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Resumen

Los avances en la tecnologia de fabricacion de transistores MOS para aplicaciones en
sistemas de comunicacion en el rango de las micro-ondas, ha sido posible gracias al
escalamiento de la longitud de canal. Actualmente, se producen circuitos con
transistores de longitud de canal del orden de 45 nm, como es el caso del procesador
Core Duo de Intel. El escalamiento de la longitud de canal del transistor MOS a
producido una mayor integracion de circuitos en un solo encapsulado ademas de que el
dispositivo alcance frecuencias de corte superiores a los 300 GHz. De esta forma, es
posible integrar en un mismo encapsulado el sistema de comunicacion de
radiofrecuencia y el sistema de procesamiento digital de datos. Actualmente, se esta
trabajando a nivel investigacion en el desarrollo de sistemas de comunicacion punto a
punto con frecuencias de transmision de 60 GHz. Para poder desarrollar los circuitos

necesarios en el bloque de comunicacidon es necesario tener modelos precisos y



confiables del transistor MOS que incluyan todos los efectos parasitos asociados al
dispositivo cuando trabaja a frecuencias del orden de los 60 GHz.

En esta tesis se describen los principales mecanismos de fuga en el transistor MOS. En
especifico en este trabajo doctoral se analizan los efectos del tuneleo de banda a banda
entre drenaje y substrato, asi como la modulacion de carga en la region de traslape entre
drenaje/fuente y compuerta. Los efectos de tuneleo banda a banda y modulacion de la
carga en la region de traslape entre drenaje/fuente y compuerta se analizé utilizando
mediciones de parametros S a frecuencias de hasta 50 GHz. Para ello se propusieron
metodologias de extraccion basadas en los principios fisicos de operacion de los
transistores MOS. Dichas metodologias fueron verificadas en transistores MOS con una
longitud de canal de 100 y 65 nm.

Finalmente se presentan los retos para las nuevas generaciones de transistores MOS con
una longitud de canal menor a 45 nm. Para transistores con una longitud de canal menor
a los 45 nm, los efectos cudnticos son apreciables y determinan la respuesta del
dispositivo. Esto implica enormes retos en el disefio, fabricacion y modelado del
transistor MOS. Es en este punto donde la caracterizacion y modelado de los
transistores MOS usando medicion de parametros S, ha mostrado ser una de las
herramientas de medicion ideal para el estudio de efectos cuanticos tales como el

tuneleo de banda a banda.
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Chapter 1

General Introduction

1.1 The MOSFET as a device for microwave circuit design

In today’s world, there is an increasing demand for high-speed electronic systems for
applications such as gigabit/s point-to-point links, wireless local area network
(WLANSs) with extraordinary capacity, and short-range high data capacity wireless
personal area networks (WPANSs) [1]. This has opened the contiguous bandwidth for
unlicensed use in the USA and Japan from 7 GHz to millimeter-wave (mm-wave)
frequencies (around 60 GHz) [2]. In consequence, there has been a fast growth in the

radio-frequency (RF) wireless communications market [3,4], where high-performance
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and low-cost solutions are demanded [5]. One of the most attractive solutions is the
integration of a system in a single chip (SOC). In this case, the chip includes the
digital data processing circuitries, mixed signal baseband and RF transceiver blocks
[6]. Historically, all the circuitry necessary for implementing microwave
communication systems have been designed using III-V semiconductor technologies,
which is due to the benefits offered by these materials such as high electron mobility
and breakdown voltage [7]. Nevertheless, the device fabrication process in III-V
semiconductor technology is expensive and is not compatible with complementary
metal-oxide-semiconductor (CMOS) processes, where the rest of the circuitry is
fabricated. Thus, when RF communication circuitry is designed in III-V
semiconductor technology, this block has to be mounted separately over the rest of
the circuitry, raising the production and costumer costs [1,2,5].

At the present time, several developments have enabled CMOS circuit blocks
to operate at microwave frequencies; then, the RF communication circuitry can be
designed in the same die as the rest of the components [8]. The main technological
contribution of CMOS device miniaturization is the operation at cut-off frequencies
(fr) up to 150 GHz [7,9]. The miniaturization and the corresponding increase in fr
allow large density integration of RF CMOS communication circuits [9]. Therefore, a
complete SOC consisting in communication, data processing and input/output
interface blocks can be designed in a single die. This results in a considerable
reduction of the production and costumer costs. However, time-to-market and design
cycles are also experiencing a reduction [1]. Thus, a design environment to accurately

predict the circuit performance using simulations is required [10]. This design
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environment consists in part of accurate models for interconnects, active and passive
devices (valid under several operation conditions including process, temperature, and
stress variations) [11,12]. Hence, for the design of circuits for analog and RF
applications, the accuracy of the metal-oxide-semiconductor field effect transistor
(MOSFET) models is essential [7]. Thus, device characterization under high-
frequency (HF) operation conditions is one of the most important fields of research to
improve the MOSFET modeling for this type of applications [13-15].

According to the previous discussion, the study of the MOSFET as a device
for microwave applications is mandatory to implement reliable SOC’s fabricated in
CMOS technology, with the required time-to-market and quality demanded by

industry.

1.2 Challenges of MOSFET modeling at microwave frequencies

The continuous downscaling of the MOSFET channel length results in an increase of
the operation frequency of the device and in a large integration capacity [7,8].
Nevertheless, as the MOSFET operation frequency increases, some adverse effects
that were considered negligible have a negative impact on the device’s performance,
such as; band-to-band-tunneling, gate-induced-drain-leakage current, drain-induced-
barrier-lowering, and others [17-19]. Furthermore, most of the HF effects inherent to
the MOSFET behavior are frequency dependent [20-22]. One of these effects is the

coupling of the MOSFET terminals through the substrate [23,24]. This undesirable
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coupling is due to the low resistivity of the MOSFET substrate. As shown in Fig.
1.1a, the MOSFET substrate can be represented by means of a parasitic impedance
located at the bulk terminal. Thus, when the MOSFET operation frequency increases,
this impedance represents an alternate conductive path which has associated an
uncontrolled parasitic charge flow. Moreover, to improve fr in a MOSFET, designing
the device with specific layout rules is necessary. Unfortunately, most of the
advanced layout techniques increase the complexity of an HF MOSFET model that
includes the substrate effects [25-28]. This is one of the reasons why, in order to
avoid these undesired effects, some variations in the conventional CMOS fabrication
process have been proposed. One of the most important proposals is the SOI
technology [6,7], where the MOSFET is fabricated over an insulating substrate where
the growth of an epitaxial layer to form the active area is required. As can be seen in
Fig. 1.1b, an important characteristic of an SOI MOSFET is the lack of the bulk
terminal. Notice that this also implies that with this fabrication process, the coupling
of terminals through the substrate is reduced and a then high f7 can be achieved.
Nonetheless, as a consequence of the lack of a substrate terminal, a floating bulk
voltage (Vjs) appears originating variations in the threshold voltage (V). This SOI
solution, together with other advances in device engineering such as the elevated
source and drain architecture (ES/D) [6] has been widely used in the implementation

of RF circuits.
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Fig. 1.1: Cross section view of a) bulk MOSFET, b) SOl MOSFET, showing the principal associated parasitics.

