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ABSTRACT 

 
 

With the work reported in this manuscript we have essentially contributed to the electrical 
characterization and modelling of high voltage MOSFETs, more particularly DMOS architectures 
such as X-DMOS and L-DMOS able to sustain voltages ranging from 30V to 100V. The 
technology information and the investigated devices have been kindly provided by AMIS, Belgium 
(former Alcatel Microelectronics). 

In general, all the initial defined targets in term of the orientation of our work, as defined in the 
introduction chapter, have been maintained along the progress of the work. However, sometimes, 
based on the obtained results we have decided to pay more attention to some less explored topics 
such as the hot carrier impact of DMOS capacitances and the combined effect of stress and 
temperature, which initially were not among the planned activities. However, we believe that we 
have contributed to some of the planned targets. 

We experimentally validated the concept of intrinsic drain voltage; a modeling concept 
dedicated to the modeling of HV MOSFET and demonstrated its usefulness for the DC and AC 
modelling of HV devices. We proposed an original mathematical yet quasi-empirical formulation 
for the bias-dependent drift series resistance of DMOS transistor, which is very accurate for 
modelling all the regimes of operation of the high voltage device. We combined for the first time 
such a model with EKV low voltage MOSFET model developed at EPFL. We also have reported on 
models for the capacitances of high voltage devices at two levels: equivalent circuits for small 
signal operation based on VK-concept and large signal charge-based models. These models capture 
the main physical charge distribution in the device but they are less adapted for fast circuit 
simulation. 
In the field of device reliability, we have originally contributed to the investigation of hot carrier 
effects on DC and AC characteristics of DMOS transistors, with key emphasis on the degradation of 
transistor capacitances and the influence of the temperature. At our knowledge, our work reported 
in this chapter is among the first reports existing in this field. We have essentially shown that the 
monitoring of capacitance degradation if mandatory for a deep understanding of the degradation 
mechanisms and, in conjunction with DC parameter degradation, could offer correct insights for 
reliability issues. Even more, we have shown situations (by comparing two fundamental types of 
stresses) when the capacitance degradation method by HC is much more sensitive than DC 
parameter degradation method. Of course, some of the combined stress-temperature investigations 
were too complex to find very coherent explications for all the observed effects but our work stress 
out the interest and significance of such an approach for defining the SOA of high voltage devices, 
in general. 
Overall, our work can be considered as placed at the interface between electrical characterization 
and modelling of high voltage devices emerging from conventional low voltage CMOS technology, 
continuing the research tradition in the field established at the Electronics laboratory (LEG) of EPF 
Lausanne. 
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RESUME 

  
 
Ce  travail de thèse a été en sa majorité consacré a l’étude des dispositifs Métal Oxyde Silicium 

à effet de champs pour applications hautes tensions (HV-MOSFET), plus connus sous le nom de 
transistors DMOS, et dont deux différentes architectures latérales, LDMOS (canal auto aligné) et 
XDMOS (canal non-aligné), ont été le sujet de ce travail. L’étude fut portée essentiellement sur la 
caractérisation et la modélisation ainsi que la fiabilité électrique de ces dispositifs, y compris d’un 
point de vue capacitif, sur la gamme de température 25 – 125°C.  

Il est important de souligner que ce travail fut réalisé en étroite collaboration avec l’industrie 
dans le cadre du projet Européen AUTOMACS et avec comme partenaires principaux AMI 
Semiconductor, Bosch, Silvaco et IMEC. La totalité des transistors analysés durant ce travail de 
thèse provenaient d’une technologie CMOS 0.7 µm fournis par le partenaire industriel AMI 
Semiconductor. 

Le premier volet de cette thèse est consacré à l’élaboration du concept de tension de drain 
intrinsèque permettant la séparation des divers effets et phénomènes physiques intrinsèques a la 
structure, en particulier la quasi-saturation, entre la régions du canal et du drift de l’architecture 
DMOS.  

La validité de ce concept a des fins de modélisations DC est démontré de façon expérimental à 
l’aide d’une expression quasi-empirique de la résistance variable du drift capable de modéliser avec 
grande précision les différent régimes et modes d’opérations du transistor haute tension. Cette 
expression est pour la première fois combinée avec le model analytique basse tension EKV 
(développé au sein de l’EPFL) et validé sur silicium, démontrant le potentiel de cette approche pour 
la modélisation électrique du transistor DMOS. Une partie de l’effort de modélisation est aussi 
consacré a la modélisation AC ou capacitive des architectures DMOS et cela à travers un modèle 
petit signaux basé sur un circuit équivalent et un modèle en charge basé sur une estimation 
géométrique de la charge du drift pour les applications grand signaux. 

