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Abstract

Thanks to the thin buried-oxide, the UTBB FDSOI technology with a highly doped region under
the BOX is one of the main candidates for future RF applications. One of the most interesting
feature of this technology is the possibility to tune the threshold voltage, compensate variability
issues and improve the overall device performance. In this work, the impact of the back-gate
bias is mainly studied on the threshold voltage and RF FoMs of the front and back-gates.



Acknowledgments

The completion of this master thesis would not have been possible without the help and support
of several people. In the following, I would like to thank them personally.

First of all, I would like to express my gratitude to my supervisor, Prof. Jean-Pierre Raskin, for
his valuable guidance and also for giving me the opportunity to work within his research group.
I met passionate people who were always available to help and give good advice. I also would
like to thank Prof. Denis Flandre and Dr. Valeriya Kilchytska for their precious feedback all
along the semester.

I also thank Lucas Nyssens and Martin Rack for accepting to be readers of this work and I am
particularly grateful to Arka Halder for providing 4-Port measurements. Once again, I would
like to thank Lucas Nyssens for the time he dedicated to help me and answer my questions.

Following this, I would like thank my parents, grandparents and little brother for their support
and encouragements.

Next, I would also like to thank best friends with a special mention to Manuel Pace and Jules
Poncin, aka "Le Trio".

Finally, I would like to thank my girlfriend Laetitia, for all the love and support I received
throughout the realization of this work. I also gave you credit for trying to remember the
meaning of the abbreviation "UTBB FDSOI MOSFET".

Martin Vanbrabant

i



Contents

1 Introduction|

DC characterization of UTBB FD-SOI with back-gate access

3.1 Device geometry| . . . . . . . . .
[3.2 Carrier transport modell . . . . . . ...
3.3  DC operation and theoretical study ot Vg — Vg curves) . . . . . ... ... ...

B3.1 T-V characteristicsl . . . . . . . . . ... . ...

3.4  Comparison of different threshold voltage extraction methods| . . . . . . . . . ..

3.5  Dependency of other parameters on the back-gate biag . . . . . ... ... .. ..

[4.3.1 3-Port small-signal model| . . . . ... ... ... ... ... ... ...
[4.3.2  4-Port small-signal model| . . . . . .. ... ... ... 0.
4.4 Measurements and discussionl . . . . . . . ...
[4.4.1 Extraction ot small-signal equivalent circuit| . . . . . . ... .. ... ...
[4.4.2  RF Figures of Merit and discussion| . . . . . . . . . . ... . ... ... ..

|A Additional figures of Chapter 3|

iii

N = =



[B Analytical expressions of Re{Z;;} for series resistances extraction|

|C Current gain and Mason’s unilateral gain for a 4-port device|

ID_Extraction of RF FoMs|

iv

82

85

87



Chapter 1

Introduction

1.1 Background and motivation

For more than four decades, the evolution of integrated circuits (ICs) has been mostly driven by
the continuous down-scaling of the CMOS technology. Each new technology node has demon-
strated an improvement of the circuit performances and a reduction of the cost per transistor.
However, as the dimensions of the transistor decreased, a number of nonidealities, commonly
referred as short-channel effects (SCE), appeared. Among them, one can cite channel length
modulation, drain induced barrier lowering (DIBL) and velocity saturation. To overcome these
detrimental effects and keep a good carrier mobility and electrostatic control, complex fabrication
process and device doping profiles were introduced. However, most recently, reliability and yield
issues have been encountered due to the increasing complexity of the doping profiles. Indeed,
prohibitive variations in device properties such as the threshold voltage have been observed due
to dopant fluctuations [T} 2].

Therefore, in order to continue the device down-scaling, alternative strategies such as new ma-
terials in both channel (GaAs and germanium) and gate oxide (high-k dielectrics) have been
adopted [3]. New device architectures have also been investigated. Planar UTBB (ultra-thin
body and ultra-thin buried oxide) FDSOI (fully depleted SOI) and FinFET appear to be the
two main candidates satisfying ITRS requirements and thus, enabling continued CMOS scaling
[2]. Both these devices rely on ultra-thin body instead of complex doping profile (as in bulk
technology) in order to control short-channel effects [4]. However, most recently, the advent of
widespread 5G wireless communication systems pushes RF performance requirements towards
new limits. High gain-bandwidth product, high linearity, low power consumption and low noise
can be cited among the high requirements of 5G communication systems. Therefore, advanced
RF technologies are needed in order to satisfy these specifications. One of the devices which
appears as a promising candidate is again the planar UTBB FDSOI with a highly doped region
under the BOX (so-called ground plane GP) [5]. Currently, 28FDSOI from ST-Microelectronics
and 22FDX from GlobalFoundries are the two main processes available.

One of the most unique features of UTBB FDSOI technology with GP is the possibility to
use back-gate control schemes [6]. By dynamically modulating the threshold voltage, the tran-
sistor can thus be optimized for either performance or power consumption depending on the
requirements. Furthermore, back-gate biasing can also be used to tune the main RF FoMs as
demonstrated in [6].

In this context, the present work aims to characterize this very promising technology from DC



to RF operation. More specifically, the impact of the back-gate bias on the threshold voltage
and the main RF Figures of Merit (FoMs) will be analyzed.

1.2 Structure of the document

This document is organized as follows:

The second chapter of this work, named State of the art, presents a quick overview of the UTBB
FDSOI technology, especially from the structural point of view. The conventional-well and flip-
well architectures are described.

The third chapter DC characterization of UTBB FD-SOI with back-gate access is mainly dedi-
cated to the modulation of the threshold voltage with the back-gate bias. The dependence of the
threshold voltage at one gate by the opposite gate bias is known as coupling characteristics. The
analysis of the coupling characteristics is done for the analytical model proposed by Rudenko et
al. [7], for TCAD simulations using Sentaurus Device [8] and finally for experimental measure-
ments. The dependence of two other parameters (Rsp and Cyey—sup) on the back-gate bias is
also analyzed at the end of this chapter.

The fourth chapter A wideband characterization of UTBB FD-SOI with back-gate access studies
a 3-Port and 4-Port small-signal equivalent circuit based on FLDO simulations. After that, the
3-Port small-signal model is applied to 22FDX RF measurements and the front and back-gate
RF FoMs are extracted for various back-gate biases.

Finally, the last chapter Conclusion summarizes the main results of this work and gives future
perspectives.



Chapter 2

State of the art

2.1 Introduction

As mentioned in the introductory chapter, UTBB FDSOI technology with a highly doped region
under the BOX (ground plane) is recognized as a promising candidate for future low-power and
RF applications [3; [6]. The aim of this short chapter is thus to give an overview of several
advantages and design considerations of this technology.

2.2 UTBB FD-SOI MOSFETs and back-gate control schemes
Here is a non-exhaustive list of the advantages of the SOI technology over its bulk counterpart
|9; 10]:

e Reduction of substrate parasitic capacitances due to use of the buried oxide.

e Small devices without latchup (PNPN thyristor) because the n- and p-well structures are
isolated from each other. There is no current path through the substrate.

e Reduction of short channel effects.
e Better inverse subthreshold slope [11].

Since UTBB FDSOI transistors are based on the SOI technology, it inherits its advantages.
Figure [2.1] shows a cross-section of an UTBB FDSOI transistor featuring a back-gate contact.

Figure 2.1: UTBB FDSOI nMOS transistor with back-gate access.



The so-call conventional-well and flip-well are presented in Figures[2.2]and[2.3] Due to the doping
of the GP, the threshold voltage is different between the two architectures. It is an example of
multi-Vr options. One can also bias the back-gate contact either with a static or with a dynamic
voltage to tune on the fly the threshold voltage. This feature is possible thanks the ultra-thin
BOX.

NMOS PMOS

Bp

Figure 2.2: Conventional well architecture.

LVT NMOS LVT PMOS
Bn s S Bp

Figure 2.3: Flip well architecture.

First, it can be noticed that no channel doping is needed because the channel is fully depleted.
Moreover, scaling the thickness of the silicon body has two major advantages. First, it reduces
the subthreshold slope because arpsor < apui and then it also helps with DIBL since the
thickness of the silicon film is directly in its equation. In order to limit short channel effect, the
channel thickness must be approximately 1/4 of the channel length [4]. A highly-doped layer
under the BOX (ground plane) is also a common solution to prevent the source-drain lateral
coupling through the substrate since it has a high resistivity.

Finally, it can be said that with thin BOX and GP, the transistor acts like a DG transistor
and the back-gate control scheme enables to easily tune the threshold voltage to find a balance
between power /performance

In the next sections, the threshold voltage modulation with the back-gate bias will be studied.




Chapter 3

DC characterization of UTBB FD-SOI
with back-gate access

As presented in Chapter [, the semiconductor industry is earnestly researching new devices
structures in order to be able to continue CMOS scaling down to the 20nm-node and beyond
[2; B]. Both FinFETs and planar fully depleted (FD) SOI MOSFETs with ultra-thin body and
ultra-thin buried oxide (so-called UTBB) are considered to be the main candidates satisfying the
International Technology Roadmap for Semiconductors (ITRS) requirements for device down-
scaling.

This chapter focuses on the UTBB FDSOI technology with a heavily doped layer located just
under the BOX, or so-called ground plane (GP). The realization of GP is primarily intended
to prevent the lateral coupling between the source and drain through the substrate but is also
a practical way to tune the threshold voltage depending on the nature of dopants. The well,
which is isolated from the source and drain by the BOX, can be either n-type or p-type for both
nFET and pFET. Classical transistor architecture is based on p-well for nFETs and n-well for
pFETs (RVT transistors) and presents higher Vp than the flip-well architecture based on n-well
for nFETs and p-well for pFETs (LVT transistors).

The next sections are dedicated to the possibility of back-gate biasing schemes of the UTBB
FDSOI architecture with GP, which is one of the unique features of this technology [12]. To
this end, TCAD simulations were performed using Sentaurus Device from Synopsys. Sentaurus
Device is a numerical simulator capable of simulating electrical, thermal, and optical character-
istics of silicon-based and compound semiconductor devices [8]. Thanks to CEA-Leti, an initial
transistor structure with back-gate access was made available. This deck was calibrated to mea-
surements on 28FDSOI transistors but as demonstrated by Morelle et al. [I3] (who assess the
same transistor structure), the initial constant carrier mobility must be modified in order to take
into account other mobility degradation phenomena.

This chapter is organized as follows: Section presents the TCAD simulation structure and
its main parameters. In Section [3.2] the modifications applied to the carrier transport model are
shortly described. The impact of the back-gate on the Ip — Vg characteristics as well as on Vg
is studied in Section Then, different threshold voltage extraction methods are compared by
means of TCAD simulations and experimental data in Section Finally, the extraction of
some common parameters and their dependence on the back-gate voltage is studied.



3.1 Device geometry

Figure [3.1] shows the TCAD simulation structure studied in this work. It can be noticed that
the 28FDSOI transistor is designed as a 2D structure (assuming a default width of 1 pm), thus
representing a cross-section of the real transistor. While 2D simulations are less numerically
expensive than 3D simulations, one must keep in mind that some physical phenomena, such as
the distributed aspect of the gate resistance, are not well modelled. The "Substrate" electrode,
which will be referred as the "back-gate" electrode throughout this work, serves to bias the well
under the BOX, enabling back-gate biasing schemes. This back-gate contact is isolated from the
rest of the transistor by Shallow Trench Isolation (STI) made of silicon oxide. For both DC and
AC simulations, the "Bulk" electrode is fixed at 0V in this work.

Substrate | Source| | Gate | | Drain | Substrate

Well

Tsub=5um

Figure 3.1: Sentaurus 2D structure provided by CEA-Leti.

As Figure |3.1] gives an overview of the transistor structure, a closer look centered around the
channel is presented in Figure [3:2l One can observe that the gate stack is composed of sev-
eral materials : polysilicon, titanium, HfOs and an interfacial layer of silicon oxide. Reduced
gate leakage and improved drive current have been reported by introducing High-K/Metal Gate
(HK/MG) technology (by means of a thin dielectric layer of HfOs) [14]. The channel is made
of a 6.7nm thick silicon film separated from the well by a buried oxide. Important structural
parameters with their default values are summarized in Table



Parameter Symbol Value Unit

Gate length L, 28 [nm]
Width w 1 [pm]
Front oxide thickness Si09 tof,sio, 1.3 [nm]
Front oxide thickness HK dielectric ¢,y px 1.7 [nm]
Channel/body thickness tsi 6.7 [nm]
Back oxide thickness SiO3 tob 25 [nm]

Table 3.1: List of structural parameters with their default values.
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Figure 3.2: Sentaurus 2D structure provided by CEA-Leti. White regions delimited by pink
boundaries correspond to electrodes (i.e. Source, Gate, Drain).

In this work, the description and modelling of the UTBB FDSOI transistors are mainly done on
nMOS with N-type ground plane (LVT transistors) unless otherwise specified. Their phosphorus
doping profile along the channel at ¥ = 3nm is shown in Figure for three different gate
lengths. The doping profiles are normalized by the high doping concentration of source and
drain. One can notice that for shorter gate lengths (i.e. 28 nm), the source and drain diffusion
regions start merging together, resulting in a higher doping of the channel region. Although the
channel doping is several orders of magnitude lower than the source and drain doping in the
150 nm case, its value is still non-negligible to be considered as undoped as it is traditionally
done for UTBB FDSOI transistors. The "residual" channel doping is attributed to the N-well
implementation. This hypothesis was verified by removing the command lines used to implement
the N-well.
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Figure 3.3: Normalized phosphorus doping profile for three different gate lengths, namely 28 nm,
60nm and 150 nm.

3.2 Carrier transport model

This section introduces the physical models used to simulate the electrical behaviour of the device.
By default, Sentaurus TCAD tool solves the Poisson and carrier continuity equations with the
drift-diffusion model [8]. In addition to that, doping-dependent Shockley—Read-Hall (SRH)
recombination and carrier quantization effects are also included. Indeed, since some features of
current transistors (oxide thickness, channel width) have reached quantum mechanical length
scales, the wave nature of electrons and holes can no longer be ignored. Quantization effects
can cause tunneling, reduction of the gate capacity and a shift of threshold voltage [8] which is
the subject of the next sections. Therefore, an accurate model of these effects must be added.
In Sentaurus Device, quantization effects are taken into account by introducing a potential-like
quantity A in the classical density formula. Several models of A are available but the "density
gradient" model is selected because it is numerically robust and suitable for SOI structures. More
detail about the definition of A can be found in Chapter 14 of [§].

Moreover, temperature is fixed to 300 K and is uniform over the whole structure. In order to
take into account the self-heating effect, one must switch from the classical drift-diffusion model
to a model that also solves the carrier and heat flow equations such as the hydrodynamic model
[8]. Because of the longer simulation time needed for the hydrodynamic model and self-heating
is not the main focus of this work, it was decided to not include it as a first approximation.

The default mobility model implemented in Sentaurus accounts only for phonon scattering and
thus, is only temperature dependent:

T —¢
Heconst = UL <300K> (31)

Where T is the lattice temperature and py is the mobility due to bulk phonon scattering. The
default values of puf, coefficient were replaced by 150 cm? V! s~ for electrons and 75 cm? V157!
for holes which are typical values in FDSOI transistors. Sentaurus Device also offers the option



to improve the modelling of tunneling through semiconductor barriers by modifying the mobility

model:
_ Hel + T Htunnel

1+r
Where ji¢ is the classical mobility, ftumner = 0.05 cm? V
percentage of carriers subjected to tunneling [§].

