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Abstract

In the automotive industry, there is a strong trend that has increased the electronics in cars for
various functions like fuel injection, electric control of doors and windows, electric chair ad-
justment, air conditioning etc. The 12V battery used in the present cars will not be sufficient
for the increasing number of functions, as a consequence, a change towards 42V batteries will
be necessary. For these automotive systems, so called smart power ICs must be used. These are
the chips in which the power functionality e.g. control of motor is integrated with logic control.
There is also a trend towards operation at high voltages and integrating more intelligence using
a microcontroller’s RAM/ROM memory and several other sensors and interfaces. The final goal
is the integration of a complete system on a single chip, so called power system on chip (SoC).

The interest in accurate modeling of high voltage transistors has increased in recent years
due to the compatibility of these devices with standard CMOS technology. However, existing
LDMOS models are not accurate enough for this task and SPICE models are specially weak for
AC performance. The limitation of these models lies in their lack of capability to physically
model some of the characteristic phenomena observed in high voltage devices. The increased
difficulty is related to complex 2D effects specific to asymmetric high voltage device architec-
tures.

This thesis presents the compact modeling of high voltage devices. First, a highly scalable
general high voltage MOSFET model, for the first time, is presented, which can be used for
any high voltage MOSFET with extended drift region. This model includes physical effects
like the quasi-saturation, impact-ionization and self-heating, and a new general model for drift
resistance. The model is validated on the measured characteristics of two widely used high
voltage devices in the industry i.e. LDMOS and VDMOS devices, and implemented in Verilog-
A code and tested on commercial circuit simulators like SABER (Synopsys), ELDO (Mentor
Graphics), Spectre (Cadence) and UltraSim (Cadence). The model exhibits excellent scalabil-
ity with transistor width, drift length, number of fingers and temperature. Second, the compact
modeling of lateral non-uniform doping is presented, which has great impact on the AC behav-
ior. Third, the invalidity of Ward-Dutton charge partitioning scheme for lateral non-uniformly
doped MOSFET is explained. A novel partitioning scheme is then developed and validated on
the device simulation. For the first time, noise modeling of lateral non-uniformly doped MOS-
FET is carried out and validated on the device simulation.

Keywords: High Voltage MOSFET, DMOS, LDMOS, VDMOS, DEMOS, LAC, LAMOS,
Drift, Model, DC, AC, Capacitance, EKV, HV-EKYV, Partitioning, Noise, Lateral Non-uniform
Doping, Scaling
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Résumé

L’industrie automobile a alimenté une forte tendance d’intégrer de plus en plus de composants
électroniques dans les voitures afin d’accomplir des fonctions diverses telles que le contrle de
I’injection de carburant, des vitres électriques, des siges automatiques ou de la climatisation.
Les batteries de 12V utilisées dans les véhicules actuels seront bientt insuffisantes pour toutes
les fonctions envisagées et par conséquent I'utilisation des sources de 42V est nécessaire. Un
nouveau type de circuit intégré de puissance, appelé ” smart power ~” IC en anglais, doit tre
utilisé dans lequel la fonctionnalité du contrle de la puissance sera intégrée avec celle de la
logique, par exemple pour la gestion du moteur. Il existe, d’ailleurs, une tendance vers des
dispositifs haute tension avec la co-intégration d’intelligence accrue, en utilisant la mémoire
RAM/ROM de microcontrleurs, en parallle avec des capteurs et d’autres interfaces. Finalement,
le but sera la fabrication d’un systme complet sur puce, le systme de puissance sur puce (SoC,
” System on Chip ).

La compatibilité de ces composants avec la technologie standard CMOS a récemment aug-
menté 1’intért pour une modélisation précise des transistors haute tension. Toutefois, les modles
existants LDMOS ne sont pas suffisamment précis et les models SPICE s’avrent particulirement
faibles quant la performance AC. La limitation des modles mentionnés se situe dans leur inca-
pacité de modéliser physiquement des phénomnes caractéristiques observés dans les dispositifs
haute tension. La difficulté principale est liée des effets bidimensionnels spécifiques aux archi-
tectures asymétriques de ces composants.

Ce travail de thse est consacré la modélisation compacte de dispositifs haute tension.
Tout d’abord, un modle MOSFET général de scalabilité accrue est présenté pour la premire
fois et qui peut tre utilisé pour tous les MOSFET haute tension avec une région de ” drift
étendue. Le modle en question prend en compte des phénomnes physiques tels que la quasi-
saturation, 1’ionisation par impact, 1’autoéchauffement et il introduit une nouvelle description
pour la résistance de ” drift . Par ailleurs, le modle a été validé sur des caractéristiques mesurées
de deux types de composants, largement répandus dans I’industrie comme le LDMOS et le VD-
MOS, mis en uvre en code Verilog-A et testé sur des simulateurs commerciaux comme SABER
(Synopsys), ELDO (Mentor Graphics), Spectre (Cadence) et UltraSim (Cadence). D’une part,
le modle présente une scalabilité excellente avec la largeur du transistor, la longueur de ™ drift ”,
le nombre d’électrodes interdigitées et la température. D’autre part, la modélisation compacte
du dopage non-uniforme latéral est présentée, qui a un impact considérable sur le comporte-
ment AC. En outre, I'invalidité de la théorie de Ward-Dutton sur la répartition des charges
dans les MOSFET dopage uniforme est expliquée. Une nouvelle théorie sur cette répartition
a été développée et validée par simulation numérique. Finalement, pour la premire fois, la
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modélisation du bruit des MOSFET dopage latéral non-uniforme a été élaborée et vérifiée par
simulation numérique.

Keywords: High Voltage MOSFET, DMOS, LDMOS, VDMOS, DEMOS, LAC, LAMOS,
Drift, Model, DC, AC, Capacitance, EKV, HV-EKY, Partitioning, Noise, Lateral Non-uniform
Doping, Scaling
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Chapter 1

Introduction

1.1 Background

The transistor and subsequently the integrated circuits certainly qualify as two of the greatest
inventions of the twentieth century. In a certain sense, all of solid-state electronics goes back
to the invention by Ferdinand Braun of the solid-state rectifier in 1874 [1, 2]. That was a
full 73 years before the discovery of the transistor. His work centered around the solid-state
rectifier using a point contact based on lead sulfide. Of course, this configuration made for
a very unstable device. In fact, after the invention of the vacuum tube, later in the century,
this device very quickly became obsolete. But, later when people wanted to go to very high
frequencies, and vacuum tubes would not work at the frequencies desired, the idea of the point
contact rectifier made a comeback.

The theoretical development of quantum mechanics during the 1920s also played an impor-
tant role in driving solid-state electronics. Without quantum mechanics, there would never have
been any comprehensive understanding of solids. The understanding of the differences between
metals, insulators, and semiconductors was quickly developed. The concept of electronic band
structure, due to quantum mechanics, was the key to that insight. Following these advances,
was the development of the quantum theory of solids led by Peierls, Wilson, Mott, Franck, and
others, largely in England. These researchers added much to the understanding about electron
conductivity in metals. Those days were truly the beginnings of establishing a picture of the
electronic structure of metals. Metallic sodium is the simplest of all metals from an electronics
point of view and was often studied in that era. A simple theory of Schottky barriers led to
a crude understanding of the rectifiers discussed above, but the theory did not work quantita-
tively. These dedicated researchers brought the understanding forward, but semiconductors sat
in the middle between the metal and the insulator, and in those days semiconductors were still
a puzzle.

The continued efforts extended toward the discovery of new devices. For example, in 1926,
Lilienfeld invented the concept of a field effect transistor (FET) [3]. He believed that applying
a voltage to a poorly conducting material would change its conductivity and thereby achieve
amplification. He patented this concept in 1926, but no one was able to do anything with it until
much later.

By the late 1930s, it was beginning to be more widely accepted that there may be opportuni-
ties to create some form of solid-state devices. At this time Mervin Kelly, at Bell Labs, decided
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in 1936 that he should start a solid-state device group. He challenged a number of people, Bill
Shockley, Russell Ohl, Jack Scaff, and others, to begin work on solid-state devices. Kelly had
a feeling that the vacuum tube was not going to be the ultimate answer to electronics. Its relia-
bility and size were such that something needed to be done, besides making more efficient and
smaller vacuum tubes. It is interesting to note that by 1938, two Germans (Pohl and Hilsch)
described a solid amplifier made using potassium bromide that had three metal leads. How-
ever, this device turned out to have too low operating frequency. Also, it was not a device that
could be used in any true sense for electronics. That such a device came along about the same
time that Kelly created the Bell Labs solid-state group shows that other engineers were thinking
along the same lines. By 1940, Russell Ohl had done a great deal of work, along with others
at Bell Labs, in an attempt to understand silicon crystals. Ohl learned that depending on how
you prepared single crystals of silicon, you could get either n— or p—type silicon. What was
meant by n or p type back in those days was whether it was a positive or negative rectifier. That
was where the notation n or p came from. It was a question of which direction the rectification
occurred; they defined these terms by that criterion. It is also interesting that a little later on, Ohl
actually was able to make a sample in which the top part was a p-type region and the bottom
was n type, and he found that when light was shone on it, it actually developed a voltage [4].

This was the status of solid-state electronics near the beginning of WWII, and it really did
not change all that much during the war except in technology areas influenced by the work
on radar. Radar requirements produced a very strong desire to fine-tune solid-state rectifiers,
and this resulted in some effort to try to improve silicon and germanium materials. In this era,
there was a lot of solid-state detector work done, mostly by trial and error. After WWII, the
discovery of point contact transistor by Berdeen and Brattain in 1947 and the theory of the
bipolar junction transistor by Shockley [5] at the Bell Telephone Laboratories [6] changed the
future of microelectronics. By April 1950, Shockley et al. actually succeeded in growing the
first junction npn device [7]. In fact, the device behaved essentially as predicted by Shockleys
theory. Progress was supported by a series of important inventions that led to better and better
devices. In fact, Shockley wrote a book titled Electrons and Holes in Semiconductors. Still
it took several years before the first Si/Si0; MOSFET, which is now so widely used, was
demonstrated by Kahng and Atalla [8, 9]. But, this turned out to be a pretty poor device. It
took until the early 1970s, 15 years before planar FETs came into common use. The first
integrated circuits (IC) were developed by Noyce at Fairchild Semiconductor and by Kilby at
Texas Instruments. Kilby’s circuits consisted of transistors fabricated using the mesa technique,
where the collector contact is made to the backside of the wafer, and bonded gold wire is
used for interconnect. Noyce’s ICs more closely resembled present day chips because they
used a planar fabrication technique developed by Hoerni at Fairchild, where oxide masking and
diffusion were used to form the transistor [10].

The initial circuits were oscillators and simple digital flip-flops using two or three active
devices along with passive elements, but by 1971, the technology had advanced to the stage,
where the first microprocessor (Intel 4004) was fabricated with 2300 transistors. In 1965, Moore
published a paper on the state of the semiconductor industry, which predicted that the number
of devices in an integrated circuit would double each year [11, 12]. This prediction became the
famous "Moore’s Law”. Today the density of transistors in a chip has crossed the billion mark.
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1.2 High Voltage MOSFET models

The interest in the high voltage (HV) MOS devices has dramatically increased as these devices
were integrated with the low power modules in MOS technology. Today, HV-MOS devices are
extensively used in all kinds of integrated power circuits, like switch-mode power supplies and
power amplifiers. In addition, Lateral double-Diffused MOSFET (LDMOS) devices processed
in thin-film silicon-on-insulator (SOI) provides a new and attractive technology for smart power
integrated circuits in consumer and automotive applications [13]. Optimal design of these power
circuits requires HV-MOS models for circuit simulation, which describe the device characteris-
tics accurately over a wide range of biases.

The accurate compact modeling of high voltage MOS transistors has always been a chal-
lenge in the device modeling community. This is due to the fact that the charges and field as-
sociated with the drift region and intrinsic MOS have very complex dependence on the external
terminal biases owing to the asymmetric device architecture. Though many groups around the
world have attempted to model the different architectures of HV-MOS transistors using different
approaches, most of these are sub-circuit or macro-models. Acceptable simulation accuracy is
obtained by the use of these macro-models based on conventional low voltage modules [14, 15],
but these macro-models are not physical and do not take into account the special phenomena of
HV devices.

The LDMOS macro model proposed by Frere et al. [15], which is being used in AMI Semi-
conductor (AMIS), is based on BSIM3v3.2. The model uses an adapted JFET to model the
drift region and shorted PMOS transistors to model the capacitance behavior of the drift re-
gion. The drift region modeling using JFET is carried out by equations based on Schichman &
Hodges [16]. The equations were implemented in Verilog-A module. The gate voltage of the
JFET was tied to the intrinsic drain potential of intrinsic MOS, which provided variable thresh-
old voltage of JFET. Two shorted PMOS transistors were used to model the gate overlap over
thin and thick oxide, respectively. Even though this LDMOS model provides good behavior
for both DC and AC operations, the scalability of model especially for drift length was never
demonstrated.

Some other compact models have also been reported in the literature with better accuracy
[17,18,19, 20,21, 22, 23, 24]. Other models reported in the literature show reasonable accuracy
in DC operation [17, 18, 19, 20, 22], but do not show model validity for AC operation under
different biasing conditions. Although the physical LDMOS model developed by Anghel et al.
demonstrated good accuracy in DC regions, it was very difficult to implement and use it for
industrial purposes because of the convergence problems in the simulator. There has also been
some work in the development of DMOS models using neural network based approach [25, 26].
This approach provides excellent results with speed, provided the model is trained on wide range
of measurement data. The major weakness of neural network based models is that they are not
scalable and can be used only for the particular device structure for which it has been trained.

The MOS model 20 (MM20) [23, 24] from NXP (earlier Philips Semiconductor) is the
famous LDMOS compact model. This model has shown capability to model both DC and
AC operations including quasi-saturation and self-heating effects. MM20 is a surface potential
based model, whose intrinsic MOS model is similar to the MM11 or PSP [27, 28], while drift
region is modeled using MM31 or MM40 [27]. MM20 model has several variations for different
LDMOS structures. One model is for LDMOS with thin gate oxide all over the drift region.
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Another variation of this model is for the partial gate overlap in the drift region and uses a
resistance to described the non-overlapped drift region. Then there is different model for drift
region with both thin and thick gate oxides. Even though all of these models have demonstrated
good results for different LDMOS devices, one has to choose different model for different
devices. Also none of these models take into account the lateral non-uniform doping in the
intrinsic MOS, which may result in poor accuracy in the transient operations [29, 30].

Recently Hiroshima University has developed an HiSim-LDMOS model [31, 32]. This
LDMOS model is the modular extension of HiSim model, which is a surface potential based
model. There has been no publication of this LDMOS model yet.

Although efforts mentioned have been successful in solving some modeling problems in
high voltage devices, still there are several open challenges. Following are some of the key
challenges in this field, which are also the must have features of any standard high voltage
model by compact modeling council (CMC):

» Accurate modeling of DC/AC behavior as well as the derivatives of terminal currents and
node charges with respect to node voltages for all working modes (off, linear, saturation regions
and reverse modes).

» Charge model has to be charge conservative, and intrinsic charge model has to take into
account the effects of voltage drop across the source and drain resistances.

» Accurate modeling of drain extension (drift) region resistance including velocity saturation.
» Accurate modeling of gate/drain overlap region bias dependent capacitance and resistance.
» Accurate modeling of parasitic effects (gate, source and drain, and substrate resistances, and
source/drain-body junction diodes)

» Accurate modeling of the 1/f, thermal, and gate induced noise.

» Capable of modeling accurately with power supplies up to 200 volts and temperature ranges
from -50 °C to 200 °C.

» Capable of modeling self-heating effects accurately and efficiently, which requires scalable
temperature-dependence modeling.

» Capable of modeling accurately quasi-saturation effects and g, fall-off in the saturation
region, namely, the channel current compressions at higher Vi;g when Vpg is greater than V.
» Capable of modeling accurately C'¢;p drop at higher external Vg biases.

» Capable of accurate modeling of the true asymmetry of the source and drain resistances and
the source and drain junctionsin / — V and C' — V.

» Capable of modeling substrate current behavior correctly including the impact ionization
taking place in the drain drift extension regions.

» Capable of handling scalability over a wide range of geometries, biases, and temperatures
with one set of global model parameter set to cover the entire device matrix provided for model
extraction. Provides drain drift region length as an instance parameter.

» Capable of covering reverse working mode for both symmetric and asymmetric structure (
i.e. when Vpg < 0)

» Capable of handling of p-type devices as well as n-type devices.

» Good convergence in reasonable scale circuit simulation.

» Capable of modeling accurately a wide array of HV-MOSFET process technologies and
device structures, which would include LDMOS and EDMOS (Extended Drain), both symmet-
rical and asymmetrical, and other drain drift extension structures including, but not limited to,
those of various RESUREF flavors.
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» Capable of modeling layout dependent characteristics including multi-finger device struc-
tures that have separate, merged, and shared source and drain connections, and point and wide
source/drain contacts.
» Capable of modeling body bias dependency of DC and AC characteristics.
» Capable of providing optional temperature node for thermal electrical coupling simulation.
» Capable of modeling parasitic BJT effects.

In this thesis, a detailed analysis and modeling of high voltage MOSFETs will be presented.
Some of the key challenges mentioned above will be addressed here.

1.3 Thesis Structure

This section briefly outlines the contents of the chapters.

e Chapter 2: DC and AC behavior of High-Voltage MOSFETsSs

A basic overview of the architectures of high voltage MOSFETs is presented. Impact of
lateral non-uniform doping and drift region on both the DC and AC behavior is analyzed which
paves the way to develop an accurate HV-MOS model [33].

e Chapter 3: EKV-based Scalable General High Voltage MOSFET Model

A new high voltage MOSFET model is developed in this chapter. The model uses charge
based EKV model for the modeling of intrinsic MOS channel while drift region is modeled
using bias dependent drift resistance. The model is validated on the AMIS I12T100 and 13T50
technologies. The scaling of the model is tested for different temperatures, drift length and
number of fingers [34, 35, 36, 37].

e Chapter 4: Compact Modeling of Lateral Non-uniform doping

For the first time, true compact modeling of lateral non-uniform doping is presented. The
impact of this model is emphasized on the capacitance behavior of high voltage MOSFETs.
The model is validated on the AMIS I2T100 and I3T50 technologies especially for the AC be-
havior [29, 38, 39, 30].

e Chapter 5: Partitioning Scheme and Noise Modeling in the Lateral Non-Uniformly
doped MOSFET

The invalidity of Ward-Dutton charge partitioning scheme for lateral non-uniformly doped
MOSFET is explained. A novel partitioning scheme is then developed and validated on the
device simulation [40, 41, 42]. For the first time, noise modeling of lateral non-uniformly
doped MOSFET is carried out and validated on the device simulation [43].
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Chapter 2

DC and AC behavior of High-Voltage
MOSFETs

The interest in the high-voltage (HV) MOS devices has dramatically increased as these devices
were integrated with the low power modules in MOS technology [1, 2, 3, 4, 5]. Today, HV-
MOS devices are extensively used in all kinds of integrated power circuits, like switch-mode
power supplies, motor drivers and, power amplifiers. In addition, LDMOS devices processed
in thin-film silicon-on-insulator (SOI) provide a new and attractive technology for smart power
integrated circuits in consumer and automotive applications [6]. The discussion in this chap-
ter will be focused on different HV-MOS architectures and special effects occurring in these
devices.