In recently published literature, the SOI technique is proposed as one of the most
accepted solutions to alleviate the problem of substrate coupling. However, the
corresponding fluctuation in V;, together with the high production cost leads HF
circuit designers to prefer conventional CMOS processes. Therefore, some design
rules for the MOSFET in CMOS technology are being suggested to obtain the best
performance of a CMOS device operating at high frequencies. An example is the
multi-fingered gate configuration [25-27], which reduces the effective value of the
distributed gate resistance. In this case, however, the fringe capacitance associated
with the gate electrode is also increased and new charge leakage paths become

apparent. Thus, an exhaustive study of the MOSFET taking into consideration all
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these aspects is needed to improve the accurate modeling of the device at high-

frequencies for custom applications.

In(S,)

a) b)

Fig. 1.2: Output bulk MOSFET characteristics of two different transistors of 0.1 ym gate length and a) 20 ym and b) 30
um channel width from 1 Ghz to 25 GHz. The kink effect is marked in squares

1.3 Undesirable coupling of the MOSFET terminals

The substrate coupling affects measurable characteristics at each one of the four
MOSFET terminals. In the previous section, it was explained that this effect involves
non-controlled charge paths from each one of the terminals [29-33]. Nevertheless, not
all of the non-controlled charge flows occur at HF. For example, the charge leakage
from the gate to the bulk is originated by the very thin thickness of the dielectric
material used as gate oxide. Thus, singularities and non-homogeneities occur when
the dielectric thickness is reduced, which generates charge leakage [32]. For the case
of the coupling between the drain and source terminals, the impedance associated
with the substrate determines the non-controlled charge path as the MOSFET when

operated at high frequency [34-39]. This is evident in the output characteristics of the
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MOSFET at frequencies above 20 GHz, where a kink phenomenon in the measured
S», parameter is observed [20] as shown in Fig. 1.2. The kink phenomenon has been
analyzed before and it is attributed to the substrate impedance [20,40-42]. In fact, the
effect of the frequency dependent substrate impedance and the corresponding
correlation with the kink phenomenon has been demonstrated up to 26 GHz in
0.18 um MOSFETs However, the frequency dependent substrate impedance is not
the only mechanism that determines the MOSFET output characteristics. Second
order effects that were only considered important at DC, play also an important role
as the MOSFET operation frequency goes above 25 GHz in sub-micrometer devices.
Among some important second-order effects are the remote surface roughness
scattering, mobility degradation, impact ionization, band-to-band tunneling, velocity
overshoot, self-heating, channel charge quantization, polysilicon depletion, RF
behaviors, NQS effects, and many other. Therefore, since the communication systems
working within the microwave band demand that the MOSFET works at HF, a
complete study of these second-order effects occurring in the device at any operation

frequency and applied bias is necessary.

1.4 Second order effects in a MOSFET at HF

Second order effects are those induced by high vertical and horizontal electric fields
[43]. These effects include for example the mobility degradation, bias-dependent
series resistance, velocity saturation, effective electrical channel dimensions, etc. The

inclusion of second order effects in the MOSFET modeling implies an increment in
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the processing time of the device simulation [44]. Therefore, a rigorous analysis to
determine the conditions at which the inclusion of certain second order effects is
required. Some specific second order effects have a significant impact on the
MOSFET characteristics as the technology continues scaling down the channel
length, as explained hereafter.

The fabrication of MOSFETs involves the implantation of drain and source
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Fig. 1.3: Sketch illustrating high order effects in a sub-micrometric bulk MOSFET.

regions. These implantations require an annealing process for the passivation of the
substrate, which involves a thermal process that allows the diffusion of dopants under
the MOSFET gate. In consequence, as can be seen in Fig. 1.3, the doping under the
gate introduces charge that can be modulated by the applied voltage [6,7]. In this
case, as the channel length is scaled down, the effect of this modulated charge is more
evident. This is because the effective channel length is reduced in comparison to the
mask length in sub-micrometric MOSFETSs, which introduces a large overlap region
under the gate terminal. The main effect associated with this charge modulation is the
voltage dependence of the series resistances [45-46]. Several methods to determine

the gate-bias-dependent and gate-bias-independent series resistance have been
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proposed [47-49]. Nevertheless, these methods do not allow the determination of the
drain and source series resistances independently and from measurements performed
to a single device. A contribution in this direction was proposed in this thesis.

In addition, in recent years one of the topics of interest in the characterization of
second order effects is the direct band-to-band tunneling in the drain-to-bulk junction
[50-52]. This is of interest due to the fact that, as the technology continues scaling
down, the degradation of the drain and source diffusions present ideal conditions for
the tunneling effect to become apparent in the drain-to-bulk junction. This is shown
in Fig. 1.3 [43]. Nevertheless, the actual measurement methodologies do not allow
quantifying the charge generated by the direct band-to-band tunneling. Therefore, in
this work a new measurement technique for evaluating the tunneling current is

proposed.

1.5 Purpose of this thesis

The aim of this thesis is to present contributions to the MOSFET modeling at HF
including the coupling of MOSFET terminals through the substrate and the band-to-
band-tunneling at the drain-bulk junction. As mentioned above, there are several
effects associated with the undesired coupling of the MOSFET terminals. These can
be classified in two main groups:

1) coupling through substrate, and

2) second order effects.
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Hence, in this thesis, a detailed analysis of the second order drain-to-bulk band-
to-band tunneling effect is presented. With this purpose, an analytical and
methodological extraction procedure for nano-metric MOSFETs under DC and HF
operation conditions is presented, as can be seen in Fig. 1.4. To ensure the validity of
the measurements under HF conditions, an exhaustive study of parasitics associated
to test-fixtures used to probe the devices is presented, which allows assessing the
corresponding influence in the parameter extraction methodology. The DC analytical
extraction procedure is focused in the measurement of the characteristic curves of the
parasitic bipolar transistor associated with the MOSFET intrinsic regions. Thorough a
physical-based experimental and theoretical analyses it was observed that a tunneling
current originated at the drain junction feeds this parasitic transistor, magnifying the
corresponding effect when the MOSFET drives relatively low currents (e.g. when
working within the sub-threshold regime). Thus, from the experimental currents of
the drain and source terminals obtained in a single MOSFET, it is possible to
determine the band-to-band tunneling effect current and the parasitic bipolar gain as
well.

For the case of the impact of the parasitic bipolar inherent with the intrinsic
MOSFET region, an S-parameter-measurement-based analytical parameter extraction
procedure was proposed in this thesis. This allows to obtain the associated
conductance of the band-to-band tunneling effect in nano-metric MOSFETs working
up to 40 GHz in nanometric MOSFETs. In this case, the extracted conductance shows
the intrinsic effect of band-to-band-tunneling at HF. An important point to be

remarked is the fact that this HF extraction procedure is based in two-port network S-

10
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parameters measured in a single MOSFET. In contrast, parameter extractions based
on regressions of data associated with devices of different lengths lead to a high
uncertainty due to the considerable variations of the characteristics of nanometric
devices with the geometry. Part of this uncertainty comes from the fact that second-
order effects are channel length dependent, which complicates the extraction
methodology. Finally, to demonstrate the presence of this phenomenon from DC to
high frequencies, a correlation of the extracted band-to-band tunneling effect under

DC and HF is presented.
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Fig 1.4 . Graphical description of the second order and HF effects associated to a bulk MOSFET and their dependence with

the technology downscaling and frequency operation conditions.

1.6 Outline

The methodologies used for the analysis of the MOSFET terminals coupling through

the substrate under DC and HF conditions, are divided as follows.