(3.2)

~1s~1 is a fitting parameter and r is the

However, as pointed by Morelle et al. [13], the above constant mobility model is not physical and
neglects many mobility degradation phenomena. It was demonstrated that replacing the constant
mobility model by a more complex model that takes into account several mobility degradation
phenomena shows good agreement between TCAD simulations and UTSOI2.2 compact model in
strong inversion at Vpg = 50mV. Therefore, it was decided to use the same complex mobility
model in this work. Here is a brief list of these different mobility degradation models:

e Doping-dependent mobility in silicon is simulated with Masetti model [15] (default doping-
dependent model used in Sentaurus Device): scattering of the carriers by charged ions leads
to degradation of the mobility.

e Carrier velocity saturation for regions with high electric field is accounted for both electrons
and holes by Canali model.

e A thin-layer mobility model is also added because of the very thin silicon layers used
in the UTBB technology. It is based on the model proposed by S. Reggiani et al. [16]
that accounts for thickness fluctuation scattering, surface phonon scattering, bulk phonon
scattering in conjuction with the Lombardi model (mobility degradation at interfaces due
to high transverse electric field forces) [§].

3.3 DC operation and theoretical study of V;y — Vp curves

Aside the excellent electrostatic integrity, the lower variability by using undoped channel [17]
and the promising RF performance with high cut-off frequencies (fr and fpaz) [18] of UTBB
FDSOI transistors, the possibility of back-gate control schemes is considered as one of the most
interesting features of this technology. This section describes the fundamental theory of back-
gate biasing and its effect on I-V and front-gate capacitance characteristics. The emphasis is on
studying the modulation of the threshold voltage at one gate by the opposite-gate bias.

3.3.1 I-V characteristics

Figures and show the drain current versus front-gate voltage characteristics for various
back-gate biases Vp. The simulated drain current is normalized by the default width (W = 1 pm)

assumed by Sentaurus Device for 2D simulations. Increasing Vp is commonly called Forward
Back Biasing (FBB) while lowering V5 is called Reverse Back Biasing (RBB).
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Figure 3.4: Ip — Vg characteristics in linear regime for various back-gate voltages Vp: (a) in
linear scale and (b) in semi-logarithmic scale. Vpg =50mV, Ly = 30nm and W = 1 pm.

As shown in Figures and increasing the back-gate voltage Vg shifts I-V characteristics
towards lower Vizg. This effect is of twofold origin. Firstly, a strong charge coupling between
the front and back SOI interfaces is observed in FDSOI transistors [19]. Thus, an application of
a back-gate bias results in the modulation of the threshold voltage, which leads to a shift of -V
curves to the left /right for FBB/RBB, respectively. This dependence of the threshold voltage
at one gate on the opposite gate bias is known as coupling characteristics and is traditionally
described by the classical Lim and Fossum (LF) model proposed in 1983 [20]. The validity of
this model will be discussed in more detail in Section [3.3.2

Secondly, a back-channel conduction appears at the Si film/BOX interface for positive back-
gate biases. Figure [3.5] shows the electron density distribution across the 2D structure for three
different V. At Vg = 10V, the back-channel is clearly visible at the Si film/BOX interface. In
order to have a more insightful view of the electron density distribution, one can plot a cutline
of Figure|3.5|at X = 0 pm along the Si film thickness, as presented in Figure One can notice
that for high Vp (i.e. Vg = 10V), the contribution of the back-channel is non-negligible with
electron density at the back interface comparable with the one at the front interface. In DG UTB
transistors, several authors [2; 21} [7] have also reported the concept of volume inversion. Indeed,
the front and back channels are no longer independent in the case of thin boby. Therefore,
specific front and back bias conditions can force most of the carriers to flow through the middle
of the Si film. In these conditions, the inversion charge in the bulk (middle) of the body can be
comparable to that near the interfaces and define much of the on-current [2].

10
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Figure 3.5: Electron density in linear regime for various back-gate biases: (a) Vg = 0V, (b)
Ve =5V and (c) Vg =10V. Vpg =50mV and Vg =1V. Ly = 30nm.
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Figure 3.6: Electron density versus position in the silicon film for various back-gate biases at
X = 0pm (cutline of Fig. . Ly =30nm, Vpg =50mV and Vgg =1V.

3.3.2 Coupling characteristics

As mentioned in the previous section, interface coupling is widely used for understanding the
modulation of the threshold voltage at one gate by the opposite gate bias. The BOX and Si
body thicknesses can also be determined by using interface coupling [22] making it a suitable tool
for characterization purposes. The well-known Lim and Fossum model [20] which describes the
Vrus(Vp) dependence is qualitatively pictured in Figure and a schematic of a thin-film SOI
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MOSFET is shown in Figure As explained in their paper, the studied structure is a four-

terminal device but in order to put emphasis on the charge coupling behaviour, a one-dimensional
approach (Fig. ) was taken, neglecting small-geometry effects.

Vryfs

A

Vi

N\

—a
Viky

VB JAcc VB,ITHJ VB
Back accumulation Back depletion Back inversion

Figure 3.7: Qualitative representation of the classical Lim and Fossum model [20]. Dependence
of the front-gate threshold voltage versus the back-gate voltage.

(a) Ve (b) Ve
Ve Vp
W ] Pt
n+ n+ ts; ¢
Psp
tob I
Si substrate Si substrate
Vs Vs

Figure 3.8: (a) Schematic of a thin-film SOI MOSFET. Front and back-gate voltages are noted
Vi and Vg, respectively. (b) One-dimensional representation of the thin-film SOI MOSFET with
the front ¢, and the back ¢4, surface potentials.

According to this model, when the back surface is accumulated, @4 is approximately pinned
to 0V and the front threshold voltage Vrg¢(Vp) = Vf‘ﬁ? is independent of Vg. When the
back surface is inverted, ¢4, is approximately pinned to 2®p (twice the Fermi potential) and
Vrus(Ve) = VJ{?Ivf is also independent of Vp. Finally, when the back surface is depleted, g is
strongly dependent on the back-gate voltage which gives

Venp(Ve) = Vi — a(Ve = VE“)  when VA < Vg < V™ (3.3)

12



Where « is the slope of the front-gate coupling characteristic in depletion regime defined as
o dVrry _ CsiCop
dVp Cor(Csi + Cop)

£5i05 - . -
# is the BOX capacitance and Cg; = %f,’ is
O 1

(3.4)

Where C,y is the front-gate capacitance, Cp, =
the depletion capacitance.

Although this model provides a simple relationship between the front-gate threshold voltage
and the back-gate bias, it fails to describe the non-classical effects in undoped UTB MOSFETs
reported in |23} 24]. For example, the use of the conventional 2@ criterion is invalid in the
case of undoped/lightly-doped SOI MOSFETs where the surface potential largely exceeds this
value under threshold conditions [7]. Quantum-mechanical effects also enhance the modulation
of Vruy (and Vrgy) by the opposite-gate bias compared to classical simulations. Therefore, the
analytical model derived by Rudenko et al. [7;[25] in order to study these non-classical effects is
presented here and compared to the coupling characteristics obtained with TCAD simulations.

Analytical modelling Before presenting the analytical model of the modulation of the thresh-
old voltage at one gate by the opposite gate bias, Table summarizes some of the notations
used in the following developments.

Parameter Symbol
Dielectric permittivity of SiOs €5i0y
Dielectric permittivity of HK dielectric EHK
Front oxide thickness of Si09 tof,5i0,
Front oxide thickness of HK dielectric tof HK
Channel /body thickness ts;
Back oxide thickness (BOX) tob
Front-gate dielectric capacitance Cof
Back-gate dielectric capacitance Cop
Capacitance of the depleted silicon film Cg;
Body factor n
Thermal potential o = kTT
Front surface potential ©Osf
Back surface potential Osb

Work function difference between front-gate and intrinsic Si  A®y;
Work function difference between back-gate and intrinsic Si  A®y,;

Doping concentration Ny

Table 3.2: Notation used for electrical and structural parameters.

Because the gate stack (Fig. [3.2) consists of a high-K dielectric layer on top of a silicon oxide
layer, the front-gate dielectric capacitance is defined as the serie combination of the two individual

13



capacitances:

c Cot,5i0,Cof, HE 55
of — C ] C ( : )
of,Si0s T Cof HK
€si0!, )
Where Cyt,5i0, = m, CofHK = t:fH I and Cg; = igz The apostrophe on €g;0, means that

the front SiO, layer, also known as interfacial layer, features a different dielectric permittivity
from its bulk counterpart because its thickness (only 1.3 nm-thick).

Starting from the one-dimensional Poisson’s equation and using the depletion approximation,
one can derive the potential ¢ and the electric field F' as a function of the depth « in the Si-film:

©sf — @sb qNats; qNa
— — 3.6
o(x) = @sf + ( ™= 20, > T+ 2es, (3.6)
— Natg; N
F@g:<¢” L A&>x—q A2 (3.7)
tsi 2eg; €5i

In order to further simplify the above equations, the depletion charge can be neglected because
its impact is negligible on the potential in ultra-thin low-doped Si films [24]. One thus obtains

p(z) = sy — Fx (3.8)

F — ()OSf - (108() (3.9)

lsi

This result implies that the electric field is approximately independent of x. From Equations|3.8
and and their related approximations, one finds by solving Gauss’ law at the front and back

interfaces the two well-known equations describing the charge coupling between the front and
back gates in weakly inverted low-doped SOI MOSFETs [24]:

Cgsi Csi
=Ady 14+ = sf — — Vs 1
Ve 7 +< +Cof>s0f CofSOb (3.10)
Csi Csi
= AD;. 1 - = 1
VB bi + < + Cob> Psb o Psf (3.11)
(3.12)

If the inversion layer is predominantly formed near the the front surface, ¢,; will be set to
st thresn under threshold conditions. However, if the inversion layer is predominantly formed
near the the back surface, psp Will be set to ©gp thresh under threshold conditions. Therefore,
by rearranging Equations and [3.11] one can express the threshold electric field Fyp esh
and the front-gate threshold voltage Vrgy for the front-channel (FC) and back-channel (BC)
conduction as a function of Vg, ¥sf thresn and @sp thresh:

CsiCop Psf thresh — (VB — A(I)bz)

EEC o (VB) = 3.13

thresn (V) (Csi + Cop) ESi (3:13)
©sb thresh — (VB — Ady;)

FRC (Vi) = Cop =" (3.14)

€Si

14



C Si Cob CSiCob

VEC (V) = Ad (1 ) sf thresh(VB) — Vg — Ady,
e N O (R ) A L A ¥ (PR o K
(3.15)
Cob(CSi + Cof) Cob(CSi + Cof)
VBC (V) = Ady; + (1 o thresn (Vi) — Vs — Ady,
11 (Vs) b +( + CorCs: Psb_thresh(VB) CorCs: (Vs bi)
(3.16)

In order to finalize the classical analytical model, one still needs to determine g f_thTesh(VB)
and g thresh(VB). For this purpose, the threshold voltage will be defined as the gate voltage

corresponding to the maximum of the second derivative of the inversion carrier density $-ge =~ A

dV2
critical value of the inversion carrier density corresponding to this criterion (maximum of d d]‘\};”)
can be derived from the unified control charge model (UCCM) [26]:
norC
Nim}_thresh = 2 of (317)
q
Where the body factor n is
CSiCob
n=1+ 3.18
Cof(CSi + C(ob) ( )
Using Equation [3.8 around threshold, the inversion carrier density can be expressed as
tsi
N = [ n(a)da
0
t .
= qﬁTniiSZ exp <803f> — exp ((pr> ’
’903 f— (Psb’ (bT ¢T
or [ < |F |tSi>:|
n;— ex 1 —exp| —— 3.19
TF p(estv)) G (3.19)

The front g f_thresh and back ©gp thresn threshold surface potentials are finally obtained by
equating [3.17] to 3.19}
pFC(BO)

nC0f| thresh (VB)}

2qn; (1 — exp ( tiiic VB)|tgi/¢T>)

@sf(b)ithresh(VB) = ¢T In (320)

One can notice that in order to solve Equation [3.20| in the front and back conduction regimes,
one needs the threshold electric fields FF< . (V) and thgsh(Vg) which are dependent on the
threshold surface potentials as described by Equations [3.13] and [3.141 This set of equations can
be solved numerlcally and the values of psf thresn(VB) and cpsb_thmsh(VB) can be replaced in

Equations [3.15] and [3.16] to obtain the coupling characteristics.

The modelling presented above is essentially a classical approach and does not take into account
QM effects resulting from the structural confinement (thickness-induced confinement due to thin
ts;) and electrical confinement (field-induced confinement). Hence, using the approximations
presented in [7], the field-induced QM effects can be introduced by expressing the threshold
surface potential as

classic AEO(FthTSSh) _ ¢T ln <AE0 (Fthresh)> (321)

QM
(’Osf(b)_thresh SOsf(b) thresh T 207
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Where AFEy(F) is the pseudo-bandgap widening given by

AE(F) = <2:iq)é (;’W\F})g (3.22)

Where h is the reduced Planck’s constant and m, is the carrier effective mass in the confinement
direction.

Coupling characteristics In order to assess the quality of the analytical model and stress out
the impact of QM effects in UTBB FDSOI transistors, the full model using the surface potential
quantum correction (Equation will be compared to TCAD simulations performed on the
nMOSFET shown in Section[3:1] Since this study focuses on the vertical coupling characteristics,
it was decided to increase the default gate length (28 nm) to 120nm to avoid small-geometry
effects. Although most of the experimental studies of the coupling characteristics are made on
transistors with gate lengths larger than 1pm (e.g. 10 pm in Rudenko et al. [7] or 100 pm in
Ohata et al. [23]), larger structures greatly increases the simulation time and some convergence
problems start appearing for high back-gate biases.

The next point to address is the threshold voltage extraction method used to obtain the coupling
characteristics from TCAD simulations. The method selected for this purpose is the derivative
of the gate-to-channel capacitance ?f‘j/?cc as it originates from the unified charge control model
d2Nipy
dv2
However, since Cy. is not directly available, the coupling characteristics are computed based
on the total gate capacitance Cyq. For rather long-channel transistors with no source-to-drain
voltage, the channel under the gate is relatively uniform (see Figure and the contribution
of parasitic gate capacitances is expected to be small compared to Cy., thereby, the threshold
voltage extraction method is directly applied to Cy, measurements instead. In [13], Morelle et
al. used an "a posteriori" verification and confirmed that the values of the threshold voltage
extracted from Cy. and Cy, were almost superimposed. Figure shows the Cyy — Vi curves for
LVT transistors computed from a TCAD small signal AC analysis at f = 100kHz. The Cyq — Vi
curves clearly exhibit a plateau for high positive back-gate biases (black curves) that is related
to the creation of an inversion layer at the back interface.

and corresponds to the same V7, criterion (maximum of ) used in the analytical model.
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Figure 3.9: Gate capacitance Cgy, versus front-gate voltage Vg for various back-gate voltages
Vg for nMOSFETs with N-type ground plane at Vpg = 0V. The AC analysis is performed at
f =100kHz (Ly = 120nm and W = 1pm). Black curves correspond to positive back-gate biases
while blue curves correspond to negative back-gate biases. The red curve is at Vg =0V.