2.1 High Voltage MOSFET architectures

There are three different types of high-voltage devices, normally used with CMOS technology.
These are Drain-Extended MOSFET [4, 5, 7, 8], Lateral double-diffused MOSFET [9, 10, 11]
and Vertical double-diffused MOSFET [12, 13]. Only N-channel devices are considered here
but all of them have their P-channel counterparts.

2.1.1 Drain-Extended MOSFET (DEMOS)

Modern digital VLSI circuits are presently operating at the voltage levels of 1.8 V and below.
However, circuit requirements often call for design and interface with other circuits operating at
3.3/5.0 V or even higher. Example circuits are input/output interface circuits with various off-
chip system components, such as power management switches that regulate power from battery
or system supplies, analog input circuits conditioning transducer signals, or output analog drive
functions for speakers or other actuators. System designers increasingly want all of these func-
tions in a monolithic IC to decrease system size and increase reliability. One solution to this
problem of two voltage levels on an integrated circuit is to use two gate oxides and two sets of
lightly-doped drain (LDD) implants [4], but this method increases the process complexity and
cost. The alternate solution is to use drain extended (DE) MOS transistors [7, 8] that can op-
erate at much higher drain voltages without significant loss of performance and without added
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Figure 2.1: Schematic representation of the Drain-Extended MOSFET (DEMOS).
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Figure 2.2: Schematic representation of the Lateral double-Diffused MOSFET (LDMOS).

process complexity. Another solution to this problem of two voltage levels on an integrated
circuit that is widely used is circuit techniques such as cascading low-voltage transistors. This
approach adds considerable circuit complexity and uses more power to maintain intermediate
voltages for the gate drive. The use of DEMOS instead of cascaded circuits or other circuit
methods offers significant die size area and power savings. It is well known that a LDD exten-
sion increases the drain breakdown voltage by reducing the electric field under the gate at the
drain end of the transistor. The difficulty here has to do with achieving the goal with a higher
than the very thin 4 nm oxides can normally withstand, without the luxury of a LOCOS oxide
used in conventional DE style devices for the poly to terminate on. A typical twin well CMOS
process, that uses p-substrate wafers, allows DE MOS transistors to be built with the n-well as
the NMOS drain extension. Fig. 2.1 shows the schematic representation of N-type DEMOS
device. These devices are generally used for 5V operation range especially as in input/output
interfaces.

2.1.2 Lateral double-Diffused MOSFET (LDMOS)

Due to the inherent limitations of CMOS technology, DEMOS device characteristics, espe-
cially avalanche breakdown and on-resistance, are highly dependent on the n-well doping pro-
file and surface concentration. As CMOS technology is maturing in deep-submicron lithogra-
phy, other approaches were investigated in order to make available high voltage devices with
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improved characteristics. The LDMOS device architecture, which actually originated from
DEMOS/LDD-MOS, has much higher breakdown voltage than DEMOS architectures. Fig. 2.2
shows the schematic representation of N-type LDMOS device. The LDMOS devices are useful
in high-voltage switching because of their switching speeds and relative simplicity in process-
ing [14]. There are many variations of LDMOS devices [9, 10, 11, 15]. The device shown in
Fig. 2.2 is generally used for 20-100V application e.g switch-mode power supplies and power
amplifiers etc. The channel in the device is created using double diffused process and thus it
has lateral non-uniform doping. The effective gate length is shorter than the physical length of
the gate electrode. The drift region is lightly doped N-type whose length varies with increasing
voltage blocking capability in the drain side. The maximum drain-source voltage, that can be
applied, is determined by the breakdown voltage of the p-n junction, which is limited by the n
layer doping, thickness and field crowding at the junction edge.

The electric field in the LDMOS near the silicon surface is considerably lower than in the
conventional MOS or DEMOS. However, the maximum field still remains on the surface and
avalanche breakdown may occur there [16]. The surface electric field can be reduced signif-
icantly by the use of thick oxide (as shown in Fig. 2.2) or field plate as the maximum field
is now located inside the bulk. To reduce the on-resistance in LDMOS (with field plate), the
length of the field plate should be as small as possible. The effect of field plate on LDMOS
characteristics e.g. breakdown voltage, quasi-saturation effect has been studied in the literature
in detail [17, 18, 19, 20, 21, 22]. The on-resistance of the LDMOS can also be decreased by
using the ion-implantation in the drift region [23]. The field plate also shields the gate from
the drain potential, thus minimizing the feedback (drain-to-gate) capacitance, which means im-
provement of RF signal gain. The p-n junction and the field plate form a fairly uniform field
between gate and the drain, thus giving better breakdown voltage.

The LDMOS transistors fare much better at higher frequencies compared to their vertical
counterpart (VDMOS) devices. The LDMOS transistors with frequencies more than 2.7GHz
are already available in the market. Freescale has recently announced 3.8GHz high power
LDMOS for coming WIMAX applications [24]. Since in the LDMOS design, the gate, source
and drain are all on the top surface, chip size grows rapidly for high voltage handling capability
above 200V.

2.1.3 Vertical double-Diffused MOSFET (VDMOS)

The growing chip size problem for higher operating voltages is addressed by the VDMOS tran-
sistor technology [25]. Fig. 2.3 shows the schematic representation of N-type VDMOS de-
vice [12, 13]. Since these devices have the drain at the back surface, a variety of junction edge
termination schemes can be utilized at the perimeter of the die. However, the channel region
itself is on the top surface and thus the current flow is lateral through the channel and verti-
cal through the lightly doped drift. The channel in the device is created using double diffused
process and thus it has lateral non-uniform doping. The effect of lateral non-uniform doping
and lightly doped drift region on device characteristics is explained in the next section. The
VDMOS design sacrifices speed for lower on-resistance and denser high-voltage layout due to
large gate/drift overlap. A lower on-resistance than VDMOS is produced in VVMOS devices
with similar speed as VDMOS. High speed Vertical V-groove MOS (VVMOS) devices, on the
other hand, minimize gate-drain overlap at the cost of an on-resistance increase [26].
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Figure 2.3: Schematic representation of the Vertical double-Diffused MOSFET (VDMOS).

2.2 DC behavior of HV-MOSFETSs

The high voltage devices show some special effects due to high electric field inside the device
e.g. self-heating, quasi-saturation and impact ionization effects. In fact, some of these effects
(self-heating and impact ionization) are also visible in low voltage MOSFETs as electric field in
these devices also becomes quite high as channel length is decreased. Even though above men-
tioned effects arise due to high electric fields in the device, some other special effects are also
observed due to different device processes in these devices compared to conventional MOS-
FETs. One of the major difference in terms of device process is the lateral non-uniform doping
in the channel and drift region in the drain side of HV devices. Here we will discuss the physical
origin of these effects and their impact on device characteristics.

2.2.1 Quasi-Saturation Effect

The quasi-saturation effect [27, 28, 29, 30, 31] is one of the unique effect observed in HV
devices other than bipolar devices [32, 33, 34, 35, 36, 37]. To explain the quasi-saturation effect,
first let’s discuss the saturation mechanisms in HV devices [38] using output characteristics of
VDMOS transistor shown in Fig. 2.4. The current saturation on /s — Vpg characteristics can
occur due to following three mechanisms:

(a) Pinch-off in the channel: For a fixed gate voltage, if drain voltage is increased, the
channel gets depleted and current saturates. This effect is called pinch-off and it is also the
normal saturation mechanism in long channel MOSFETs. In HV devices, the channel pinch-off
is generally observed at low Vg (see Vigg = 1V curve in Fig. 2.4).

(b) Velocity saturation in the channel: If the lateral electric field in the channel is more than
certain limit called as critical field, the velocity of the electrons get saturated and thus there will
be no further increase in the current for any further increase in the drain voltage. This effect is
called velocity saturation, which is quite common phenomenon in short channel MOSFETs. In
HV devices, this effect is generally observed for medium to high Vg (see Ips — Vpg curves
for Vgs = 1.5,2,2.5,3V at Vps=30V in Fig. 2.4). A simple way to see this effect is that when
intrinsic MOS is velocity saturated, the output characteristics become equidistant for equal
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Figure 2.4: Ipg vs. Vpg from device simulation of S0V VDMOS transistor. The quasi-
saturation effect is evident at higher V; g for this device.

increase in Vg.

(c) Velocity saturation in the drift region: Another saturation mechanism can occur due to
velocity saturation in the drift while intrinsic MOS is still not saturated. Actually this cannot
be called saturation as current does not get saturated. If drift is velocity saturated and intrinsic
MOS is in linear region, the increase in Vg does not increase current level significantly and
gate bias has no or little effect (see Vs = 2,2.5,3,3.3V in Fig. 2.4). This effect is called
quasi-saturation, which is generally observed at high V.

Note that all or any two of the three effects described above may superimpose with each
other and, sometimes, they may not be separable from each other.

The quasi-saturation effect can be reduced by reducing the resistivity of the drift region and
parasitic JFET in VDMOS transistor [27]. The reduction in the quasi-saturation effect increases
the current carrying capability of the devices and decreases the on-resistance. One possible
method of achieving this is to exploit the trench technology [39], which allows the gate to be
extended down into the intercell region. Even though it reduces the quasi-saturation effect, it
introduces a corner in the trench which affects the blocking capability of the device. Another
method is to use the ion-implantation into the JFET structure of VDMOS, which reduces the
quasi-saturation effect with little change in the blocking capability [27].

2.2.2 Self-Heating Effect

The self-heating effect (SHE) [40, 41, 42, 43, 44, 45, 46, 47] represents the heating of the device
due to its internal power dissipation. This effect appears, when high levels of power are attained
in the device. The dissipated heat leads to an increase in the internal temperature of the device
and modifies the / — V' characteristics. Fig. 2.5 shows the Ips — Vpg characteristics of a 40V
LDMOS transistor. The decrease in the current with increasing Vg is caused by the self heating
effect. As Vpg increases, the current starts rising. The increase in the current (/pg) as well as
voltage across the device (Vpg) increase the power dissipation (/psVpg) inside the device. As
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Figure 2.5: Measured Ipg vs. Vpg of 40V LDMOS transistor. The decrease in the current with
increasing Vpg is due to self heating effect.

discussed above, the increase in power dissipation increases temperature which affects other
transistor parameters (e.g. mobility, threshold voltage etc.). The rise in temperature decreases
mobility due to scattering which in turn decreases the current showing negative resistance on
output characteristics.

The internal temperature increase due to self heating effect influences the device characteris-
tics mainly by affecting the mobility, threshold voltage and velocity saturation. In the literature,
this effect was mainly studied on the SOI devices and the proposed models for SHE are dis-
tributed or non-distributed models. As expected, better accuracy is obtained from distributed
models, which offer a larger flexibility for the current simulation. Still, the clear advantage of
the non-distributed models over the distributed ones is the parameter extraction procedure, as
non-distributed approach offers a simple and efficient representation of the problem. The de-
tailed discussion of self-heating effect and its modeling has been covered in [47] and also in
section 3.4.2 of chapter 3.

2.2.3 Impact Ionization Effect

Before discussing the impact ionization effect is HVMOS, lets review this effect for conven-
tional low voltage MOSFETs [48].

The increase in the Vg in the MOSFET increases the longitudinal electric field in the chan-
nel increasing from source to drain. For abrupt source and drain junctions, the peak field is
at the drain-to-channel junction, and its value depends on Vpg and channel length L. When
carriers move in the fields that exceed the value of the onset of velocity saturation, they con-
tinue to acquire kinetic energy from the field but their velocity is randomized by the excessive
collisions such that their velocity along the field direction no longer increases but their kinetic
energy does. Depending on the statistics of scattering, a small fraction of the overall carrier
population acquires a significant amount of energy, and these are called hot carriers. Clearly,
the higher the field, the higher the proportion of hot carriers. Generally, in MOSFETs, the high
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Figure 2.6: Substrate current vs. gate-source voltage, with drain-source voltage as a parameter.

fields are encountered in saturation in the pinchoff region. For large longitudinal electric field,
the cool electrons are coming into the pinchoff region and are heated by the field. Some of
them acquire enough energy to create impact ionization of silicon atoms, whereby new elec-
trons and holes are created; this effect is also referred to as weak avalanche. The new electrons
join the stream of channel electrons and move toward the drain. The normal depletion field in
the channel pushes the holes into the substrate, where they give rise to drain-to-substrate current
(Ipp). This current is proportional to the number of electrons available per unit time, which in
turn is proportional to /pg. Also, according to above discussion, /pp is an increasing function
of the maximum field at the drain; this field is, in turn, a function of the excess drain voltage
(V})s). Fig. 2.6 shows the typical Ipp — Vizs curve for MOSFET. For a given Vpg, when Vg
is increased starting from low values, /pg increases, and thus /g increases too, according to
above discussion. Further increase in Vi;g increases the saturation voltage significantly, causing
a strong decrease in Vpg — V}, 4, and thus in the maximum field at the drain. The maximum /pp
is observed, roughly, at Vs = Vpg/2.

The impact ionization in the HVMOS device has the contributions from both the channel
region and the drift region. Fig. 2.7 shows the Ipp — Vigg curve for LDMOS transistor. At
low current, the hot carriers are generated near the channel while at high current levels, hot
carriers are generated near the drain end in the drift region. This is why there is an increase in
the Ipp at higher V;s. The impact ionization in the drift can be reduced with the field plate
configuration [49]. The step drift region or deep drift design proposed in the literature also helps
in the reduction of hot carriers in the drift region [49].
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Figure 2.7: Measured substrate current vs. gate-source voltage for 40V LDMOS transistor.

2.3 AC behavior of HV-MOSFETSs

The special behavior of HV-MOS e.g. LDMOS, VDMOS capacitances has been under study
in research community for many years [50, 51, 52, 53, 54, 55]. In literature, generally the HV-
MOS capacitances have been studied together with drift region [52, 53], which makes it difficult
to separately understand and analyze the impact of lateral non-uniform doping and drift region.
The unique capacitance characteristics of HV-MOS originates from the device architecture of
HV-MOS. The major difference between HV-MOS and conventional MOS is the lateral non-
uniform doping in the channel and the drift region, which affects the capacitances depending
on the bias regime. The unique behavior of C;p in high voltage devices has been analyzed in
detail in the literature [50, 51, 53]. Frére et al. [S0] showed that the peaks in C;p are actually
originating from LAMOS. Liu et al. [53] reproduced the peaks in Cgp of VDMOS transistor
using small signal analysis. Here, the effect of lateral non-uniform doping and drift region on
capacitance characteristics of HV-MOS will be separately analyzed and compared with con-
ventional MOS characteristics [56]. To analyze the capacitance behavior of HV-MOS, we will
divide the analysis in two parts - Impact of lateral non-uniform doping and drift region. For
this we will have four cases as shown in Fig. 2.8: (1) Conventional MOS with uniform doping
in the channel and (2) Lateral Non-uniformly doped or Lateral Asymmetric MOS (LAMOS)
with lateral doping gradient in the channel, (3) Conventional MOS with uniform doping in the
channel and a drift region to sustain high voltage, and (4) LAMOS with a drift region to sustain
high voltage. The intrinsic drain potential in Fig. 2.8(b) will be called Vi, which is the point
where channel meets the drift region.

2.3.1 Effect of Lateral Non-uniform doping

Here we will explain, how lateral non-uniform doping affects the small signal capacitance be-
havior of high-voltage MOSFETs. Fig. 2.8(a) shows the device architecture under study. To see
the impact of lateral non-uniform doping on capacitances, let’s start with C'p capacitance. Fig.



2.3 AC behavior of HV-MOSFETs 19

Body Source Gate Drain

9 9 ' [ ]
P+ | N+ N-channel N+

—MOS
Ns
Na (x)
LAMOS b
x=0 x=Lch
(a)
Body Source Gate Drain
® ®

' ®

P+] N+ N-channel [ Drift | N+
MOS/LAMOS Region

Ligtly doped N-type

(b)
Figure 2.8: Device architectures of (L.,=2um): (a) Conventional MOSFET with uniform dop-
ing and LAMOS with lateral doping gradient in the channel. The lateral doping gradient is
approximated by the complementary error function Ny(z) = Ng.erfclk, ()] [57, 58, 59],
where £ = L— is the normalized position along the channel, k, is a parameter representing
the doping gradlent The doping level at the source side of the channel (/Ng) is highest and de-
creases towards the drain in the channel region. Higher £,, means sharp decrease in the doping
level from source to drain and vice-versa. (b) Conventional MOSFET with uniform doping and

LAMOS with lateral doping gradient in the channel and a drift region to sustain high voltage.

2.9 shows the Csp vs. Vs using device simulation for different drain voltages. As expected,
the Cop at Vpg = 0 for conventional MOS stays low values for Vg < V7 (threshold voltage).
As Vg starts to increase beyond V7, the Cqp increases sharply and saturates to %WLCOX.
The situation is completely different for LAMOS. Due to lateral non-uniform doping, the C¢p
starts increasing as soon as V(g is more than the surface inversion potential at drain side. It
means that the inversion at the drain side starts at lower values of Vg than source side because
of the lower doping at the drain end compared to source end. As Vg keeps on increasing, the
inversion in the channel propagates from drain towards source and C¢p keeps on rising. Once
Vs 1s greater than the surface inversion potential at source side (or Vi of LAMOS), the Cp
starts to fall [51]. This can be explained by the fact the rise in inversion charge is exponential for
Vs < Vi and after that rise gets slower ultimately becoming linear function of Vg. In strong
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Figure 2.10: The gate-to-source capacitance Cgs vs. Vg for Vpg =0,1 and 2V. The lateral
non-uniform doping in LAMOS produces peaks in Csg capacitances around Vg = V.

inversion (Vs >> V), the Cgp saturates to some value equal to or higher than %WLCO X
depending on the doping gradient in the channel [58, 59]. The impact of different doping gra-
dients on capacitances will be explained later in this section. Increasing drain voltage reduces
the peak due to depletion at drain side. For sufficiently high values of drain voltages, there may
not exist any peak in Csp (e.g. Vps > 2V in Fig. 2.9).

Another interesting property of LAMOS capacitances is seen on C;5 and C behavior as
shown in Fig. 2.10 and Fig. 2.11. The Cgg at Vpg = 0 is similar to MOSFET (except lower
values due to low doping in the drain side), where the increase in C;g occurs when channel
gets inverted (Vs > V). The situation is quite different for Vpg > 0. For Vpgs < Vgs — Virp
(threshold voltage corresponding to the doping at drain), the Cgg is slightly higher than its
value at Vpg = 0 and behaves similar to the MOS capacitance. But if Vpg > Vs — Virp, the
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Figure 2.11: The gate-to-gate capacitance Cg vs. Vg for Vpg =0,1 and 2V. The lateral non-
uniform doping in LAMOS produces peaks in C¢ capacitances, when Vs is around threshold
voltage for small nonzero Vpg.

drain end is depleted. For these drain voltages, as V(g increases, there will be small increase
in the channel charge from drain side until Vg < Vp. At Vgg = Vi, there is sudden flow of
large amount of charges from source end (the small signal resistance seen from any point in the
channel towards the drain will be higher than towards the source and charges choose the least
resistive path, which is source side in this case) and whole of the channel gets filled up by these
charges. This sudden rise in the charge from source side gives rise to increased peaks in Cgg
for higher drain voltages as shown in Fig. 2.10.