11
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In Chapter 2, a complete analytical characterization of HF test fixtures for
measuring using coplanar ground-signal-ground probes is presented so that the
corresponding impact on the extraction of the model parameters for the device-under-
test (DUT) can be assessed. Moreover, the parasitics associated with conventional test
fixture of this type are compared with those of a test fixture that includes a shield to
avoid the substrate coupling of the pads. The models associated to each one of these
popular test fixtures are presented and a discussion about the best option for test
structure design is presented.

In Chapter 3 a discussion about the different ways for analyzing the band-to-
band tunneling effects using DC measurements in the literature. In addition a
proposal to model and characterize the substrate coupling in MOSFETs is presented.
In this case, the methodology for the analysis of the band-to-band tunneling effect is
based on DC measurements of the current at each of the device terminals under a
specific bias condition.

Chapter 4 presents how MOSFET second order effects are analyzed,
characterized and modeled using S-parameter measurements. A complete and
analytical extraction methodology, which incorporates direct band-to-band tunneling,
is presented.

In Chapter 5, a summary and conclusions about the studied topics is

presented.

12



Chapter 2

Characterization of HF Test Structures

2.1 Introduction

The increasing demand for high data transmission rates, bandwidth, data processing
and transmission frequency requires the improvement of circuits and systems at the
lowest cost [53]. Therefore, many types of high frequency devices have to be
modeled and characterized at microwave frequencies [54-56]. This means that
accurate measurements are needed to design a high-performance radiofrequency
integrated circuit (RFIC) at a reduced cost. This is the reason why on-wafer S-

parameter measurements are of great importance in the semiconductor device
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industry. In this case, the device under test (DUT) is interconnected to the
measurement probes by means of a test fixture. Since this test fixture is intended for
measuring purposes (i.e. it will not be included in the actual RFIC), its effect has to
be removed from the S-parameter measurement using a de-embedding technique. In
this case, the de-embedding technique is considered as a two-tier calibration that
moves the measurement reference plane from the probe tips to the DUT to be
characterized [57]. In order to remove the effect of the test structure from the
experimental S-parameter measurements, several methods have been developed [58-
61]. These methods, however, do not allow the identification of the impact of the test
fixture parasitic components on the DUT experimental data. This is due to the fact
that a de-embedding algorithm is formulated to remove the undesired effects, but the
physical origin of these effects is usually ignored, complicating the identification of
the dominant parasitics and the possible optimization of the test fixture.

Due to the considerable high parasitic effects introduced by test fixtures at the
frequencies at which the characterization of the devices is currently required, the
optimization of the test fixtures has recently become an important topic. In fact,
alternative test structures have been specifically designed to reduce the parasitic
effects associated with the undesired pad coupling through the substrate [57]. These
are called “ground-shielded test fixtures” [62,63]. This type of structures, however,
introduces a high capacitance that may be comparable to the input impedance of the
DUT within the GHz range [61]. In consequence, an optimization process —
supported by a physically based modeling and characterization methodology— is also

required.
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Hereafter, a physical model for the parasitic effects associated with RF test
structures fabricated on CMOS technology is presented. The proposed model is
applied to an improved shielded test structure, where the pad design for measuring
probes is two metal levels above the ground plane. For the parasitic components
parameter extraction a de-embedding procedure which uses only two standards to
reduce the space needed for this type of structures is used. The results obtained from
shielded test structures are compared with the improved layout design. The extracted

parameter values are validated with experimental data up to 50 GHz.

2.2 Description of fabricated test structures

On-wafer measurement of S-parameters is the preferred choice to carry out the
characterization of semiconductor devices at high-frequencies. In our case, ground-
signal-ground (GSG) configured probes were used due to their good confinement of
the electric field. In fact, the distribution of the electric field in a GSG-configured test
structure is similar to that of a coplanar waveguide. In Fig. 2.1a, the conventional test
structure to probe a DUT with a GSG probe configuration is shown. As can be seen in
this figure, the pads are formed in the first metal level (the closest to the substrate). In
the cross sectional view of the structure shown in Fig. 2.1b, it is observed that there is
a coupling between the signal and the ground pads through the substrate. Hence, a
parasitic capacitance appears due to the distribution of the electric field lines in the

pad corners, and a lossy network is introduced by the low resistivity substrate. The

15
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model for a conventional test structure is presented in Fig. 2.1c, where the shunt
admittances (Y; and Y,) represent the coupling of the signal and ground pads. In order
to overcome the problem associated with this parasitic substrate path, ground shielded
structures have been proposed. In this case, as shown in Fig. 2.2a, the first metal layer
above the substrate is used as a ground plane to prevent the coupling of the signal and
ground pads through the substrate. As can be observed, the ground plane is extended
in every direction under the signal pad to prevent the capacitive coupling between the
pads and the substrate. Therefore, the electric field is confined between the ground
plane and the probe pads, as shown in Fig. 2.2b. A window at the centre of the ground
plane is designed (DUT gap) to allow the interconnection of the pads with the DUT
[62,63]. A model for a shielded test structure is presented in Fig. 2.2c. Notice that in
this model the shunt admittances Y; and Y, represent the capacitance between the pads
and the ground shield since the pad-to-substrate coupling effect is negligible. This
capacitance, however, may present a considerable higher value when compared with
that associated with a conventional test structure [61], as shown in Fig. 2.3.

A simple solution to reduce the effect of the pad capacitance in shielded test
structures is the design of the probe measurements pads on the second metal level
above the ground plane. As shown in Fig. 2.4, the use of an upper metal level
increases the distance between the pad and the ground plane, reducing the shunt
capacitance. Nevertheless, additional parasitic effects become apparent as the
distance between the pad and the DUT increases. For this reason, the impact of the
pad layout on two different metal levels by means of a simple but rigorous

methodology is explained in the following sections.
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Fig. 2.1: a) Layout for the pads of a conventional test structure, used to connect the measuring probes with the DUT. b)

Cross sectional view (from a to a’) showing the distribution of the electric field. c) Parasitic effects associated with the

conventional test structure.
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Fig. 2.2: a) Layout for the pads of a shielded test structure, used to connect the measuring probes with the DUT. b) Cross

sectional view (from a to a’) showing the distribution of the electric field. c) Parasitic effects associated with the shielded

test structure.
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2.3 General models for RF test structures

Several models have been proposed to determine the effects introduced by the pads
and interconnection lines surrounding the DUT in a shielded test structure. All
previously proposed models are based on the model of Koolen et al. [58], with some
simplifications in order to reduce equation complexity, considering the frequency
range of interest. In order to apply the model for higher operation frequencies, more
elements need to be added. Nevertheless, to make the shielded test structures a
standard for on-wafer high frequency measurements, new layout techniques have to
be developed to reduce the associated parasitic effects, and better models have to be
proposed. A model for shielded test structures in which the pad for probe measuring
is located on different metal levels, is presented and compared to that of the

conventional structure.

160 Test structure:
2 Conventional
1209 o Shielded
(pad design at second metal level)
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404 (pad design at thrid metal level) &

300 3 Conventional
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11
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Frequency (GHz)

Fig. 2.3: Y;; parameter of conventional, shielded with pad design at second and third metal layer is showed.
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2.3.1 General model for conventional test structures

This is the most employed test structure because of its design and fabrication
simplicity. The general model for this type of structures is presented in Fig. 2.1c. The
eight parasitics elements of the equivalent circuit model have to be extracted by
means of an analytical methodology to obtain physical values. Then, each of the eight
parasitics is associated with an equivalent circuit model. The equivalent circuit is not
simple and the parameter extraction is tedious and complicated by means of the large
number of elements to be calculated. The analytical extraction methodology for the
conventional test structure associated parasitics is presented in [61]. Nevertheless, the
shunt elements associated with coupling of terminals through substrate are smaller
compared with MOSFET parasitic capacitance. This is an important aspect when is
determined the values of the associated parasitics input/output MOSFET

capacitances.