The derivative of the Cyy — V5 curves is shown in Figure where two distinct peaks can be
noticed. The position of these peaks mainly depends on the interface at which channel conduction
takes place. The first peak observed for positive back-gate biases (black curves) is due to the
activation of the back channel conduction. Its position varies with Vp and it corresponds to the
modulation of front-gate threshold voltage in the back channel conduction regime Vﬁ%(VB).
The second peak, whose position is independent of Vg, gives the front-gate threshold when the
back interface is inverted V:,If';f’]?m”. In the front-channel conduction regime (negative back-gate
biases represented by blue curves), only a single peak corresponding to the activation of the
front channel is visible. Its dependence on Vp gives the coupling characteristics V£ I%(VB) in the

front-channel conduction regime.
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Figure 3.10: Derivative of the gate capacitance Cy, versus front-gate voltage Vg for various back-
gate voltages Vp for nMOSFETs with N-type ground plane at Vpg = 0V. The AC analysis is
performed at f = 100kHz (L, = 120nm and W = 1 pm). The same color notation as in Figure
B-9is used here.

The coupling characteristics obtained from the maximum of Cy, derivative are shown in Figure
for two types of transistors (LVT and RVT transistors). The analytical model derived in the
previous section is also depicted, showing a good agreement with TCAD simulations. One can
note the difference between the classical (dashed lines) and QM (full lines) modelling. Indeed,
the modulation of the threshold voltage at one gate by the opposite gate bias is seen to be
enhanced by QM effects resulting in a larger (smaller) slope of the coupling curves in the front-
channel (back-channel) conduction regime. However, the analytical model does not take into
account the substrate impact on the threshold voltage. Knowing that the back-gate of UTBB
FDSOI transistors is made of doped silicon, it is important to account its possible effect on the
coupling characteristics. In [27], Burignat et al. investigated the influence of the space charge
condition at the BOX/substrate interface on both the threshold voltage and the subthreshold
slope. They observed a plateau between Vg =0V and Vp = 1V in the coupling characteristics
of UTBB transistors which was associated to a depletion layer formed at the BOX/substrate
interface for these specific bias conditions. From an electrostatic point of view, this depletion
layer can be associated to a thickening of the BOX. The GP doping level, its type as well as
the back-gate bias define the thickness and existence of this depletion layer. In 28], Kushwaha
et al. successfully tried to incorporate the substrate depletion effect in the surface-potential
based BSIM-IMG model by computing the potential drop in the substrate due to the back-bias.
They also show that the use of high doping levels for GP implementation reduces the substrate
depletion effect. In our case, the doping just below the buried oxide is around 10¥c¢m™2 for both
N-type GP and P-type GP which is consistent with the value found in [28] for highly-doped
N-type ground plane.

In Figure [3.11] one can also note the higher threshold voltage featured by the RVT transistor
(P-type GP) compared to the threshold voltage of the LVT transistor (N-type GP). This is due
to the workfunction difference between the channel and BOX /substrate interface [29].
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Figure 3.11: Coupling characteristics of UTBB FDSOI nMOSFETs with N-type (LVT) and P-
type (RVT) ground plane (L, = 120nm and W = 1um). Black curves indicate the classical
(dashed) and QM (full) analytical model.

3.4 Comparison of different threshold voltage extraction methods

In this section, several threshold voltage extraction methods are compared in order to highlight
their advantages and disadvantages. The following study is limited to back-gate biases ranging
from Vg = —3V to Vg = 3V because the regular-well and flip-well architectures are designed
for Vg = [—3; Vpp/2+0.3]V (reverse back biasing) and Vg = [—0.3; 3]V (forward back biasing),
respectively [30].

The maximum of the derivative of the gate capacitance Cyy (in all rigor, the gate-to-channel
capacitance should be used) will be compared to some of the well-known threshold voltage ex-
traction techniques based on Ip — Vg characteristics. The following threshold voltage extraction
methods are thus considered:

e Linear extrapolation: The threshold voltage is found from the intercept of the Ipg — Vg
curve extrapolation at its maximum first derivative point (gm, maz) With the gate-voltage
axis (Ips = 0V) in the linear regime.

e Second derivative method: Vpp is determined as the gate voltage at which the second
derivative of the drain current with respect to the gate voltage is maximum.

e Derivative of g,,,/Ip ratio: Vg is determined as the gate voltage at which —% is

maximum [31].

3.4.1 TCAD Simulations

The simulated drain current Ip as a function of the front-gate voltage Vzg for various back-gate
biases is plotted in Figure [3.12] The device considered here is an UTBB FDSOI nMOSFET
with a N-type (LVT) ground plane. Its gate length is 120 nm while its width is still fixed to
the default 1 pm-width assumed in 2D simulations. The simulations are performed in the linear
regime at Vpg = 50mV. One can observe the impact of the back-gate bias on these Ip — Viog
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characteristics as explained in Section [3.3.1] For positive back-gate biases, the curve is shifted to
the left (FBB) while for negative back-gate biases (RBB), the curve is shifted to the right. The
black curve corresponds to Vp =0V.
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Figure 3.12: Ip — Vg characteristics of an UTBB FDSOI nMOSFET (L, = 120nm) with a N-
type (LVT) ground plane for Vg ranging from —3 'V to 3V by steps of 500mV: (a) in linear scale
and (b) in semi-logarithmic scale. The TCAD simulations are performed in the linear regime at
Vps = 50mV.

In order to gain some insight into the threshold voltage extraction procedure of each method, one
can plot the transconductance g,, as a function of the front-gate voltage for various back-gate
biases. The result is shown in Figure Similar to the Cy, characteristics, a plateau in the
transconductance curves is visible for positive back-gate biases.
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Figure 3.13: Transconductance g, versus front-gate voltage Vi for various back-gate biases. The
TCAD simulations are performed in the linear regime at Vpg = 50mV. L; = 120nm
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The different threshold voltage extraction methods based on the drain current measurements are
compared to the maximum of Cy, derivative in Figure @ The first thing that stands out is
the huge offset for this technology node between the linear extrapolation method and the others
methods. At Vgg = 0V, a difference of 45mV is observed between the linear extrapolation and
the dCyy/dVgs methods. It corresponds to an increase of 13%. This difference becomes even
larger for positive back-gate biases. It can be explained by the fact that for positive back-gate
biases, the maximum of the transconductance g, is almost constant at around Vi = 0.49V (see
Figure . Therefore, the point at which the extrapolation is performed (by drawing a tangent
to Ip — Vg curve) is almost fixed. However, the current slope at Vi |gm, maz becomes steeper
when Vg is increased to more positive values which results in a larger gate-voltage intercept. This
discrepancy can also be explained by the fact that the linear extrapolation technique assumed
that the inversion charge varies linearly with Viz above threshold which is incorrect for UTBB
transistors featuring very thin gate dielectrics [31].

0.6

—&— Linear extrapolation
—&— Second derivative
g m/ID ratio

¢
051

—o— Max ng derivative

o
~
\

Threshold voltage [V]
o o
nN w

o
iy
T

0 I I I I I |
-3 -2 -1 0 1 2 3

A

Figure 3.14: Comparison of the coupling characteristics of UTBB FDSOI nMOSFETs with N-
type (LVT) ground plane obtained from different threshold voltage extraction methods (L, =
120 nm).

On the other hand, the second derivative and g,,/Ip ratio methods show a good agreement with
the maximum of Cy4 derivative method. Indeed, these three methods are derived from the same
Vg criterion corresponding to the maximum of the second derivative of the inversion charge
Niny. Starting from the unified charge-control model [26], the derivative of the gate-to-channel
capacitance is given by

dCy. d2g03
= —Cop—"2o 3.23
dVg dVZ ( )
The g,,/Ip ratio method proposed by Flandre et al. [32] gives a similar expression which only
differs by a factor 7%’3”‘1:
2
4 (gm) _ a d e (3.24)
dVae \Ip KT dVg

Figures [3.15| and show the peaks at which the threshold voltage is extracted for the second
derivative and g,,/Ip ratio methods. It can be seen in Figure that a second peak is present
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around Vg = 0.41V. Its position is constant with respect to Vp and it is associated to the
front-threshold voltage when the back surface is inverted VY{IZUJ;IMC’“. However, compared to Cyg
derivative measurements, this second peak is less pronounced for drain current measurements.
In Figure for g,m/Ip technique, only one peak remains which corresponds to the formation
of an inversion layer at the back surface for positive Vp. This result showcases the difficulty to

distinguish the front and back conduction channels from Ip — Vgg characteristics.
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Figure 3.15: Second derivative of the drain current as a function of the front-gate voltage for
various back-gate biases. (Ly = 120nm).
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Figure 3.16: Derivative of the g,,/Ip ratio as a function of the front-gate voltage for various
back-gate biases. (Ly = 120nm).

Finally, the mismatch between the threshold voltage extracted from the Cy4 derivative and gy, /Ip
ratio methods is reported in Figure 3.7} The maximum mismatch is obtained for Vg = 2.5V

22



with a value of 17.7mV. In general, the Cy, derivative method appears to give better results for
short transistors because on one hand, it enables front and back channel separation and on the
other hand, it is unaffected by the gate-voltage-dependent mobility and series resistances effects
unlike other current-based methods [7]. However, due to the low dimensions of these advanced
devices, Cyy capacitance can become very small and thus extremely difficult to measure. In
TCAD simulations, this is not an issue because it does not depend on any measurement setup but
in reality, parasitic elements can dominate over Cy4, being below the measurement capabilities of
the equipment. Moreover, RF transistors with dedicated RF pads are not always available in the
early stages of characterization giving another reason to find new threshold voltage extraction
techniques.

Vg V]

Figure 3.17: Mismatch between the threshold voltage extracted from the Cy, derivative and
gm/Ip ratio methods as a function of back-gate bias (Ly = 120 nm).

The slopes for each method in FBB and RBB are summarized in Table [3.3]

Method Slope (in mV/V) for Vg <0V  Slope (in mV/V) for Vg >0V
Linear extrapolation  -66 -84
Second derivative -68 -93
gm/Ip ratio -75 -87
Max of Cy4 derivative -72 -93

Table 3.3: List of slopes of the coupling characteristics for each method (Ly = 120nm).

As a final comment regarding the current-based extraction methods, it should be noted that
the transconductance g,, versus Vg graph only presents a single clearly visible peak for shorter-
nodes. This is illustrated in Figure[3.18]for a short-channel transistor with a gate length of 30 nm.
All other device/structural parameters are identical to those of the 120nm UTBB FDSOI nFET
previously studied. In [23], Ohata et al. reported the same behaviour for short-channel transistors
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and concluded that the series resistance affects the transconductance curve. Therefore, as it can
be seen in Figure [3:19] the linear extrapolation method gives threshold voltages closer to the
other methods for L, = 30nm thanks to the disappearance of this second peak. Table
summarizes the slopes of the coupling characteristics for Ly = 30 nm.
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Figure 3.18: Transconductance g, versus front-gate voltage Vi for Vp ranging from —3V to 3V
by steps of 1 V. The TCAD simulations are performed in the linear regime at Vpg = 50 mV.
Ly = 30nm.
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Figure 3.19: Comparison of the coupling characteristics of UTBB FDSOI nMOSFETs with N-
type (LVT) ground plane obtained from different threshold voltage extraction methods (L, =
30nm).
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Method Slope (in mV/V) for Vg <0V  Slope (in mV/V) for Vg >0V

Linear extrapolation  -69 -92
Second derivative -70 -90
gm/Ip ratio -73 -94
Max of Cy4 derivative -70 -96

Table 3.4: List of slopes of the coupling characteristics for each method (L, = 30nm).

3.4.2 Measurements

In the previous section, several threshold voltage extraction methods were compared using 2D
TCAD simulations. In this section, the same methods will be applied to experimental data. The
measurements were performed on a four-port SLVT nFET with L, = 20nm and 64 fingers with
W tinger = 1 pm. Their are implemented using the 22FDX technology from GlobalFoundries. The
Si film, the BOX and the substrate thicknesses are 6 nm, 20 nm and 150 pm, respectively.

The I-V curves were measured in the linear regime at Vpg = 50mV and the front-gate voltage
was swept from Vg = —0.2V to Vg = 0.92V by steps of 10mV. In order to compute the coupling
characteristics, the back-gate voltage was also swept from Vg =0V to Vg =3V.

The Cyy measurements were obtained by averaging the imaginary part of Ygg/2nf over the
frequency range f = [1;5GHz] as shown in Figure Thus, the S-parameters measured
in cold FET regime (Vps = 0V) with Vg = [-0.2;0.5V] by steps of 10mV were converted
into Y-parameters. The same back-gate bias range used for the I-V curves was employed for
S-parameters measurements. Yg¢ is defined as Yoo = 14/ vg‘ukzov where vj, is the small-signal
voltage at port k # g. "g" refers to the gate, "d" to the drain, "s" to the source and "b" to
back-gate.
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Figure 3.20: Extraction of Cyq by averaging Ygg/2mf between 1 GHz and 5GHz. The bias
conditions here are Vg =0V, Vpg =0V (cold FET) and Vg =0V.
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The Cyy(Vs) curves as well as their derivatives for positive back-gate bias are shown in Fig-
ures [3.2Ta] and [3.21D] respectively. Before extracting Vrg, the Cyq derivative curves were first
interpolated and then smoothed by a moving average filter in order to attenuate the "noise" and
have a well-defined peak. The dashed lines correspond to the interpolated and smoothed version
of Cyg derivative curves. One can also note the formation of a second peak corresponding to

leg;t;/?m“ at Vg =3V around Vg = 0.4V.
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Figure 3.21: (a) Cy4 as a function of the front-gate voltage Vg for Vp ranging from 0V to 3V
by steps of 1 V. (b) Cy4q derivative versus Vg for Vg ranging from 0V to 3V by steps of 1V.

In linear regime, the drain current and the transconductance as a function of Vg are shown in
Figures [3.22a] and [3.22b, The 0.5V (i.e. 0.5V,1.5V,2.5V) steps are omitted for clarity. The
drain current clearly displays non-linear behaviour with respect to Vg which is deemed to be
the S/D resistance effect. Only a single peak can be observed in the transconductance which
agrees with TCAD simulations for short-channel transistors (see Figure and the findings in

[23].
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Figure 3.22: (a) Drain current and (b) transconductance as a function of Vgg for Vp ranging
from OV to 3V by steps of 1 V. Vpg =50mV.

In order to extract Vg using drain-based methods, the same interpolation and smoothing steps
are applied to dg,,/dVe and d(gm/Ip)/dVe. The fitted results are shown in Figures
and The implementation of these two methods are highly sensitive to measurement error
and noise and thus required good experimental setup [33]. Aside from numerical smoothing
techniques, fitting a semi-empiric model is also a common technique used to reduce measurement
noise. In our case, one can see that d(g,,/Ip)/dVs is more impacted by measurement noise than
dgm/ dVe.

d(g,,)/dV [SIV]
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Figure 3.23: (a) Derivative of (a) the transconductance and (b) the g,,/Ip ratio with respect to
Vs for Vp ranging from 0V to 3V by steps of 1 V.

All the threshold voltage extraction methods presented above are applied to the same transistor
coming from three different dies. By comparing multiple die measurements, one can assess the
global trend of each method and their variability. Since all the coupling curves of the three dies
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have similar trends (see Figures [A.2[[A.3} |A.4] and |A.5) and that the errors between them are
within the range of AVgg = 10 mV step'}, it was decided to only show the coupling characteristics
of Die 1. Figure[3.:24]shows the coupling characteristics of Die 1 obtained from different threshold
voltage extraction techniques.

