques capacitive a
différentes polarisation a face avant (V) et polarisation a face arriere (Vp).

» adaptation de la méthode d’extraction pour les matériaux nouveaux (III-V).
Cela signifie, en essayant de déterminer la loi universelle en identifiant
les correcte parametres physiques (masse effective, ban d’énergie) pour
les matériaux du groupe III-V par rapport a des matériaux Si et SiGe bien
connus.

* Enquéte sur l'utilisation de la loi universelle dans les domaines de
recherche de modélisation et de fiabilité.
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’Fully Depleted Silicon On Insulator’) allow low static off-currents and variability improvement
that enable the use of power supply biases lower than with bulk silicon, especially for SRAMs.
From 14nm nodes, FDSOI generations are including SiGe channel, high-k dielectric and metal
gate. All these new process modules required for technology improvement also significantly
increase the complexity of the MOS devices electrical analysis and meanwhile its correlation with
technology. This PhD study propose different novel methodologies for automatic and statistical
parameter extraction of advanced FDSOI MOS gate stack. These methodologies are all based on
capacitance versus voltage (C-V) characteristics, obtained for the capacitive coupling between
metal gate, channel and back side. With such C-V characteristics, reliable methodologies are
proposed, leading to the extractions of the equivalent oxide thicknesses (EOT), the effective work
function of the FDSOI metal gate (WF.¢), but also other parameters such as channel and buried
oxide thicknesses (tch, thex) and an effective electron affinity of the substrate well (Xqs) that
includes all electrostatic effects in the buried oxide and at its interfaces. Moreover, quantum
simulations are considered in order to validate the different methodologies. For experimental
analysis, the study has considered coherence and complementarity of different test structures as
well as the impact of back substrate polarization.

Keywords : MOSFET; FDSOI; Effective work function; Equivalent oxide thickness; buried oxide
thickness; channel thickness; effective electron affinity; well flat band condition; front flat band
condition; back flat band condition; threshold voltage.

Résumé : Les technologies de films minces sur isolant apparaissent comme des solutions fiables
pour la nano électronique Nano. Elles permettent de dépasser les limites des technologies
sur substrat silicium massif, en autorisant de faibles tensions d’utilisation et un gain en
énergie significatif. En effet, les transistors a semi-conducteurs a grille métallique (MOSFET)
avec un substrat totalement déplété (FDSOI) conduisent a des courants de fuites faible et
améliorent la variabilité ce qui permet de diminuer les tensions d’alimentation en particulier
pour les applications SRAM. A partir du nceud 14 nm, les transistors peuvent integrer un canal
SiGe, le diélectrique high-k et la grille métallique. Tous ces nouveaux modules de procédés
technologiques rendent I'analyse électrique des transistors MOS ainsi que sa corrélation avec
la technologie plus complquées. Ce travail de these propose plusieurs nouvelles méthodologies
d’extraction automatique et statistique de parameétres pour les empilements MOS FDSOI
avancées. Ces méthodologies sont toutes basées sur des mesures de capacité par rapport a la
tension (C-V) rendant compte du couplage capacitif entre grille métallique, canal et substrat
face arriere. Avec de telles caractéristiques C-V, des méthodologies fiables sont proposées
pour I'épaisseur d’oxyde de grille équivalente (EOT), le travail effectif de la grille métallique
FDSOI (WF), ainsi que d’autres parameétres comme les épaisseurs du canal (ty,) et de 'oxyde
enterré (tpox) ainsi que l'affinité électronique efficace (Xef) du substrat face arriere qui inclut
les différents effets électrostatique sa I'ceuvre dans ’oxyd eenterré et a ses interfaces. Ces
différentes méthodologies ont été validées par des simulations quantiques. La force de I’analyse
expérimentale a été de contrdler la cohérence des extractions obtenues sur tout un ensemble de
transistors MOS obtenus a partir de variation sur les différentes briques de base et de controdler
la cohérence des parameétres extraits.

Mots-clés: MOSFET; FDSOI; travail de sortie effectif; épaisseur d’oxyde de grille équivalente;
oxide enterré; épaisseur de canal; affinité électronique effective; condition de bande plate de
substrat; condition de bande plate face avant; condition de bande face arriére; tension de seuil.
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