Pad design at the
second metal level

Pad design at the
third metal level

Ground plane at the
first metal level

Ground plane at the
first metal level

a) b)

Fig. 2.4: a) Conventional shielded test structure pad design. b) Improved shielded test structure pad design, where an upper

metal level is used.
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2.3.2 General model for the shielded test structure with pad probe design at the
second metal level

This is the most employed pad design because of its simplicity, as shown in Fig. 2.4a.
The proposed model for this type of shielded test structure is that shown in Fig. 2.2c.
As can be seen in this figure, the proposed model takes into account the ground
impedance (Zg¢) and the through impedance (Z;) associated with the pad coupling
through air. These parasitic elements had generally been neglected in previous
models, since they only become important at frequencies above 20 GHz [63].

This type of shielded test structure pad design presents several advantages, such as
simple modeling and parameter extraction, and the elimination of the pad coupling
through the substrate. Nevertheless, the high pad capacitance has a considerable value
in comparison with the conventional test structure without ground shield.

2.3.3 General model for the shielded test structure with pad probe design at the
third metal level

In order to optimize a shielded test structure, the reduction of the shunt capacitance is
necessary. A simple solution to this problem is the use of a metal layer two levels
above the ground plane. As can be seen in Fig. 2.4b, using upper metal levels
increases the distance between the pads and the ground shield, which allows reducing
the pad capacitance. However, some resistive elements become apparent as a result of
the vias needed to connect the higher metal level to the DUT. These elements are
considered in the model of Fig. 2.2c by means of the series impedances Z; and Z,,
which will be explained with more detail in the next section. Once the parasitic

elements of the shielded structure have been identified, an equivalent circuit can be
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Fig. 2.5: Equivalent circuits associated with the a) open (Z,,) and b) short (Z,,) dummy structures.

associated with each impedance and admittance in the model. Furthermore, we
explain in the next section the determination of the model parameters from

experimental data.

2.4 Equivalent circuit modeling

2.4.1 Calculation of the model parameters

To determine the eight parameters associated to the proposed model in Fig. 2.2c, the
S-parameter measurements of the open and short dummy structures are used. The
parasitics associated to open and short dummies are shown in Fig. 2.5. Then, from the
short dummy, the measured S-parameters are converted in Z-parameters represented
by the 2x2 matrix Zg,. Thus, the following parameters can be extracted from

operations on the elements of Z,:

R, = Re(lesh —Zyg, ]LF (2.1)

Ro ~ Re(ZZZSh - Zleh ]LF (22)
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Z a = Lo (2.3)

gnd

where the subscript LF indicates that this approximation is valid at relatively low
frequencies at which the reactive components associated with the elements of Zj, are
negligible.

This follows because the structure under analysis is symmetrical and can be
transformed in a T-network. Under this condition and in accordance with the model
of Fig. 2.5, Zgua, R; and R, can be removed from the measured data using simple

algebraic operations; mathematically:

R Z

Ztvh = Zsh _(Z l ;ndj . (24)

gnd 0

A similar equation can be written for the model for the open dummy shown in Fig.

2.5a; this is:

' Ri Zgnd
z,=2,-| , ') 2.5)

gnd 0

Upon transforming (2.5) to Y-parameters and inspecting Fig. 2.5a, the input and

output port admittances are determined as:

Y; = Ylvlop + Y2Ilop . (26)
Yo = Y2'20p + }/2'101) : (27)
Once Y; and Y, are known, their effect is removed from Y’Op using:
Y = YI}UP Yl?"’” - [Y" ’ j (2.8)
}IZIUp }/220p 0 Ya
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Then, Z; and Z, can be extracted from the measurements using:

Z = 1; (2.9)
Y,
lesh
, 1
Z, = I (2.10)
-7,
225sh
Finally, Zris calculated from:
1
Z/:T—Zi—ZO. (211)
. 2lop

2.4.2 Analytical parameter extraction

In the model for a shielded test structure R; and R, represent purely resistive elements
since they are inherent to the sheet resistance of the pad metal layer and contact
resistance. This is the reason why these resistances are determined by means of the
expressions (2.1) and (2.2). As shown in Fig. 2.6a, there exist considerable
differences between the extracted values for R; and R, according to which metal layer
is used to form the pads. Fig. 2.6a also shows the data corresponding to Z;,; as can
be seen, this parameter is associated with a pure inductance. Thus, Z,, can be
modeled by means of a lumped inductor. Furthermore, this figure shows that Z;,
presents the same trend for the two different shielded structures; this is because the
same metal level is used for the ground shield. Therefore, the value of the ground

inductance can be determined from:

_Im(Z,,,)
=, (2.12)

L

gnd
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Also notice from Fig 2.6b, that the trend of Y; and Y, indicates that these
parameters are not purely capacitive. An appropriate equivalent circuit for these
parasitic elements is a capacitor (C,) in series with a resistance (R,). Their values can

be extracted from Re(Y;,) (which indicates that the procedure is applicable to Y; and

Y,) by using:

1

= 3 3 +
Re(Y,) @C,R,

6001
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Fig. 2.6: In these figures the frequency behavior of the parasitic elements of shielded test structure, where the probe pad

is designed in the second and third metal layer, are presented.
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Hence, from the linear regression of 1/Re(Y;,) versus 1/ a)z, R, can be determined
from the intercept with the abscises (), and C, can then be determined from the slope

(m):

C,= : (2.14)

At this point, it is necessary to point out the fact that C, and R, present different

values depending on the parameter they are associated with, either Y; or Y.

For Z; and Z, two solutions are possible. The first one is when the pad metal layer
is located on the metal level immediately above the ground plane. In this case, a pure
inductive effect is observed, as is shown in Fig. 2.6¢c. It then follows that the

inductance value can be determined from:

Im(Z,
1, =)

i

(2.15)
w

When an upper metal level is used, Z;, are no longer purely inductive elements, as
can be seen in Fig. 2.6¢c. A better model is that of an inductor (L;) in parallel with a

resistor (R;). The values for these elements can be calculated from:

2
o oL, 1 (2.16)
Im(Z,) R L

z l

In this case, a linear regression of @/Im(Z;,) versus " is employed to find the
intercept with the abscises (b) and the slope (m). Therefore, 1/L; is determined from b

while R; is determined from m using:

25



Chapter 2

(2.17)

Finally, likewise in the case for Z;,, Z has a different trend when plotted versus
frequency when an upper metal level for the pad design is used, as shown in Fig.
2.6d. As can be seen, when the probe pad is at the metal level next to the ground
plane, a pure LC effect is observed. When a higher metal level is used, however, the
contribution of a series resistance is needed to model the curves. The values for Lyand

Cr in both cases are obtained from the linear regression of:

olm(Z,) :—CLJr o’L (2.18)

S

Iz

Then, —1/Cy is obtained from the intercept with abscises, whereas L, is obtained
from the corresponding slope. In the case of Ry for the structure that uses a higher

metal level, the extraction is performed from the value of Re(Z)) at low frequencies,

~ 300-{ Experimental data for I
pad probe design at o
~.200q o Second metal level

X Third metal level s

= Simulated

50

T T T T T
0 10 20 30 40 50
Frequency (GHz)

a) b)

Fig. 2.7: a) Complete equivalent circuit model for the shielded pad design. The solid lines represent the model for
conventional structures, and the dotted lines the elements that have to be added to improve the model for the test structure.
b) Comparison between the simulated and experimental data of the real and imaginary parts of parameter Z;; for the open

dummy, up to 50 GHz.
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where the effect of Lyis negligible.