First, it can be seen that the maximum of Cy, derivative method mostly gives higher Vry values
than other current-based methods. This result was quite unexpected because in general, Cgyq
derivative method is taken as a reference for the comparison between the second derivative and
gm/Ip ratio methods which are both affected by gate-voltage dependent mobility and series
resistance (g, /Ip ratio method being less sensitive to these effects [31]). One hypothesis is that
this method is strongly dependent on the mean channel position (centroid position) as well as
the coupling between the front and back gates while others methods only see the "global picture"
from drain current data (difficulty to distinguish the front channel from the back channel). The
larger values at Vg =0V and Vg = 1V could be due to the formation of a depletion region just
beneath the BOX. Another hypothesis is the implementation of the method itself. Indeed, the
extraction of Vg was directly performed on Cyy derivative instead of Cy. derivative. Therefore,
strong parasitic elements, especially for short transistors, should be expected to impact the
capacitance measurements and could greatly jeopardize the results of the method. However,
varying the frequency range used to extract Cyq versus Vg curves (in a "reasonable" manner
where Im{YoG/(27f)} looks flat) does not significantly impact the threshold voltage extraction.

The second important point is that the g,,/Ip ratio method is shifted by 10mV at Vg = 0V com-
pared to SD method. This discrepancy increases up to 16 mV at Vg = 3V. In [31} [34], Rudenko
et al. demonstrated that dg,,/dVs method yields higher Vg values than dg,,/Ip/dVe and
dCy./dVg methods which was attributed to the mobility rise with Viz near threshold. However,
instead of a positive shift (dg,,/dV values higher than dg,,/Ip/dVg), a negative shift was
observed in the coupling characteristics of Figure The reason for that is still unclear but
one can mention that all methods require a heavily smoothing step before extracting Vrpg and
thus, it could influence its value depending on the implementation of such filter.

'At Vg = 0V, Die 3 has the largest difference due to the irregularities in the drain current characteristics as

illustrated in Figure
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Figure 3.24: Comparison of the coupling characteristics of a SLVT transistor (L, = 20nm)
obtained from different threshold voltage extraction methods.

Finally, the slopes for each method are given in Table . Similar values in the range of 80 mV /V
can be found in the literature [30] for the modulation of the threshold voltage by the back-
gate bias. However, by comparing these values with the ones previously extracted from TCAD
simulations (see Table , one can observe an approximate difference of —10mV/V. First,
one should remember that the 28FDSOI technology features different Si film, BOX and effective
oxide thicknesses than the 22FDX technology, so it is not suprising to have some differences.
22FDX transistors have a 20 nm-thick BOX against 25 nm for 28FDSOI transistors. A thinner
BOX enhances the control of the back-gate on the channel, thereby it does not explain the overall
lower slopes of the 22FDX technology. The effective oxide thickness of the 22FDX technology
is 1.25 nm whereas it is 1.3nm for the 28FDSOI technology. A smaller effective oxide thickness
means a better control of the channel by the front-gate, therefore it could be a reason for the lower
slopes observed in the 22FDX technology. Finally, the smaller Si film thickness of the 22FDX
technology (6nm vs 6.7nm in 28FDSOI) could also explain these results due to a stronger
coupling between the front and back interfaces.

Method Slope (in mV/V) for Vg >0V
Linear extrapolation -84
Second derivative -82
gm/Ip ratio -81

Max of Cy, derivative -85

Table 3.5: List of the slopes of the coupling characteristics for each method (Die 1).
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3.5 Dependency of other parameters on the back-gate bias

This small section aims to describe the extraction of different parameters and study their depen-
dence on the back-gate bias.

3.5.1 Series resistances

In long-channel transistors, the parasitic series resistances Rg and Rp are usually considered
constant and negligible in comparison to the channel resistance R.,. However, as the transistors
dimensions decrease, they become comparable to the channel resistance and drastically reduce
the transistor performance. Therefore, several extraction methods have been developed. One of
them is the total resistance method which can be written as [35]:

Riot = Ren + Rsp = Less + Rsp (3.25)
teffWertCos(Vas — Vrm)
Where Lesr, Werr and pierp are the effective length, width and mobility respectively. By plotting
Ryo as a function of L.s; and doing a linear extrapolation, Rgp can be extracted from the
intercept with the y-axis at L.yy = Onm. This method is often used to extract Rsp at a single
Vs assuming that Rgp is bias-independent. However, by repeating this method for multiple
Vs, Henry et al. [36] extracted a bias-dependent resistance Rsp(Vis). The goal of this section
is thus to study if Rgp is also dependent on the back-gate bias Vg.

The extraction of Rsp(Vgs,Ve) will be performed by repeating the same procedure as for
Rsp(Vags) (linear extrapolation with Leyss) for each Vp. It will rely on the following assump-
tions/parameters:

e To compute L.sr, Morelle et al. extracted AL = 1.8nm from the linear extrapolation
of Cygnorm versus L. This value is also used here since exactly the same transistor deck
(Sentaurus simulations) is employed.

e Only two transistors of total length Ly = 30nm and L, = 120 nm are used.

e The threshold voltage variation with the length is neglected but Vs is a function of V. To
confirm this hypothesis, the threshold voltage of each transistor is computed using the Cy,4
derivative method. The maximum threshold voltage difference between the two transistors
is 40mV at Vg =3 V.

e The effective mobility is supposed to be independent of L.y .

Figure shows the extracted Rsp(Vas, Va) values obtained from Ry — Legys plots. It can be
seen that the variation of Vrp due to the back-gate shifts the curves towards lower Vgg. In order
to have a fair comparison, each curves can be plotted as a function of Vy, = Vigs — Vg (Vp).
This result is depicted in Figure where V,, is restricted to [0.25;0.66 V]. From this figure,
one can conclude that the series resistance Rgp is also affected by the back-gate bias. A drop
of 48 (from 304 Q2 to 256 2) is measured at V,, = 0.66 V by increasing Vg from —3V to 3 V.
This could be due to the shift of the mean channel position toward the Si film/BOX interface.
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Figure 3.25: Rgp versus Vg curves extracted from TCAD simulations with Vg = [-3;3V].

500

-3V
400 k

300 [

+3V

Rep (9]

200

100

0 1 1 1 1 1 1 1 1
025 03 035 04 045 05 055 06 0.65

V_ V]

OV[

Figure 3.26: Rgp versus V,, extracted from TCAD simulations by shifting the curves of Figure
by the threshold voltage: V,, = Vs — Vg (Va).

3.5.2 N-well-P-Substrate capacitance

As it will be shown in Section the reduction of the N-well /P-Substrate capacitance Cey—sup
with the back-gate bias Vg is one of the main causes of the improvement of the back-gate cut-off
frequency frp, with Vp. This junction capacitance corresponds to the reversely biased diode
between the N-well and P-substrate as illustrated in Figure [3.27] In this simplified schematic, all
intrinsic and parasitic elements have been removed except those related to the back-gate (only
capacitances).
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Figure 3.27: Cross-section of the UTBB FDSOI nMOSFET. The access to the n-well from the
back-gate contact has been simplified. Only the back-gate related capacitances are represented.

The transistor is here considered to be biased in cold regime (Vps = 0V) with Vgg = 0V. In
these conditions, the front and back transconductances g, and g,,; are negligible. By doing a
small-signal AC analysis, one can obtain the Y-parameters which describe how the current at
terminal ¢ would react if a voltage at terminal j is applied. ¢ and j can be the same and correspond
in this case to one of the four terminals of the UTBB FDSOI transistor (i.e. gate, drain, source
and back-gate). Supposing that the impact of the series resistances on the capacitance matrix
(Im{Y'}) is negligible at low frequencies, one can write

Im{Yy1 } = —jwChge (3.26)
Im{Ys2} = —jwChae (3.27)
Im{Yi3} ~ —jwChse (3.28)
Im{Yas} = jw(Chge + Chae + Crse + Cuweli—sub) (3.29)

Where the notation "e" is for extrinsic elements (see Section |4.2.2)). Cperi—sup can thus computed
by rearranging the preceding equations

Cuwell—sub = Im{Yay + Y3 + Yio + Yi1 }/w (3.30)

The graphs associated with this step are shown in Figure for various back-gate biases. The
reduction of Cyyep—syp due to positive Vg is also visible. By doing a cutline of Figure [3.285] at
f = 1MHz (as long as it remains below 100 MHz, the chosen frequency has no importance here),
one obtains the Cye_sup versus Vp curve presented in Figure @ According to this figure,
Cuwell—sub Seems to be inversely proportional to Vp. Finally, by trying to fit the model of an
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abrupt PN junction with C\ej—sup, One can observe a very similar behaviour which confirms the
decreasing trend with Vp. The transition capacitance can be obtained from

o AK,

T — — 7/—=
Voo +Vp

ge _NaNp

Where K, is defined as S INaTND)’ ¢o is the junction potential, A is the surface area and

Npya are the doping concentrations.

(3.31)
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Figure 3.28: (a) Im{Yis}/w and (b) Im{Yas + Yi3 + Yao + Yi1}/w versus frequency for various
back-gate biases: Vg = [0;10 V] by steps of 1V. Vpg =0V and Vgg =0V.
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Figure 3.29: Dependence of Cyepj—sup on the back-gate bias. The model of the diode transition
capacitance (abrupt doping profiles) is plotted in orange. Vpg =0V and Vg =0V.
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3.6 Conclusion

In this chapter, the impact of the back-gate bias on the Ip — Vzg characteristics and on the
threshold voltage was studied. It was shown that applying a back-gate bias shifts the Ip — Vg
characteristics to the left for FBB and to the right for RBB. This effect was analyzed from
an analytical point of view by comparing the coupling characteristics obtained with TCAD
simulations to the model developed by Rudenko et al. [7]. The formation of a second inversion
layer at the BOX/substrate interface was observed to significantly enhance the drivability of
the transistor. Then, different Vg extraction techniques were compared and applied to both
simulation and experimental data. Although different coupling slopes were observed due to
the structural difference between the 28FDSOI and 22FDX technologies, the overall trends are
similar. Finally, two parameters, namely the source-to-drain resistance Rgp and the N-well /P-
substrate capacitance Cyyp_qwelr, demonstrated variations with the back-gate bias.

To summarize, it can be said that Forward Back-Biasing is dedicated to performance enhance-
ment for applications requiring high Ip (and g,,) whereas Reverse Back-Biasing is more appro-
priate to low-power applications by reducing the leakage current.
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Chapter 4

A wideband characterization of UTBB
FD-SOI with back-gate access

4.1 Introduction

As described in the previous chapter, one of the most unique features of the UTBB FDSOI
technology is the possibility to tune the threshold voltage by applying a back-gate bias. Thanks
to ultra-thin buried oxide and GP implementation, dual-gate architectures and back-gate con-
trol schemes are achievable [6]. This technology also demonstrates excellent analog and RF
performances as reported in [3; [37; [4].

The aim of the present chapter is thus to assess the RF performance of the UTBB FDSOI
technology and the impact of the back-gate bias on the main RF Figures of Merit fr and frqz-

This chapter is organized as follows: In Section[4.2] the general theory of small-signal equivalent
circuits is presented. The distinction between "intrinsic", "extrinsic" and "access" elements
is made. Section focuses on the description and extraction of two small-signal equivalent
circuits, one being a 3-Port device in a common-source configuration and the other one being
a 4-Port device. Finally, the 3-port small-signal equivalent circuit is applied to experimental
measurements on 22FDX SLVT transistors in Section [£.4] The impact of the back-gate on both
front and back-gate RF FoMs is also analyzed.

4.2 Small signal circuit description

Before describing the extraction procedure developed for 3-port and 4-port UTBB FDSOI MOS-
FETs, the general theory of small-signal equivalent circuits is presented. The choice of the
equivalent circuit topology is important because it can significantly simplify the characterization
and modeling tasks [9]. Therefore, the small-signal equivalent circuit described in the next sec-
tions is constructed based on the geometry and the underlying physics of the device. Starting
from the useful effect of the MOSFETS, all the parasitic elements will be introduced. The com-
plete quasi-static small-signal model derived by Tsividis [38] serves as a basis of this work but it
will be further augmented to take into account the extrinsic parasitic elements and the substrate
node.
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4.2.1 Intrinsic elements

The basic working principle of a transistor consists of the modulation of the current Ipg flowing
between the source and drain electrodes by a voltage applied to the gate Vizg. This is called the
useful effect of the transistor. This effect can be modelled by a voltage controlled current source
placed between the source and drain as shown in Figure The intrinsic transconductance g.,;
is defined as follows

0y
= ..
Where "o" means that all other voltages than the one at the denominator are assumed to be

constant and equal to their values at the DC bias point. From a small-signal point of view, this
means that the small-signal voltages are equal to zero.

id
o vgs

9mi (4.1)

o

Throughout the rest of this work, the following convention is adopted:
e Any voltage or current beginning with a capital letter refers to a DC value.

e Any voltage or current beginning with a lowercase letter refers to a small-signal variation.

G

D

Vgs 9ImiUgs

S

Figure 4.1: Useful effect of the transistor.

However, the equivalent circuit presented in Figure is not sufficient to describe the behaviour
of the transistor as a large number of parasitic elements also need to be taken into account.
Firstly, an intrinsic output conductance is introduced in order to model the MOSFET being an
imperfect current source. The output conductance gqs; is defined as

01y
9dsi = anS

iq

o Vds

(4.2)

o

Secondly, the variation of charges at one terminal induced by a small-signal voltage applied to
another terminal of the intrinsic transistor is modelled by intrinsic capacitances. Under the
quasi-static operation assumption [38], the intrinsic capacitances are defined by the following
expressions

0Qu 0
~ a1, kli — v,

OV lo IV lo
Where k and [ are any of the four intrinsic terminals: G (gate), S (source), D (drain) and B

(back-gate in our case). In general, Cy,; is different from Cjy;. The most straightforward example
of this non-reciprocity property is the ideal transistor in saturation. Indeed, varying the drain

Ciri = with k #1 (4.3)
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voltage will not introduce any variation of the gate charges because of pinch-off and thus, the
drain-to-gate capacitance will be zero. However, in the opposite case, a variation of the gate
voltage will induce a variation of the drain charges (due to the change in the inversion layer
charges) resulting in a non-zero gate-to-drain capacitance.

One of the ways to introduce the non-reciprocal effect in the small-signal model is by adding a
term to the transconductance. This modified transconductance y,,i, known as transadmittance,
is defined by

Where the transcapacitance is

Cmi = Cdgi - ngi (45)

The back-gate terminal has been so far neglected but by using similar definitions as above, the
transconductance and transcapacitances related to the back-gate can be introduced

Ymbi = Gmbi — JWCmpbi (4.6)
Crbi = Capi — Chai (4.7)
Crnai = Chgi — Copi (4.8)

(4.9)

The final intrinsic equivalent circuit is shown in Figure Because the intrinsic elements
are dependent on both the dimensions of the transistor and the bias conditions, the extraction
methods often rely on these dependencies in order to simplify the equivalent circuit and identify
each element.

ngi
G || D
—_ Cgsi YmbiUbsi ymivgsi§ 9is —— Cys;
—— Copi JwCmaivghi —— Chsi ) —— Chai

!
B

Figure 4.2: Small-signal model of the intrinsic part of the transistor.