Le deuxième volet de cette thèse est dédié a la fiabilité des transistors hautes tensions, en termes 
de dégradations des caractéristiques électriques induites par porteurs chauds. L’accent est mit sur 
l’impact de la haute température sur la dégradation des capacités extrinsèques du transistor DMOS 
sujet à deux conditions principales de stress électrique. L’analyse des résultas révèle que la 
corrélation entre la dégradation des caractéristiques capacitives et DC permettent une meilleure 
compréhension des divers mécanismes de dégradations ainsi que la localisation de leurs origines à 
l’intérieur de la structure de façon précise et sans ambiguïté. A notre connaissance, cette analyse est 
la première du genre dans le domaine de la fiabilité des transistor DMOS et ouvre le débat sur 
l’importance de considérer l’aspect capacitif du transistor en général dans la définition de la zone de 
sécurité d’utilité (Safe Operating Area, SOA), en particulier dans les applications hautes fréquences 
ou l’aspect capacitif est primordial.  
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1.  1. HIGH-VOLTAGE AND POWER CMOS EVOLUTION 

In this section a general overview on the “state-of-art” of high voltage semiconductor devices is 
presented, based on the most recent available literature. A special interest is dedicated to the High-
Voltage Complementary Metal Oxide Semiconductor transistors (HV-CMOS). The investigation 
starts with a brief introduction on the CMOS evolution in the high voltage (or power) domain 
followed by a description of the high voltage CMOS transistor types and their actual and expected 
future applications. Then, a synthesis, based on the performed bibliographic research, concerning 
the status and trends of power and high voltage (HV) models for circuit simulation is presented. 
This discussion intends to highlight the interest of the LDMOS modeling activity for the scientific 
community and identify clear orientations for the proposed work in order to ensure successful 
results and visibility. 

 
Starting with the huge success found by semiconductor materials, more precisely Silicon, in 

microelectronic applications in the 60’s, passing by the emergence of the first ICs (Integrated 
Circuits) and up to our days, an important development activity for such circuits was focused upon 
signal processing applications, given rise to many different types of circuits (analog or digital). All 
these circuits share one common feature; they are designed to operate at low-voltage and low-
current levels. In addition, the push to increase the integration density in VLSI (Very Large Scale 
Integrated) circuits is creating the need to reduce the power supply voltage down to the standard 5 
volts. Similarly, the continuous scaling down of the physical dimensions of transistors in order to 
increase circuit functionality restricts the current handling capability of such devices to less than the 
milliAmpere. Knowing, that in such IC’s (based on bipolar transistors) the power electronics was 
composed of complex multi-component circuits that required, for proper operating conditions, 
current input in the Ampere range and thick base regions. Adding to that the appearance of 
economical constraints with the vast cost reduction needed in information processing applications. 
All of these led to a dominant cost of the power section and a limited compatibility with the 
continuous progress of technology and applications. 

 
As an attempt to answer the experienced limitations of bipolar transistors, a new power device 

technology based on the CMOS technology evolved. The first high-voltage MOSFET’s were 
obtained by redesigning the standard lateral MOSFET in order to improve their blockage capability 
(i.e. voltage breakdown, VBD). Two structures were developed in parallel: (i) the Vertical Double 
diffused MOS (VDMOS) and (ii) the Lateral Double diffused MOS (LDMOS) transistors. They are 
used in isolated and non-isolated configuration depending on the appropriate application (i.e. the 
non-isolated configuration is used in discrete power devices, while the isolated one is very suitable 
for implementing the low and the high-voltage device on the same chip). High-Voltage Integrated 
Circuits (HVIC’s) and Power Integrated Circuits (PIC’s) are typical representations of these 
implemented chips. The distinction between them is made at the current and voltage levels. While 
the PIC’s are dedicated to handles currents between 0.5-30A at supplying voltages of 50-500V, the 
HVIC’s are generally designed to operate at low currents (up to 0.1A) and high voltage (up to 
1000V) [1]. It is important to note that the term “High-Voltage” is a relative notion, since the 
standard voltages used for IC’s, in our days, may vary around few Volts; for example, with the 
improvements in sub-micron technology, nominal voltages tend to values of 1-2.5V [2]. Therefore 
any voltage supply rated to a higher value (e.g. 5V) is considered as a high voltage environment for 
these sub-micron devices. 

 
The introduction of power MOSFET’s was originally regarded as a major threat to power 

bipolar transistors. In our days power MOSFET’s spread over a wide range of currents and voltage 
rating applications. For those applications requiring high current and voltage ranges, such as motor 
control and factory automation systems, discrete devices combined with high voltage ICs are used. 
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For applications necessitating either high voltage operation at low current levels (e.g., electrostatic, 
ink-jet printers and plasma display) or high current level at low voltage (e.g., linear and switching 
regulators, ac-motors controls, automotive control circuits and ballast for fluorescent lights) can be 
served by HVIC’s and PIC’s respectively. With the technological advances and the continuous 
performance improvement of the high-voltage MOSFET, applications in automobile and aircraft 
industries as well as telecommunication systems have found their way and became of great 
motivations to improve the high-voltage field. Fig. 1.1 presents the voltage and current handling 
needs for various applications. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.1. Illustration of power and high-voltage MOSFET applications in term of current and voltage ratings 
(after [1]). 
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1.  2. HIGH-VOLTAGE AND POWER MOSFET MODELING OVERVIEW 