2.5 Results and discussion

The complete equivalent circuit model for the shielded test structure is presented in
Fig. 2.7a. To validate the values obtained using the proposed analytical extraction
methodology, in Fig. 2.7b we show a comparison between the simulated and
experimental data of the real and imaginary parts of Z;; of the open dummy up to 50
GHz. As can be observed in Fig. 2.7b, the proposed model agrees very well with the
experimental data. The advantages of using higher metal levels to reduce the
input/output shunt capacitance is corroborated, but with the cost of introducing new
resistive elements in the equivalent circuit model. The new resistive elements are
caused by metal thickness differences in each layer, and the use of deep vias to
connect the DUT to the pad. Moreover, even though one would expect Z;be the same
for both cases, experimental data show that this is not the case. As explained above,
the metal characteristics of upper levels are not the same (mainly the metal
thickness), and thus the pad coupling through air varies according to which layer is
used.

The results presented in this experiment show a trade off between the reduction of
the input/output shunt capacitance and the parasitic resistive elements. It is clear that
more experiments are needed in order to determine the best metal level for pad
design, where the optimum shunt capacitance and parasitic resistance values are

obtained.
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2.6 Conclusions

An accurate model and an analytical parameter extraction methodology for the
parasitics associated with a RF shielded test structure fabricated in a CMOS
technology have been presented and demonstrated up to 50 GHz. The pad parasitics
distribution is proposed, and a simple de-embedding method is based on the use of
only two dummy structures is employed. The experimental results show a
compromise in the reduction of the shunt input/output capacitance and the appearance
of parasitic resistances, when using different metal levels for the pad design.

The proposed equivalent circuit model is shown to be accurate within the
measuring range, allowing the proper representation of the parallel and series
parasitic components. All of these can be assigned to the physical aspects of the
structure, giving the designer insight into the structure, needed to optimize layout

techniques in order to reduce undesirable effects on the DUT.
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Modeling of the Band-to-Band Tunneling in

Bulk MOSFET’s

3.1 Introduction

Minimization of the off-state leakage current is an important issue in high-density,
battery powered CMOS technologies [1]-[3]. With the downscaling of MOSFET’s
channel length and oxide thickness, the effect of the charge leakage mechanism that
was neglected for micrometric devices becomes relevant in nanometric technologies.
This is the case of the band-to-band tunneling effect (BTBT) in the MOSFET drain-
to-bulk junction. The BTBT charge leakage generates a parasitic current in the
intrinsic MOSFET bulk. The magnitude of the parasitic current is not noticeable in
comparison with drain current at the strong inversion condition. However, the
magnitude of this parasitic current is high enough to turn on the parasitic bipolar

transistor (pBJT) formed between the intrinsic source, bulk, and drain nodes of the
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Fig. 3.1. Model for the MOSFET biased at ;=0 V and ¥,>0 V showing the different currents associated with the structure.
MOSFET. This is an undesired effect since the parasitic current associated to the
BTBT charge leakage is amplified by the pBJT, which sets a high off-state leakage
current flowing from the drain to the source of the MOSFET [43, 44, 50]. Moreover,
according to our experimental results [70], this leakage current increases as the
channel length decreases. This is because the current gain (f) of the pBJT increases
as the base width (given by the channel length) is reduced.

To prove the existence of the BTBT effect, we present measured results of the
leakage current generated by the pBJT for bulk MOSFETs with channel lengths (L,,)
of 50, 60, and 70 nm, and a channel width (W7) of 2 um. These measurements were
taken at room temperature at V,=0 V and V=0, 20, 40, 60, 80, 100, 120 mV.
Furthermore, an analytical methodology for the extraction of the pBJT gain is
presented to carry out a thorough qualitative analysis of the tunneling current effects.

Furthermore, the BTBT effect in the drain-to-bulk junction is demonstrated by
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comparing the experimental data with a model previously reported by Y. Taur et a/

[43].
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Fig. 3.2. Exponential behavior of the leakage current for a 50nm MOSFET channel length at V,,=0V. Notice the weak
dependence of 7; with V.
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Fig. 3.3. TOP: Inverse of the slope of the In(Z;)—V,, curves in the subthreshold region plotted versus V. BOTTOM: Inverse
of the slope of the In(Z;)—Vy curves at V=0 V plotted versus V. These results suggest that at V,,=0 V the dominant
transport mechanism is diffusion (notice the weak dependence of the plotted data with V).

3.2 MOSFET Parasitic Bipolar Transistor Operation at V,=0 V
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Fig. 3.4. Off-state leakage current measured at V=0 V for three MOSFETs with different channel lengths.

The intrinsic parasitic bipolar transistor (pBJT) presented in the MOSFET structure is
shown in Fig. 3.1. This pBJT is turned on when a considerable amount of charge
flows through the intrinsic bulk terminal of the MOSFET (i.e. the parasitic base
terminal). This charge flow may be generated through several mechanisms of charge
leakage generation that occur in the bulk MOSFET under different bias conditions,
such as tunneling through oxide or impact ionization. One of the most analyzed
mechanisms of this type is the gate-induced-drain-leakage (GIDL). GIDL, as its name
indicates, is strongly dependent on the applied bias at the gate, which defines a
leakage current when the device is operating in the strong inversion region. Thus, in
order to observe BTBT, which is the effect we are studying, it is necessary to
minimize GIDL, which is achieved when the MOSFET is biased at V=0 V. Under
this gate-to-source bias condition, the /,—V; curves associated with the pBJT were
obtained by measuring the drain current when varying the bulk-to-source voltage
from 0 to 120 mV in steps of 20 mV. As shown in Fig. 3.2, the drain current presents

an exponential behavior inherent to the operation of a bipolar transistor. As it is well
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known, the efficiency of a BJT is proportional to the inverse of the slope of the /;

versus Vg curve plotted in a logarithmic scale ([din(Ly)/dV4] ™). In Fig. 3.3, a

0.0 0.2 0.4 0.6 0.8 1.0
12004 ' ' ' T
ﬁ 120
800
80
Q QU
400 40
0 : : . 0
0.0 0.2 0.4 0.6 0.8 1.0

v, (V)

Fig. 3.5. Extracted [ versus Vy for transistors with fixed width and different lengths. As expected, £ increases as L,, is
reduced.

comparison between the inverse of the slope of the I,—Vg and 1~V curves plotted
versus Vy and Vs respectively is shown. Since [dIn(/,)/d Vgs]'1 presents a weak
dependence on Vy,, the diffusion component of the current flowing between drain and
source is negligible when V,<Vr. In contrast, [a’ln(ld)/dVds]'1 varies in a more
accentuated way when plotted versus Vy, at V=0 V, which means that once the
transistor is completely in off-state, the diffusion component becomes important.
Another consideration in the analysis of the pBJT is the dependence of £ with the
channel length. As it was previously mentioned, the channel of the MOSFET acts as
the base of the pBJT. Therefore, the BTBT effect is strongly dependent on the
channel length and therefore the measurements corresponding to the leakage current

generated by the pBJT considerably vary with L, as shown in Fig. 3.4. In this figure,
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the drain current at Vg=0 and V=0 and 120 mV is plotted for MOSFETs with
L,=50, 60, and 70 nm. As can be seen, f of the pBJT increases as the MOSFET
channel length is reduced, which is observed as an increase in the BTBT parasitic

current due to the reduction of the base region.