It is interesting to note that C'o also has small peaks for Vpg =1V as shown in Fig. 2.11,
which was also shown in [60] for nonzero small Vg. These peaks in C' can be explained by
the fact that for Vg < V7, the source end of the channel is still in weak inversion while drain
end is in depletion. Once V(; 5 reaches close the V7, there will be sudden flow of charge from
source side giving sharp increase in Cgg. This is not the case with the C'o of conventional
MOS, where continuous supply of charge is maintained from source side due to uniform doping.
Also note that for low drain voltages, there will be large supply in the charge from drain end also
once it comes out of depletion which again helps in increasing the total channel charge. Note
that the peak vanishes as V¢ increases significantly above threshold voltage as now inversion
charge is being supplied from both source and drain, and now gate charge is a linear function
of gate voltage. For high values of drain voltages, no peak is observed, as charges entering
from source end also contributes in removing the depletion at the drain side. Hence, the peak
in Cge occurs for small nonzero values of Vpg, when Vg is around threshold voltage (source
end entering into strong inversion from weak/moderate inversion). Another note on the C of
LAMOS is that the dip (lowest value) is lower compared to C'o of MOS. This is due to the
lower doping in the drain side which produces sharper and lower dip on Cg¢. This can also
be analyzed using segmentation approach, where LAMOS channel can be divided in several
smaller channel length MOS with uniform doping in each channel but varying across different
MOS giving equivalent non-uniform doping also called graded channel approach [60, 61].
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Figure 2.12: The drain-to-gate capacitance C'pg vs. Vgg for Vpg =0,1 and 2V. The lateral
non-uniform doping in LAMOS produces peaks in Cp capacitances. The peaks in the Cpq
can be higher than W LCy x depending on the doping profile and drain voltage [58]. The bias
dependent partitioning scheme [62, 63] also explain these peaks.

The behavior of C'p capacitances is also quite different for LAMOS [60, 64, 62, 63] as
shown in Fig. 2.12. Similar to other capacitances of LAMOS, peaks are also observed on Cp.
The peak in Cpe at Vps = 0 can be explained similar to the peak in Cop at Vpg = 0. As
gate voltage increases, the drain end of the channel gets inverted and Cp¢ starts increasing
till source end get inverted and after that it decreases and saturates. In fact Csp and C'pg are
exactly same for V/pg = 0. But for nonzero drain voltages, Cp¢ has totally different behavior
than Csp. At Vps = 1V, note that the peak increases because a change in gate voltage induces
a change in the channel potential (the perturbed channel potential becomes negative), which in
turn causes a change in charge distribution and the combined effect increases the peak [62, 63].
To understand why perturbed channel potential can become negative to increase the small signal
charge, consider the situation, when the source end is weakly inverted and drain end is strongly
inverted. In this case the transistor can be thought of a series combination of two transistors
with different threshold voltages, where the one near the source is weakly inverted and near the
drain end is strongly inverted. Now let ()5 and () be the charge at the source and drain end
of the strongly inverted transistor. The current flowing through the transistor is proportional to
Q% — QQD [62, 63, 65, 66]. The weakly inverted transistor in series forces current to be very
small, therefore Q% ~ Q%,. Now as gate voltage increases both Qs and QD will change and
we have 0Qs - Qs ~ 0Qp - Qp. As drain end is kept at a fixed channel potential and is in
strong inversion 0Q)p ~ CpxdVgs. So we have 0Qs/dVas = (Qp/Qs)Cox- As Qp > Qs
in this situation (because the drain end has lower doping), we have dQs/6Vgs > Cox, which
is only possible if the channel potential goes negative and aids the gate voltage. Depending on
the doping profile in the channel and drain voltage, the peak in C'p may even increase above
W LCox in presence of a gate voltage [62, 58].

The above analysis was made using single value of doping gradient (k,) in the channel
of LAMOS. If the value of doping gradient (k,) is increased giving sharper doping profile
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Figure 2.13: Effect of different doping gradients (k,) on LAMOS: (a) Normalized C'¢p and
(b) normalized Czs at Vpg=0. Note that the peak in Csp increases, while Cgg in strong
inversion decreases with increase in doping gradient. The £,,=0 corresponds to uniformly doped
MOSFET.

in the channel, the peaks on Cgp increases and value of Cgg decreases in strong inversion,
while the rising slope on both capacitances decreases [58] as shown in Fig. 2.13(a) and (b). The
lateral doping gradient in the channel also affects DC characteristics of LAMOS. Higher doping
gradient increases the saturation voltage and saturation current on the output characteristics as
shown in Fig. 2.14. The prolonged linear region in the output characteristics and peaks/slopes
on capacitances can be explained by the fact that doping gradient changes the surface potential
required for the inversion across the channel decreasing from source to drain.
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Figure 2.14: Effect of different doping gradients (k,) on LAMOS: Normalized drain current
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as saturation voltage increases and Ry decreases with increase in doping gradient. The k,=0
corresponds to uniformly doped MOSFET.

2.3.2 Effect of drift region

Fig. 2.8(b) shows the device architecture under study. The effect of the drift region (without
any gate overlap) is to lower the C'¢p capacitance value in strong inversion (see LAMOS with
drift region in Fig. 2.15). It is interesting to note that the C'¢p for a conventional MOS with
drift (e.g. DEMOS or LDD-MOS transistor) also shows decrease of capacitance at higher gate
bias, but it should not be confused as peak in capacitance because it is always less than or equal
to %WLC’OX (see MOS with drift in Fig. 2.15). The rising part of C;p is mainly given by
lateral asymmetry in the channel as explained above, while the fall in C;p is heavily affected
by the drift region also demonstrated in Fig. 2.15. As mentioned earlier, the lateral non-uniform
doping produces peaks in C¢ and Cgg around threshold voltage. The drift region gives higher
peaks and also shifts the position of peaks as shown in Fig. 2.16 and Fig. 2.17 for nonzero Vpg.
To understand it better, we can write the normalized C expression as,

_ dQG(VGa VK7 VS7VB)

Cea Wos
_ 0Qc(Ve, Vi, Vs, V) 0Qc(Vas, Vi, Vs, Vi) dVi 2.1
oVg OV dVg '

dV;
= Caa(ramos) — CGD(LAMOS)ﬁ

Here Vi is the intrinsic drain potential (the point where LAMOS meets drift region in high

voltage devices) as shown in Fig. 2.8. If there is no drift region, then Vx = Vp and second
term in (4.26) vanishes as % = 0. In the presence of the drift region, Vi is not fixed and

will vary to maintain a constant current from drain to source. If there is a slight positive change
0V in Vg, the LAMOS current will increase. Now to increase the current in the drift region
to the level of LAMOS, Vi should decrease as V) is fixed. Larger the drift resistance, larger
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Figure 2.15: The gate-to-drain capacitance Cgp vs. Vg for Vps =0,1 and 2V. The value of
Cqp is lowered due to drift region. Higher the value of drift resistance (quasi-saturation or
current crowding effect), sharper will be the decrease in C'p capacitance.

should be the drop in V. Thus % will be negative for positive values of 9V(; and from (4.26),
it is evident that C of any high voltage device would be larger than Cog(ranmos) and will
increase with higher drift resistance for nonzero Vps. From modeling point of view, a good
model for HV-MOS needs both excellent modeling of intrinsic MOS channel (which provides
Caa(ramos)) and drift region (which dictates derivative of Vi) [58, 54, 67].

Similarly Css can be expressed as,

QG(VG7 VKJ VS; VB)

Cas == Vs
_ _aQG(VG;VK7V57VB) . 8QG(VG)VK7VS7VB) dVK (2 2)
oVy oV dVs )

dV,
= Cas(Lamos) + CGD(LAMOS)ﬁ

If there is a slight positive change 0Vs in Vg, the LAMOS current will decrease. Now to
decrease the current in the drift region to the level of LAMOS, Vi should increase as Vp is
fixed. Larger the drift resistance, larger should be the increase in V. Thus j“,/—GKS will be positive
for positive values of Vs and from (2.2), it is evident that C;5 of any high voltage device would
be larger than Cg5(1an05) and will increase with higher drift resistance for nonzero Vpg.
Above analysis of capacitances did not include the drift region with gate overlap. The
effect of gate overlap in the drift region is to increase the capacitances as the total gate charge
increases due to the accumulation of electrons in the overlap region for positive gate voltages
or vice-versa. There is also diffusion of charges from gate overlapped drift region into LAMOS

in HV-MOS, which again helps in increasing the total gate charge [52].
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Figure 2.16: The gate-to-source capacitance C'gg vs. Vgg for Vpg =0,1 and 2V. The peak
and value of Cgg is increased due to drift region. Higher the value of drift resistance (quasi-
saturation or current crowding effect), sharper will be the increase in C g capacitance.
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Figure 2.17: The gate-to-gate capacitance Cgg vs. Vg for Vpg =0,1 and 2V. The peaks in
Coe 1s increased due to drift region. Higher the value of drift resistance (quasi-saturation or
current crowding effect), sharper will be thepeaks in C¢ capacitance.
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2.4 Conclusion

In this chapter, an overview of high voltage MOSFET architecture was presented. Three
main device architectures of high-voltage devices, Drain-Extended MOSFET, Lateral double-
diffused MOSFET and Vertical double-diffused MOSFET, normally used with CMOS technol-
ogy, were discussed. Several advantages and disadvantages of these architectures were also
pointed out. Due to several different types of asymmetric architectures, there has been no single
model for these devices.

The important DC effects quasi-saturation, self-heating and impact ionization were de-
scribed. The quasi-saturation effect, which originates due to velocity saturation or current
crowding in the drift region has been a major problem in these devices as it gives high on
resistance, which is not desired. Also modeling of this effect has been a great challenge. The
self-heating effect is another unwanted effect observed in high voltage devices. The high volt-
age and current gives rise to high power dissipation, which in turn increases the temperature
inside the device. The rise in temperature severely affects the device characteristics giving rise
to negative resistance on output characteristics. The modeling of this effect has also been a
problem in the past. Even today, there are no compact expressions to describe this effect in
high voltage devices. The impact ionization effect occurs due to high field in the device. The
impact ionization in the high voltage devices occurs at both places, the intrinsic MOS and drift
region. The impact ionization in the intrinsic MOS region occurs at low to medium Vg for
certain Vg, while impact ionization in the drift region dominates at higher gate voltages. Also
the impact ionization current in the drift region does not decrease with increase in gate voltage,
which is not the case in conventional MOSFET, where it decreases after giving a peak in the
drain current.

An in depth study of high voltage MOSFET capacitance was carried out by separately an-
alyzing the impact of lateral non-uniform doping and drift region. It was demonstrated that
the capacitance peaks in high voltage MOSFET at low gate bias are dominated by lateral non-
uniform doping while at higher gate bias, the decrease in capacitances is affected by both the
lateral non-uniform doping as well as the drift region. One of the major capacitance, which gets
affected by lateral non-uniform doping is the Czp. The early rise in C¢p was explained by the
early inversion at the drain side which then propagates towards source with increase in the gate
voltage. It was demonstrated that the drift resistance will always decrease the capacitance value
for positive gate bias in N-type DMOS and for negative gate bias in P-type DMOS. The effect
of gate overlap in the drift region is to increase the capacitance due to accumulation charge for
positive gate bias for N-type DMOS or vice-versa. From this study, it is clear that an accurate
high voltage MOS model needs to correctly model the lateral non-uniform doping (which has
been a great challenge) and drift region behavior especially for RF LDMOS, where small signal
capacitances plays the main role in device performance.
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Chapter 3

EKYV-based Scalable General High Voltage
MOSFET Model

The accurate compact modeling of High Voltage (HV) MOS transistors has always been a
great challenge in the device modeling community. This is due to the fact that the charges
and field associated with the drift region and intrinsic MOS have very complex dependence on
the external terminal biases owing to the asymmetric device architecture. Though many groups
around the world have attempted to model the different architectures of HV MOS transistors
using different approaches, most of these are sub-circuit models. To the best of our knowledge,
in the literature, there is no available compact general HV MOS model (i.e. a single model for
any HV MOS device e.g. LDMOS and VDMOS) capable of combining the accuracy, speed,
scalability for both DC and AC domains. Acceptable simulation accuracy is obtained by the use
of adopted macro-models based on conventional low voltage modules [1, 2], but these macro-
models are not physical and do not take into account the special phenomena of HV devices.
Some compact models have also been reported in the literature with better accuracy [3, 4, 5, 6,
7, 8,9, 10]. Halleweyen et al. [3] and Aarts et al. [8] reported surface potential based LDMOS
models but only for DC operations. Previously Aarts et al. [7] reported a physical LDMOS
model for both DC and AC operations, however scalability of the model has not been shown.
Other models reported in the literature show reasonable accuracy in DC operation [4, 5, 6, 9, 10],
but do not show model validity for AC operation under different biasing conditions and model
scalability especially with temperature, drift length and number of fingers.

In this chapter, a modeling strategy for HV MOS transistors based on the scalable drift
resistance [11, 12] and the use of EKV2.6 MOSFET model [13] as a core for the intrinsic MOS
channel is presented [14, 15]. The strategy is optimized according to the fast convergence and
good accuracy criteria. The model is stable and robust in the entire bias range useful for circuit
design purpose. An important aspect of this general model is the scalability of the model with
physical and electrical parameters along with the correct modeling of quasi-saturation and self-
heating effect. The model is validated on the measured characteristics of two widely used high
voltage devices in the industry i.e. LDMOS [16] and VDMOS [17] devices, and implemented
on commercial circuit simulators like SABER (Synopsys), ELDO (Mentor Graphics), Spectre
(Cadence) and UltraSim (Cadence). The accuracy of the model is better than 10% for DC I-V
and g-V characteristics and shows good behavior for all capacitances which are unique for these
devices showing peaks and shift of peaks with bias variation. Also the model exhibits excellent
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Figure 3.1: (a) Schematic representation and (b) device architecture of 40V SOI-LDMOS tran-
sistor from [2T100 AMIS technology. The separation boundary between the intrinsic MOSFET
and the drift region is the metallurgical junction of the PIN diode.
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Figure 3.2: High Voltage MOSFET modeling strategy.

scalability with transistor width, drift length, number of fingers and temperature.

3.1 Behavior of surface potential in the drift region

The LDMOS device architecture under study is shown in Fig. 3.1(a). The channel of the LD-
MOS transistor is obtained by a double diffusion process and not by photolithographic process.
Consequently, this transistor has gradual doping profile in the channel decreasing from source
to the intrinsic drain (V) of the device. The second part of the device, i.e. the drift zone,
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sustains the high voltage applied on the drain terminal of the device. The device presents a gate
overlap over both the channel and the drift region, involving the possibility to obtain operation
regions where the intrinsic channel is inverted and accumulation/depletion may exist in the drift
region under gate.

Fig. 3.2 shows the modeling strategy used in this chapter. The HV MOS is divided into low
voltage MOS channel and a drift region. The major issue in HV MOS modeling that make stan-
dard low-voltage MOSFET models un-applicable is the bias dependence of the drift resistance
(Rprige) with both gate and drain voltages. Consequently, the efforts in this chapter will be
concentrated on different solutions to analytically describe the main dependencies of Rp,;f:, in
all operation regimes using simple analytical expressions. The modeling of the intrinsic MOS
channel is carried out using EKV model [13]. To understand the behavior of drift region, 2-D
numerical device simulation is performed using ISE-DESSIS. The idea is to separate the de-
vice into physically significant regions and then to inspect and model them independently. The
separation boundary between the intrinsic MOS transistor and the drift region is the metallur-
gical junction of the PIN diode (see Vi point in Fig. 3.1(b)). Fig. 3.3 shows the plot of Vi
for different gate and drain voltages. Fig. 3.3(a) and Fig. 3.3(b) show the Vi vs. Vg and Vg
respectively [18]. The unique behavior of Vi can be explained by considering the variation of
the channel and drift resistance with bias. Initially as V(;5 increases, most of the drain voltage
drop occurs across intrinsic MOS channel as channel resistance is very high compared to drift
resistance. With increasing Vg, channel resistance drops sharply compared with drift resis-
tance and at some bias condition, channel resistance becomes equal to drift resistance. This is
the point, where, the peak in Vi occurs on Vi — Vg characteristics (see Fig. 3.3(a)). If Vg
keeps on increasing after this point, Vi keeps on decreasing as drift resistance now dominates
compared to channel resistance. This same explanation can be easily associated with Vi — Vpg
characteristics also (Fig. 3.3(b)). Please note that the effect of drift resistance is observed in
the linear region only (see Fig. 3.3(b)). There are two interesting points to note here. First, the
major Vpg drop occurs across the drift region, which is also the desired feature. Second, the Vi
behavior is quite different in the linear region while it saturates or varies slowly at higher drain
voltages. This analysis also points out the importance of the modeling of the drift region in the
linear region.

3.2 GENERAL DRIFT RESISTANCE MODEL

Fig. 3.4(a) and 3.4(b) show the schematics of high voltage VDMOS and LDMOS devices,
respectively. Even though, here simple device architectures are shown, the model can be used,
as described earlier for any HV device which uses extended drift region to handle the high
voltage applied at the drain terminal e.g. LDMOS with thin or thick oxide (shown in Fig. 3.1(a))
etc.