In the following a brief critical synthesis, based on a bibliographic research, concerning the 
status and trends of high voltage (HV) and power models for circuit simulation is presented. This 
discussion intends to highlight the interest of the HV-DMOS modeling activity for the scientific 
community and identify clear orientations for the modeling task, part on this PhD work, in order to 
ensure successful results and visibility. In recent years, research on HV and power semiconductor 
device models for circuit simulation has been intensified as a result of higher demands on improved 
efficiency and reliability in the design and realization of specific integrated circuits. Several 
research groups through the world have elaborated new concepts for trimming the basic physical 
equations to the requirements of HV/power device models for circuit simulations [3]. The 
challenges for such models result from: (I) high quantitative accuracy in DC and AC regimes, (II) 
fast computation capability and (III) physical and easy accessible model parameters. The LDMOS 
modeling activity is focused to formulate at least a favourable trade-off between these potentially 
contradicting requirements. Some of the traditional simulation and design standard tools for 
power/HV were based on simplified semiconductor models, which are below the nowadays state-
of-the-art in the design of integrated circuits. Moreover, the required device models improvements 
are now fully justified by the introduction by main industrial companies of new products with new 
functionalities, in order to compete on the international market. Note that specialized software 
vendors (e.g. Anacad, Mentor, Meta-Sofware, Micro-Sim, Silvaco, ISE, etc.) have already reacted 
to support simulation and design for HV and/or power electronic circuits. 

 
From a physical point of view, modeling a physical component or a device can allows a better 

comprehension and control of the different phenomena encountered as well as it help to distinguish 
the more coherent explanations in order to clarify these phenomena.  It is important to note that 
such models make possible the characterization of a wide range of devices through the extraction of 
their main electrical and technological parameters. In the other hand, the availability of simple and 
compact models permits the elaboration of powerful software tools that can simulate the 
functionality and efficiency of single devices, like transistors, or even a whole complex circuit. 
Also, they are very helpful to predict the impact of technology on the device performance. For the 
microelectronic industry (manufacturers and circuit designers) such features are very attractive 
since they present an effective cost-time reduction way to promote a continuous evolution of 
technologies and product performances. 

 
The most advanced HV and power device models with the best accuracy are incorporated in 

simulation programs which enable an easy insertion of model equations (like Saber and Eldo), but 
despite that such programs are very powerful, they keep generally very expensive. However, the 
standard simulation program with the widest distribution is SPICE, since it is relatively inexpensive 
and can be run on common PC’s.  

 
Power device models are represented by subcircuits and thus, the incorporation of new 

models might require complex subcircuits and much more computation time (i.e., less efficient). An 
attempt to implement in SPICE simulator power models combined with mathematical functions 
derived from device physics (to provide very compact models and to guaranty a better accuracy) 
was proposed in [4]. Good matching with experimental results based on power diodes and IGBT’s 
measures was presented. It should be noted that most of the models implemented in SPICE (e.g., 
BSIM3) were originally elaborated and dedicated to model standard components like MOSFET’s 
rated to voltages and currents much lower than those assigned to power and HV MOSFET’s and 
with different architectures and doping profiles. Therefore, major modifications taking into 
consideration the specificity of power MOSFET’s should be introduced to these models to provide a 
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better efficiency and accuracy of the simulator (a revised version of BSIM3 was released for such 
purposes). 

  
The Lateral Double-diffused MOS or LDMOS transistor has attracted the attention of industry 

in the last ten years due to its very promising potential in term of performances and process 
compatibility with the actual planar Low Voltage technology in an attractive cost-effective way. In 
our day its applications cover a wide range, varying from simple DC-DC converters to ink-jet 
printers, plasma display, automotive and AC-motors control circuits passing by switching regulators 
and fluorescent lights ballast. With the technological advances and the continuous performance 
improvement of such devices, applications in automobile and aircraft industries as well as 
telecommunication systems found their way to it in the very near future. What was considered as 
promising applications in the near past for LDMOS devices applications like Radio-Frequency (or 
High-Frequency) IC’s (RFIC’s), Intelligent Power/HV IC’s for automotive applications (e.g. power 
switches battery protection) became in now-a-days standard [5] [6]. 

 
LDMOS models exist in multiple versions: (i) analytical (or mathematical) formulations, (ii) 

subcircuits (macro-models) and (iii) mixed forms. None of these is nowadays an industrial 
standard. Some reasons for this are detailed in the following.  

 
1.  2.  1. Models based on various levels of SPICE: Mixtures of MOSFET SPICE models 
complemented by JFETs and diodes have been used in order to model and simulate the LDMOS 
behaviour. Generally, these models use simplified structures (excessive simplicity in representing 
the drift region) and thermal considerations are not taken into account. They are used especially for 
fast matching on a specific device structure and related simplified parameter extraction. For 
example, a level-3 MOSFET model (complemented by a JFET and a diode) can provide less than 
10% error on ID, gm-VG static characteristics and less than 12% error on power (or gain) transfer 
characteristics [7]. S-parameter measurements are also relatively well matched. The model accuracy 
is mirrored also by the evaluation error related to some key parameters: <3% for gmax, <5% for RON, 
<5% for Ciss and Coss and ~15% error on Crss [8]. However, such low numbers in terms of relative 
error correspond to rms error and to small or medium applied voltages; key phenomena at high 
voltage and power are never correctly captured by such models. 