3.3 Extraction Methodology of the Parasitic Bipolar Gain (f)

An important parameter for the analysis of the pBJT is the determination of £. In
order to extract £ from the measured data, the following methodology is proposed. In

accordance with Fig. 3.1, the following relations between the pBJT and MOSFET

currents can be established:

I,=1+I (1) I =1,Q2)

c tun

Where I. and [, are respectively the collector and emitter currents of the pBJT. Thus,

if p>>1, I.~I, and

I,-1 =1 3)

s~ Ttun

Hence, assuming that 7, is approximately equal to the base current feeding the
pBJT and considering I,=(f +1)I,,,, the following expression can be obtained by

combining (1)-(3):

=B @
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In Fig. 3.5, p for the pBJTs associated with MOSFETs with L,=50, 60, and 70 nm
is shown. As previously discussed, f increases as the MOSFET channel length

decreases and shows a dependence on V since this voltage sets the collector-to-

emitter voltage.

3.4 Demonstration of the Parasitic Band-To-Band Tunneling Charge

Leakage

Once the presence of the pBJT effect is demonstrated and the corresponding £ is
extracted, the determination of the charge leakage mechanism that turns on the
parasitic current is necessary. Fig. 3.6 shows the experimentally determined base
current of the pBJT, which was obtained from (3). Considering that V=0, all the
associated mechanisms related to the gate are discarded (e.g. tunneling through oxide
or impact ionization). Moreover, because of the high drain doping concentration, the
avalanche multiplication effect can be neglected at a low V. Afterwards, it is
demonstrated that the mechanism that is generating the charge leakage in the intrinsic
bulk is band-to-band-tunneling. In order to demonstrate the BTBT effect, the
experimental /,, data is compared with simulated data using the equation (5) from
[43], as shown in Fig. 3.6. Equation (5) defines the density current given for a reverse

biased p-n junction

2m*q? 4-2m*E>"?
_[2m qEVdSeXp(_ m ")

b-b 3 1/2
47’ hE! 3qEn
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Fig. 3.6. Experimental /,,, data compared with simulated data using the equation reported in [7] to demonstrate the BTBT
effect.

In equation (6) E, is the energy bandgap, and

E = \/2qNa(de +l//bi) (6)
8S~

1

Where N, is the bulk doping concentration and y;, is the built-in potential of the
drain-bulk junction. The good correlation that is achieved between experimental and

simulated data demonstrates the BTBT effect (see Fig. 3.6).
3.5 Conclusions

The analysis and characterization of the off-state leakage current (Vg=0) for a
nanometric bulk MOSFET was introduced. The experimental results show that a
considerable leakage current is flowing from the drain to the source terminals for
V¢~0. The exponential behavior of the drain current proves the presence of a pBJT.
To support the analysis, an analytical procedure to extract the gain of the pBJT was

presented. Furthermore, the BTBT effect, which is the charge leakage mechanism
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that turns the pBJT on was demonstrated and analyzed. The BTBT effect was
demonstrated by the good correlation between the experimental and tunneling model.
These results show this leakage current needs to be reduced in order to improve the
stand by power consumption for high-density, very low-power, battery powered

CMOS technologies.
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Chapter 4
Analysis of the Impact of the Drain-

Junction Tunneling Effect on a Microwave

MOSFET from S-parameter Measurements

4.1 Introduction

MOSFET characterization is key among several aspects to improve compact models,
to optimize device and circuit design, and to reduce the leakage currents reducing the
power efficiency of electronic systems. As pointed out in recently published literature
[1], the reduction of the leakage current plays a fundamental role in the transistor and
circuit design for low-power CMOS applications. Moreover, due to the increased
demand for high-speed electronics products, the accurate modeling of the MOSFET
at high frequencies (HF) it becomes necessary to represent the behavior of this device
in microwave circuits and systems [2]. However, as the operation frequency

continues to increase and the channel length to reduce, higher order effects make
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increasingly difficult to represent the electrical behavior of the MOSFET at HF. In
this case, one of the characteristics that have to be accurately represented is the output
impedance [3]. Several parameters that influence the MOSFET’s output
characteristics have been previously analyzed in the literature, such as the
source/drain parasitic resistances, and the substrate impedance [4]-[6]. In fact, some
of the effects that become apparent at HF have been directly associated to these
parameters to keep the modeling simple and analytical [65].

As is well known, the MOSFET HF characterization based on the measurement of
two-port S-parameters allows the determination of the equivalent circuit model
parameters, and several techniques have been reported to obtain MOSFET’s intrinsic
and extrinsic parameters. Therefore, using an S-parameter measurement-based
characterization helps to identify the effects occurring within the device when
associating the model parameters with physical phenomena. As the MOSFET
dimensions shrink, more of these effects become apparent and have an important
influence in device performance. Thus, the proper determination of the associated
parameters is necessary to accurately predict the device’s behavior under a wide
variety of conditions. One of these high-order effects taking importance as the
channel length shrinks to nanometric dimensions is the band-to-band tunneling
(BTBT) occurring in the drain-bulk junction. Thus, using measured S-parameters to
obtain the model parameters associated with this effect is desirable to assess the
performance of the device, but also to represent the corresponding behavior under a
small-signal regime. The importance of the BTBT effect relies on the fact that the

MOSFET’s output characteristics are affected with the corresponding tunneling
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current at relatively high drain-to-source voltages, which considerably affects the
performance of short-channel devices. In fact, previously reported experimental
analyses have considered this effect in SOI MOSFETs [53] and in field-induced
band-to-band tunneling effect transistors (FIBTET) [51]. These previous analyses of
the BTBT effect have been performed using regression methods applied to DC
measurements of several devices, assuming that this effect remains constant with the
channel length. Until now, however, the potential of S-parameter measurements
performed to single devices to carry out an analysis of the BTBT effect has not been
explored.

In this chapter, we explore the use of small-signal S-parameter measurements to
identify and quantitatively determine the impact of BTBT originated at the drain-bulk
junction of a MOSFET. We confirmed the presence of the BTBT effect through an
exhaustive analysis of the experimental MOSFET’s small-signal parameters up to 40
GHz. For this reason, we also propose a straightforward parameter extraction
procedure that allows identifying the dominant effects influencing the device’s output
impedance. The proposed method is based on S-parameter measurements performed
to a device biased at V=0 V and V>0 V. Using this method, we observe that an
additional admittance must be included in the MOSFET HF equivalent-circuit model
when considering BTBT. This admittance accounts for the current introduced by the
band-to-band carrier tunneling effect occurring at the drain junction in short-channel
devices, and allows a considerable improvement of the small-signal modeling of a

MOSFET at high frequencies. The proposed methodology is validated through a
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Fig. 4.1. Sketch showing the top view of the MOSFET REF test structure.

correlation between simulated and experimental data for microwave MOSFETs

fabricated in a 0.1 pum CMOS technology.