As discussed in the previous chapter, the intrinsic drain voltage (V) always remains at
low values for entire bias domain [18]. Based on this understanding, we consider our device
divided into an intrinsic MOSFET region and a drift region, where the intrinsic transistor part is
modeled by using low voltage EKV model [13] described in the next section while modeling of
drift region is carried out by using bias dependent resistance explained below. The motivation
to use a resistance to model the drift region is to get the fast convergence along with excellent
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Figure 3.4: Schematic representation of high voltage (a) Vertical DMOS (VDMOS) and (b)
Lateral DMOS (LDMOS) device Architecture.

accuracy. The simplest resistance expression could be a constant resistance. Fig. 3.5 shows the
transfer characteristics (Ips — Vigg) using constant resistance (dash lines) as drift resistance.
It can be seen that the constant resistance accurately models the low drain and low to medium
gate bias behavior, as at low drain bias, the intrinsic transistor drives the current while the drift
region behaves like a constant resistor. Another interesting remark is that the fixed resistance
cannot model the behavior of the device at low Vg, when high gate voltage is applied. The
explanation for this deviation comes from the accumulation charge sheet, which extends into
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low drain bias.

the drift region with the increase of the gate voltage and lowers the resistance of the drift part.
In order to simulate the above described effect, a slight reduction of the drift resistance with the
gate voltage is introduced in the model:

R

3.1
14 0ace - |Vas]| -1

Rprife =

where R is the constant resistance, 6 4.. is the gate bias modulation parameter (effect of accu-
mulation charge sheet on Rp,;f) and Vg is the applied gate voltage. The value of R can be
obtained by extracting the silicon resistivity and then calculating the global resistance function
of the geometrical dimensions, if the doping concentration of the drift zone is known. The
model behavior using (3.1) is shown in Fig. 3.5 by solid lines. It can be observed that the
matching between the simulation and measured data is excellent. Thus, it can be concluded
that (3.1) correctly reproduces the physics inside the device. Moreover, this expression proves
to be highly efficient in terms of implementation as it uses the simplest representation and the
minimum number of parameters for the description of the physical phenomenon at low gate and
drain bias. Fig. 3.6 shows the /pg — Vpg characteristics using drift resistance derived above by
dash lines. It is easily observable that even though above derived expression showed excellent
characteristics at low Vpg, it is not working well at higher Vpg. It is also important to mention
that once the current saturates in the intrinsic MOS transistor, the drift part has no influence on
the current. Consequently, the drift part only affects the linear regime of the output character-
istics. Although, this influence seems to be limited, the transition from linear to saturation is
very sensitive to the drift resistance variation. The delayed transition between linear and satu-
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ration regime at high gate voltages occurs due to the carrier velocity saturation in the drift and
is equivalent to an increase in the resistance of the drift region. In literature, the carrier velocity
saturation effect on the current is modeled using hyperbolic dependence of the electric field
across the region. It means that this dependence would be linear for the resistance. Thus, in or-
der to simulate the carrier velocity saturation dependence using the drift resistance expression,
a direct dependence on the field applied in the drift region is introduced as:

1 + Vs —Vic Qusat
VSAT*LDR

R 73 =R
prift 14 Oace - |Vas]|

(3.2)

where V' SAT and «,,, are the velocity saturation parameters. Lpp is the length of the drift
region. The mobility is considered constant all over the current path and the electric field
uniformly distributed along the length of the drift region. Solid lines in Fig. 3.6 show the
drain current using (5.3), which proves that this expression takes into account major physical
phenomena in the drift region.

The final expression for the drift resistance including geometry and temperature effects can
be written as [11, 12]:

Qysa
1+ Vbs—Vk !
VSAT*LDR

Np —1
Rprite = Rpritio - N1 Ekg—1) (———)| (1 -AT
Drift Drifto 14 0ace - |Vas] { (kra = 1) (NF+NORIT>] (+ar )
3.3)
where Rp,;ty 1s the value of the drift resistance at low bias voltage defined as
Lpr
Drift0 Pprift |:(”7+AHY)NF} (3.4)

Where p,, ... is the resistivity per unit length at room temperature (7" = 300K). W, AW
and Ny represent the width, width offset and number of fingers respectively. Nog;r and k.4 are
the parameters for drift scaling with number of fingers. The "+ sign is used for drain-on-side
devices while ”—"" sign is used for drain-all-around devices. ar is the temperature coefficient of
the drift region and AT is the difference in ambient temperature with normal room temperature
(T = 300K).

3.3 CHARGE EVALUATION based on EKV MODEL

The main reason behind using EKV MOSFET model [13] for intrinsic channel is that EKV
model has physical expression for current and charges, which are continuous from weak to
moderate to strong inversion. Another important characteristic of the EKV model is that com-
pared with other existing MOS models (e.g. BSIM), it uses less number of parameters, most of
which are all physical. The intrinsic drain-to-source current (Vi to Vs in our model) in EKV
model is given as

Ixs = Ig(iy —iy) (3.5)
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where [g is the specific current [13] defined as

Is = 2-n-3-U; (3.6)
1

no= 7z 5 (3.7)

2:4/Vas—Vr+(3 +v40)?

Yo = 2¢p + several Urp (3.8)

w
= - Cor- o 3.
B - Cog 7 (3.9)

where UT:%T is the thermal voltage, n is the slope factor, V7 is the threshold voltage, v is the
body effect parameter and, C,, is the oxide capacitance per unit area. The normalized forward
current ¢ and normalized reverse current 4, are defined as

i = [zn(1 4t )} g (3.10)

and

Up— Yk 2
i = [ln(1+e : )] , 3.11)
where v, = Z—’;, Vg = X—i v = l‘% are the normalized pinch-off (Vp = @), source and
intrinsic drain voltage respectively [13].

The total gate charge is the sum of the charges related to intrinsic-drain (V), source, body
and drift. The charges associated with the intrinsic MOS are directly obtained from EKV model
[13].

The Rp,if: expression (3.3) used above for current modeling does not provide the correct
behavior for intrinsic drain voltage (V) at low-gate/high-drain biases, as this resistance in
actual case should rise to Giga-ohm at low-gate/high-drain biases. The preceding statement is
verified by the fact that at low gate bias, the drift region is in depletion and most of the voltage
drop applied on drain terminal occurs in this region and the current is very small. But this
resistance provides accurate current prediction because at low-gate/high-drain bias (intrinsic
MOS in saturation), the current is well modeled by the intrinsic MOS part. The impact of the
intrinsic drain potential (V) on AC characteristics was shown by Hefyene et al. [19, 20]. The
correct Vi behavior is not only important for the peaks of capacitances which are very specific
to high voltage devices, it is also extremely important for the position of the peaks with gate and
drain bias. Thus it is extremely important to first obtain the correct Vi behavior with gate and
drain bias. In literature, this is obtained using interpolation between Vi in the linear region and
Vi sat In the saturation region to limit the value of Vi to Vi, [3]. In this work, the accurate Vi
value, which is used in the calculation of accumulation charge, can be obtained by backtracking
of K-node charge as given below. The motivation for this strategy is to get the impact of current
saturation on charge and then on V.

The Vi behavior which has great impact on capacitance of high voltage devices [19, 20], is
obtained by backtracking of K-node charge or current backtracking [21, 14]. The normalized
potential vy, is expressed as a function of v, and ¢;, (normalized inversion charge density at V)
as [21]

v =0, — (2 qx + Ingqy) (3.12)
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where ¢ is expressed as [21]
QG = Vi, +0.25 —0.5. (3.13)

Thus Vi can be easily expressed as

Vi = Ur - [v, — {2+ (V/iy + 0.25 — 0.5) + In(v/7, + 0.25 — 0.5)}] (3.14)

The intrinsic drain potential (V) behavior obtained by this method shows excellent agree-
ment with literature [22] (see Fig. 3.7 and 3.8).
The normalized drift accumulation charge density can be written as

Qarift = Vg — Vb drift — Csdrift- (3.15)
where vy, grif+ 18 the normalized flat-band voltage of drift region and )5 4,4 1s the nor-
malized surface potential in the drift region. The total drift accumulation charge is obtained by
integrating the drift charge density over the gate overlap length, assuming v, 4, varies linearly
in the drift region also validated from numerical device simulation.
Thus total gate charge can be written as,

Qc = Qs +Qkx +Qp + Qprift, (3.16)

where (g, Qx and (Qp are the charges related to source, intrinsic drain and body node
respectively, obtained from EKV MOS model [13].
The capacitances are defined using standard method as:

6Q; .
—5 i
Cij =9 6@ . _
v, t=1J
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Figure 3.9: Representation of the electro-thermal circuit for self-heating effect simulation
(Power dissipation Pp = IpsVpg, thermal resistance Rry(T)=Rrgyon(1+aAT) and ther-
mal capacitance Cry = f(Rry, Tw)) [23, 24].

3.4 Modeling of Quasi-Saturation and Self-Heating Effects

As discussed in the previous chapter, the high voltage devices show some special effects due
to high electric field inside the device e.g. self-heating, quasi-saturation and impact ionization
effects. In fact some of these effects (self-heating and impact ionization) are also visible in low
voltage MOSFETS as electric field in these devices also becomes quite high as channel length
is decreased. Here we will discuss, the modeling of these effects.

3.4.1 Quasi-Saturation Effect

The quasi-saturation effect is one of the unique effect observed in HV devices. This effect
originates due to velocity saturation in the drift region when intrinsic MOS is still not saturated.
If drift is velocity saturated and intrinsic MOS is in linear region, the increase in Vg does not
increase current level significantly and gate bias has small effect. As our drift resistance already
includes the velocity saturation in the drift, the quasi-saturation effect is easily modeled by this
model.

3.4.2 Self-Heating Effect

The self-heating effect (SHE) represents the heating of the device due to its internal power dissi-
pation. This effect appears when high levels of power are attained in the device. The dissipated
heat leads to an increase in the internal temperature of the device. The internal temperature in-
crease influences the device characteristics mainly by affecting the mobility, threshold voltage
and velocity saturation. In the literature, this effect was mainly studied on the SOI devices and
the proposed models for SHE are distributed or non-distributed models. As expected, better
accuracy was obtained from distributed models, which offer a larger flexibility for the current
simulation. Still, the clear advantage of the non-distributed models over the distributed ones
is the parameter extraction procedure, as non-distributed approach offers a simple and efficient
representation of the problem. Fig. 3.9 shows the equivalent sub-circuit used for the self-heating
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representation. This classical representation can be used for the DC, AC or transient simulation
of the device in some critical regimes (other than analog operation).

In our model, the SHE is modeled using standard circuit shown in Fig. 3.9, where the ther-
mal resistance (R7y) and thermal capacitance (C'ry) varies dynamically with the device tem-
perature [23, 24]. The extraction procedure for Ryy and C'ry has been discussed in [23, 24].
The expressions for thermal resistance and capacitance from [23, 24] are re-written here to
complete this discussion.

The thermal resistance is expressed as [23, 24]

Rry = Rravom(T2) - [+ o - (T; — T.)] (3.17)

where 7T,, T; are the ambient and internal device temperatures, respectively and Rrpyyons 1S
also considered a linear function of the ambient temperature as follows:

RTHNO]\/[(Te) = RTHNOM(g()OK) : [1 + - (Te — 300[()] (318)

One should note that in (4.12), the temperature increase, AT = T; — T,, at known ambient
temperature is essentially given by SHE (related to the injected electrical power Pp), and con-
sequently, Rrpnon could be considered as the nominal thermal resistance at zero injected
power (at given ambient temperature 7.). The thermal capacitance Cry = f(Rrpy,7,) and
temperature coefficient of thermal resistance « are extracted from /pg — Vpg characteristics for
different pulse widths 7, [23, 24].

3.4.3 Impact Ionization Effect

When the drain bias across the device increases, the electric field in the drift region also in-
creases as a function drain bias. In this high field zone, the longitudinal electric field varies
linearly and reaches its peak value at the drain junction. The impact ionization current (or
avalanche current) can be expressed as

]Lwl = (M - 1) ' ID (319)

Where M is called as Multiplication factor. Rossel et al. [25] developed the following approxi-
mate expression for M from impact ionization integral assuming low multiplication level.

1
M—121- <= (2.8-1077) - N2 - Vo (3.20)

In the model implementation, we combined the constant (2.8 - 1077%) with N, and used a
single parameter Ngpp. Thus multiplication factor M can be written as:

M—1=N}p-Vis (3.21)

3.5 MODEL VALIDATION and RESULTS

This model is calibrated on the measured characteristics of a S0V VDMOS and 40V LDMOS
devices provided by AMIS and BOSCH [17, 16]. The source and body are tied to avoid parasitic
bipolar transistor for all measurements.
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Figure 3.10: Transfer characteristics of VDMOS transistor at low drain bias for W=40um,
L=0.6pm and Np=2 at T'=30°C: (a) Ips-Vs for Vps=0.1V-0.5V in steps of 0.1V. The current
at higher V¢ is heavily affected by drift region. (b) g,,,-Vs for Vps=0.1V-0.5V in steps of 0.1V.
The sharp decrease in transconductance at higher gate bias can be explained by the dominance
of drift resistance over channel resistance.

3.5.1 Case Study 1: VDMOS Transistor

The schematic representation of the VDMOS device (half of the device is shown as it is sym-
metrical along the vertical axis) under study is shown in Fig. 3.4(a). Fig. 3.10(a) shows the
transfer characteristics for low drain bias, which demonstrates that the model provides accu-
rate simulation of current and subthreshold slope. From Fig. 3.10(b), it can be observed that
the model not only gives accurate values of peak in transconductance and its slope in the sub-
threshold regime but also predicts the correct behavior after the peak, which is very important
in circuit design. Fig. 3.11 shows the transfer characteristics for medium drain bias (Vpgs=1V
to 5V in steps of 1V). The drain current at higher gate voltages is heavily affected by the drift
region. Fig. 3.12 (a) and (b) show the output characteristics and output-conductance, respec-
tively, for different gate bias which show that not only the transition from linear to saturation
regime in /pg is well simulated by the model, validating correct drift model, it also correctly
simulates the self-heating effect in the output characteristics. The dips in output-conductance
are also well predicted by the model. The first dip in |g4s| originates from self-heating effect,
while second dip is caused by impact ionization effect. Capacitances Cgp and Cgs + Cap
obtained using this model, are shown in Fig. 3.13 (a) and (b), respectively. The special behavior
of the high voltage capacitances, i.e. the peaks [7, 20] in Cgp and Cgg are well modeled. It
can be seen that all the capacitances show good trend for the entire gate and drain bias range. It
should be noted that in literature very few models have been successful in modeling the correct
behavior of capacitances of HV MOS devices [1, 2, 7, 11, 12]. Furthermore the accuracy on
capacitances can be improved by modeling the lateral non-uniform doping in the intrinsic MOS
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Figure 3.11: Transfer characteristics at medium drain bias for W=40pm, L=0.6pm and Np=2
at T'=30°C: Ipg and g,,,-Vigs for Vpg= 1V-5V in steps of 1V for VDMOS transistor.
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Figure 3.12: Output characteristics of VDMOS transistor for W=40pum, L=0.6pm and Np=2
at 7'=30°C (a) Ips vs. Vpg for Vg =1.2,1.5,1.8,2.1,2.7 and,3.3V. Note self-heating effect
(decrease in Ipg with increase in Vpg) is correctly simulated. The discrepancy in the curves
can be explained by the simultaneous optimization of drift resistance, self-heating effect, impact
ionization effect and velocity saturation in MOSFET at high V. (b) |gas| vs. Vps. Note peaks
in output-conductances are correctly matched. The first dip in |g4,| originates from self-heating
effect, while second dip is caused by impact ionization effect.
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Figure 3.13: (a) Cgp vs. Vs and, (b) Cas+Cap vs. Viggs of VDMOS transistor for Vpg=0,
1V, and 2V. The sharp decrease in Cp at higher Vi; 5 is heavily affected by drift region. The
discrepancy in the curves is due to assumption of constant doping in the channel and simplified
drift charge evaluation. The accuracy on capacitances can be improved by modeling the lateral
non-uniform doping present in the intrinsic MOS channel [20, 26, 27, 28].

channel of high voltage devices [26, 27, 28]. The modeling of lateral non-uniform doping will
be discussed in the next chapter.

Model Scalability: An important characteristic of any model is the scalability with phys-
ical and electrical parameters. Fig. 3.14 (a) shows the /pg and g,, — Vg characteristics for
different temperatures. It can be seen that the model correctly simulates the variation of drain
current, transconductance and most importantly the threshold voltage shift with temperature.
An important observation is that ZTC (Zero-Temperature-Coefficient) point [29, 30, 31, 32, 33]
is also well modeled in Fig. 3.14 (a). Fig. 3.14 (b) shows the /ps-Vps curves for different tem-
peratures, which demonstrates that the SHE is correctly modeled for entire temperature range.
The scaling of the model is also tested for different device geometries. The transfer and output
characteristics shown in Fig. 3.15 (a) and (b), respectively, demonstrate that the model scales
well with different transistor widths. Note that the self-heating effect is more prominent for
higher widths due to increased power dissipation. The variation of ON resistance (Roy) with
number of fingers (Nr) is modeled using k., and Ngog;r parameters in (3.3). Fig. 3.16 (a)
shows that the Rpy scaling with Ny is well modeled for different widths for drain-all-around
device. The decrease of Rpx with number of fingers for drain-all-around device is caused by
current spreading at the finger edges. Fig. 3.16 (b) shows the Roy scaling with N for drain-
on-side device. The increase in Rpxy with number of fingers for drain-on-side device is caused
by the interaction of depletion regions of the neighborhood fingers. The Roy scalability with
temperature is shown in Fig. 3.17 for different transistor widths. It can be seen that the increase
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Figure 3.14: Demonstration of temperature scaling of VDMOS transistor for W=40um,
L=0.6pum and Np=2: (a) Ips-Vss and g,,-Vs at T'=30°C, 85°C and, 130°C. Note, the change
in threshold voltage with temperature and peak in transconductance are correctly modeled. The
ZTC-point [29, 30] is also well simulated. (b) Ips-Vpg at T'=30°C, 85°C and, 130°C. Note
self-heating effect is very well modeled at different temperatures. The decrease in slope in the
linear region is caused by the increase in drift resistance with temperature.
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Figure 3.15: Demonstration of width Scaling of VDMOS transistor for W=20um, 40um,
160pm, L=0.6pm and Np=2 at T'=30°C: (a) Ips-Vgs and g,,-Vgs for Vpg=0.1V. (b) Ips-Vpg
for Vi55=2.7V. The self-heating effect is more prominent for higher widths due to increased
power dissipation.
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Figure 3.18: Transfer characteristics of 40V LDMOS device (W=40um, L=1.2pum and Np=1
at 7'=30°C): (a) Ips-Vis and, (b) g,,,-Vigs for Vps=0.1V-0.5V in steps of 0.1V .

3.5.2 Case Study 2: LDMOS Transistor

The LDMOS devices (FND40 and FND100) used for the validation of the model are obtained
from 12T100 AMIS Technology. The schematic representation of the LDMOS device under
study is shown in Fig. 3.4(b) while device architecture of FND40 device is shown in Fig. 3.1.
Fig. 3.18 (a) and (b) show the Ips — Vizs and g,,, — Vigs for Vps=0.1V to 0.5V, respectively.
Fig. 3.19 and 3.20 show the /pgs and g,,, — Vg5 for Vps=1V to 5V, and Ips — Vpg characteristics
respectively for 40V LDMOS, which demonstrate that the model provides correct simulation of
current and transconductance for different bias conditions. The gate-to-drain and gate-to-gate
capacitance curves shown in Fig. 3.21 (a) and (b) respectively demonstrate that the model pre-
dicts correct trend for capacitances. Furthermore the accuracy on capacitances can be improved
by modeling the lateral non-uniform doping in the intrinsic MOS channel of high voltage de-
vices [26, 27, 28]. The modeling of lateral non-uniform doping will be discussed in the next
chapter.