1.  2.  2. BSIM3V3 approach: Nowadays, BSIM3v3 is a recognized industrial standard with high 
modeling capabilities. It suffers essentially from the high number of parameters (most of them non-
physical). It is important to note that the BSIM model basis has been founded at the University of 
California at Berkeley as low voltage MOSFET model. Today its extension to high voltage can be 
considered as relatively artificial and especially based on a series model of the drift region, resulting 
in an overall model with a very high number of parameters and questionable convergence. 
 
1.  2.  3. Empirical models: The characteristic of such models is that model equations are not 
entirely obtained by rigorous derivations from device physics [9], but, in part, by a selection of 
appropriate mathematical expressions [10]. A widely known LDMOS empirical model is 
Motorola’s thermal model (MET) tailored for RF applications. The merit of this model is to include 
thermal effects in basic equations. The mathematical empirical functions guarantee very good 
continuity and matching in both DC (<10% relative error on ID, gm -VG) and AC regimes (S-
parameters), from 25°C up to 75°C [11], [12]. The main drawback comes from the related high 
specificity, limited voltage/power range and lack of physical meaning of fitting parameters. MET 
model has been implemented in LIBRA and ADS harmonic balance simulators [13]. 
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1.  2.  4. Lumped-charge models: The Lumped-Charge Methodology (LCM), originally proposed 
by Linvill, is a systematic way to accurately represent device behavior using simple equations 
taking a minimum time to be solved. Lauritzen and Subramanian adapted for the first time this 
method to DMOS devices: the LDMOS is imagined to be made of two regions: the body MOS 
structure and the drain MOS structure. LC models for each of these are then developed [14] [15]. 
The authors compared performances obtained by their approach to BSIM2 model. It appears that 
this approach is very promising but the model does not account for: (I) thermal effects and self-
heating, (II) parasitic bipolar (this is under construction) and (II) gradual channel doping. DC 
characteristics at room temperature are simulated with accuracy better than 5% as well as the AC 
behavior [7], [12]. It is clear that this class of models has an interesting potential for our purpose if 
improved. Its non-implementation in modern simulators is mainly motivated by lack of parasitic 
and temperature effects, correlated with a need of iterative calculations for some model equations 
(complex to be done in SPICE, but possible in SABER [16]). 
 
1.  2.  5. Parameters for DMOS modelling 
 

It was revealed that the huge number of parameters associated with BSIM3v3-like models 
prohibits their efficient adaptation for LDMOS transistor modeling. Therefore, setting-up a minimal 
basis of significant parameters for LDMOS and XDMOS modeling should be a mandatory target of 
any new model development. Moreover, in the ideal case, each parameter should have a certain 
physical significance and enable to study the effect of a particular process, geometry or physical 
phenomenon influence. Unfortunately, in practice this is usually impossible and many fitting 
parameters are used to describe effects that cannot be naturally captured in equations or, very 
commonly, the transitions between different regions of operation of the HV device. 
 
1.  2.  6. Criteria for model evaluation 
 

An important point for an overall comparison of different DMOS models, in general, is to 
define a common and clear model evaluation basis of merit criteria. Some of the proposed criteria 
used in this work are the following:  

a) accuracy of predicted DC and AC characteristics at device level; 
b) computation speed and convergence to achieve comparable results; 
c) simplicity of parameter extraction using measured data; 
d) limitation in utilization for various applications; 
e) potential for further development (essentially scalability and extensions to other types of 
devices).  

 
While criterion a) is essentially quantitative (measured in terms of different types of errors 

between experiment and simulations), all the others involve particular discussion and many 
associated trade-off’s. For instance, even for criterion b) the targets can be completely different at 
single device level or if the device should be then simulated in a circuit environment. Criterion c) 
involves a robust procedure for parameter extraction and not very time consuming experiments. 
Criterion d) is more qualitative and less restrictive since even a single application could largely 
motivate the development of a good device model. Particularly interesting is criterion e) that is 
about the re-usability of developed models and their potential to be scaled for the next generation of 
high voltage models. For instance, models build on physical basis, with technological and physical 
parameters are answering in much part to the scalability and protability issues. 
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1.  3. CONCLUSION AND MOTIVATION FOR THIS WORK 
 

The short review and discussion proposed in the previous parts of this chapter have been aimed 
to place our work in the context of the general advance and trends in the modelling of HV devices 
and, particularly, DMOS transistors. It is worth to mention that our work has been carried out as a 
collaborative effort between EPFL and AMIS Microelectronics, Belgium (presently AMIS) in order 
to establish new compact models for the X-DMOS and L-DMOS device technology of the 
industrial partner. Moreover, this work was part of the European research IST project AUTOMACS 
that brought together Alcatel Microelectronics, EPFL, Bosch, IMEC and Silvaco to address the 
challenges of modern HV devices and circuits. It should be then not surprising that our resulting 
approach is not purely academic (focused exclusively on device physics and its pure analytical 
modelling) but also includes some pragmatic approaches like quasi-empirical modelling of drift 
series resistances and the associated calibration of the parameters. 