4.2 Experiments

A calibrated vector network analyzer was used to measure S-parameters to four
common-source/bulk MOSFETs fabricated on a p-type Si substrate. These devices
have a channel mask length, L,=0.1 um, two gate fingers (NF=2), and finger widths
Wr=5, 10, 15 and 20 um respectively. Additional open and short dummy structures
were used to correct the measurements from pad parasitics. The S-parameters were
taken at V=0 V and V;~=0.3, 0.55, 0.8, and 1.05 V. The top view of the layout of the
MOSFET RF test structure is presented in Fig. 4.1. Due to the poor quality channel
formation under the V,=0 V condition, the impact of the parasitic currents flowing
between drain and source when there is no channel can be analyzed using an

equivalent circuit approach explained hereafter.
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4.3 Method Formulation

Fig. 4.2 shows the model of a MOSFET biased at V,=0 V that includes the intrinsic
and extrinsic components. In this model, the source and drain parasitic resistances (R
and R, respectively), the drain and source junction capacitances (Ci; and Cj
respectively), the gate resistance (R,), and the substrate resistance (R}) are considered
as extrinsic elements, whereas the intrinsic part of the MOSFET is represented by
means of three capacitances and a complex admittance (g*m,,). The later is associated
with the drain to bulk BTBT effect.

In the model presented in Fig. 4.2, all the extrinsic elements are considered as drain-
bias independent. This assumption is valid for the source and drain parasitic
resistances since the spreading and the accumulation resistances do not present a
considerable variation with Vg at V=0 [65]. For the case of the drain and source
junction capacitances, and for the substrate resistance, this assumption is also
reasonable due to the high doping of the p-n junction associated with the drain and
source regions. Besides, accurate results have been obtained when assuming drain-to-
source voltage independence of the substrate parameters [73].

In order to determine the substrate parameters, the equivalent circuit of Fig. 4.2 can
be used. When V=0 V is assumed, the effect of g*,un can be neglected, and the
typical assumptions considered under zero-bias cold-FET conditions allow to arrange

the equation associated with the real part of Z,; in the form [65]:
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Fig. 4.2. Equivalent circuit model for a MOSFET biased at V=0 V and V>0 V.

2
Y Rt (1)
Re(1/Z,,) C3R,

Where o is the angular frequency in radians. Thus, R, and Cj; can be determined
respectively from the slope and the intercept with the abscises of a linear regression
of the experimental «’/Re(1/Z»,) versus " data.
Once R, and Cj; have been obtained, the corresponding effect is removed from the
experimental data by applying the following equation:

0 0

YA = Ymeas - 0 a)chde jCDde (2)
1+@°CLR?  1+@°CR;

where Y., represents the Y-parameter matrix obtained from the direct
transformation of measured S-parameters into Y-parameter data, whereas Yy
represents the Y-parameter matrix after the effect of R, and Cj; has been removed
from the measurements.

In [73], a procedure to obtain the source and drain resistances was proposed. Using
this method, the bias-dependent series resistances were determined allowing good

simulation-experiment correlation as presented in the results section. Thus, after R,
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and R; are extracted, the corresponding effects are de-embedded from the

experimental data by applying the following equation:

R X-joC RX
Z=z,-| ¢ O 3)
X - joC R X R,
where
j— RS )
1+ @’C R}

JsTs

Z., is the Z-parameter transformation of Y4, and Z’ is the corresponding Z-parameter
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Fig. 4.3. Experimental Re(Y'»,) versus frequency data showing a sinusoidal behavior. The solid line represents the fitting

used to determine g, and 7.
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matrix after removing the effect of the extrinsic resistances. In the equation (3),
Cji~Cj, 1s considered since, as can be seen in Fig. 4.1, the devices under investigation
were designed to be symmetrical (i.e. the total area and perimeter of the drain
junctions are the same to those of the source junctions).

After removing the effect of the extrinsic parameters from the measured data, the
reference plane of the experimental-data is shifted down to the MOSFET’s intrinsic
part. In this case, previously reported simplified approaches consider the intrinsic
behavior of the device as purely capacitive even for high values of V. This means
that the real part of the Y-parameters associated with the MOSFET intrinsic part
should be approximately equal to zero. However, as shown in Fig. 4.3, a sinusoidal
behavior of the experimentally determined real part of the intrinsic ¥ " parameter is
observed when plotted versus frequency. This suggests that an additional current flow
from the intrinsic drain to source (in parallel with Cj) has to be considered.
According to the analysis presented in the results section, this current is associated
with the BTBT effect occurring in the depletion region at the drain side [50]. The
following theoretical analysis allows verifying the implications of this current when
the MOSFET operates at high frequencies.

According to Fig. 4.2, when the admittance g*,u,, is connected in parallel with Cy, Y *22

can be expressed by means of:

* *

Y22 = gtun + .]a)(c

ds

+C,) @)

where g*mn is associated with the BTBT charge flow and is given by [43]:
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g;ﬂ = gtuﬂei./‘(w‘ro*ﬂ-/Z) (5)

In this equation, gu, and 7 are respectively the magnitude and the phase delay

introduced by the BTBT effect.
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Fig. 4.4. Extracted 7 and g, versus Wr data showing a physically expected trend.
Notice that the equation (5) can be expanded in real and imaginary parts, which

yields:
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* T .. T
gtun :gtun Cos a)TO_E _]Sln a)TO_E

= g..[sin(w7,) + jcos(wr,)] (6)

Thus, the combination of (4) and (6) allows confirming that the real part of Y*gg

presents a sinusoidal form expressed by:
Re(Yy,) = g, sin(@7,) (7
As can be noticed, g,,, and 7% can be directly determined from the magnitude and

phase velocity of a sinusoidal fitting of the experimental Re(Y*zz) versus frequency

data. This extraction is illustrated in Fig. 4.3.
Once g, and 7y have been determined, the intrinsic capacitances are directly obtained

from the imaginary part of the intrinsic Y-parameters.

4.4 Results and Discussion

In Fig. 4.4, the extracted g,, and 7, versus the total gate width (W=NF-W)) data is
plotted. As expected, g, is proportional to W7 since the current flowing from drain to
source will increase as the device’s width increases. For the case of 7, no dependence
with Wr is observed, which is also physically expected since this parameter is
associated with a time delay of the carriers flowing between the intrinsic drain and
source regions. Thus, 7y would be dependent on the separation between drain and

source and low sensitive to width variations.
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Fig. 4.5. Comparison between the simulated and experimental output impedance showing the improved modeling when

considering g .

Finally, in order to validate the proposed parameter extraction procedure, in Fig. 4.5
the simulated real and imaginary parts of the MOSFET output impedance are
compared with experimental data. The simulations were performed with HSPICE
after each small signal MOSFET model parameter was obtained following the
proposed procedure. As can be seen in Fig. 4.5, the simulation is considerably
improved for Re(Z;;) above 10 GHz when the current source associated with the
current tunneling is considered, whereas an almost frequency independent curve is
obtained when ignoring this effect. In contrast, notice that below 10 GHz the
MOSFET intrinsic part presents a higher impedance when biased at V;>0 V, which is
not considered in the traditional models and yields an underestimation of this

parameter. In the case of the curve obtained when considering the tunneling current
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source, the simulation presents the correct trend. Nevertheless, the inclusion of
additional elements may be necessary to improve the simulation for this specific low

frequency range.