Model Scalability: An important issue in any LDMOS model is the scalability with drift
length for different voltage handling capability. Fig. 3.22 (a) and (b) show the transfer and
output characteristics, respectively, of a 100V LDMOS transistor (FND100 device) on the same
technology (as of FND40), which demonstrates that the model scales well with drift length. It
should be noted that not only the self-heating effect [24] is well modeled in Fig. 3.22 (b) but
also the quasi-saturation effect observed at higher gate biases. The 100V LDMOS transistor
(FND100) has longer drift length, in comparison to 40V LDMOS transistor (FND40), to handle
the higher drain voltages at drain terminal. The scalability of the model is also tested for Ron
for different widths of LDMOS device. Fig. 3.23 shows the Ron vs. Vg for three different
widths of 40V LDMOS device.
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Figure 3.19: Transfer characteristics of 40V
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Np=1): Ips-Vis for Vps=1V-5V in steps of
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Figure 3.21: (a) Plot of Cgp vs. Vpg at V=0V for 40V Bosch LDMOS device. (b) Plot of
Caa vs. Vg at Vpg=0V for 40V Bosch LDMOS device.
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Figure 3.24: Schematic representation of 40V SOI-LDMOS transistor from I2T100 AMIS tech-
nology.
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Figure 3.25: Transfer characteristics of 40V SOI-LDMOS transistor from 12T100 AMIS tech-
nology (W=40um, L=1.2um): (a)Ips — Vgs and, (b) g,, — Vs for Vps = 0.1 — 0.5V in steps
of 0.1V. Note that, the value and position of the peaks on g,, has been modeled very well.

3.5.3 Case Study 3: SOI - LDMOS device

Fig. 3.24 shows the device architectures of SOI-LDMOS transistor [34] on AMIS technology.

The proposed model is also validated on the measured characteristics of SOI-LDMOS tran-
sistor from 12T100 AMIS technology. It should be noted that the model is same for all devices,
thus showing the versatility of the model and hence called general model. Fig. 3.25 shows the
Ips — Vgs and g, — Vigg characteristics for Vpg = 0.1 — 0.5V in steps of 0.1V. Fig. 3.26 (a)
and (b) show the the output characteristics (/ps — Vpg and g4s — Vpg) for Vg = 4 — 13V.
Note, significant quasi-saturation effect can be seen on the output characteristics at higher gate
voltages. It can be seen that model shows good behavior across different gate and drain bias
region.
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Figure 3.26: Output characteristics of 40V SOI-LDMOS transistor on 12T100 AMIS technol-
ogy (W=40um, L=1.2um): (a)lps — Vps and, (b) g4s — Vps for Vg = 4 — 13V in steps of
1V.

Table 3.1: Main EKV Parameters

Name Description Units
TYPE P-tpe/N-type -
W Channel Width m
L Channel Length m
Np Number of fingers -
COX Oxide Capacitance F/m?
VTO Long-channel Threshold Voltage A%
8[0] Low Field mobility em? Vs
GAMMA Body Effect Parameter VV
PHI Bulk Fermi Potential \Y
EO Mobility Reduction Coefficient V/m
UCRIT Longitudinal Critical Field V/m
LAMBDA Channel Length Modulation -

3.6 Parameter Extraction and Model Calibration

Table 3.1, 3.2 and 3.3 show the list of main parameters used in the model. These basic param-
eters are used for modeling of any high voltage device at room temperature. The calibration
procedure is described below and also shown in the flowchart (see Fig. 3.27). First threshold
voltage and mobility is extracted using any standard extraction method [35, 36, 37, 38, 39].
Other standard EKV parameters [40] are extracted using methodology proposed in [41]. Once



3.6 Parameter Extraction and Model Calibration 55

Table 3.2: Drift Parameters

Name Description Units
Lpr Drift length m
Loy Gate overlap in the drift region m

PDrift Drift resistivity V-m/A

VSAT Velocity saturation parameter V/m
Qysat 7 -

0 ace Accumulation charge effect /v
kg Effect of number of fingers -

Nerrr 7 -

o Thermal coefficient of drift resistance | 1/K

Table 3.3: Self-heating and impact ionization parameters

Name Description Units
Rrunowm Thermal resistance Ks/]
o Temperature coefficient of Rrynon | 1/K
Cry Thermal capacitance J/K
NEFF Effective doping in the drift Vs

we have all of these parameters, GAMMA and PHI are tuned for subthreshold slope on
Ips — Vg characteristics. E0 is tuned on /pg — Vg characteristics in strong inversion for
mobility degradation due to vertical field. UCRIT and LAM BDA are tuned on Ips — Vpg
characteristics for velocity saturation and channel length modulation, respectively. Drift param-
eters V.SAT and s, are fitted in the linear region of Ips — Vpg characteristics while 6 4. is
used to lower the drift resistance on /pg — Vizg characteristics at high Vi;g as described earlier.
k.q and Nogrrr parameters are fitted to model the effect of number of fingers on drift resistance.

The extraction of self-heating parameters requires dedicated measurement setup. The ex-
traction of thermal resistance and capacitance has been discussed in detail in [4, 23, 24, 42]. The
impact ionization parameter Ngpp is used as a fitting parameter to model the impact ionization
in the drift region.

Fig. 3.28 shows the worst case errors for transfer and output characteristics and also for
their derivatives using proposed model on different HV-MOS architectures. The accuracy target
required by the industry for high voltage models are also included in the figure [43]. It can be
seen that model fulfils all the targets of the industrial model.
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Figure 3.27: Flowchart of parameter extraction procedure.
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3.7 Conclusion

A new general High Voltage MOSFET model based on the EKV model as a core and new bias
dependent drift resistance is presented. The drift resistance includes major effects originating
from the drift region like quasi-saturation and accumulation in the gate overlapped drift region.
The impact ionization effect was modeled for both the regions i.e. the intrinsic MOSFET and
the drift region, where impact ionization in the intrinsic MOSFET dominates at low to medium
gate voltages while impact ionization at higher gate voltages is dominated by the drift region for
higher drain voltages. The self heating effect was incorporated using sub-circuit approach. The
thermal resistance and capacitance are dynamically varying with temperature inside the device
giving better results compared to constant thermal resistance.

The model performance was demonstrated for three industrial devices: VDMOS, bulk-
LDMOS and SOI-LDMOS. The model correctly reproduces the special effects of high voltage
devices like the quasi-saturation and self-heating effect, and is highly scalable with all physical
and electrical parameters such as transistor width, drift length, number of fingers and tempera-
ture. For the first time, the scalability with drift length in LDMOS transistor was demonstrated
using this model. The model shows good results for entire DC bias range and good behavior
for capacitances, especially the peaks and shift of these peaks with bias. The model provides
excellent trade-off between speed, convergence and accuracy, being suitable for circuit simula-
tion in any operation regime of HV MOSFETs. The model has been implemented in Verilog-A
and tested on SABER (Synopsys), ELDO (Mentor Graphics) and Cadence‘s Virtuoso Spectre
circuit simulator and Virtuoso UltraSim fast-Spice simulator for industrial use.
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Chapter 4

Compact Modeling of Lateral
Non-uniform doping

Here the detailed analysis and modeling of lateral non-uniform doping present in the intrinsic
MOS channel of high voltage MOSFETs e.g. VDMOS and LDMOS is presented. It is shown
that the conventional long channel MOSFET models using uniform lateral doping can never
correctly model the capacitance behavior of these devices. A new analytical compact model for
lateral non-uniformly doped MOSFET is developed [1, 2, 3, 4]. The intrinsic non-uniformly
doped MOS model is first validated on the numerical simulation and then on measured char-
acteristics of VDMOS and LDMOS transistors including drift region. The model shows good
results in DC and, most importantly in AC regime, especially in simulating the peaks on C¢p,
Cas and Cg capacitances. This new model improves the accuracy of high voltage MOS mod-
els, especially output characteristics and during transient response (i.e. amplitude and position
of peaks as well as slope of capacitances).

4.1 Introduction

The lateral non-uniformly doped MOSFET or Lateral Asymmetric MOSFET (LAMOS), which
has longitudinal doping variation in the channel, is the building block of many categories of
high-voltage MOSFETs e.g. LDMOS and VDMOS transistors [5, 6, 7, 8, 9, 10]. The lateral
asymmetric channel devices have also caught attention in deep sub-micron devices for higher
performance in analog, RF and mixed signal design [11, 12, 13, 14]. In fact, lateral non-uniform
doping is inherent in halo-doped nano-MOSFETs [15, 16, 17]. Recently physical modeling of
LAMOS has received considerable attention as the Compact Modeling Council (CMC) [18]
has started efforts to get a compact physical model for LDMOS as an industry standard model.
Very few models have been reported [6, 7] in the literature for modeling of lateral non-uniform
doping while majority of the models published [5, 6, 7, 19, 20, 21, 22, 23, 24, 25] use constant
doping in the channel. Accurate modeling of the capacitances in high-voltage devices is a
prerequisite for integrated RF design of, for instance, switched-mode power supplies and power
amplifiers.

Modeling of LAMOS has been a great challenge due to the lateral doping gradient in the
channel region. The main difficulty in the modeling of LAMOS arises as expressions become



64 Compact Modeling of Lateral Non-uniform doping

Body Source Gate Body Source Gate Drain

T I x=0 ‘{ x=L I I Xx=0 [ x=L
| W®<L—>K Lov N+

PNt i
intrinsic MOS with

intrinsic MOS with
non-uniform dopin Drift Region

non-uniform dopin
P-Body

= Drift Region

100

A_min

z z
< 10} x
i‘ Model s = 19f Model
—a— Actual doping W —a— Actual doping
-% b0 05 1.0 b0 05 1.0
5 o x/L x/L
(a) VDMOS transistor (b) LDMOS transistor

Figure 4.1: Schematic representation of VDMOS and LDMOS transistors. Note that the in-
trinsic MOS has a lateral doping gradient. The channel extends from z=0 to L. L,, is the
gate overlap in the drift region. Figures in the inset show the doping profiles normalized by
min{Na(x = L)} in the AMI Semiconductor devices. Solid line in the doping profile repre-
sents the function { Na(z) = Ng.erfc [k,(%)"] } used to model the doping in the channel. Ng
is taken as highest doping in the channel, which is generally near source end of the channel. &,
and a are the parameters.

non-integrable/non-implicit due to the lateral asymmetry in the channel. In this chapter, a new
compact model for LAMOS is derived in detail [1, 2, 3, 4]. Furthermore, the intrinsic LAMOS
model is validated on the numerical device simulation of LAMOS structure, while the LAMOS
along with the drift region is validated on the measured characteristics of LDMOS and VDMOS
transistors with laterally diffused channel doping profile. The source and body are tied to avoid
parasitic bipolar transistor for all measurements.

4.2 Modeling of Lateral Non-uniform doping

Fig. 4.1 shows the schematic representation of VDMOS (half of the device) and LDMOS tran-
sistors. In the inset of both figures, the lateral non-uniform doping profile of the respective
devices along the channel is also shown. The doping level at the source side of the channel is
highest and decreases towards the drain in the channel region. The lateral doping gradient is
approximated by the complementary error function N4(x) = Ng.er fc[k,(§)?], where § = ¥
is the normalized position along the channel, £, is a parameter representing the doping gradient
and a is a fitting parameter. Higher k,, means sharp decrease in the doping level from source to
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drain and vice-versa.
The well-known drift-diffusion current expression is given by

dv dQ);
Ips = Iprift + Ipifp = pW (_Qid_xs +Ur di )

where, u, W, (Q);, and WUg are the mobility, width, inversion charge, and surface potential, re-
spectively, at any position x in the channel. The thermal voltage has been denoted by Ur. The
inversion charge linearization relation between (); and Vg using EKV formalism [26, 27] can
be expressed as

4.1)

- Qz - nqux(\IjP - \I[S) (42)

where slope factor n, and pinch-off surface potential W p are defined as [26, 27]

r
! NP+\/WP+UT(QS+Qd)
_Yp
VG — VFB = \I/p + sign(\Pp)F\/UTe Ur + \I/p — UT (44)

where C,, and I are the oxide capacitance per unit area and body effect coefficient, respectively.
The g4 and g5 are the normalized charge densities at drain and source, respectively, described
later in this section. Note that the W p is a function of x now, while in a conventional long chan-
nel MOSFET, it is independent of x. The approximate solution of the transcendental equation
of Up or 1, is given in Appendix A.

The first order mobility model can be derived as follows [28]

Ud?”ift Moy oy
E, Es d¥s/dx
1 + E. 1 + 'Usaj/ﬂv
where
Ere %ph Ere s
Vsat 1+ (EPZ> + <E5Tf>
Ho = E - Eers apn Eerf asr | Ho = Pulto (46)
L () ()

where vgyift, Vsat, By and E are the drift velocity, saturation velocity, longitudinal electric field
and critical electric field, respectively. The mobility 1, 1s a function of the vertical electric field
only, through p,, where p, is a function of bias condition and doping level. To simplify the
expressions into compact form, we will assume that p, is independent of doping variation in
the channel and only a function of vertical electrical field. Without loss of generality, the low
field mobility s is considered constant along the channel and defined at £ ¢y = F,.; , where
E, . is the reference electric field. £, o, are electric field and exponent, respectively, related
to phonon scattering and F,, o are the electric field and exponent, respectively, related to
surface roughness [28]. From (5.3), (5.7) and (4.6), Ips can be written as

I, AV,  dQ
Ips = —t w0, 4,5 47

Vsat
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Figure 4.2: Plot of pinch off potential normalized to pinch off potential at source end (L2 Yo L)
vs. normalized position (§ = x/L) along the channel for different values of doping gradients.
The doping at the source (Ng) is taken as 5 - 10*cm 3. Here k, = 0 refers to the case of

conventional MOSFET. Note that v, is almost linear along the channel for different values of
k.

Using (4.2) and (4.6) for d‘I’g > 0, (4.7) can be rewritten as

dq st + Pu (st(; ) d\I}p
— = — (4.8)
d§ Pv (1 + 2(] 5satlds>
where variables and constants are normalized from EKV formalism [26, 27] as follows
— . 1 20U \\J
- Qi DS 5= mlalht SR (4.9)
2anOIUT 2an,u000xUT /UsatL UT

Notice that g, i4s, dsat, ¥ and p, are all dimensionless quantities. The relation between nor-
malized inversion charge density ¢ and normalized current 7,4, given by (4.8) cannot be solved
analytically as it is a nonlinear ODE of ¢, where v, [26, 27] is a function of normalized position
¢ in the channel.

Following approximations are made to solve this differential equation (4.8).

a) The slope factor n, is independent of position . Although n, is a function of doping
through Wp and I' in (5.5), dependence of n, on & is weak.

b) 5 w” is assumed to be independent of £ (i.e. % = A, is constant with &). In other
words, 1/Jp varies linearly with £. The above assumption holds very good for the entire practical
range of k,(=0-2.5) as shown in Fig. 4.2 and 4.3.

Using above approximations, (4.8) is integrated along the channel from £ = 0 to £ = 1,
to obtain the drain to source current 74, and total normalized inversion charge density g. in the
channel as

(4.10)

y 1 55(1
27:ds > . |1n a — tds (PvAwp * Tt)

L Swp Q(qd qs) (1
UA : 1 dsa
0 wp Qs — 1ds (v—d}p_i_ 2t>
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Figure 4.3: Plot of pinch off potential normalized to pinch off potential at source end (%) Vs.

normalized position ({ = x/L) along the channel for V;=0 to 5V (covering weak-moderate-
strong inversion) in steps of 1V for (a) £,=0.5, (b) k,=1, (a) k,=1.5. The doping at the source
(Ng) is taken as 5 - 10%¢m 3. It demonstrate that the approximation % = A1), is constant
with ¢ holds true for different values of doping gradients and gate biases.
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! 1 , , 1 Osa
ge = /0 qdé = v, (45— ¢2) + (g2 — q5) (1 — ias0sar)] + |:st (va}p + Zt)} . (4.11)

The normalized charge densities at drain (g;) and source (q) are defined as [26]

2qq + In(qq) = vy, — va, (4.12)

2¢s + In(gs) = v, — vs. (4.13)

where v, = g—’;, Vg = g—; are the normalized bias voltages and v, is the normalized pinch off
voltage and defined as [26]

vp = Pp — o, (4.14)

where 1), is the inversion surface potential and defined as [26]
Yo =2¢5 +mUr (4.15)

Where m is few Up or more accurate value can be obtained from [26]. The normalized bulk
Fermi potential ¢5 = In (%) is assumed to be constant along the channel and taken as the

value at source end i.e. ¢y = In (]Zi) The approximate solutions of transcendental equations
of ¢, or g4 is given in Appendix A.

It should be noted that the expression for current (4.10) is not an explicit function. To derive
an explicit expression for current, we use interpolation between asymptotic behavior in linear
and saturation region on ¢4 — vy, characteristics. Using an interpolation function, 74, can be

written as
Vg — Vs

s = Gon e L (4.16)
() )
Vdsat
where v4,; 1S the normalized saturation voltage and can be expressed as,
Visar = 220 (4.17)
Additionally, from (4.10), the small signal conductance at v4; = 0 is found to be,
Digs v AYpgs
Gon = =2 = PuYyd 4.18)
c%d

_ Isatpv Athp g _ s
S [EETIC1

It should be noted that the interpolation function used in (4.16) is an infinitely differentiable
mathematical smoothing function and n is an empirical fitting parameter, which can take any
positive number. The larger the value of n, the more abrupt is the transition from linear to
saturation on 745 — Vg characteristics and vice-versa. The normalized saturation current ¢4, 1S
evaluated iteratively from (4.10), by knowing the normalized inversion charge density at drain
end of the channel in saturation (qgs; = M) It is observed that within 2-3 iterations,

2
accuracy on 4., is better than 0.01% compared with numerical solution of (4.10). Once we
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know 745 from (4.16), the total normalized inversion charge density ¢. can be evaluated from
(5.17).
The gate charge density at any position in the channel can be expressed as
Qy = Cox (Vg — Vip — Vs). (4.19)

g

The normalization of (4.19) and using (4.2) gives

,_ Q.
4=t = (0~ v =ty +20) (4.20)

where v, = g—i, Vpp = VULf are the normalized gate and flat-band voltage, respectively. Inte-

grating (4.20) from source to drain provides the total gate charge density in the channel as

Qg = Vg — Upp — Py + 20 “.21)

where T, = 70 and 1), = W are the arithmetic mean of the flat band voltage [29]

and normalized pinch off potential, respectively, at source and drain. The final expressions for
drain to source current, total inversion charge, total bulk charge and total gate charge in the

LAMOS can be written as,

Ip = (znqgﬂoch;%) s (4.22)

Qr = — 2n,WLC,,Ur) q. (4.23)

Qp = —WLCo,Ur [vy — U — by — 2 (ng — 1) ¢.] (4.24)
Qc = WLC,,Ur (Vas — U — ¥y + 24c) (4.25)

Even though we have obtained the expressions for () and () g (Which gives all capacitances
related to gate and body node), the question which remains open is how to get the drain charge
(@ p) and source charge (()s), which in turn can be used for the evaluation of trans-capacitances
(e.g. Cpg, Cgq etc.). Recently, it has been shown that the large signal drain and source charges
do not exist for LAMOS [30, 31] and the famous Ward-Dutton charge partitioning approach [32]
is not valid for LAMOS. The trans-capacitance evaluation using small signal analysis has been
explained in [30, 31]. We have recently proposed a new partitioning scheme for LAMOS [33],
which can be used for the evaluation of trans-capacitances. This novel development will be
explained in Chapter 6.