  
In addition, the results presented here are complementary to the PhD thesis elaborated at EPFL 

by my colleague Costin Anghel, which dedicated much of the focus to the development of a DC 
compact model (based on BSIM low voltage model and a full analytical drift model) and thermal 
(self-heating) effects in HV MOSFETs. Our work is addressing as main original points the 
investigation of the DMOS capacitances and the hot carrier degradation (including the effect of 
the temperature). We are also significantly contributing to the DC modelling by proposing 
pragmatic modelling approaches based on a simplified version of EKV model and an empirical 
mathematical expression of the bias-dependent drift series resistance. 

 
 In this context, the content of this manuscript is organised as in the following. 
• Chapter 1: This chapter is proposing an introduction and motivation for the work. 
• Chapter 2: The concept of intrinsic drain voltage (or K-point) and its use for the DC and 

AC modelling of HV devices, including also detailed numerical simulations and analysis of 
the operation DC regimes of X- and L-DMOSFETs, are detailed. 

• Chapter 3: DC modelling based on EKV and quasi-empirical model (using adapted 
mathematical functions) of the drift region resistance of DMOS transistors are the main 
topics addressed in this part of the work. 

• Chapter 4: This chapter shows how the intrinsic drain voltage concept can be used for 
the modelling of the DMOS capacitances; small signal and large signal approaches are 
separately addressed. 

• Chapter 5: This chapter deals with hot carrier effects on DC and AC characteristics of 
DMOS transistors, with great emphasis on the degradation of transistor capacitances 
and the influence of the temperature. At our knowledge, our experimental work in this 
field reported in this chapter is among the first existing reports in the field. Moreover, the 
conclusions on the most significant stress conditions and the importance of capacitance 
degradation are, for the first time, demonstrating the acuteness of this point for HV device 
reliability, in general. 

A final conclusion, stressing the contributions and the perspectives offered by this work is 
proposed at the end of the manuscript. 
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2.   1.  HIGH-VOLTAGE DMOS ARCHITECTURES 

Two main Lateral HV-MOSFET architectures issued from the I2T technology - 0.7µm CMOS 
process - of AMI Semiconductors (former Alcatel Microelectronics) are investigated in our work: 
the Lateral double-Diffused (LDMOS) and the eXtended-Drain MOS (XDMOS) transistors. Each 
of the architecture provides up to 100V breakdown capability has the features described in the next 
sections. 

 
2.   1.   1.  LDMOS transistor architecture:  
  

 The LDMOS investigated device is an n-channel HV transistor with short channel and self-
aligned architecture. It has the particularity of a (lateral) gradually doped channel. The cross section 
of the LDMOS device is reported in Fig. 2.1.a. 

 
1.   1.   2.  XDMOS transistor architecture: 

 
  The XDMOS investigated device is an n-channel HV transistor with long channel and non-self 
aligned architecture. It has a uniformed doped channel, in contrast with the LDMOS device. The 
cross section of the XDMOS device is reported in Fig. 2.1.b. 
 

Figs. 2.1 (a and b) show the investigated LDMOS and XDMOS architectures with the different 
regions and most relevant lateral dimension symbols, adopted in the proposed modeling strategy, 
and which stands for: 

• Lch for channel length; 
• Ldgo for drift gate oxide length; 
• Ldfo for drift field oxide length; 
• Ldfp for drift field plate length; 

The oxide thickness of both devices is 43nm. 
Tables 2.1 and 2.2 present respectively the device dimensions and the various doping level per 

region for the investigated LDMOS and XDMOS architectures. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figs. 2.1.  Schematic illustrations (cross sections) of the investigated n-channel (a) 

LDMOS and (b) XDMOS architectures. 
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TCAD structure Layout 
parameter 

Definition 
LDMOS XDMOS 

 
Lch 

 
Ldgo 

 
Ldfo 

 
Ldfp 

 
tox 
 

W 
 

 
Channel length 

 
Drift-length beneath gate oxide 

 
Drift-length beneath field oxide 

 
Drift-length beneath field-plate 

 
Gate oxide thickness 

 
Channel width 

 
0.8 µm 

 
1.2 µm 

 
2..2 µm 

 
3.6 µm 

 
43 nm 

 
40 ÷ 250 µm

 
4 µm 

 
~ 0 µm 

 
2.1 µm 

 
3 µm 

 
17 nm 

 
40 ÷ 250 µm 

 

Table 2.1. Device geometry according to TCAD 2D-simulated n-channel LDMOS and 
n-channel XDMOS. 