4.2.2 Extrinsic elements

In the previous section, the small-signal model is only composed of intrinsic elements which
are geometry and bias dependent. However, due to the physical structure of the transistor, its
active part is surrounded by other parasitic elements which are mainly bias independent. These
elements are called "extrinsic" and can be classified as follows
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e Extrinsic parasitic capacitances are associated with fringing fields and overlaps located
around the channel as shown in F igure For example, the extrinsic gate-to-source (Cyge)
and gate-to-drain (Cyq.) capacitances are the combination of the two effects. During the
fabrication process, the diffusion of the doping atoms from the source and drain to the
channel creates overlaps with the gate oxide. The effective channel length L.;; which
corresponds to the part of the channel contributing to the intrinsic characteristics of the
transistor is thus smaller than the mask channel length L. It can be written as L.yp =
L - AL.

e Extrinsic series resistances represent the resistive losses from the accesses to the intrinsic
part. The extrinsic source R and drain R4, resistances include the metallic losses, the
contact resistance (between the metal and the semiconductor) and the losses in the source
and drain implant regions. The extrinsic gate resistance Ry includes the losses in some
metallic lines and the resistance of the gate fingers. As it can be seen in Figure [£.3] the
back-gate access is made through a n-well resting on the p-substrate. A heavily doped
n-type ground plane is also implemented just below the BOX. This is the so-called flip-well
architecture [30]. It was thus decided to divide the series resistance associated to the back-
gate into two parts. The first resistance Rpi. has a similar meaning than the other series
resistances, representing the resistive losses from the back-gate access to the n-well while
the second resistance Rpo. corresponds to the ground plane resistance. In this model, the
distributed nature of resistances is neglected and equivalent lumped resistances are used
instead.

e Extrinsic series inductances can also be introduced to increase the validity of the small-
signal equivalent circuit at higher frequency but in this case, they are neglected because
for sub-micron MOSFETSs, their effect is negligible in the studied frequency band [10].

G

W Roe

R

Figure 4.3: Parasitic extrinsic capacitances and resistances in UTBB FD-SOI transistor with
back-gate access.

38



The final small-signal equivalent circuit is shown in Figure A generic substrate element is
added along the back-gate connection path (between Ry and Rpz). More details about Yy, will
be given in the next sections. The index "e" used for extrinsic elements will be dropped for the
series resistances. The extrinsic capacitances are in parallel with the intrinsic ones, therefore
the sum of the two is noted Clor (for "total" capacitance) with k and [ being any of the four
terminals.

Rg ngtot Rd
G W — —AAN— D
_— C’gstot YmbiVbsi ymivgsi§ 9dsi —— Cstot
. Rs
p— Cgbtot J wcm:civgbi = Chstot = Chdtot
S

Ry

Ry Youb

B =

Figure 4.4: Complete small-signal equivalent circuit of the UTBB FD-SOI MOSFET.

4.2.3 Parasitic access elements

The parasitic access elements are caused by the metal connections that remain at the input
and output of the transistor after the calibration procedure. Indeed, small-signal measurements
require RF pads for placing the tips of the probes. The RF pads and the necessary intercon-
nections thus introduce unwanted parasitics in the measurements because the reference plane is
not located at the intrinsic device terminals but at the end of the probes tips. Therefore, several
de-embedding procedures exist to move the reference plane as close as possible to the intrinsic
device. For this purpose, dedicated de-embedding structures, also called de-embedding dum-
mies, have been developed to remove the parasitic impedance and admittance of the RF pads
and interconnections. For example, "Open" and "Short" de-embedding structures are illustrated

in Figure
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MOSFET Open Short

sk

Figure 4.5: MOSFET and its associated "Open" and "Short" de-embedding structures [39].

The parasitic access elements are independent of the transistor dimensions and are considered
constant under normal bias conditions.

4.3 Extraction method based on FLDO simulations.

In this section, the small-signal model of the UTBB FD-SOI MOSFET proposed in Figure [1.4]
is studied both as a 3-port and 4-port device. All the parasitic elements are extracted from
ELDO simulations. Since the 22FDX technology from GlobalFoundries is used in the experi-
mental devices (see Section , the associated compact model is employed for the following
developments. The structural parameters are coded to be the same as the ones of the experimen-
tal 20n-SLVT transistor having 64 fingers of 1pm width each. The main RF Figures of Merit
(FoM), namely f; and fpqz, are also evaluated.

This section will essentially present the extraction procedure of each elements. Therefore, the
back-gate voltage will initially be set to Vg = 0V. The dependency on the back-gate bias will
be studied at length in Section [£.4] on experimental measurements. Self-heating effect is also not
considered here.

4.3.1 3-Port small-signal model

The 3-port small-signal equivalent circuit is shown in Figure [£.6| The device is connected in
a common-source configuration and the front-gate (G), the drain (D) and the back-gate (B)
terminals are respectively connected to RF Port 1, Port 2 and Port 3. Therefore, the following
notation will be used interchangeably:

Yoo Yea Yo Yii Yo Yi3
Ya_port = |Yig Yag Yap| = [Yo1 Yoo Ya3 (4.10)
Yog Yoa Yw Y31 Y3 Y33

The generic substrate admittance Yy, was replaced by a single capacitance C\eji— sup representing
the n-well /p-substrate junction capacitance. Finally, the resistance Ry was removed because it
was shown using Keysight ADS software that its impact on the 3-Port Y and Z-matrices was
negligible.
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B =

Figure 4.6: Small-signal equivalent circuit of the 3-port UTBB FD-SOI MOSFET. The notation
"tot" refers to the sum of intrinsic and extrinsic elements as previously.

Extraction of parasitic series resistances

Since the extrinsic series resistances strongly degrade the RF performances of MOSFETs, many
different extraction methods of the series resistances have been proposed in the literature [35]
40; 41]. Among them, the Bacale’s method [41] was selected for this work since Tinoco et al.
[42] showed that it was able to provide more accurate results compared to other methods. This
extraction method consists of biasing the transistor in strong inversion (Vgg >> Vppy) and
cold FET (Vps = 0V) and thus only one transistor of a given length is required. Under these
conditions, the output conductance g4 is assumed to be proportional to the inverse of the gate
voltage overdrive (GVO = Vigg — V) and the intrinsic transconductance g,,,; is assumed to be
zero. It also relies on the assumptions that C' = Cys = Cyq (symmetrical channel) and that the
effective mobility is constant. The series resistances can finally be extracted by doing a simple
linear regression of the real part of Z-parameters as a function of 1/GV O:

1
Re{Z11 — Zlg} = Rg — 4 (4.11)
9ds
1
Re{Zlg} = Rs+ (4.12)
2gds
1
Re{ZQQ — Zm} = Rd + 5 (4.13)
9ds

Where g4s x Vgs — Vrg. However, the latter results are only valid for a 2-port device in
common-source configuration, therefore, a similar approach will be developed for the studied
3-port device.

The 3-port small-signal equivalent circuit biased in "cold regime" and strong inversion is illus-
trated in Figure [£.7] The back-gate voltage Vi is set to 0 V. As for the Bracale’s method, both
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transconductances g,,; and g,.;; are approximately equal to zero.

Rg ngtot Ry
G W || AN+ D
J— Cgstot ggdsi _— Cdstot
Ry
= Cybtot == Chstot == Chdtot

? Ry T Cwell—sub

B =

Figure 4.7: Small-signal equivalent circuit of the 3-port UTBB FD-SOI MOSFET in cold FET
(cold: Vpg = 0V, strong inversion: Vgg >> Vrp).

Under cold conditions, the source capacitance Cystor should theoretically be almost equal to the
drain capacitance Cyqior due to the symmetrical operation of the transistor. The same goes for
Chstot and Chpgior. One then has

Cl = C’gstot = C’gdtot 02 = Cbstot = detot (414)

Moreover, supposing that the substrate path is negligible compared to the well path, one obtains
the following expressions

_ 9ds
Re{Zn} - Rg + RS + m (415)
2
Re{Zis} = Re{Za1} = Re{Za3} = Re{Zas} = Ry + ——00s (4.16)
w* +4g3.
9ds
Re{Z13} =Re{Z51} = Rs + ————~ 4.17
e{Z13} = Re{Zs1} = Rs + % + g, (4.17)
4gds
Re{Z29} =Ry+ Rs + ———5——5 4.18
9ds
Re{Z33} =R R+ ——F7F— 4.19
e{Zs3} = Ryt + Rs + %2 + Ag, (4.19)
Where = C} 4+ Cy + 2Cy4,. Because the term = 2w? is supposed to be negligible on all the

frequency band, one obtains the same relationships as with the Bracale’s method for the terms
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Re{Z11}, Re{Z12}, Re{Z21} and Re{Z22}. The linear regression as a function of the gate voltage
overdrive with GV Oy, = 0.4V is shown in Figure [1.8

Re(Z,,) []

1.8 2 22 24

S 28 &
~ ~
T 26 3
[¢
[¢
24 5
16 18 2 22 24 1
1.25
= 0.6 = 12
;5 0.58 ;A 1.15
& 056 Z 14
0.546 1.05¢
16 18 2 22 24 16 18 2 22 24 16 18 2 22 24

1/GVO [1/V] 1/GVO [1/V] 1/GVO [1/V]

Figure 4.8: Extraction of series resistances based on a 1/GV O linear regression in cold FET
(Vbs =0V, GVOpn =04V, f =10GHz).

The threshold voltage was calculated using the maximum of Cg, derivative since this method
is not impacted by the effects of access resistances and the gate-voltage dependent mobility as
other current-based methods (see Section . It yields Vpg = 0.26V for Vg = 0V. One
can notice in Figure that all Re{Z;;} follow a linear trend. The negative slope of Re{Z33}
is very small (ay = —0.09) and is disregarded. Hence, Rp; can directly be extracted from
the real part of Zss in cold FET and strong inversion. However, based on Equation [£.16]
Re{Z12} = Re{Za1} should theoretically be equal to Re{Z23} = Re{Z32} under these bias
conditions (and the corresponding assumptions), which is not the case. This discrepancy can
be attributed to the substrate network which was so far neglected for the series resistances
extraction. The n-well/p-substrate capacitance can thus be introduced in the calculations of
Z-parameters giving the following expressions:
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a1

A4 ~ 4 s+ — 4.2
Reldud = By HAOOR o= Vo) 20
s
Re{Ziy} ~ 2098Rs + — 2 421
e{Z12} ~ 2028R; + Vas —Vir) (4.21)
a3 1
Re{Zy»}l~R;j+ Rs+———"———=Rj+Rs+ ———— 4.22
{222}~ Ry (Vas — Vrr) ¢ B(Vas — Vru) (422)
ay
Z ~ 4 s+ —— 4.2
Re{Zs3} ~ Ry + 4a4BRs + Vs — Vi) (4.23)

The expanded version of these equations can be found in Appendix [Bl The factor 3 is defined
such that g4s; = 5(Ves — Vrm). From this result, one finds the series resistances

_ Re{Zi2}|1/6vo-0
= Qg

. o (4.24)

Ry = Re{Zu1}|/cvo=o — %Rs (4.25)
Ry = Re{Z2}|1/avo=o0 — Rs (4.26)
Ry1 = Re{Zs3}|1/avo=o — %Rs (4.27)

The values of the series resistances extracted from the intercept of the linear regression with the
y-axis and using the correction introduced by Equations are available in Table One
can note that the two methods give very similar values with a back-gate resistance Ryp; almost
five times the front-gate resistance. Moreover, by introducing the n-well /p-substrate capacitance,
the parameters Re{Z12} = Re{Z21} are not equal to Re{Z23} = Re{Z32} anymore. However,
since Re{Z53} and Re{Z32} are not required for the extraction of the series resistances, their
analytical expressions are not shown here but are available in Appendix [B]

Method R, [ Ry[Q Rs[Q Ry [Q
Direct linear regression 13.17 1.494 1441  68.26

Corrected linear regression 13.56  1.471  1.465  70.12

Table 4.1: Extracted series resistances from FLDO simulations using direct and "corrected"
linear regressions as a function of 1/GV O (in strong inversion).

The removal of the series resistances from the device impedance matrix Zpyr_io¢ is done in two
steps. First, Ry, Rq and Ry are de-embedded using

ZpuT1 = ZpUT—total — Rseries1 (428)
Where Rgeries1 is expressed by
R, 0 0
Rseriest = | 0 Ry 0 (429)
0 0 Ry



Then, the effects of the n-well /p-substrate capacitance Cyej—sup can be removed by subtracting
the following matrix from Ypyr; = ZBIIJTl

0 0 0
Ypur2 = Ypuri — Ysuw = Ypur1i — [0 0 0 (4.30)

00 jwcwell—sub

Finally, the source resistance Ry is also removed by means of an impedance matrix Zg,:

Rs; Rs R,
Zpur = ZpuT2 — ZRr, = ZpUT2 — |Rs Rs Rs (4.31)
R; Rs R

Where the related admittance matrix Ypyr = ZB[1]T encompasses the intrinsic ("i") and extrinsic
("e") elements:
Your=Y;+ Y. (4.32)

In order to follow these steps, one still needs to compute Cyerj—sup Which is the subject of the
next section.

Extraction of extrinsic and n-well /p-substrate capacitances

After removing the series impedance matrix Rgeries1 from Zpyr_iotal, the next step is to removed
the contribution of C\e—sup capacitance. The extraction of Cyey—sup capacitance is performed
in cold FET (Vps = 0V) and deep depletion (Vg < 0V) just as the extraction of the extrinsic
capacitances. The small-signal equivalent circuit under these conditions is shown in Figure
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Figure 4.9: Small-signal equivalent circuit of the 3-port UTBB FD-SOI MOSFET in cold FET
(Vps = 0V) and deep depletion (Vgg < 0V).

Supposing that Cps, is identical to Cpge (which is confirmed by TCAD simulations for a perfectly
symmetrical transistor), one can expressed Cie—sup as

jwcwell—sub _ szféeep—dep. + 2}/3éeep—dep. + szdleep—dep. (433)

In order to get this expression, it was also assumed that Rs did not impact significantly the
capacitances extraction in deep depletion. This hypothesis was verified "a posteriori". Once
Cuell—sup 1s found, its corresponding admittance matrix Yy, (Equation as well as the
impedance matrix Zp, (Equation can be removed from Y9er—der- yging the following
equation:

Ydeepfdep./ _ ((Ydeepfdep. — Y*sub)il — ZRS)il (4.34)

This matrix can be expressed in terms of extrinsic capacitances as

oo [99(Coue + Cgae + Cate) —jwCyde —JjwCgbe
y deep—dep./ _ —jwClde jw(Case + Code + Cyde) —JwWCbde (4.35)
_]wcbge —ju)dee ]W(Cbse + dee + Cgbe)

Finally, the extrinsic capacitances can be extracted from
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Cyse = Im {Yldleep—dep./ n Yleeep—dep./ i chéeep—dep./} Jw (4.36)
Cyge = — Im{xch“p‘dep-’} Jw (4.37)
Cype = — Im{Yfg“p*dep-’} Jw (4.38)
Cise = Im {Y2dleep—dep./ i YQdQeep—dep./ i Yzcéeep—dep./} Jw (4.39)
Chde = — Im{ygdzeepfdep'/}/w (4.40)
Choo = Im{Ygdleep—dep./ i Yv?)dQeep—dep./ i Yv?:éeep—dep./}/w (4.41)

A summary of their values is given in Table where Cyge and Chpe correspond to the front
and back-gate extrinsic capacitances, respectively. From this table, it can be see that Cyen—sup
is approximately equal to four times Cg,. and Chge, which makes it the main contribution to the

deep—dep.,
Va3

parameter Im{ }/w One should also expect a dependence of Ciei—sup On the back-

gate voltage V. Indeed, Cyeyi—sup corresponds to the junction capacitance between the n-well
and the p-substrate. By applying a positive back-gate bias, the n-well which is connected to the
back-gate becomes more positive and as a result the diode becomes reversely biased. Therefore,
the transition capacitance decreases due the wider depletion region. This effect is discussed in

Section 4.2

Parameter C’gge Cdse Cbbe Cdbe Cbse C’w@ll —sub

Value 35.8fF 26fF 12.5fF 4.6fF 4.6fF 18.4fF

Table 4.2: Extracted extrinsic and n-well/p-substrate capacitances in cold regime (Vpg = 0V)
and deep depletion (Vgs = —0.2V and Vg =0V) at f = 1 GHz.