4.3 DISCUSSION and RESULTS

4.3.1 Validation of the LAMOS model on numerical device simulation

The proposed compact model for the LAMOS device is validated on numerical device simula-
tions performed with ISE-DESSIS. The doping level at the source end of the channel is kept at
5 - 10%cm =3 and value of k,, is chosen as 1.5, generally used in the 50V VDMOS devices in
the industry [34, 35].  Fig. 4.4 and fig. 4.5 show the Ips — Vg5 and g,,, — Vizs characteristic
for Vps=50mV. The model exhibits good trend for the subthreshold slope and values at higher
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Figure 4.4: Drain current /pg vs. gate voltage Vg for Vpg=50mV on linear and logarithmic
scale (L = 2um, Ng =5 - 10%cm =3 and k,, = 1.5).
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Figure 4.6: Output characteristics: drain current /pg vs. drain voltage Vpg for Vig=2-10V
(L = 2um, Ng = 5-10%m =3 and k, = 1.5). The prolonged linear region at higher gate
voltage arises due to lateral nonuniform doping.
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Figure 4.8: Gate-to-Gate capacitance Cg¢ vs. gate voltage Vg for Vpg=0, 0.5 and 1V (L =
2um, Ng = 5 -10%cm ™3 and k,, = 1.5). Notice that peak in Cq occurs, when Vg is around
threshold voltage. The peak in C'¢; at low drain bias is given by lateral nonuniform doping [30].

gate bias for current and transconductance. Fig. 4.6 and 4.7 show the output characteristics
(Ips — Vps) and output conductance (g4 — Vps), respectively, for Vi;5=2-10V. It can be seen
that the current as well as its slope is well simulated by the model. As mentioned in chapter 2,
the prolonged linear region on output characteristics is due to lateral asymmetry in the channel.
Fig. 4.8 shows the gate-to-gate capacitance Cg at Vps=0, 0.5 and 1V. It is interesting to note
that C' has peaks at Vpg=0.5 and 1V, which was also shown in [30] for nonzero Vpg. These
peaks can be explained by the fact that the drain end of the channel is in depletion while the
source end of the channel is in weak/moderate inversion and source end suddenly it enters into
strong inversion with slight increase in V5. Note that the peak vanishes as V(; s increases sig-
nificantly above threshold voltage as now charge is being supplied from source. Thus, the peak
in Cg occurs for small nonzero values of Vpg, when Vg is around threshold voltage (source
end entering into strong inversion from weak/moderate inversion). Fig. 4.9 shows the gate-to-
drain (C'sp) and gate-to-source (Cgs) capacitance at Vps=0. The rising slope and value of the
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Figure 4.9: Gate-to-Drain Csp and Gate-to-Source C's capacitance vs. gate voltage Vg for
Vps=0 (L = 2um, Ng = 5 - 10%cm =3 and k, = 1.5). The peak in Cgp is given by lateral
asymmetry in the LAMOS channel [1, 36, 37, 2].

peak in C¢p is given by the lateral asymmetry in the LAMOS channel. The discrepancy in the
capacitance behavior is due to the charge sheet approximation and the various approximations
taken in the model development.

4.3.2 Model validation on the measured data of VDMOS and LDMOS

The proposed LAMOS model is also validated on the measured characteristics of S0V VDMOS
and 40V LDMOS transistors obtained from AMI Semiconductor. Both devices have lateral non-
uniform doping in the channel as shown in the inset of Fig. 4.1. The drift model is conveniently
chosen from chapter 2 [35, 38]. The Self-heating effect is modeled in the similar way as in
chapter 3 using standard thermal circuit [39, 40].

VDMOS- Fig. 4.10(a) and 4.10(b) show the transfer characteristics for low drain bias. The
subthreshold current and transconductance are mainly dictated by the LAMOS while current at
higher Vs is also affected by drift region. It can be seen that the subthreshold slope as well
as current at higher Vg is excellently modeled. Fig. 4.10(c) shows the IgD—mS vs. Ipg for
low drain bias, which is an important parameter for analog design. Fig. 4.11 shows the drain
current vs. gate bias for medium drain voltages. The drain current at higher gate bias is heavily
affected by the drift region. The accuracy in g,, and Ii)—ms curves can be improved with better
mobility models using more fitting parameters [42]. Fig. 4.12(a) and 4.12(b) show the output
characteristics (Ips — Vpgs) and output conductance (|gqs| — Vps), respectively, for Vigs=1.4-
2.78V, which demonstrates that the self-heating [39, 24, 40] as well as the impact ionization
effect [43] is also well simulated. The delayed transition at higher V55 from linear to saturation
on Ips — Vpg characteristics owes to the lateral nonuniform doping in the channel as well as
the effect of drift region. The first dip in |g4s| in Fig. 4.12(b) is given by the self-heating effect,
while the second dip is given by the impact-ionization effect. Fig. 4.13(a), 4.13(b) and 4.13(c)
show the normalized gate-to-gate capacitance (Cg (), gate-to-drain capacitance (C;p) and gate-
to-source+gate-to-body capacitance (Cgs + Cap), respectively, for Vps=0-5V in steps of 1V.
It can be seen that the model shows good behavior for peaks as well as amplitude of peaks in
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Figure 4.10: Transfer characteristics of 50V VDMOS (W=40pm, L=0.6pm at T=30°C): (a)
Ips-Vis for Vps=0.1 to 0.5V in steps of 0.1V. Note that the subthreshold slope and transition
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Figure 4.11: Transfer characteristics of 50V VDMOS (W=40pm, L=0.6um at T'=30°C): Ipg-
Vs for Vps=1to 5V in steps of 1V. Note that the subthreshold slope and transition from weak
to strong inversion are well modeled. The current at higher Vg 1s heavily affected by the drift
region.

all capacitances, where peaks are dominated by doping gradient in the channel at low Vg, and
by the drift region at higher Vg. The rising part of C;p is mainly given by lateral asymmetry
in the channel while the fall in C'sp is heavily affected by the drift region also demonstrated in
section 2.3. As mentioned earlier in Fig. 4.8 and explained in chapter 2, the lateral non-uniform
doping produces peaks in C¢ and Cgg around threshold voltage. The drift region gives higher
peaks and also shifts the position of peaks as shown in 4.13(a) and 4.13(c) for nonzero Vpgs. To
understand it better, we can write the normalized C expression as,

_ dQc(Vas, Vi, Vs)

Cag dVas
_ 0Qc(Vas, Vi, Vs) N 0Qc(Vas, Vi, Vs) dVi (4.26)
Vs OV dVas
dV;
= Caa(ramos) — Cap(Lamos) de
Gs

Here Vi is the intrinsic drain potential (the point where LAMOS meets drift region in high
voltage devices) shown in Fig. 4.1 [35, 38]. If there is no drift region, then Vi = Vp and
second term in (4.26) vanishes as j“//—GKS = 0. In the presence of the drift region, Vi is not fixed
and will vary to maintain a constant current from drain to source. If there is a slight positive
change 0V in Vg, the LAMOS current will increase. Now to increase the current in the drift
region to the level of LAMOS, Vi should decrease as Vg is fixed. Larger the drift resistance,
larger should be the drop in V. Thus j“//—GKS will be negative for positive values of 9V;5 and from
(4.26), it is evident that C'¢ of any high voltage device would be larger than Cg of LAMOS
and will increase with higher drift resistance for nonzero Vpg. Thus a good model for HV-MOS
needs both excellent modeling of intrinsic MOS channel (which provides Cag(ranmos)) and
drift region (which dictates derivative of V). The source of discrepancy in Fig. 4.13(a) for
Vi higher than threshold voltage and high V, is still not clear and needs more investigation
on these capacitances. It could be due to the function used for the doping concentration in the
LAMOS region, which is not fitting well towards source side of the device.

LDMOS- Fig. 4.14(a) and 4.14(b) show the Ips — Vgs and g,, — Viog for low drain bias
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Figure 4.12: Output characteristics of S0V VDMOS (W=40um, L=0.6um at T'=30°C): (a)
Drain current Ipg vs. Vpg for Vgg=1.4, 1.725, 2.15, 2.58 and 2.78V. The linear region is
affected by doping gradient in LAMOS channel and drift region. (b) Output conductance |gys|
vs. Vpg for three different gate voltages. The first dip in |gys| is given by self-heating effect
[39, 40], while second dip is given by impact-ionization effect [41].

(Vps=0.1 to 0.5V in steps of 0.1V). The current as well as the peaks in transconductance
are very well simulated by the model, which proves correct modeling of mobility behavior
with transverse field [28] and drift resistance [35, 38]. Fig. 4.14(c) shows the f‘;—ms vs. Ipg for
Vps=0.1 to 0.5V in steps of 0.1V. Fig. 4.15(a) and 4.15(b) show the transfer characteristics
(Ip — Vis) and transconductance (g,, — V) for medium drain bias (Vpg=1 to 5V in steps
of 1V). The subthreshold slope as well as value of current for higher gate bias is correctly
modeled for all drain voltages. The current at higher gate and drain bias in Fig. 4.15(a) is
heavily affected by the drift region. Fig. 4.16 shows the output characteristics (/ps — Vpg) for
Vas= 4-12V in steps of 2V. The prolonged linear region on output characteristics is affected
by both, the lateral non-uniform doping and the drift region. The self-heating and the impact
ionization effect are also well simulated [24, 39, 40]. It should be noted that even though the
DC curves can be fitted with existing low voltage MOS models with uniform doping in the
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Figure 4.13: AC Characteristics of 50V VDMOS: (a) Normalized C'¢ capacitance vs. Vg
for Vps=0-5V in steps of 1V. The peaks in Cz at low Vg are dominated by doping gradi-
ent while increase in peaks with higher Vg is dictated by drift region. (b) Normalized Csp
capacitance vs. Vg for Vpg =0-5V. The Cp peak at Vps=0 is around threshold voltage due
to lateral doping [36, 37, 2], but it shifts towards left with higher drift resistance (higher drift
length/resistivity) or higher lateral doping gradient. (¢) Normalized Cis + Cgp capacitance vs.
Vs for Vpg=0-5V. The peaks in Cgs + Cip are combined effect of both lateral doping and
drift region. For capacitance normalization, L; = L + L,, denotes the total gate length.
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L=1.2pum at T=30°C): (a) Ips-Vas (b) gm-Vas for Vps=1 to 5V in steps of 1V. Note that the
subthreshold slope and transition from weak to strong inversion are well modeled. The current
at higher V¢ is heavily affected by the drift region.

1.2x107

vV, =12V
N ~ . — Measurement
9.0x10 —— Model
< 5
\-:/) 6.0x10 I
0
3.0x10° M,
ool X AT\
0 10 20 30
Ve (V)
(a)

Figure 4.16: Output characteristics of 40V LDMOS (W=40um, L=1.2pm at T'=30°C): Drain
current Ip vs. Vpg for Vgg=4 to 12V in steps of 2V. The linear region is affected by both the
lateral non-uniform doping in the LAMOS channel and drift region.
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Figure 4.17: AC characteristics of 40V LDMOS: (a) Normalized C¢ vs. Vg for Vpg=0, 3
and 6V. The peak in C at low drain bias arises due to lateral asymmetry. The peaks at higher
drain and gate bias can be explained by the combined effect of lateral non-uniform doping and
effect on drift region. (b) Normalized gate-to-drain capacitance (Cgp) vs. Vg for Vps=0 3
and 6V. The peak in Csp at Vpg=0 is around threshold voltage [37, 2] while it shifts towards
left with higher drift resistance (higher drift length/resistivity) or higher lateral doping gradient.
For capacitance normalization, L, = L + L,, denotes the total length.

channel as shown in chapter 3 [35, 38], the modeling of lateral non-uniform doping provides
more physical tuning of parameters e.g. threshold voltage, body effect coefficient etc. in the
model. Fig. 4.17(a) shows the Co — Vs for Vps=0, 3 and 6V. The Cg behavior at low
gate bias is dominated by the lateral doping while at higher gate bias the peaks are dictated by
drift region. The higher the drift resistance (large drift length or high value of drift resistivity),
higher the peak in C'¢ and vice-versa. Fig. 4.17(b) shows the C'op — Vi; for Vpg=0, 3 and 6V.
As mentioned earlier, the peak in C'¢p can be explained by the lateral asymmetry present in the
intrinsic MOS. The decreasing part of Cp is affected by both the nonuniform doping in the
channel and the drift region as explain in chapter 2. It should be noted that it is very important
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to correctly model the drift region (or Vi behavior [41]) for the correct behavior after the peaks
in all capacitances [44]. The peak in Csp at Vps=0 is around threshold voltage due to lateral
doping [37, 2], but the position of the peak will shift towards left and amplitude of the peak
will decrease with higher drift resistance (large drift length or high value of drift resistivity).
To understand it, we can express Cgp of LDMOS as Cg D(LA Mos)g‘//—;, and can apply same
analysis as for Cg discussed above. Higher difference in doping between source and drain
produces higher peaks on Cgp, already shown in chapter 2. The discrepancy in the results is
due to the charge sheet approximation and various approximations taken in model development.
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4.4 Conclusion

A novel charge based compact analytical model for lateral non-uniformly doped MOSFET was
developed in this chapter. The model is developed using charge based EKV formalism. The
major impact of the lateral non-uniform doping was seen on the capacitances, whose model-
ing has been a daunting task till now as expressions become non-integrable and non-implicit
for current and charges. The inversion charge linearization paved the way to approximate the
surface pinch-off potential across the channel. This led to develop integrable expressions for
current and then charges. The inversion and gate charge in this model have clear dependence
on the drain current, which is not the case in the conventional MOSFET models.

The proposed model was used for modeling of high voltage devices with a lateral doping
gradient using an appropriate drift model. To the best of our knowledge, this is the first time,
the modeling of lateral non-uniform doping has been implemented in any high voltage compact
model. The model shows good behavior for all capacitances as well as for DC, when compared
with device simulation and measurements. The position of the capacitance peaks as well as
their amplitude are correctly simulated by the model. The major impact of the proposed model
is on the accuracy improvement of high voltage MOSFET models especially during transient
operations (i.e. modeling of the bias-dependent peaks and slopes of device capacitances).
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Chapter 5

Partitioning Scheme and Noise Modeling
in the Lateral Non-Uniformly doped
MOSFET

The Ward-Dutton partitioning scheme [1] is used extensively to develop transient and high
frequency advanced compact models in MOSFET analysis [2]. Recently, it has been recognized
that capacitance property of Lateral Non-Uniformly doped or Lateral Asymmetric MOSFET
(LAMOS) [3, 4, 5, 6, 7] is fundamentally different from conventional MOSFET [6, 4] because
Ward-Dutton partitioning is not applicable to this kind of devices. In this work, it will be
shown that although it is not possible to guaranty a partitioning scheme for general operation
of the MOSFET but it is possible to show the existence of a partitioning scheme for small-
signal operation of the device in LAMOS [8]. Application of this new concept in capacitance
evaluation of LAMOS considerably simplifies the existing capacitance evaluation methodology
[4, 6]. This work also provides a simpler way to physically understand the unusual behavior
of drain-to-gate capacitance Cpi in LAMOS. The proposed theory is validated by extensive
numerical and device simulation. Recently generalization of this partitioning scheme including
mobility degradation has also been published in the literature [9].

In the second part of this chapter, for the first time, an analytical noise modeling method-
ology in presence of lateral asymmetry will be presented [10]. It will be shown that noise
properties of LAMOS are considerably different from the prediction of conventional Klaassen-
Prins [11] based methods and at low gate voltages, they can overestimate the noise by 2-3 orders
of magnitude.

5.1 Introduction

All of the advanced compact MOSFET models (PSP, MM11, HISIM, BSIM, EKV etc., see
[2] and the references therein) dedicated to even sub 100 nm devices are entirely built on the
Ward-Dutton partitioning [1], which was originally derived for long-channel uniformly doped
MOSFET. Recently, in the pioneering work by Aarts et. al. [4], it has been recognized that the
Ward-Dutton charge partitioning [1] is not applicable in LAMOS and it has been concluded
that “no terminal charges exist from which the capacitances can be derived”. Therefore, [4] is
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forced to solve the small-signal continuity equation under quasi-static assumption for both real
and imaginary part of perturbed channel potential and calculate the capacitances from them.

Although it is not possible to guaranty a partitioning scheme for general operation of the
LAMOS but it is possible to show the existence of a partitioning scheme for small-signal opera-
tion of the device in LAMOS [8]. Existence of the small signal partitioning implies that we can
always define a partitioning of small-signal/perturbed charges to calculate the terminal capaci-
tances. This alternate approach has major advantage over the existing approach as it eliminates
the need of solving the continuity equation for the imaginary part of perturbed channel potential
which results in a saving of one level of numerical numerical integration compared to [4]. In
addition to these, it provides thorough physical insight to understand the unusual behavior of
Cpe- This concept can also be used in the partitioning of gate tunnelling current and even noise,
which are of importance in the standard CMOS devices, where, lateral asymmetry is inherent
due to halo implant.

5.2 Partitioning Scheme

The current at any position x in the LAMOS/MOSFET can be written as

av

I(z) = g(x,V) - I (5.1)
where g = puWQ; and p, W, @; and V' are the mobility, width, inversion charge density and
channel potential respectively. Please note that in presence of velocity saturation, j starts to
depend on the electric field, so g will be a function of V' and “2—‘; [12, 9] but in the present work
we will consider y to be independent of electric field. The explicit dependence of g on x implies
that the doping may also vary along the channel, which is the case for a LAMOS [5, 3, 7]. Let’s
assume the general form of continuity equation as

ar .
I s. 5.2)
Please note that this 5 expression of source term is completely general. It can be a term like
W% (rate of change of charge per unit length) in case of a transient or term like 7,(x) (gate
current per unit length) in case of a gate tunnelling current. Existence of a partitioning scheme
means that it is possible to decouple the current when s = 0 ( we will call this current as )
and the effect of source term. In other words, the terminal current can be expressed as a sum of
Iy and a weighted integral of 5. To see why Ward-Dutton scheme [1] fails in presence of lateral
asymmetry [5, 3, 7] or mobility degradation [12], We first multiply (5.2) by « and integrate from

Oto L,
L d]' L
/a:—dx:/ xsdx (5.3)
o dx 0

and integrating by parts yields

L L
zl|§ —/ I(x)dx :/ xrsdx (5.4)
0 0
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Substituting (5.1) in the above equation, we obtain

1 [V Loy
= / o, V)V + /O Z 5 5.5)

When g is a function of V' only (the classical constant mobility case), the first integral depends
only on the value of V' at the boundaries. The point is, even if the function V'(x) (the channel
potential distribution) changes because of the s term, the value of the integral does not change
and remains equal to the case when 5 = 0. In the case when s = 0, we can easily identify the
integral as DC current [, and we get back the Ward-Dutton partitioning scheme. But when g
starts to depend also on x, the situation is different. As V' (z) changes due to the presence of the
source term in the continuity equation, the value of the integral starts to depend on the profile
of V(x). Therefore, % f‘Yd g(x,V)dV is different in the presence of the source term. So in the
presence of lateral asymmetry,

L T
I(L) # Io+ / 5z (5.6)
0

~

To extend the concept of partitioning, Let’s define a quantity /(x) = I(x) — [y. It trivially
follows that /(z) satisfies

dl(xz)
= 5.7
it (5.7)
Let us now consider an arbitrary function F'(x fo x)dz and multiply (5.7) by F(z) and
integrate by parts from 0 to L to obtain
R L _ L
F@I@l - [ TwdlF@) = | Fsis 58
0 0
or ; ;
[F(L)A(L) . F(O)f(@)] - / I(z)f(2)dz = / F(z)3dz (5.9)
0 0
or

I(L) = Iy —I—/O gg?)/s\dx + ﬁ/@ flz)(I(z) — Ip)dz (5.10)

Note that an existence of partitioning scheme implies that the terminal current can be expressed

as a sum of /; and a weighted integral of 5. So in order to have a partitioning scheme, the last
term in (5.10) must vanish or in other words, the existence of a function such that for any given

s, the following holds
L L
/ f(@) () d :/ f(@)lod (5.11)
0 0

L
/f(m)g(x, —da:—/ f(z)g (z,Vp) - %da: (5.12)
0

Please note that when ¢ does not depend on x, f(z) = 1 trivially satisfies the above criterion
and we get back the original Ward-Dutton charge partitioning. In general we can not guarantee
the existence of the funtion f(z) and hence the charge partitioning scheme. But we will prove

or from (5.1)
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that, when 5 can be considered as a small perturbation, we can always find out the function f(x)
for any general form of g.