 

 

TCAD structure 
doping level (cm-3) 

 
Region 

LDMOS XDMOS 
 

p-body 
 

p-well 
 

n-tub 
 

n-well 

 
p-body 

 
p-epi 

 
n-buried layer (BLN) 

 

 
~7×1017 ÷  ~(4-5)×1015 

 
 
 

~(2-4)×1015  
 

~(3-4)×1016  
 

~(2-3)×1015  
 
 
 

~4×1018  

 
 
 

~7×1016 
 

~1016 
 

~6×1014 
 
 
 

~3×1016 ÷  ~7×1014 
 
 

 

Table 2.2. Device doping levels according to TCAD 2D-simulated n-channel LDMOS 
and n-channel XDMOS. 
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2.   2.  NUMERICALLY SIMULATED HIGH-VOLTAGE DMOS ARCHITECTURES 

In order to model the different DMOS architectures, it is essential to first understand the inside 
device physics of each architecture and well identify and analyse different aspects related to HV-
MOSFET’s in general (e.g. carrier concentrations, electrical field, depletion extension, etc.) or 
specific effects and phenomena related to DMOS architectures like quasi-saturation and drift pinch-
off. This is achieved through two-dimensional numerical simulations (known also as TCAD 
simulation) where it became in our days a standard evaluation and development tool for the micro-
electronic field. Figs. 2.2 (a and b) illustrate the numerically simulated HV-DMOS structures where 
intrinsic channel doping profiles of both structures, gradual for the LDMOS (see Fig. 2.2.a, inset 
zoom) and uniform for XDMOS, can be clearly observed. In the same figures, we show the location 
of the intrinsic drain voltage (end of the intrinsic MOSFET channel or metallurgical junction), 
concept that will be introduced in the next section of this chapter. 

 It is worth to note that numerical simulated structures have been calibrated on real device 
(obtained by technological step-by-step simulations and calibrated on real parameterized cross 
sections) in order to fit as close as possible real device electrical characteristics and its different 
biases related phenomena and effects. For example the lateral doping profile of the LDMOS 
intrinsic channel has been calibrated on real device doping profile extracted with the SIMS 
technique (see Fig. 2.3).  

 
 

 

 

 

 

 

 

Figs. 2.2. Illustrations of the 2D numerical simulation of the investigated n-channel 
(a) LDMOS and (b) XDMOS architectures. Inset is shown the location of the intrinsic 

drain of the transistor (metallurgical junction) called K-point. 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2.3. Lateral doping profiles of n-channel LDMOS architecture with Boron: SIMS 
and numerically simulated profiles. 

K-point (a) K-point (b) 

2D-simulation 

SIMS 



 19

2.   3. INTRINSIC-DRAIN VOLTAGE (VK) CONCEPT 

The intrinsic-drain voltage, VK, denotes the K-point potential, which corresponds to the surface 
potential of the physical metallurgical junction between the p-body/n-tub regions for LDMOS and 
p-well/n-well regions for XDMOS architectures illustrated in Figs. 2.2 and 2.4 (red arrows) and this 
is equivalent to drain voltage in standard low-voltage MOSFET transistors. 

 
Lateral DMOS transistors have in common with standard MOSFET’s the intrinsic channel-

region and therefore the idea of considering the intrinsic channel of the HV-DMOS structure as a 
standard low voltage MOS in series with a drift region appeared an interesting approach for DMOS 
modeling purposes. The main advantage of such approach is the use of different available MOSFET 
models to describe the intrinsic channel-part and focussing the major effort on the drift-region 
modeling and its related specific phenomena like quasi-saturation. Accordingly, both DMOS 
structures have been divided into two main regions: intrinsic-MOS and drift-region as illustrated in 
Figs. 2.4 (a and b). As it can be seen, the K-point delimits the boundary between both regions, 
which explains its key-position the interest in its different electrical characteristics. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 2.4. Illustration of (a) LDMOS and (b) XDMOS transistor division: intrinsic-
MOS and drift-regions. Inset:  location of the intrinsic-drain (K-point) potential. 

 
 
The next step is the detailed analysis of the intrinsic channel-region to verify the validity of the 

intrinsic MOS approach. Extracted K-point potential from numerically simulated LDMOS and 
XDMOS architectures indicates low VK values with respect to VD and VG bias variations. In other 
words, K-point remains at low potential despite the elevated gate and drain biases. Extracted K-
point potential (VK) and other related electrical characteristics are presented and separately analysed 
for LDMOS and XDMOS architectures in the coming sections. 