4.5 Conclusions

An analytical method for the extraction of the small-signal MOSFET parameters
including BTBT effects was presented and demonstrated. The extracted methodology
represents a valuable tool to assess the influence of BTBT effects in nanometric
devices from S-parameter measurements. These measurements are performed to a
single MOSFET avoiding dependence of the variation of the electrical characteristics
with the device geometry. Furthermore, the proposed method allows the
determination of the parameters to accurate represent the intrinsic behavior of
MOSFETs at high frequencies. Excellent simulation-experiment correlation was
achieved up to 40 GHz, and physically expected trend of the extracted parameters
was observed when plotted versus channel width. Furthermore, the small-signal
model for a MOSFET can be considerably improved when considering this additional

effect when operating within the microwave range.
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General Conclusions

5.1 Introduction

A full DC and HF characterization of the drain-to-bulk junction band-to-band
tunneling effect has been presented in this thesis. For this reason, the analysis of the
charge leakage through the substrate is presented under DC and HF conditions. This
analysis was based on an exhaustive study through measurements performed to
0.1 pum and 60 nm CMOS devices. The measured data shows that the input and
output features of the HF MOSFET are considerable affected by high order parasitic

effects, such as band-to-band tunneling. So far, band-to-band tunneling has been
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considered as a pure DC second-order effect. However, in this work it is verified that
this particular DC second-order effect has also an impact on the behavior of the
MOSFET at HF. This second order effect is associated with current sources (in the
case of DC operation conditions) or a conductance (in the case of HF operation
conditions) in an equivalent circuit model. In order to obtain accurate values for the
parameters associated with these models, a de-embedding involving the parasitic
circuit elements was done with great care using a new proposed analytical
methodology. Thus, in this thesis two methodologies were proposed, one based on
DC measured data and another based on S-parameter measurement.

Additionally, to guarantee the validity of the measured two port network MOSFET
parameters, a complete analysis of the impact of the pad parasitics at HF was
presented. With this respect, a qualitatively comparison of the conventional test
structures and ground-shielded structures, was presented. Even more, an analytical
methodology for the extraction of each of the parasitic associated to the shielded test
structures was also proposed, which represents a useful tool when performing
microwave measurements to semiconductor devices.

With regard to the DC extraction methodology, the gain of the parasitic bipolar
transistor presented in 50, 60, and 70 nm channel length MOSFETs was extracted,
showing the dependence of the parasitic bipolar gain on the MOSFET channel length.
In addition, it was observed that, as the MOSFET channel length is continuing
downscaling, the parasitic bipolar gain is increasing, which may result in a larger
current leakage. This is due in part to the fact that the miniaturization of the MOS

technology implies the use of heavy and very shallow drain/source regions, which

52



General Conclusions

together with the very short channel length, results in a more prominent band-to-band
tunneling effect. Therefore, the incorporation of band-to-band tunneling in deep
nano-metric MOS technology modeling is a need.

In order to provide information about the impact of the band-to-band tunneling effect
under HF conditions, an S-parameter measurement based methodology up to 40 GHz
was presented. In this methodology, the importance of single transistor measurements
for the determination of the equivalent circuit parameters values is demonstrated. As
is well known, many model parameters are channel length dependent. Thus, using a
single-device measurement technique eliminates the uncertainty of applying linear
regression of data obtained from devices with different channel lengths. An
interesting point to be mentioned is that the conductance associated to the band-to-
band tunneling effect shows a sinusoidal behavior, which depends on the MOSFET
channel length. This sinusoidal trend of the experimental data points out the fact that
there are a finite transit time of the carriers associated with the parasitic currents
originated by the tunneling effect.

The obtained results indicate that second order effects and in particular the tunneling
effect is of great importance. For the tunneling effect, as the channel length shrinks
down, the corresponding conductance increases. This may result in a larger

degradation of the performance of analog circuits operating in the microwave range.
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5.2 New challenges in MOSFET modeling

The continuous scaling of CMOS devices down to the sub-30-nm regime results in
higher device density, faster circuit speed, and higher power dissipation. Besides,
many new physical phenomena such as 2-D/3-D electrostatics, CLM, DIBL, remote
surface roughness scattering, mobility degradation, impact ionization, band-to-band
tunneling, velocity overshoot, self-heating, channel charge quantization, polysilicon
depletion, NQS effects, gate-induced drain leakage and noise, and discrete dopant
become significant since the device dimensions are approaching the technology
limits. Meanwhile, accurate MOSFET models that include the observed physical
phenomena are crucial to design and optimize advanced VLSI circuits for nanoscale
CMOS technology. Moreover, these models are required for both analog and digital
circuits. Thus, it is mandatory the development of advanced compact models to face
the enormous challenges introduced by the development of sub-30-nm technologies.

The incorporation of all the second-order effects in the development of a HF
MOSFET model is beyond a single PhD thesis. Therefore, this work focuses only on
contributions regarding some particular aspects including microwave probing, bias-
dependent parameter extraction at HF, correlation of DC and RF extracted data, band-
to-band tunneling effects, and the corresponding implications at HF. A HF model that
incorporates all the effects that become apparent in advanced devices is complex and
represents a challenge that is continuously faced through intense research at academy

and industry levels. With this respect, future research in this direction will be
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continued using different configurations of test structures that are needed to support
further analyses. These structures include common gate/bulk MOSFETs and even
multiport-configured devices. This is due to the fact that the high-order parasitic
effects have different bias and geometry dependence. Even more, the continuous
downscaling of the dimensions of the MOSFET makes several effects appear at the
same bias conditions. Hence, to analyze a specific effect in the MOSFET, the design
of special test structures for a complete characterization is required. In addition,
quantum effects [43] that are predominant for deep nano-metric technologies should
be also considered for the HF modeling of MOSFETs.

The results that will be obtained in further analyses from DC and HF device
characterization will give enough information to determine the geometry dependence
of the effects under analysis. This is necessary for the model scalability, where the

characterization information has to be implemented in a compact model.

5.3 Model scalability for sub-nanometric devices

As is well known, every compact model needs to accurately represent the DC and HF
behavior of a MOSFET of any geometry within an actual design. Then, the scalability
of each model for the parasitic effects is important for an accurate simulation of any
device, circuit and system. Nevertheless, as the channel length is reduced to
nanometric dimensions, a more detailed geometry dependence model is necessary.

This is because of the limits imposed by the classical electric characteristics of the
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MOSFETs and the quantum electric behavior of the next generation devices. Even
when engineering work is being carried out with success to reduce the quantum
effects appearing in nanometric devices, eventually these effects will take importance
and will determine the conditions at which the classical electric characteristics and
quantum behavior assumptions have to be applied. However, the simplicity of the
design equations can be carried out with the help of equivalent circuit models. This is
because any physical phenomena can be accurately represented by means of an
arrangement of the elemental circuits such as resistors, capacitors and inductors.
Thus, under certain conditions the equivalent circuit model can be reduced and the
equations that determine the behavior of the device in DC and HF conditions can be

easily implemented in a compact model.

5.4 Techniques for device characterization

It is obvious that DC and HF nanometric MOSFET modeling requires of special
characterization methodologies that incorporates second order effects and substrate
current coupling paths. The incorporation of these effects associated to nanometric
MOS technologies, will result in reliable de-embedding techniques and electrical
models. Nevertheless, the analytical methodologies proposed for the extraction of
some kind of parasitic elements associated to a specific parasitic effect are not
sufficient to determine the nature of the phenomena. In consequence, a correlation of

the behavior of the input and output characteristics of the device operated in DC and
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HF behavior is necessary to validate every hypothesis. In this thesis, such kind of
analysis has been applied and demonstrated as a good starting point for a full
characterization of the MOSFET from DC to HF. It is important to mention that
although only the band-to-band tunneling is incorporated, other second-order effects,
like for instance GIDL, DIBL, can also be incorporated to develop a scalable HF

MOSFET model.
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