As we are considering the case when s can be treated as a small perturbation, we will start
with a perturbation analysis of /(z). In the subsequent analysis subscript ‘0’ will be used to
denote the situation when § = 0. The perturbed current i(x) can be obtained from

d(Vo + v)

I(z) = Io +i(z) = g (2, Vo +v) — -

(5.13)

where [ and Vj are the unperturbed current and voltage respectively, in the channel. Taking a
first order Taylor series expansion around V;, (the unperturbed point), we obtain

I(x) =1y +i(z) = |g(x,Vh) + 39(8%%)0} (C;‘;O + Z—;) (5.14)

Neglecting second order term we obtain

dv , 0g(z. Vo) dVo,

() = — 1
i(w) = g (2, Vo) = + o do (5.15)
To proceed further, we note that
dg (z,Vo)  0g(x,Vo) , Og(x,Vo)dVy
dx n ox + oVo dx (5.16)
or
g (x, Vo) dVo _ dg (x,Vo) 99 (x, V) (5.17)
oV, dx dx ox ’
Substituting (5.17) into (5.15), we obtain
, dv  dg(x,Vp) g (z, Vp)
_ gy A O - 2 Y 1
i(x) {g (x, Vo) o + T v} e (5.18)

> dlg (z.Vo)v] 9 (z,Vh)

i(z) = [ I i v} (5.19)

Asi(xz) = I(x) — Iy, we seek a function from (5.10) such that

L
| t@itaar=o (5.20
0
Now from (5.19) and (5.20), if we can find a function f(x) such that
g(x Vb) ] 9g(z, Vo) _
/ flx { ~ v} dex =0 (5.21)

for all v then we can define a partitioning scheme. Then f(x) must satisfy

/f xVD /f xVO) da (5.22)
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Now we integrate the LHS by parts and use the fact that v vanishes at the boundary to obtain

df( )y NICAD) _
This criterion gives a differential equation of f(z) as
df (x) _ dg(x, Vo)
I g9(z, Vo) = —f(l’)T (5.24)
“ 2] [
df (x) 9g(z,V0)
dx ox
= 5.25
[T TEATS o

which can be solved at once as

x ag(g’,/Vo)

Note that for a conventional MOSFET %;’,VO) = 0 and so f(z) becomes 1 and we get back the
original Ward-Dutton scheme. For LAMOS, the final result from (5.10) and (5.26) becomes

9g(xz1,Vp)
L Jo exp [ Jo ( a?flvo ) dml} dx

](L) = Iy + / 9g(z1,Vp)
0 fOL exp [ Iy ( o )dazl] dx

(x1,V0)

Sda (5.27)

5.3 APPLICATION of small signal partitioning

In this section we will show how the concept of small signal partitioning can be applied to (a)
capacitance and admittance calculation in the LAMOS (b) calculation of gate tunneling current
and (c) partitioning of gate tunneling noise between the source and the drain.

5.3.1 Capacitance Evaluation of LAMOS

In small signal analysis, the drain current 74 can be expressed as

id = Z de?}k + jw Z C’dkvk (528)

where vy, are the terminal small signal voltage, Y”'s are the admittances and C’s are the capaci-
tances.

In case of transient, the source term 5 is W%. For small signal analysis, it reduces to
W jwq, where q is the perturbed inversion charge and can be expressed as

0Q, 9

q(z) = g T 50 v(z) (5.29)
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where v, and v(z) are the perturbed gate voltage and channel potential respectively. In order to
obtain the terminal currents we need to solve the coupled small signal and continuity equation
[4]. But thanks to the small signal partitioing , we can express the drain current as

L
Zd210+WW/ [aQ aQ
0

mvg + Wv(x) dx (5.30)
where 1 is the current when % = 0.

As we have already derived the partitioning scheme in the previous section, all it remains
is to express v(z) and i in terms of perturbed terminal voltage v,,v, and v, so that (5.28) and
(5.30) can be compared to derive the capacitances as well as admittances. Under quasi-static
assumption (also used in [4]) v(z) becomes real and equal to the value when % = (. As we are
now taking variation of V{; into account, the perturbed current becomes

F(L)

. d(Vy + dV,
i(x) =gz, Vo + v, Ve + vg)—( 0 +v) —g(x, V, VG)—O (5.31)
dx dx
. (. Vo, Vir) Vi dv Oz, Vo, Vi) dVi
. g\x, Vo, Vg 0 % g\, Vo, Va 0
S REURACI Sl — 2R 0 TGJ TN 32
i(x) I o v+ g(z, Vo, VG)d:U + I o Vg (5.32)
Using (5.17) into (5.32),
o |dg(x, Vo, Ve)  Og(x, Vo, V) dv  0g(x,Vy, V) dVj
i(x) = T g v+ g(x, V, VG)d:E + I T v, (5.33)
o d Vo, Vi 0 Vo, Vi 0 Vo, Vi) dV,
Z(fl?) — [g(.fC, 05 G)v] . g(l’, 05 G)'U+ g(xa 05 G) ng (534)

dx ox Vg dx

It should be noticed that appearance of an extra v, term does not change the partitioning func-
tion. Now under QS assumption the differential equation for v(z) satisfies

d[g(I7‘/E)7VG)U] ag(x7%7VG)v+ 8g(x7%7VG)%
dx or Vg dx

vy = ig (5.35)

where iy is to be determined. This ODE is solved below to obtain v(x) and i.
The differential equation for v(z) (5.35) can be rewritten as

d[g(-f’faVO,VGW] 1 ag<x7‘/07VG) . 89(37,‘/0,‘/6‘) d%
dx g(x, Vo, Vig) Ox 9z, Vo, Va)v] = i oV dr 9
(5.36)

We can consider this as a linear ODE with respect to g(x, Vi, Viz)v(x) and can be solved using
the integration factor R(z) which is given by

v 1 0g(x, Vo, Vi)
R(x) =exp |— dx 5.37

Multiplying (5.36) by R(x) we obtain

d[R(x)g(x, Vo, Va)v(z)]
dx

0g(:1:, ‘/07 VG’) d‘/O

= iyR(z) — R(z) o 7 Vg

(5.38)
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Let’s define two auxiliary variables \,(x) and A\ ;(x) as

Ao(z) = /I R(z)dx (5.39)
0
[ o 09 Vo, Ve) Ve

Using the definition of \,(z) and \,(z), and integrating (5.38) from 0 to = we obtain
R(z)go(z)v(z) — 9(0, Vs, Vg )vs = ighy () — vy () (5.41)

where we have used the fact that R(0) = 1, V4(0) = Vs and v(0) = vs. Now i from (5.41) can
be obtained using the fact that V4 (L) = Vp, v(L) = vg as
/\Q(L) g(OaVS7VG) R(L)g(vaDva)

1o = (L) Vg — (L) v + (L) Vg (5.42)

Substituting 7o from (5.42) in (5.41), we obtain
v(r) = G(2)vy + S(x)vs + D(x)vg (5.43)

where G(z), S(x) and D(z) are given by

AL MA@ W)
G0 = 50) Rw)gleVoVe) ~ Rlo)g(a, Vo, Vo) G449
9(0,Vs, Vg) Ao()
S(@) = R(w)g(;%,GVG) - ML)) 643

Ao(L) R(x)g(x, Vo, Va)

Now comparing (5.28) with (5.30), one can easily calculate the capacitances and admit-
tances. For instance C'p and C's can be expressed as

Q)
Cpe = {m Gl )1 dz (5.47)
90 0Q
W / { ] [% L )] (5.48)

Please note that above expressions have 51m11ar appearance as Ward-Dutton partitioning scheme
where F'(z) = x. Also by applying the concept of small signal partitioning, we have achieved
a considerable simplification over the existing capacitance calculation method for LAMOS.
Given the g(z,Vp), development reported in [6, 4] requires 4 level of numerical integration,
whereas our approach eliminates a whole level of integration with out sacrificing any accuracy.

Similarly all other capacitances associated with drain and source terminals can be expressed
as

Cps =W /0 ’ ?8 {%S(w)} dx (5.49)
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Cop =W /0 ’ fj((g [§—§D<x>] da (5.50)

Con=w [ ’ T |- s - e + s+ D@l e s

Csp = W /O ’ {1 - fjém {%m)} dx (5.52)
e

Cop =W /0 " {1 = 5((2} [—5% - g—g (G(z) + S() + D(x)]} du (5.54)

Please note all the terminal voltages are defined with respect to body terminal. Thus the expres-

sions of terminal small signal voltages in Cpp and Csp have v, = v4 = vy = —.
The admittances of LAMOS from (5.42) are given by
Ag(L) 90(0) R(L)go(L)
Yoo = -2 Ypg = — Ypp = ———+— 5.55
DG )\U(L) y I DS )\U(L) s L DD )\U(L) ) ( )

5.3.2 Partitioning of Gate Tunnelling Current

When we consider gate tunnelling current as a perturbation , we use (5.2) with 5 = 4,(z), where
ig(x) is the gate tunnelling current per unit length. Therefore, under the presence of a gate
tunnelling current, the drain current becomes

L
Ip=1I+ / F@); oy (5.56)
0

It should be noticed that as gate tunnelling current increases, it may not be possible to
consider s as a perturbation, and in presence of high gate current, there can be a significant
de-biasing of channel and full solution of coupled continuity and transport equation may be
needed.

5.3.3 Partitioning of Gate Tunnelling Noise

For noise partitioning, we need to relate drain current fluctuation di4 to gate current fluctuation
di4. Following [13], from (5.56) we obtain

1 L
L P ) |
dig F(L)/O (x)dig(x)dx (5.57)
then in terms of noise
1 L L -
Siy = 5 / / F (1) F (22)0ig(21)074(x2)duyda, (5.58)
F(L)" Jo Jo
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Assuming that the noise sources at different position are uncorrelated dig(x;)di,(z2) =
Sg(z1)0(x1 — x3), we finally obtain

g 1 L L )

We can split the local gate noise Sy(x) into two parts as Sg(z) = S5t (x) 4 SIticker (),
Now S5 () and SJ"*" () must have different 2 dependence because [13]

L
/0 St (z)da o I (5.60)

and .
/ SR () da o I3 (5.61)
0

Therefore a bit detailed analysis by us clearly shows that the noise partitioning depends on the
details of the noise mechanism (the S,(z) term) and will be different for shot and flicker noise,
even in the conventional MOSFET.

5.4 Discussion and Results

In this section, we address how a bias dependent partitioning function gives rise to peaks in Cp¢
and validates our approach by comparing our scheme with numerical and device simulation. In
order to study the impact of lateral asymmetry we take a position dependent threshold voltage
Vr(z) as [6, 4, 14]

Vr(z) = v - Ur + Avg - Up(1 — exp(—a - (x/L)?)) (5.62)

where Uy is the thermal voltage vy is the normalized threshold voltage at the source, Av, is
indicative of the difference between the source and drain threshold voltages and « determines
the sharpness of the profile. Now we calculate the capacitances numerically as follows: we
first vary any terminal voltages by dv; and solve the small signal version of (5.2) to obtain
v(x) and substitute this in (5.34) to obtain the imaginary part of the current (i;m) at the source
or the drain. By definition the capacitance becomes Cy;, = i)™ /(jwdvy). We will call these
capacitances as actual capacitances. We also calculate the capacitances using our partitioning
scheme (5.51) and (5.54) and Ward-Dutton partitioning scheme. For numerical simulation, we
will take v40=40, o = 1.3, Av; = —10, —30 and v4 = 0, 10. It has been confirmed that at low
frequency, the actual capacitances are independent of the frequency, which means as expected
the quasi-static assumption holds quite well.

Fig. 5.1(a) shows the plot of Cp¢ calculated by the three different methods for Av; = —30.
As expected, our partitioning scheme and exact numerical solution show the perfect agreement
and captures the peaks in C'pi which is a typical characteristics of LAMOS. The peak in Cpg
can be explained by the bias dependence of partition function. First, consider the situation,
when the source is in weak inversion and the drain is in strong inversion. This situation will
occur because the threshold voltage at the source is greater than the threshold voltage at drain. In
this case, as g(z, Vo, Vi) is very small near the source, the function f(x) decays off very rapidly



96 Partitioning Scheme and Noise Modeling in LAMOS

1.0 T T T

—«— Actual .
0.8} — Partioning / i
Ward-Dutton A

80
Normalized Gate Voltage(vg)

(a)

1.0 T T T

—«— Actual
0.8} — Partioning Av=-10 4
ffffff Ward-Dutton

80

Normalized Gate Voltage(vg)

(b)
Figure 5.1: The plot of drain-to-gate capacitance Cp¢ vs v, for (a) Av, = —30 and (b) Av, =
—10. All the voltages have been normalized by thermal voltage Ur.

near the source because of the term present in the exponential of f(x). As a result,

the partition function F'(x) (which is the integral of f(x)) remains constant almost all over the
channel except a very small region near the source where it increases to take the saturation value
(see Fig. 5.2(a)). Now in this situation as the gate voltage increases a part of channel gradually
comes out of the weak inversion and enters the strong inversion. Therefore C'p¢ increases with
gate voltage. This situation continues till the gate voltage is less than the threshold voltage of
the source end. As the gate voltage exceeds the threshold voltage of the source end, the region
near the source starts to enter into the strong inversion because of this the g(x, Vj, Vi) starts to
increase. As a result, the function f(z) decays less rapidly and F'(z) increases continuously
(see Fig. 5.2(b)). It means that the capacitance near the strongly inverted source region now
gradually getting a lesser weight, as a consequence C'p¢ decreases with the gate voltage. Note
that as Ward-Dutton partitioning function always take F'(x) = z, it can never explain the sharp
peak in Cpe curve. Also note that for v; = 10, the peak increases because a change in gate
voltage induces a change in the channel potential (the perturbed channel potential becomes
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Figure 5.2: Profile of partitioning functions for (a) v, < vy and (b) vy > vy. In the first case,
as g(z, Vi, Viz) is very small near the source, the function f(x) decays off very rapidly near the
source (because of the m term present in the S term). As a result, the partition function
F(z) (which is the integral of f(z)) remains constant almost all over the channel. In the second
case, f(z) decays less rapidly in strong inversion and thus F'(x) is increasing continuously from

source to drain.

negative), which in turn causes a change in charge distribution and the combined effect increases
the peak. To understand why perturbed channel potential can become negative to increase the
small signal charge, consider the situation, when the source end is weakly inverted and drain
end is strongly inverted. In this case the transistor can be thought of a series combination
of two transistors with different threshold voltage, where the one near the source is weakly
inverted and near the drain end is strongly inverted. Now let ()5 and (Jp be the charge at the
source and drain end of the strongly inverted. The current / flowing through this transistor is
proportional to Q% — Q%. The weakly inverted transistor in series forces I to be very small,
therefore Q% ~ Q%. Now as gate voltage increases both Qg and ) p will increase and we have
0QsQs ~ 6QpQp. As drain end is kept at a fixed channel potential and is in strong inversion
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Figure 5.3: The plot of source-to-gate capacitance Csg vs v, for (a) Av, = —30 and (b)

Av; = —10. All the voltages have been normalized by thermal voltage Uy .

0Qp ~ Cu,pdVg. So we have 6Qs/0Vs ~ (Qp/Qs)Cor. As Qp > Qg in this situation
(because the source end has higher doping), we have §Qs/dVe > C.,,, which is only possible,
if the channel potential goes negative and adds in the gate voltage. Depending on the profile and
drain voltage, the peak in C'ps vs Vigg curve may even increase above C,, in presence of the
gate voltage [5]. Fig. 5.1(b) shows the C'p for Av, = —10. As the doping difference between
the source and drain is now much less, the peak is less pronounced. From this discussion, it
should be clear that if one chooses sufficiently large drain voltage to prevent the drain region
entering into strong inversion before the source region, the peak in C'p¢ should disappear. Our
numerical simulation Av; = —10,v4 = 10 represents this situation in Fig. 5.1(b). Fig. 5.3
shows the plot for C's¢, where our partitioning scheme and exact numerical solution also show
perfect agreement. Fig. 5.4 shows a comparison with device simulation for Cpg and Cgg,
where we also obtain a satisfactory agreement. The discrepancy is due to the approximations
that are inherent in the expression of g(z, Vj, Viz) (charge sheet approximation, inversion charge
linearization etc.)
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Figure 5.4: Model validation on device simulation: (a) Drain-to-gate capacitance C'pg vs Vg
for Vps = 0 and 0.5V (b) Source-to-gate capacitance C's; vs Vs for Vpg = 0 and 0.5V.

Although we are able to provide a considerable simplification over the existing approach
[6, 4], work needs to be done to get a more simpler approximate compact models [2] depend-
ing on specific models of g(z, Vy, V7). This new insight and a correspondence with existing
Ward-Dutton partitioning may be helpful for this purpose. Even if a simplification of our exact
formulation is done, the model will be a QS capacitance based model which may have some
problems [15].
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Figure 5.5: Plot of drain thermal noise power spectral density (PSD) vs. gate voltage for
LAMOS at Vpg = 0. The KP method grossly overestimates the noise current especially at
low gate voltages. The dotted line represents noise calculated using KP method, which is valid
for conventional MOSFET and states that the drain noise current PSD is proportional to total
inversion charge in the channel. We see that this approach grossly overestimates the noise
current especially at low gate voltages. This suggests that the noise properties of LAMOS is
considerably different from conventional MOSFET. Our proposed model correctly captures the
trend and gives very good match with device simulation.