 
2.  3.  1. VK potential in DMOS Architectures 

 
Extracted K-point potential, VK, for LDMOS structure when biased up to VG = 12V indicates 

VK values near 5V for VD = 20V and up to around 7V for VD = 50V (see Figs. 2.5), while for 
XDMOS structure when biased under equivalents VG (12V) and VD (20V) biases, VK values 
remains as low as 3.5V (see Figs. 2.6). This confirms that the intrinsic channel can be considered as 
a standard low-voltage MOS with the K-point as its intrinsic-drain terminal.  
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From the analysis of 3D and 2D dependences of the VK potential with the gate and drain biases 
in Figs. 2.5 and 2.6, two main observations are made:  

 
(i) VK potential increase with VD bias: this is explained for a given VG by the role played by the 

drift-region essentially designed to sustain the elevated applied voltages on the drain during 
normal device working conditions. The major part of the drain potential drops across the 
entire drift-region, while a limited part drops along the channel; therefore, increasing the 
applied VD will naturally gives rise to an increase in potential drops in each parts, i.e. drift and 
channel regions. This is demonstrated in Fig. 2.5.b with a 50V applied on the LDMOS drain: 
43V drops within drift-region and only 7V across the intrinsic-channel. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 2.5. LDMOS extracted K-point potential, VK, variations with extrinsic biases: 
(a) VK (VG, VD), (b) VK (VD) and (c) VK (VG). 
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Figs. 2.6. XDMOS extracted K-point potential, VK, variations with extrinsic biases: 
(a) VK (VG, VD), (b) VK (VD) and (c) VK (VG). 

 
 

(ii) VK potential increase then decrease with VG bias: this unusual VK dependence is observed for 
both architectures, where VK is found to increase with VG and then decreases after reaching a 
maximum as it can be seen from Figs. 2.5.c and 2.6.c. This is essentially due to the drift-
region beneath the thin gate oxide when biased toward accumulation. In order to explain this 
unusual behaviour, let first consider the case of very low VD bias (i.e. 0.1-0.2V); a depleted 
zone is already formed around the p-body/n-well (or n-tube) junction and tends to extend as 
VD rises. As explained before most of the applied drain voltage drops across the depleted zone 
to reach only few volts at the intrinsic-channel end (or K-point). With increasing VG towards 
positive biases the drift-region beneath the gate oxide to silicon interface turns from depletion 
to electron accumulation; the complete formation of the accumulated electron channel 

(a)

(b) (c) 

VD = 1V 

VD = 20V 

VG = 0.1V 

VG = 4V 

VG = 12V 

XDMOS drift-region pinch-off limit 
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corresponds to the peak value in VK-VG characteristics (solid circles, Figs. 2.5.c and 2.6.c). 
Therefore the VK peak values with respect to VG and VD denoted by the doted red lines in 
Figs. 2.5 and 2.6 can be considered as the depletion pinch-off limit in drift-region (i.e. the bias 
limit at which the drift-region is entirely depleted). 

 
2.  3.  2. Drift-Resistance vs. DMOS Architectures 
 
As most of the drain potential drops across the drift-region (demonstrating, in fact, the 

effectiveness of the structures to sustain high voltages), it is very interesting to monitor the drift-
resistance dependence on applied biases, as calculated from the extracted K-point potential (VK) 
according to the following expression: 
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Figs. 2.7. LDMOS extracted drift-resistance, Rdrift, variations with extrinsic biases: 
(a) Rdrift (VG, VD), (b) Rdrift (VD) and (c) Rdrift (VG). 
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Extracted Rdrift characteristics for both LDMOS and XDMOS structures are illustrated in Figs. 
2.7 and 2.8, respectively. The first obvious remark is the very similar drift-resistance 
characteristics despite their different channel and drift architectures. For low gate voltages 
(however larger than the threshold voltage, VT), as VD increases the depletion zone extends within 
the drift-region to reach the pinch-off limit and causing very important rises in Rdrift over two 
decades. When VG goes to higher values, drift accumulation beneath the gate oxide and electron- 
channel formation becomes more favourable and limits the depletion extension; consequently the 
drift-resistance rises in a less pronounced way as it can be seen from Figs. 2.7.b and 2.8.b. 
However when VD is reduced toward linear region (i.e. <0.5V) an interesting simulation result is 
depicted; a minimum followed by a resistance increase, more accentuated for high VG appears 
(Figs. 2.7.b and 2.8.b, doted boxes), a direct impact of the drift accumulation channel formation 
within the drift-region [1].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figs. 2.8. XDMOS extracted drift-resistance, Rdrift, variations with extrinsic biases: 

(a) Rdrift (VG, VD), (b) Rdrift (VD) and (c) Rdrift (VG). 
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The drift-resistance dependence with gate voltage is presented in Figs. 2.7.c and 2.8.c. As 
expected, with VG rises a drift accumulation channel of electrons takes place; as a consequence Rdrift 
drops rapidly till the channel is completely formed, then this drop becomes less sharp. This is 
observed at gate voltages in the range of ~4-5V for LDMOS and of ~2-4V for XDMOS architecture. 

 
2.  3.  3. Saturation Mechanisms in DMOS Architectures 
 
In this section a brief description of the different saturation mechanisms suspected to take place 

within DMOS transistors are presented. The most probable mechanisms are: 
 

(i) Channel pinch-off mechanism: it is more susceptible to occur in standard MOS transistors 
with long-channel features where the pinch-off of the inverted channel takes place at the drain 
side when VD ≥ VG – VT (under forward bias conditions). According to the intrinsic-drain 
concept [2, 3], which considers the HV intrinsic-channel as a standard MOS transistor, this 
mechanism is more probable for long-channel DMOS architecture (i.e. XDMOS device with 
Lch ~ 4µm). 