Extraction intrinsic parameters and total capacitances

In this section, the intrinsic parameters as well as the total capacitances are extracted in satu-
ration and strong inversion. Since the nominal value recommended by GlobalFoundries for the
drain voltage is Vpg = 0.8 V, this value will be used for the next developments. The front-gate
voltage is set to Vgg = 0.8 V. One important remark is that under these conditions, the total
capacitances (i.e. Cgsor and Cygror) are no longer the same due to the presence of pinch-off at
the drain side (non-symmetrical inversion layer). The small-signal circuit after removal of the
series resistances and n-well /p-substrate capacitance is shown in Figure This circuit is only
valid for extracting the intrinsic/total parameters from the Y-matrix (Z-matrix should not be
used due to the removal of the substrate network).
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Figure 4.10: Small-signal equivalent circuit of the 3-port UTBB FD-SOI MOSFET in saturation
and strong inversion after removal of series resistances and Ceii—sup-

From the small-signal model of Figure and by replacing Ymi, Ympi and Cp,e; by their expres-
sions, one obtains

jw(cgstot + ngtot + Cgbtot) _jwcgdtot _jwcgbtot
YDUT = Imi — ijdgtot 9dsi + jw(Cdstot + ngtot + detot) Imbi — jWCdbtot
—JwChgtot —JwChatot JW(Chstot + Chdtot + Chgtot)
(4.42)

Therefore, each element can be extracted from

gmi = Re{Ypura1} (4.43)

gmbi = Re{Ypuras} (4.44)

gasi = Re{Ypuraa} (4.45)
Cystot = Im{Ypur11 + Ypuri2 + Ypuriz}/w (4.46)
Cydtot = — Im{Ypur12}/w (4.47)
Cybtot = — Im{Ypyr13}/w (4.48)
Cagtot = —Im{Ypyr21}/w (4.49)
Castot = Im{Ypyro2 + Ypuri2 + Ypuris}/w (4.50)
Catot = —Im{Ypyros}/w (4.51)
Chgtot = —Im{Ypyra1 }/w (4.52)
Chatot = —Im{Ypursa}/w (4.53)
Chstot = Im{Ypyrss + Ypurs: + Ypursa}/w (4.54)

The corresponding intrinsic capacitances Cy; can easily be computed by subtracting the extrinsic
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contribution from the total capacitances.

Ckii = Chitot — Ckie (4.55)
Where k,[ being a terminal (g, d or b).

A summary of the new extracted parameters can be found in Tables [4.3 and [4.4] These results
are compared with the values obtained from the 4-Port small-signal model in Section [4.3.2]

Parameter g, Gmbi 9dsi

Value 120.9mS 10.1mS 9.9mS

Table 4.3: Extracted intrinsic tranconductances and output conductance in saturation (Vpg =
0.8 V) and strong inversion (Vgg = 0.8V and Vg =0V) at f = 1 GHz.

Parameter C gstot ngtot Cgbtot Cdgtot Castot Cavtot C bgtot Chdtot Chstot

Value 46.98fF 16.3fF 227fF 15.92fF 34.89fF 7.75fF 2.09fF 4.44fF 6.29fF

Table 4.4: Extracted total capacitances in saturation (Vpg = 0.8 V) and strong inversion (Vgg =
0.8V and Vg =0V) at f =1GHz.

Validation of the model

In order to validate the small-signal equivalent circuit, the Y-matrix of the device is reconstructed
step by step from the extracted intrinsic elements to the series resistances and compared to the
initial Y-matrix obtained in saturation and strong inversion. It can be seen that all reconstructed
Y-parameters (red dashed lines) are in good agreement with the initial ones (full blue lines) at
low frequency. However, the small-signal model starts to diverge from the FLDO simulations at
higher frequency showing the limitations of the model.
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Figure 4.11: Reconstructed (dashed) vs initial (full) Re{Y;;} in saturation at Vpg = 0.8V,
Vs = 0.8V and Vg =0V for a 3-port device.
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Figure 4.12: Reconstructed (dashed) vs initial (full) Im{Y};}/w in saturation at Vpg = 0.8V,
Vs = 0.8V and Vg =0V for a 3-port device.
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Figure 4.13: Reconstructed (dashed) vs initial (full) Re{Z;;} in saturation at Vpg = 0.8V,
Vs = 0.8V and Vg =0V for a 3-port device.

RF Figures of Merit Extraction

RF MOSFET performance is mainly assessed by two Figures of Merit, namely f7 and fi,q.. The
cut-off frequency fr is the frequency at which the current gain Ho; is equal to unity (0 dB) while
the maximum oscillation frequency finq.. is the frequency at which the Mason’s gain U is equal
to unity (0dB). Both values can be extracted by doing a linear extrapolation of their respective
gains to 0dB (intercept with frequency-axis). In order to evaluate the back-gate related Figures
of Merit, one still needs to find suitable definitions for 3-port devices. By adapting the 4-port
methodology proposed by Barbé et al. [43] to 3-port devices, one can found the following set of
expressions for the front and back-gate current gains [6]:

_ Y51Y33 — Yo3Y3
Y11Y33 — Y13Y31

Ho (4.56)

_ Yo3Yi — Yo Vi3

Y11Ys3 — Yi3Y31
Where Port 1, 2 and 3 are connected to the front gate, drain and back-gate respectively. More
detail about how the above equations are obtained from hybrid parameters H can be found
in Appendix [C] Keeping coherence with 2-port definitions, one can also define the front and

Has (4.57)

back-gate unilateral gains:

1 Yo — Y12|?
U—=<= | 21 12’ (4.58)
4 Re{}/n} RG{YQQ} — Re{}/m} Re{Y12}
1 [Yag — Yap
Upy = — 4.59
' = I Re{Yin] Re{Vaa} — Re{Vas} Re{Vaa) (459
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Using the extracted parameters of the small-signal model, the front-gate FoMs [39] can be ap-
proximated as

9me 9me
fr~ = 4.60
27T(Cgstot + ngtot + Cgbtot) 27Tngtot ( )

fr
2\/(Rs + Rg)gds + QWfTRgngtot

Jmaz = (4.61)

Where gy, is defined as Re{Y2; — Y12}. By analogy, similar expressions can be found for the
back-gate FoMs

frog = Jrmbe = Jmbe (4.62)
7 271-(C'bstot + detot + C'bgtot + Cwell—sub) 27T(Cbbtot + C'well—sub)
fTbg

fmambg ~ (463)

2v/(Rs + Rig)9ds + 27 frug RoChatot

In Figures [£.14 and [£.15] the different front and back-gate gains calculated with Equations [1.56}
as a function of frequency are illustrated. The bias conditions are Vpg = 0.8V, Vgg = 0.8V
and Vg = 0V. It can be see that both current gains and unilateral gains exhibit a —20dB/dec
slope. Therefore, all FoMs are extracted from the intercept of a linear extrapolation with the
frequency-axis by forcing a —20dB/dec slope. The extracted front and back-gate FoMs are
given in Table [£.5] On one hand, by comparing these results with the ones obtained by doing
a linear extrapolation of the reconstructed Y-matrix (based on the elements of the small-signal
model), one can see that all FoMs are either equal or very close. This can be explained by
the good agreement between the reconstructed Y-parameters and the initial Y-matrix seen in
Section [4:3.1] On the other hand, all FoMs obtained by using the analytical expressions [£.60}
are lower than the corresponding linear extrapolated FoMs. It is believed to be due to the
approximations made to derive these expressions. For example, the non-reciprocal capacitances
are not taken into account in these formulas.

T
Data 60 I Data

60 - - - - -Fit (Force -20dB/decade) | - = - *Fit (Force -20dB/decade) | |
50l 50 -
4071 40
2 3
. 2.30
& 30 -
20 - 20
10 F 10
0 \\\ 0
108 10° 1010 10" 10'2 108 10° 100 10"
f [Hz] f [Hz]
(a) (b)

Figure 4.14: (a) Ho; and (b) U versus frequency in saturation at Vpg = 0.8V, Vigg = 0.8V and
Ve = 0V. The dashed lines indicate the linear extrapolation realized by forcing a —20dB/dec
slope.
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Figure 4.15: (a) Ha3 and (b) Uy versus frequency in saturation at Vpg = 0.8V, Vgg = 0.8V and
Ve = 0V. The dashed lines indicate the linear extrapolation realized by forcing a —20dB/dec
slope.

Method friGHz]  fimae|GHz]  frog(GHz]  frambg|GHZ]
Extrapolation 260 198 64 26
"Reconstructed" extrapolation 260 193 64 26
Formulas 240 173 42 24

Table 4.5: Comparison of different extraction methods of the front and back-gate FoMs at
Vps =08V, Vgs =08V and Vg =0V.

Finally, at gm = 9gm,maez Which corresponds to Vs = 0.6V, one can achieve fr value above
300 GHz as shown in Table [4.6]

Method frlGHz]  frae|GHz]  frig|GHz]  frambg|GHZ]
Extrapolation 325 251 78 31

Table 4.6: Front and back-gate FoMs at g, = gmmaz With Vpg = 0.8V, Vgg = 0.6V and
Ve=0V.

4.3.2 4-Port small-signal model

In the 3-port small signal equivalent circuit, the second back-gate resistance Rpo associated
with the GP was not considered. Moreover, the substrate network was simply modelled by a
capacitance between the n-well and p-substrate. The purpose of this section is thus to propose
a more complete model by taking advantage of the additional information provided by 4-Port
measurements. Figure [£.16] shows the new 4-Port small-signal equivalent circuit. The resistance
Ryps is reintroduced and a substrate resistance R, below Cleii—sup 18 also added. The latter
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element has been so far completely omitted. In order to keep the size of this section relatively
short, only the differences with the 3-Port small-signal equivalent circuit are presented.

Rg ngtot Rd
G~ 1 AN~ D
p— Cgstot YmbiVbsi ymivgsi§ 9dsi —— C’dstot
. Rs
f— Cgbtot ]wcmxivgbi = Chstot = Chatot
S
Ry
Cwellfsub

Ry
Rsup

B =

Figure 4.16: Complete 4-Port small-signal equivalent circuit of the UTBB FD-SOI MOSFET.

As before, a notation based on port number rather than terminal letter is used:

Y4—Port =

Yyq
Yad
Ysa
Yoa

Yoo Yoo
Yis Y
Yes Ysb
Yis Yoo |

Y12
Yoo
Y32
Yio

Yi3
Ya3
Y33
Yis

Yiq
Yo4
Y34
Y

(4.64)

Where Port 1, 2, 3 and 4 can be identified as the gate, drain, source and back-gate, respectively.

The series resistances are extracted in cold regime at Vpg = 0 V. Under these conditions, g,,; and
Jmpi are almost equal to zero. The following extraction also assumes symmetrical capacitances

C’1 = Cgstot = ngtot

C2 = Chstot = Chdtot

(4.65)

Additionally, the contribution of Cys is neglected. Figure shows the simplified small-signal
equivalent circuit in cold regime.
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Figure 4.17: 4-Port small-signal equivalent circuit of the UTBB FD-SOI MOSFET at Vpg =0V

and assuming symmetrical capacitances.

According to this schematic, the substrate is connected to the ground through the resistance
Rgyp. One can also notice that the series terminal resistances (i.e. Rg,Rq4,Rs and Rp;) can easily
be removed by an impedance matrix with all resistances along the diagonal of the matrix. Fur-
thermore, because the only "grounded" terminal is the substrate, Z-parameters will be referenced
to the substrate terminal. As a result, all Z-parameters should "see" the substrate network. By
using appropriate delta-star transformations, one obtains the real part of the Z-matrix defined

as

Re{ZH} = Rg + Rb2 + Rsu(,

Re{Z12} = Re{Z21} = Rp2 + Roup

9ds

Re{ZQQ} = Rd +

4925 + WQ(C;[ + 02)2

Re{Zgz} = Re{Z23} =

Re{Zgg} =R+

9ds

462+ w2 (C) + Cy)?

RQ{Z42} = Re{Z24} = RG{Z41} = RG{Z14} = Rsub

55

4g2, + w(Cy + Cy)

+ RbQ + Rsub

2 + Rb2 + Rsub

+ Rp2 + Roup

(4.66)

(4.67)

(4.68)

(4.69)

(4.70)

(4.71)



Re{Z44} = Rp1 + Rowp (4.72)

To extract all resistances, gg4s is supposed to be proportional to Vgg — Vg (as in the Bracale’s
method with all the underlying assumptions) and the term w?(Cy + C3)? is considered negligible
in comparison to 49c2ls' Figure shows the extraction procedure of the resistances by plot-
ting Re{Z;;} versus the inverse of the gate voltage overdrive GV O (strong inversion regime is
assumed). First, it can be seen that Re{Z1;} is linearly dependent on 1/GV O whereas Equation
[4:66] is not. This decreasing trend is however very small with a slope of —0.077Q V. In fact, by
computing the imaginary part of Y12/w and Yi3/w (not shown) representing respectively Cygror
and Cysior, a difference of 0.8% was found meaning that the hypothesis of symmetrical capaci-
tances is not totally verified. One can also notice that all Z-parameters except those related to
the back-gate are around 452 or above. This will be linked to the resistance Rps.
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Figure 4.18: Extraction of series resistances based on a 1/GV O linear regression in cold FET
(Vps = 0V) with GV Oy, = 0.4V and Vg = 0V. The device considered here is a 4-Port UTBB
FDSOI MOSFET whose small-signal equivalent circuit is shown in Figure @

Finally, all resistances can be found from



Rgup = Re{Zy2} (4.73)
Riyp = Re{Z12} — Rowp (4.74)
Ry =Re{Z11} — Rsup — Rz (4.75)
Ri = Re{Za2}|1/avo=0 — Rsuv — Rz (4.76)
Rs = Re{Zs3}1/avo=0 — Rsub — B2 (4.77)
Ry = Re{Zua} — Rsuwp (4.78)

Since Re{Z42} is negative and approximately equal to —2.482 (), it was decided to set Rgyp to 0.
From that, all resistances are computed based on Equations The extracted resistances
values are given in Table [£.7]

Rg Rd Rs Rbl Rb2 Rsub
13.11Q 1590 1.45Q 58.7Q 45540 00

Table 4.7: Extracted series resistances from FLDO simulations using a 4-P small-signal model.

By comparing these values with the ones obtained from the 3-Port small-signal model (see Table
, one can observe that the extracted values of R, and R, are close. However, R, is 8% higher
in the 4-Port case. Moreover, Ry1_3p is approximately 202 higher than Rp;_4p. This is most
probably due to the fact that Ry _3p takes somehow the contribution of both Ry;_4p and Rps_4p
into account.