5.5 Noise Modeling in the Lateral Non-uniformly doped MOS-
FET

As the efforts for a compact LDMOS model [16, 17, 18, 19] for standardization is going on
by the Compact Model Council (CMC) [20], the noise modeling has been set a mandatory
feature for an industry standard compact model. The MOSFET noise models are either built on
Klaassen-Prins (KP) [11] or some equivalent methods [21, 22, 23, 24], which are all denoted
here as KP method. Fig. 5.5 shows the plot of the drain current power spectral density (PSD)
in equilibrium versus the gate voltage obtained from a 2-D device noise simulation (DESSIS)
and the noise PSD predicted by KP method. It shows that even in equilibrium, the KP method
grossly overestimates the noise at low value of gate voltages, which reveals the importance of
a new noise calculation method. Starting from a Langevin description [24], we will develop an
analytical noise model for LAMOS [10, 25] and explain why the KP method fails.

5.5.1 Development of the noise model

Let’s start with the basic principles of the Langevin method as shown in Fig. 5.6. The current
at any position in the MOSFET channel has two components. One component is set up by the
voltage perturbation caused by the noise source (which can be thought of flowing through the
resistances) and other one is the noise current itself (which is represented by the noisy current
source i, (x)). Aig is the total noise current flowing through the channel and is constant along
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Figure 5.6: Tllustration of the noise calculation by using a Langevin approach. i, (z) is the
noise current source, Ai, is the terminal noise current, Ai,(z) is induced gate noise, which
originates due to the fluctuation of channel potential across the gate capacitance Cy(x). The
current at any position has two components. One component is set up by the voltage perturba-
tion caused by the noise source (which can be thought of flowing through the resistances) and
other one is the noise current itself (which is represented by the noisy current source di,,(x)).
Az, is the total noise current flowing through the channel and is constant along the channel. The
induced gate current noise Ai,(z) originates due to the fluctuation of channel potential across
the gate capacitance C,(x) and lies in quadrature with the drain current noise.

the channel. The induced gate current noise Ai,(z) originates due to the fluctuation of channel
potential across the gate capacitance C,(x) and lies in quadrature with the drain current noise.

The basic mathematical steps have been derived in Appendix B. Note that, to keep our
analysis general, mobility degradation has also been taken into account. One of the essential
steps in noise calculation is to find a proper small-signal description of the transport equation
as shown in (B.2)-(B.8). One of the interesting results is (B.7), which illustrates the impact of
the mobility degradation in the chain rule. Instead of trying to solve (B.8) directly, the ‘trick’
we apply is to rewrite (B.8) as a linear ODE with respect to the quantity g(z, V, %) - v with
an integration factor R(z) (see (B.9)). Using R(z), we put the perturbed channel potential v
inside a proper differential (B.10). Next we use the facts that total noise current Ai, is constant
along the channel and v vanishes at the boundaries to obtain drain current (B.13). Please note
that when there is no lateral asymmetry, dg(z, V, Cfl—‘x/ /Ox vanishes and one get back to the noise
expression of [24]. In addition when there is also no mobility degradation, we get back the
conventional KP equation [11]. To obtain the gate current (B.14), we apply a variant of the
techniques developed in [24]. Once the current is obtained, PSDs can be easily calculated (see
(B.18)-(B.22)).

5.5.2 Result and discussion

Let’s first discuss, why conventional KP based methods fail for LAMOS. If we integrate (B.8)
(as done in the original derivation [11]), the presence of lateral asymmetry generates an addi-
tional term, which depends on the profile of perturbed channel potential v. This fact drastically
changes the so called vector impedance field (IF) [24, 26] of the device. Eq. (B.13) reveals that
the contribution to the terminal drain noise from any point gets determined by the product of two
terms. First one is the IF for drain, A A, (see (B.16)), which represents the noise propagation
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Figure 5.7: Profile of squared drain IF (normalized with respect to the inverse of channel
length) and inversion charge density (normalized by C,,Ur ) at Vps = 0 (a) for low gate
voltage (Vo = 0.7 V) and (b) for high gate voltage (Vi; = 1.2 V). The PSD of the local noise
source is proportional to the inversion charge. For normal MOSFET the normalized IF is equal
to 1 but it is peaked near the source for lateral MOSFET. This considerably changes the noise
behavior of LA MOSFET.

and the second term is the local noise source, whose PSD is proportional to the inversion charge
(see (B.22)). Fig. 5.7 shows the plot of IF and inversion charge density versus normalized posi-
tion. For a conventional MOSFET, IF is independent of position and equal to the inverse of the
channel length [24, 27]. But the lateral asymmetry causes A A, to highly peak near the source
end and this effect is much more prominent at low gate voltages (Fig. 5.7(a)). As the source
end is highly doped compared to the drain end, the inversion charge towards the drain end is
much higher. These immediately reveal that KP grossly overestimates the noise current because
it assigns the same weight to both strongly inverted region near the drain and weak/moderately
inverted region near the source. Whereas in reality, the weak/moderately inverted region near
the source gets a much higher weight and dominates the noise behavior. As the gate voltage
increases, A A, becomes less sharply peaked and also the difference between drain and source
end charge decreases (Fig. 5.7(b)). Therefore, at high gate voltages KP can give an ‘order of
magnitude’ kind of estimate (Fig. 5.5). The reason for the sharp peaking of the IF mathemati-
cally follows from (B.11). At low gate voltages, the value of g(x,V, F) at source end will be
very low, therefore the factor inside the exponential present in A Ay is very high, which causes
this sharp peak. At higher gate voltages the value of g(z, V, E) near the source is large so the
exponential decays slowly. A ‘crude’ physical reasoning of this behavior is the following: if we
lump the effect of distributed doping into two transistors, at low gate voltages the transistor near
the source end will be weakly inverted and transistor near drain end will be strongly inverted.
As the weakly inverted transistor has a much higher resistance and noise voltage (which, as a
first order approximation, is proportional to the resistance), it follows that the noise current of
the total combination will be determined by the weakly inverted transistor. In order to validate
our theory, we made extensive comparison with ISE-DESIS, which calculates noise using a 2-D
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Figure 5.8: Model validation on numerical device simulation (DESSIS): Plot of -y versus drain
voltage (a) at low gate voltage (Vi = 0.7 V) and (b) at high gate voltage (Vo = 1.2 V). At low
gate voltage the shape can not be captured by KP method.

Greens function method. The structure simulated has a source doping of 5 x 10'7 cm~ and a
drain doping of 1 x 10'® cm™3, channel length of 2 ;im, width of 1 zm, and a oxide thickness
of 8 nm. Fig. 5.5 shows that our model is in close agreement with the device noise simulation
in equilibrium. In order to check the bias dependence, we plot the noise factor v (see (B.23))
as a function of drain voltage in Fig. 5.8. As an increase in drain voltage always decreases
the total charge, the KP method can only predict a monotonically decreasing behavior of v but
both TCAD and our model predicts a minimum at low gate voltages (Fig. 5.8(a)) and our model
satisfactorily matches the TCAD. The valley appears because the drain voltage also influences
AAy in a complicated way. Fig. 5.8(b) shows the same plot at high gate voltage, where we
get back the expected monotonic decrease. In order to validate our induced gate noise model-
ing approach, we plot the correlation between drain and induced gate noise, ¢, (see (B.24)), as
function of drain voltage. Fig. 5.9(a) and Fig. 5.9(b) show the plots of ¢, for low and high gate
voltages respectively and our model again gives a very good match. Note that this term also
behaves considerably different from conventional MOSFET where ¢, saturates to 0.6 at weak
inversion and to 0.4 at strong inversion [28, 29]. It is very interesting to note that KP based
methods [24, 30, 31] for induced gate noise produces even a sign error in the correlation coef-
ficient. This can be understood by noticing that the induced gate current changes sign as one
moves from source to drain [24]. Fig. 5.10 shows the profile of IF for induced gate current A A,
(see (B.17)). Here also the conventional method incorrectly puts a lower weight to the source
end, and as the charge is much higher near drain end, the total contribution gets dominated by
the drain end. But in reality, as actual IF plots show, the gate noise gets dominated by the source
end. As IF changes sign from source to drain, it is evident that KP method will cause a sign
erTor.
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5.6 Conclusion

In this chapter, we discussed the limitation of the Ward-Dutton partitioning scheme with fo-
cus on lateral non-uniformly doped MOSFET. We showed the existence of the small-signal
partitioning scheme for the situation when lateral asymmetry can be present in the MOSFET
channel. The concept of the small signal partitioning is then successfully used to define the
partitioning of perturbed charge from which the capacitances are calculated. This development
provides a simple way of calculating capacitances. The proposed development was validated on
the numerical device simulation and showed good results. As failure of Ward-Dutton scheme
makes the concept of terminal charge invalid, the future compact modeling methodologies may
undergo major changes. This new insight and a correspondence with existing Ward-Dutton par-
titioning will be helpful for developing simpler compact models for high voltage MOSFETs.

For the first time, a general analytical noise modeling methodology accounting for both lat-
eral asymmetry and field dependent mobility was presented. This methodology is applicable to
any kind of noise mechanism. The model was validated on the numerical device simulation and
it was also explained why the noise properties in presence of lateral asymmetry are drastically
different from conventional MOSFET.
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Chapter 6

Conclusion

The major achievements of this work can be summarized as follows:

I. EKYV based General High Voltage MOSFET Model

A general High Voltage MOSFET model based on the EKV model as a core and new bias
dependent drift resistance was developed. The model performance was demonstrated for three
industrial devices: VDMOS, bulk-LDMOS and SOI-LDMOS. The model correctly reproduces
the special effects of high voltage devices like the quasi-saturation and self-heating effect, and is
highly scalable with all physical and electrical parameters such as transistor width, drift length,
number of fingers and temperature. The model shows good results for entire DC bias range and
good behavior for capacitances, especially the peaks and shift of these peaks with bias. The
model provides excellent trade-off between speed, convergence and accuracy, being suitable for
circuit simulation in any operation regime of HV MOSFETs. The model has been implemented
in Verilog-A and tested on SABER (Synopsys), ELDO (Mentor Graphics) and Cadence‘s Virtu-
0s0 Spectre circuit simulator and Virtuoso UltraSim fast-Spice simulator for industrial use. The
model fulfils all the accuracy target required by the industry for high voltage MOSFET models.

II. Compact Modeling of Lateral Non-uniform doping

A novel charge based compact analytical model for lateral non-uniformly doped MOSFET
was developed in this chapter. The model is developed using charge based EKV formalism.
The major impact of the lateral non-uniform doping was seen on the capacitances, whose mod-
eling has been a daunting task till now as expressions become non-integrable and non-implicit
for current and charges. The inversion charge linearization paved the way to approximate the
surface pinch-off potential across the channel. This led to develop integrable expressions for
current and then charges. The inversion and gate charge in this model have clear dependence
on the drain current, which is not the case in the conventional MOSFET models. Although this
model was developed primarily for high voltage MOS devices, the lateral asymmetric channel
devices have also demonstrated good behavior in deep sub-micron devices for higher perfor-
mance in analog, RF and mixed signal design. In fact, lateral non-uniform doping is inherent in
halo-doped nano-MOSFETs.

The proposed model was used for modeling of high voltage devices with a lateral doping
gradient using an appropriate drift model. To the best of our knowledge, this is the first time,
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the modeling of lateral non-uniform doping has been implemented in any high voltage compact
model. The model shows good behavior for all capacitances as well as for DC, when compared
with device simulation and measurements. The position of the capacitance peaks as well as
their amplitude are correctly simulated by the model. The major impact of the proposed model
is on the accuracy improvement of high voltage MOSFET models especially during transient
operations (i.e. modeling of the bias-dependent peaks and slopes of device capacitances).

III. Partitioning Scheme and Noise Modeling in LAMOS

The limitation of the Ward-Dutton partitioning was explained. The existence of the small-
signal partitioning scheme for the lateral non-uniformly doped MOSFET was developed. The
concept of the small signal partitioning was successfully used to define the partitioning of per-
turbed charge from which the capacitance were calculated. This development provided a simple
mean of evaluating capacitances of lateral non-uniformly doped MOSFET. It was evident, as
failure of Ward-Dutton scheme makes the concept of terminal charge invalid, the future compact
modeling methodologies may undergo major changes. This new insight and a correspondence
with existing Ward-Dutton partitioning will be helpful for developing simpler compact models
for high voltage MOSFETs. Also, for the first time, a general analytical noise modeling method-
ology accounting for both lateral asymmetry and field dependent mobility was presented. This
methodology is applicable to any kind of noise mechanism. It was also explained why the
noise properties in presence of lateral asymmetry are drastically different from conventional
MOSFET.

The research work in this thesis has been successful in solving several problems related to
high voltage MOS modeling. Still there are several things which should be improved or solved
for a better high voltage MOS model. Following is the list of tasks which needs to be done in
future to get high performance HVMOS model:

» Length Scaling in Lateral Non-uniformly doped transistor

» Noise modeling and implementation in HVMOS

» Simplified partitioning scheme for Lateral Non-uniformly doped transistor
» Charge or surface potential based modeling of drift region

» Accurate modeling of the overlap capacitance in the drift region



Appendix A

Solutions of transcendental equations of
¥ps qs and g

A.1 Evaluation of 9,

The transcendental equation for ¢, in normalized form can be rewritten from (5.6) as

Vg — vy = Y + sign(p)yy/e Ve + 1, — 1 (A.1)

where v, = ‘II}—’T’ Vpp = VUF—f and v = l% are in the normalized forms. A simple routine for
approximation of 1/, has been developed to get the solution of this transcendental equation given

below.

Ypo = [Ug_zvf” —3(1+%)] +\/{%—3 (1+%)r+6(vg—ufb) (A2)

Then

—In [1 — o + Ug el wpo } ifv, < wvp;
Yy = 2 (A.3)
{\/vg —vp — (1 — e %) + % — %] + (1 —e %), otherwise
A.2 Evaluation of ¢ (= ¢, or q,)
The transcendental equation for ¢ can be rewritten from (4.12) or (4.13) as
2¢+In(q) = vy — Ven, (A4)

where ¢ and v,;, can be ”q; and v~ or ”gy and v;”. A simple routine for approximation of ¢ has
been developed to get the solution of this transcendental equation given below.

UV = Uy — Veh (A.5)
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ifv>—-0.6

1
=7 [v ~ 1.4+ /o(v — 0.394036) + 9.662671]
_ v —[2g0 + In(qo)]

%= 2q0+1

q=qo[l+d(1+0.075)] (A.6)
otherwise

o= o3 [0-0.201491— \/0(v+0.402982) +2.446562]

5, = v —[2g0 + In(qo)]

2q0 +1



Appendix B
Noise Modeling of LAMOS

The channel current can be written as
I(z) =g(z,V,E)E (B.1)
where g(z,V, E) = Wpu(z, E)Q;(z,V) and E = 9 Here Q; is the inversion charge, V is the

channel potential and E is the electric field at any position x in the channel. W is the width of
the device. Fig. 5.6 can be mathematically represented as

+ 0in(2) (B.2)

I(z) +ia(x) =g <37, V4o, d(Vd: U)) d(Vd; v)

The perturbation analysis of (B.2) in the similar way as in section 5.3.1 yields

dx

o) = (st vy S LEV Y (Ol VY

The impact of lateral asymmetry and mobility degradation on g(z, V, F) can be written as

dg(z, V. E) 0Og(x,V.E)  0g(x,V.E) ,  0g(x,V,E)dE
= E — B.4
dx Ox * oV * oF dz (B4)
It should be noted that the extra term W appears due to lateral asymmetry while %

term appears due to mobility degradation. In conventional MOSFET, both of these terms would
be zero.

At this point it is important to recognize that we have additional constraint on % from the
fact that % = 0. Thus, as £ and ‘fi—f are not independent because the unperturbed current is
constant, we have from (B.1)

dl
%_0_ dx

dg(z,V,E)
dFE < . dx >E

dr — g(x,V,E) 0

d E dE
dg(z.V. E) i | 9@, V. E)— (B.5)

or
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In the presence of mobility degradation, the “chain rule” becomes

dg(xz,V, E) g(z,V, E) (39(95, V.E)

(B.7)

0g(z,V,E
dx g(x, V. E) + 52— E

ov Ox
Using (B.7), the final expression of i4(x) from (B.3) can be written as

og(z,V,E)
g(z, V. E) + =55 F
g9(z,V, E)

d Jg(x,V, F)

%[g(xv VvE)U] - o

ig(x) = v+ iy (z) = Aig (B.8)

where Ai, is the constant noise current flowing through the channel. Rearranging (B.8) as a
ODE of gv

d 9g(z.V.5) g(z,V, E)
— [g(z,V, E)v]— Oz g(z,V,E)v] = R Aig — i, (2
(B.9)
Using integration factor R(z), the above ODE can be written as
dR(x)g(x,V, E)v _ .
RV _ ) (i — i) (8.10)
where
T Bg(x,V,E)
R(z) = exp —/ Oz dx (B.11)
@ [ 0 (g(x, V.E) + —BQ(E}E/’E)E>
and
g9(z,V, E)
flx) = R(x (B.12)
(@) g(z,V, E) —i—%E (@)

As v vanishes at the 0 and L (L is the length of the device), the integration of (B.10) gives

Ay Jy F(@)din(x)dz

(B.13)
L
fo f(x)dx
The expression of Induced gate noise can be written as
L L 4
Jy @) (Ji Flen) @) = A@))day ) din(2)d
Aty = —jwW i (B.14)
Jo fx)dx
where Ai, is the total gate noise current (integral of di,(x) in Fig. 5.6) and
T0Q 1
Mz) = g dx B.15)
D= )y Rl V. (
(@), is the gate charge density at any position in the channel.
The impedance fields for drain and gate respectively are obtained as
/() (B.16)

A= 2\
T fa)de
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= —jw & ' T 1) — Ax))dr
AAy = —jwW [fOLf(at)d:c] [/0 fla)(A(z1) — Az))dxy (B.17)

The expressions of power spectral densities (PSD) are obtained as

Drain PSD: .
Sp, = / |AAy|?Spiz da (B.18)
0
Gate PSD: .
Sp, = / |AAY|*Ssi2 dx (B.19)
0
Drain-Gate PSD: .
SIDIG :/ AAdAAgS&%d.T (BZO)
0

where Sy;2 is the power spectral density (PSD) of the elementary noise current 6z, [1]. Assum-
ing the noise sources are spatially uncorrelated, we have

ip(11)00n(22) = S&i%5<x1 — Z3) (B.21)
where the local noise PSD for thermal noise can be expressed as
Ssiz =4-q-W-Q;- Dy Af (B.22)

where D, is the noise diffusivity [1]. For simple electron mobility model this definition of Ss;2
reduces to the one used in [2] i.e. Ss5;2 = 4kTgAf, where T}, is the lattice temperature and k
is the Boltzmann’s constant. Finally the noise parameters are obtained as

Sr2
N=— b (B.23)
4kT'1,gas0
Siplg (B.24)

L /Sp Sp

where g, 1s the drain to source conductance at Vpg = 0.
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