The series resistances can be removed from the total device impedance matrix as follows

ZDUT = ZDUT—totzzl - Rseries (479)
Where Rgeries is defined as
Ry+ Ryz Ry Ry 0
Ry, Ry + Ry Ry 0
Rseries = 2 ? ? + Rsubl (4-80)
Ry Ry Rse + Ry O
i 0 0 0 Rbl_

With 1 a matrix only composed of 1.

After the removal of the access resistances (and Ry, which is equal to 0 here) and Cyey—sup
(obtained in cold regime and deep depletion as for the 3-Port model), the total capacitances as
well as the transconductances and output conductance are extracted in saturation and strong
inversion regime. The admittance matrix Ypyr = ZBZIJT = (ZpuT—total — Rsem-es)_l is given by

YA Yp
Ypur = (4.81)
Yc Yp
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Where Ya, Yg, Yc and Yp are defined as

YA _ jw(Cgstot + ngtot + Ogbtot) _jwogdtot (482)
Ymi — jwcgdtot 9dsi + jw(cdstot + ngtot + detot)
Yp = —ju)Cgstot _jwcgbtot (483)

—Ymi — Ymbi — Gdsi — jwcdstot Ymbi — jwcbdtot

Yo ~Ymi — JWCgstot  —gasi — JwClstot (4.84)

—J wcbgtot —jwChdtot

Yo = | /™ + Ymbi + dsi — Jw(Castot + Cystot + Chstot) ~Ymbi — JoChstor (4.85)

—JwWChstot JW(Chstot + Crdtot + Chgtot)

Therefore, most of the elements can be extracted from either the real or imaginary part of Ypy7;.
For example, one has

gmi = Re{Ya21} (4.86)
gmbi = Re{Ypas} (4.87)
9gasi = Re{Yaz} (4.88)
Cygtor = Im{Ya11}/w ( )
Chbtor = Im{Ypaa}/w (4.90)

By comparing the extracted values of the 4-Port model presented in Table [£.8] with the ones of
the 3-Port model (see Table , one can see that the percentage of error on ¢,,; is under 1%
between the two models. In addition, g, and ggs are even equal. The same can be said for
the total front and back-gate capacitances where an absolute deviation of 0.28 fF and 0.48 fF is
measured respectively.

Parameter Imi Imbi 9dsi ngtot Cbbtot Cwell—sub

Value 120.8mS 10.1mS 99mS 65.27{F 13.3{F 179fF

Table 4.8: Extracted intrinsic/total elements in saturation (Vps = 0.8V and Vg = 0.8V)
using the 4-Port small-signal model. Cyep—sup is extracted in deep depletion and cold FET
(Vps =0V).

Finally, in order to assess the quality of the model, the reconstructed Y-parameters are compared
to the initial Y-matrix in saturation. As it can be seen in Figures and the small-signal
model is in good agreement with the results of Eldo simulations up to 10 GHz. The real part of
the Z-parameters is plotted in Figure £.21] Because Rg,;, was set to 0, the back-gate related
parameters except Re{Z44} are flat and almost equal to 0 Q.
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Figure 4.19: Reconstructed (dashed) vs initial (full) Re{Y;;} in saturation at Vpg = 0.8V,
Vs = 0.8V and Vg =0V for a 4-port device.
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Figure 4.20: Reconstructed (dashed) vs initial (full) Im{Y};}/w in saturation at Vpg = 0.8V,
Vos = 0.8V and Vg =0V for a 4-port device.
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Figure 4.21: Reconstructed (dashed) vs initial (full) Re{Z;;} in saturation at Vpg = 0.8V,
Vs = 0.8V and Vg =0V for a 4-port device.

Although the 4-port small-signal equivalent circuit gives more information and can be used to
extract Rpo and Ry, it was found that its application on the 4-Port measurements was difficult,
especially for the first step being the extraction of series resistances. Indeed, as it can be seen in
Figure the real part of the Z-parameters in cold regime and after de-embedding is highly
dependent on the frequency. Moreover, the "open" de-dembedding results in a strong increase
of the Z-parameters. For example, at f = 10 GHz, Re{Z22} ~ 5Q without de-embedding while
Re{Z22} ~ 104 Q with de-embedding. Therefore, in the next section, only the 3-Port small-signal
model will be used to analyze the experimental measurements.
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Figure 4.22: Z-parameters of a 20nm-SLVT transistors in cold regime at Vgg = 0.9V.

4.4 Measurements and discussion

In this section, the methodology developed for 3-port FDSOI MOSFETS (see Section will
be applied to measurements performed on 22FDX SLVT transistors from GlobalFoundries. The
measured devices feature a 20 nm-gate length (Ly) and 64 fingers of 1 pm width. The Si film,
the buried oxide (BOX) and the substrate thicknesses are 6 nm, 20 nm and 150 pm, respectively.
A back-gate RF contact is also available enabling 4-port measurements up to 26.5 GHz (VNA
frequency limit) for different bias conditions (cold, saturation). The 4x4 scattering matrix is de-
embedded by a dedicated open structure and then converted into Y-parameters. Finally, the 4x4
admittance matrix is reduced to a 3x3 matrix in order to apply the 3-port small-signal model:

Yog Yga Ygs Yo
Yoo Yea Yoo Yiu Yo Yi3
Yog Yaa Yas Ya
Y;L—Port: — }/3—Port: ng Ydd de = Y21 }/22 }/23
Ysg Y:sd szs Y:Sb
Yog Yea Ywo Y31 Y3 Y33
_}/bg }/bd }/bs Yi)b_
(4.91)

As before, Port 1 refers to the gate, Port 2 to the drain and Port 3 to the back-gate.
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4.4.1 Extraction of small-signal equivalent circuit

As explained in Section the extrinsic series resistances are extracted from "cold" FET
measurements (Vpg = 0V) by employing a method similar to the Bracale’s method [41]. The
threshold voltage is extracted from the maximum of Uy, derivative after smoothing and filtering
Cyg— Vas curve (see Section. This method gives Vrg = 0.295V while other current-based
methods give slightly lower Vpg. At Vp = 0V, a maximum difference of AVyry = 0.025V
is observed between dCy,/dVizs method and other current-based methods. In our case, this
represents a variation in the order of 3% of R, and Ry.

Figure shows the measured Re{Z;;} in cold FET for different front-gate bias. From these
graphs, one can compute each element as an average over a specific frequency range. In this
case, the frequency range chosen for each element is represented by two vertical dashed lines.
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Figure 4.23: Re{Z;;} in cold regime (Vps = 0V) for Vgg ranging from 0.7V to 0.9V and
Vs = 0V. The dashed lines represent the frequency range to compute the average elements.

The extraction procedure of series resistances from a linear extrapolation is illustrated in Figure
To ensure that the transistor operates in strong inversion, the gate voltage overdrive is set
to GV Opin = 0.4V. However, at this GV O,,;,, only three points remain making the linearity
assumption difficult to verify (mobility variation with Vg and asymmetric drain and source
capacitances are still neglected here). The extracted series resistances are given in Table
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Figure 4.24: Extraction of series resistances based on a 1/GV O linear regression in cold FET

(Vps = 0V) with GVOpin = 0.4V and Vg =0 V.

Rg Rd Rs Rbl
20.37Q 1.98Q 1.88Q 63.361Q

Table 4.9: Extracted series resistances using "corrected" linear regressions as a function of
1/GV O (in strong inversion).

Following the steps described in Section [£.3.1] the extrinsic capacitances can be extracted in
cold FET and deep depletion (Vgg = —0.2V) while the intrinsic transconductances, output
conductance and total capacitances can be extracted in saturation (Vpg = 0.8 V). An average
over the 1 — 2GHz frequency range is used to evaluate each parameter. Table summarizes
the main extrinsic "e", intrinsic "i" and total "tot" (sum of intrinsic and extrinsic) parameters.
As it can be noticed, the parasitic elements (Cyge and Cppe) can become an important fraction
of the total elements in nano-scaled devices. Thus, their impact is no longer small (compared to
the intrinsic elements) and can even dominate device performance [3].

Cbbe Cwell—sub
13.8fF 22.4fF

Parameter gy, Chitot nge

14.3fF 38.7fF

Ydsi ngtot

13.8mS 65.7fF

Imbi

Value 122.9mS 9.7mS

Table 4.10: Extracted intrinsic/total and extrinsic parameters in saturation (Vpg = 0.8V and
Vas = 0.8V) and cold FET (Vps = 0V), respectively (Vg =0V).

The results of reconstructed small-signal equivalent circuit are compared to measurements in
Figures {:25){4.27] Several important points can be drawn from these results. First, it can be
seen that the extrinsic output conductance ggse = Re{Y22} showcases a small hump. It can
be attributed to dynamic self-heating and substrate effects [44]. The concavity of this hump
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changes at around Vizg = 0.62V (and below) demonstrating the presence of the ZTC point. By
sweeping temperature in Fldo simulations, one finds a current invariable with temperature at
Vs = 0.57V which is close the previous value. Secondly, all parameters start to diverge from
the measurements at higher frequency. This behaviour was expected since this simple model
does not take into account series inductances, non-quasi static effects and distributed elements.
The de-embedding procedure can also strongly affect the final S-parameters. Finally, Im{Y33}/w
and Re{Z33} clearly exhibit a non-linear behaviour which is completely ignored by the model. It
could be due to important substrate effects which were not properly modelled (simple junction
capacitance). A more complex substrate network could probably improve the fitting between
the model and the measurements.
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Figure 4.25: Model (dashed) vs measurements (full) of Re{Yj;} in saturation at Vpg = 0.8V,
Vs = 0.8V and Vg =0V for a 3-port device.

64



%1071 %1071 5 %1018

%1012 %1012

108 100
} %x1071°

108 100 108 100
f[Hz] f[Hz] f[Hz]

Figure 4.26: Model (dashed) vs measurements (full) of Im{Y;;} in saturation at Vpg = 0.8V,
Vs = 0.8V and Vg =0V for a 3-port device.
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Figure 4.27: Model (dashed) vs measurements (full) of Re{Z;;} in saturation at Vpg = 0.8V,
Vs = 0.8V and Vg =0V for a 3-port device.

4.4.2 RF Figures of Merit and discussion

In this section, the two main front and back-gate RF Figures of Merit, namely the cut-off fre-
quency and the maximum oscillation frequency, are studied. Their dependence on the back-gate
bias Vp is also analyzed. Once again, fr and fpq. are calculated by doing a linear extrapola-
tion of Hyy and U (Haz and Uy, for the back-gate) to unity (0dB). However, as represented
in Figures |4.28band [4.29b, U and Uy, deviate from the —20dB/dec theoretical slope predicted
by the small-signal equivalent circuit at lower frequencies. In fact, both expressions of U and
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Usg (Equations and are dependent on the output conductance which is affected by
dynamic self-heating and substrate effects [44]. Therefore, based on another common way to
extract fr and fpq. (see Appendix @, an appropriate frequency range is chosen for each linear
extrapolation. "Appropriate" means here that the corresponding slope is close to —20dB/dec.
The chosen frequency ranges are specified in Table

Data 60+ Data
60 [ - - - -Fit (Force -20dB/decade) | - - - -Fit (Force -20dB/decade)
50 [
50
40 r
40+
o —_—
B 30
&% =
o0l . 20
10F 10 :
0 S 0 \\\
108 10° 100 10" 102 108 10° 100 10"
f [Hz] f[Hz]
(a) (b)

Figure 4.28: (a) H2; and (b) U versus frequency in saturation at Vps = 0.8V, Vgg = 0.8V and
Ve = 0V. The dashed lines indicate the linear extrapolation realized by forcing a —20dB/dec
slope.
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Figure 4.29: (a) Ha3 and (b) Uy versus frequency in saturation at Vpg = 0.8V, Vgg = 0.8V and
Ve = 0V. The dashed lines indicate the linear extrapolation realized by forcing a —20dB/dec
slope.
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Parameter Frequency range [GHz|

Jr 1-3
Frmaz 10-13
ITbg 7-12

Srmaxbg 11-15

Table 4.11: Frequency range chosen for the linear extrapolation of each parameter.

Front-gate RF FoMs

Figure shows the front-gate cut-off frequency fr and maximum oscillation frequency fyqaz
versus the front-gate voltage Vg for different back-gate biases. Their values are extracted in
saturation (Vpg = 0.8 V) for each bias point by doing a linear extrapolation as explained in the
preceding section. The back-gate voltage is swept from 0V to 3V by steps of 0.5V. First, it
can be seen that the maximum achievable fr is 282 GHz at Vs = 0.56 V and Vg = 0.5V. This
value is unexpectedly low compared to the 347 GHz reported in [45] for this technology. It is
most probably due to presence of strong parasitic elements which were not properly cancelled by
de-embedding. In fact, an improvement of 84% (153 GHz to 282 GHz) was already observed by
de-embedding S-parameters with an "Open" structure.

Then, following Equation [4.60] one should expect the transconductance g,, and the cut-off fre-
quency fr to exhibit similar behaviour since one parameter (f7) depends on another. As it can
be seen in Figure the extrinsic transconductance (without removal of series resistances)
can be correlated to fr curves. Indeed, the maximum cut-off frequency f7 4. tends to decrease
for positive back-gate biases exactly as the maximum extrinsic transconductance gme maz due to
the shift of the mean channel position towards the Si film/BOX interface. However, fr is not
maximum at the same front-gate voltage Vigs than gme maz. This can be explained by the slight
dependence of the total front-gate capacitance on the back-gate voltage as illustrated in Figure
A 3% difference is observed between the lowest and highest values at Vg = 0.6 V. It is
also the reason why f7 4, does not occur at Vg =0V but at Vg =0.5V.

The series resistance R, also impacts the RF performance of the transistor as shown by the
additional reduction of fi,q, compared to fr. A maximum f,,; of 180 GHz is reported. Fur-
thermore, by increasing the back-gate bias, the threshold voltage is shifted to lower Vg and as
a result the output conductance measured at one Vg increases with V. This trend is depicted
in Figure . At Vs = 0.6V, the output conductance even doubles (5.5mS to 11 mS) by
increasing Vg from 0V to 3V. Thus, this effect will further reduce fy,qz.

Finally, one can notice that positive back-gate biasing flattens the fr(Vas) and fie.(Vas) curves.
Consequently, high fr and f,q.: values can be achieved over wider range of front-gate voltage.
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Figure 4.30: Extracted (a) fr and (b) fias versus Vg in saturation (Vpg = 0.8 V) for different
back-gate bias ranging from 0V to 3V by steps of 0.5V.
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Figure 4.31: Extracted (a) gme and (b) Cygior versus Vg in saturation (Vpg = 0.8 V) for different
back-gate bias ranging from 0V to 3V by steps of 0.5V.
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Figure 4.32: Extracted ggse versus Vgg in saturation (Vpg = 0.8 V) for different back-gate bias
ranging from 0V to 3V by steps of 0.5 V.

Back-gate RF FoMs

The back-gate RF FoMs fryg and fiaubg versus the front-gate voltage are plotted for various
back-gate biases in Figure It can seen that the maximum achievable fry, and fp,azp9 are
respectively 69 GHz and 36 GHz both at Vg = 3V. Similarly to the front-gate case, the onsets of
fTvg curves can be correlated to the extrinsic back-gate transconductance g, shown in Figure
4.34, However, unlike fr curves which flatten with a shift of f7,,4, to lower Vg for positive
back-gate bias, frp, curves display a more pronounced peak frpgmaer (still at lower Vizg) when
Vp is increased. Since the maximum extrinsic back-gate transconductance gmpe mae drops with
VB, this cannot explain the improvement of fr744mae. Thus, it was attributed to the reduction of
Cwell—sup With Vp. Indeed, one can notice in Figure a significant impact of the back-gate
bias on the extracted values of Cyepi—sup With a drop of 10.8 fF (almost halved) between Vg = 0V
and Vg = 3V. In fact, this junction capacitance between the n-well and p-substrate C\eii—sub
(reverse-bias diode) is inversely proportional to V. Moreover, one can also observe a similarity
between this result and the curve found in Section from TCAD simulations. In [6], K.
Esfeh et al. reached the same conclusion with the only difference being that the contribution of
Cuweli—sub Was merged to the extrinsic back-gate/source capacitance Chge.

Regarding fauzbg, lower maximum values are achieved compared to fr4 due to the high back-
gate resistance Ry and the output conductance g45.. However, the maximum back-gate oscillation
frequency finazbg,mae is still obtained for Vg = 3V like frygmas due to the improvement of
Cuwell—sub- For Vgg > 0.6V, higher Vp results in decreasing f,qz14 Which could be due to the
increasingly contribution of ggse in these conditions (see Figure , thereby dominating over
the improvement of Clyei—sub-
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Figure 4.33: Extracted (a) friog and (b) fimazbg versus Vgg in saturation (Vpg = 0.8V) for
different back-gate bias ranging from 0V to 3V by steps of 0.5V.
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Figure 4.34: (a) Extracted gmpe versus Vg in saturation (Vpg = 0.8 V) for different back-gate
bias ranging from 0V to 3V by steps of 0.5V. (b) Cyeii—sup vs Vp extracted in cold regime
(Vbs = 0V) and deep depletion —0.2'V.

4.5 Conclusion

In this chapter, the impact of the back-gate bias on the main RF FoMs (fr and fj4.) was
studied. First, the small-signal circuit theory was described, introducing the concepts of intrinsic,
extrinsic and access elements. Then, the extraction of a 3-Port and 4-Port small-signal model
was performed on ELDO simulations. In the 3-Port model case, the extrinsic resistances were
obtained by a modified version of the Bracale’s method. The series resistances were not simply
taken as the intercept of the Re{Z;;} versus 1/GV O curves with the y-axis but by applying an
additional correction factor based on the slopes of these characteristics. In the 4-port model case,
the resistance Rg,, was added to the substrate network but it turned out that its contribution
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to the Z-parameters was negligible in ELDO simulations (it is not the case for experimental
measurements). However, the extraction of Ry, which was associated to the GP resistance, was
still possible. Finally, it was observed that both models were in good agreement expect for the
back-gate resistances. This was latter attributed to the fact that the unique back-gate resistance
of the 3-port model took into account the contribution of the two back-gate resistances of the
4-port model.

In a second phase, the extraction procedure of the 3-port small-signal equivalent circuit was
applied to measurements on 22FDX SLVT transistors. Thanks to the dedicated back-gate RF
pad, both front and back-gate RF FoMs were then extracted. It was shown that applying a
back-gate bias had a major impact on RF FoMs. Shifting and flattening the fr versus Vigg and
fmaz versus Vg characteristics were the main consequences of back-gate biasing.

Finally, the following maximum front and back-gate cut-off and maximum oscillation frequencies
were obtained:

fr =282 GHz
fimaz = 180 GHz
frby = 69 GHz

fmazbg = 36 GHz
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Chapter 5

Conclusion

In today’s world, very high speed communication and real-time data collection are expected to
become increasingly used with the advent of 5G. All kind of "connected" products from IoT
to health care are also going to appear on the market. However, transistors meeting the high
requirements of 5G specifications are still necessary. One of the promising technology is the
UTBB FDSOI with highly doped region under the BOX.

In this work, this technology was assessed both in DC and RF operation. The impact of the
back-gate bias on the threshold voltage and RF FoMs was studied.

In Chapter [3] it was shown that applying a back-gate bias shifts the Ip — Vizg characteristics to
the left for FBB and to the right for RBB. This effect can then be used to optimize performance
or reduce power consumption (increasing the threshold voltage reduces the leakage current).
A modulation of Vpy as high as —85mV/V was found for the 22FDX SLVT transistors in
accordance with the values found in the literature.

In Chapter [4] the impact of the back-gate bias on the main RF FoMs (f7 and fyqe) was studied.
First, a modified version of the Bracale’s method was developed in order to extract the series
resistances of the 3-Port model. Only a small difference was observed by directly extracting the
resistance from the intercept. The removal of Cg, before Rg thus had little importance. In
4-port, the resistances Ry, and Ry were added but Ry, was negligible in FLDO simulations.
However, the extraction of Ry, which was associated to the GP resistance, was still possible.
Finally, it was observed that both models were in good agreement expect for the back-gate
resistances. This was latter attributed to the fact that the unique back-gate resistance of the
3-port model took into account the contribution of the two back-gate resistances of the 4-port
model.

After that, the RF FoMs of 22FDX SLVT transistors were extracted for both front and back-
gate. It was shown that applying a back-gate bias had a major impact on RF FoMs. Shifting and
flattening the fr versus Vg and fiuq: versus Vg characteristics were the main consequences of
back-gate biasing. The following maximum front and back-gate cut-off and maximum oscillation
frequencies were obtained:
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fr = 282 GHz

fmaz = 180 GHz
frvg = 69 GHz
fmazbg = 36 GHz

Finally, one can cite two main future research objectives which correspond to the limitations of
the present work.

e In this work, the substrate network was simply modelled by a Cye—sup capacitance to
ease the extraction of the other parameters. However, in all rigor, one should construct a
group of RC parallel network in order to take into account minority and majority carriers
in the substrate.

e Self-heating effect was neglected in the extraction of small-signal equivalent circuits.
However, Makovejev et al. [44] demonstrated a degradation of the output conductance
with self-heating. This degradation was also observed in the experimental measurements
in Figure [£.25] Therefore, a first step would be to simulate this effect by means of TCAD
simulations as shown in Figure Changing the default Sentaurus model by the hydro-
dynamic model is necessary to compute temperature profiles. "Well-defined" boundary
conditions are still subject to investigate. Biasing the transistor at ZTC point would also
be interesting to decorrelate substrate effects from self-heating effects.

Y

Figure 5.1: Temperature distribution in saturation Vpg = 1V and strong inversion Vgg = 1V
(VB =0V). The drain is the "bottom" terminal where temperature is maximum.
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Appendix A

Additional figures of Chapter 3

eDensity [cm*-3]
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Figure A.1: Electron density distribution at Vpg =0V, Vgg =1V and Vp =0V.

The following figures compare the results obtained from three different dies for each Vrg ex-
traction methods. One can notice that the extracted Vry of Die 3 at Vg = 0V is significantly
different from the values obtained from the two other dies. It can be explained by the irregular-
ities found in the drain current characteristics at Vg = 0V as illustrated in Figure
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Figure A.2: Comparison of the results of the linear extrapolation method for three different dies.
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Figure A.3: Comparison of the results of the second derivative method for three different dies.
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Figure A.4: Comparison of the results of the g,,,/Ip ratio method for three different dies.
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Figure A.5: Comparison of the results of the C,, derivative method for three different dies.
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Figure A.6: Ip — Vag characteristics of Die 3 at Vpg = 50mV for various back-gate biases.
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Appendix B

Analytical expressions of Re{ZZ-j} for
series resistances extraction

Based on the small-signal equivalent circuit of Figure one can derive the Z-parameters (real
part) of the device. First, in order to simplify the notation, some redundant terms are grouped
together under global variables as follows:

= (C1 + Cy + 2Cy;s) (B.1)
= (2C1Cy + C1Chg + CQCbg) (B.2)

= 20103 + 207 Cy + C{Chy + C3Chy + 2C1CoChy + 4C1CoCys + 201 ChyCus + 202Ch,Cos
= (C1 + C2 4 2C4,)(2C1C2 + C1Cyg + C2Chy)

= (B.3)
F = C} +2C103 + C1Chy + C2Chg + 201 Cys + CpgCls (B.4)
A= ( + FCsub +2 Csubngds) (B5)
B = _(2 +2C1 Csup + Cbgcsub)gds + CvsubRsW2
~ _(2 + 2Cflcsub + Cbgcsub)gds (B.G)

Where Cei—sup has been replaced by Cj,, for simplicity. Then, the real part of the Z-parameters
can be written as
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Re{Z11} = R, + (ERsw? — (Chg + Csup + 2C2)gas + (C? + C3 + 2C1Co + 2C1Cys + 2C2Cys) Coup Rsw?) A
- Y9

W2 A2 1 B2
_ B(CZ + 1 +2C2C4s + CiCsub + CoCsup + CgCls + CasCsub + (211 + 2C1 Cyup + 2C2Csup) Rsgas)
W2 A2 1 B2
~ R, + 4(0120521&1 +2 Clcsub + 2)ng§s + (Clgcgub +2 ClCSUb + 2)
~ Hy W2AZ 1 B2 W2 A2 1 B2 Yds
(201 + Cbg)cbgcdscsub +2 Cbngs
- (JJ2A2 + B2 9ds
4(CTC2 + 21101 Cou + 11*)Ragg,  (CFC2, + 21 C1Csuy + 117)
aq
~R,+401fRs+ ———— B.7
Re{Z } . RSWQ ( + Clcsub)A _ (2ngd8 + 1)( + Clcsub)B
125 = w2 A2 1 B2 W2 A2 { B2
_ (2ngds + 1)( + Clcsub)B
W2 A2 1 B2
o (QRSgds + 1)( + Clcsub)
B
o2
~ 2098Rs + 2 B.8
28 Vas — Vir) (B.8)
Rsw?(F 4+ FCyp)A  (Rsgas + 1)(2H + 2C1 Csup + CgClsup) B
Z — S SU _ S U g Su
Re{Z22} = Ra + B2 1 2 A2 B2 1 W2 A2
1
~Ry+ Rs + —
9ds
a3 1
~Rj+ Rs+ ——————=Rqg+Rs+ ——+——F— B.9
¢ (Vas — Vru) ! B(Vas — Vru) (B.9)

Re{Zs3} = Ry + (F'Rsw?® — (Chg +2C1)g4s) A B (C? 4+ H 4 2C1Cys + CpyCas + 21 Rsgas) B

w2A? + B? W2AZ + B2
~ R, — (' + 2/ Rsgas) B~ gas(2C1 + Cipg) A
AT+ B AT
~ R + 4 2nggs 29ds

PTIAT B 242 1 B
4 2R89§s dis
BT B

ay
~ Ry + 4ay4fRs + ———
’ 40 (Vas — Vru)

~ Ry +

(B.10)
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( st2 — Cbggds)A (0102 + Cl(]bg + Cgcbg + Cbngs + 2 ngds)B

Z — I
Re{Z13} W2A2 + B2 w2 A2 + B2
N ggs(Z + 2C1Csup)2H Ry
~ w2A? + B?
(C1C3 + C1Chy + C2Chg + CpgClus) (21 + 2C1 Csup + CogCsub) — Cg(L + FCsyp)
+ w?A? + B2 9
(B.11)
Raw?HGA  (2Rsgqs + 1)1 B
Re{Zas} = Re{Zs2} = W2A2 + B2 2424 B2
~ (2ngds + 1) B
~ e (B.12)

All the above equations have been obtained by neglecting the frequency-dependent terms. Fi-
nally, a1, ao, a3 and a4 are given by

(CRC2 +211C1Coupy + 117)

= s B.13
™ (2 + 2C1Cysyp + Cbgcsub)2ﬂ ( )
( + Clcsub)
_ B.14
@2 (2 + 2C1Cyup + Cbgcsub)ﬁ ( )
1
as =3 (B.15)
2
o (B.16)

(2 + 2C’l Csub + Cbgcsub)2ﬂ

Where f is defined such that g4, = B(Vas — V).

As verification, one can set Cy,, = OfF and finds back the equations of the Bracale’s method

(see Section |4.3.1)).
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Appendix C

Current gain and Mason’s unilateral
gain for a 4-port device

In order to evaluate the back-gate related figures of merit, Barbé et al. [43] proposed to use the
following set of hybrid parameters:

v1 = Hy1i1 + Higve + Hi3vs + Higlg (C.1)
io = Hoyi1 + Hoova + Hozvz + Hogly (C.2)
iy = Hayir + Havs + Hagvs + Hagia (C.3)
vy = Hypi1 + Hyovo + Hyzvg + Hyqly (C.4)

Where Port 1, 2, 3 and 4 are connected to the gate, drain, source and the back-gate, respectively.
The currents and voltages can also be expressed in terms of Y-parameters as follows

i1 = Yiiv1 + Yiove + Yigus + Yiavg (C.5)
19 = Yo1v1 + Yoous + Yoguz + Youuy (C.6)
i3 = Y3101 + Y3202 + Y33v3 + Y3404 (C.7)
iq = Yyv1 + Yaova + Yyzvz + Yaavy (C.8)

To keep coherence with the 2-port definitions, the front-gate figures of merit fr and fi,q,. can
still be determined using H2; and U. By applying an appropriate matrix transformation, one
can find Hsp in terms of Y-parameters.

12
H21 - 7 "U2:U3:0,’i410
1

_ Yo1u1 + Yoquy
~ Yiivr + Yiavg
Y Yy — You Y
Y Yu — YiaYa

Where the Y-parameters under vo = v3 = 0,44 = 0 are given by
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i1 = Y11u1 + Y1404 (C.10)
ig = Y9101 + Yaqus (C.11)
i3 = Y3101 + Y3404 (C.12)
0=Yyv + Yy (C.13)
The unilateral power gain U is defined in the same way as for the 2-port device:
1 Y21 — Yia|?
Yar 12| (C.14)

¥ T ARe{Vi} Re{Va) — Re{¥oi} Re{Via}

Using similar expressions, the back-gate related figures of merit fr44 and fiqz9 can respectively
be extracted from Ha4 and Uy, defined as

_ YouYi1 — Yo Yy

Hoy = C.15
YN Ya — YuYa ( )
1 [Yas — Yao|?
Ups = = C.16
" 4 Re{Yi} Re{Yas} — Re{Yos} Re{Vi2} (C.16)
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Appendix D

Extraction of RF FoMs

The following figures present another common way to extract fr and fj.: when the curve
becomes flat, which corresponds to a —20dB/dec slope.

160 : : :
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Figure D.1: f x |Hai| versus frequency in saturation at Vpg = 0.8V, Vgg = 0.8V and Vg =0V.
Flat curve corresponds to a —20 dB/dec slope.
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Figure D.2: f x \/|U]| versus frequency in saturation at Vpg = 0.8V, Vg = 0.8V and Vg =0V.
Flat curve corresponds to a —20dB/dec slope.
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Figure D.3: f x |Has| versus frequency in saturation at Vpg = 0.8V, Vgg = 0.8V and Vg =0V.
Flat curve corresponds to a —20 dB/dec slope.
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Figure D.4: fx/|Uyg| versus frequency in saturation at Vpg = 0.8V, Vgg =0.8Vand Vg =0V.
Flat curve corresponds to a —20dB/dec slope.
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