 
(ii) Drift-depletion pinch-off mechanism: this is specific to HV-DMOS transistors and related to 

the extension of the p-well/n-well (tube) depletion (similar to the JFET pinch-off mechanism) 
and the channel accumulation formation within the drift-region (see § 2.3.1). The bias 
dependence of this mechanism is strongly related to drift-region architecture (i.e. doping level 
and dimensions). 

 
(iii) Carrier velocity saturation mechanism: this mechanism is more probable in standard 

MOSFET’s featuring short dimensions and elevated doping levels of the channel where both 
factors enhance the maximum local field. When at some point of the channel the critical field 
EC is reached (~3×104 V/cm for n-channel device [4]) flowing electrons across the channel 
travel at a constant velocity (νs ~8×106 cm/s for electrons [4]). The investigated double-
diffused LDMOS structure an intrinsic-channel relatively short (Lch ~0.8µm) and which 
reveals a gradual doping profile with a ~7×1017 cm-3 peak value near the source side (~6×1016 
cm-3 for XDMOS channel). Due to the important potential drop across drift depleted regions 
in HV DMOS, high field conditions could appears and therefore velocity saturation of 
transient carriers could happen.  

 
 
.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.9. n-channel XDMOS measured output characteristics at various gate biases 
(2, 4, 6, 8, 10 and 12V). 
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(iv) Quasi-saturation mechanism: this is unique for HV-DMOS structures and one the most 

discussed hot-topics. It is described as a limitation in the current level that can be reached 
within the device [5]. Despite the intensive reported efforts to investigate this particular 
phenomenon [6-9, 8-14, 17-20] there is no unique consensus about the origins and causes of 
the quasi-saturation. However there is a common agreement that the intrinsic MOS transistor 
remains in linear/quasi-linear mode of operation [5], which could explain the linear evolution 
of drain current with drain bias during; typical signature of quasi-saturation depicted from 
XDMOS output characteristics (see Fig. 2.9, doted box). Two major causes have been 
advanced as the origin of the phenomenon: carrier-velocity saturation in the drift [6, 7] and 
drift-depletion formation through which the current transits [8, 19, 20]. The investigated 
XDMOS and LDMOS architectures suggest the carrier-velocity saturation as the most 
plausible since quasi-saturation is observed only at high gate biases and where no depletion in 
the drift-region is depicted (see Figs. 2.11.b and 2.13.b, most of the drift-region is neutral)  

 
2.  3.  4. Drain Current in DMOS Architectures 
 
Another interesting feature, which can be explain by using the values of the intrinsic drain 

voltage, VK, concerns the output characteristics. The analysis of the both intrinsic and extrinsic 
device output characteristics are very useful to identify the saturation mechanisms, for any type of 
device architecture and bias conditions.  

 
(i) LDMOS Architecture: As it can be seen from Fig. 2.10.b extrinsic DMOS characteristics 

saturate with VD at the early stage which indicates probable channel saturation. Extracted 
intrinsic MOS current characteristics (Fig. 2.10.a) confirm this where all curves show an early 
saturation too with VK (intrinsic-drain potential).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figs. 2.10. Simulated n-channel LDMOS output characteristics at various gate biases 

for (a) intrinsic MOS transistor and (b) extrinsic DMOS transistor. 
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The only exception is for extrinsic ID curve at VG = 12V; it shows with VD a continuous rise 
where a linear-like region starting at VD ~30-35V and up to 50V is clearly depicted (see 
Fig.2.10.b, doted box). According to Figs. 2.10, it can be concluded for LDMOS architecture 
the following region separation: 

 
Region (a): within this region the DMOS transistor is in linear regime. 
 
Region (b): VT ≤ VG < 5V: for gate biases near VT the drift-region beneath the gate oxide is 

completely depleted at relatively low VD bias; drift pinch-off is reached for VG = 3V 
and VD = 7V (see Fig. 2.11.a, doted line), while no intrinsic-channel pinch-off is 
depicted, therefore the saturation mechanism is drift pinch-off [5]. 

 
Region (c): 5V ≤ VG < 12V: for moderate gate biases saturation takes place within the intrinsic 

MOS and carrier-velocity saturation mechanism prevails where the equal distance 
between saturated current lines when VG is raised linearly is the signature of such 
saturation mechanism; Figs. 2.10 shows equal ∆IDsat when VG rises from 5-to-7V and 
8-to-10V) [5]. Also, the high peak in the channel doping profile is synonym of high 
peak in local electrical field, i.e. an enhancing factor toward carrier-velocity 
saturation mechanism. 

 
Region (d): 12V ≤ VG: for high gate bias depletion extension within the drift is very limited and 

the intrinsic MOS transistor is in linear regime, therefore the most probable 
saturation mechanism is quasi-saturation mechanism (i.e. carrier velocity saturation 
within the drift-region). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 2.11. LDMOS drift-depletion extension for several VD biases (0.1 – 27V) at (a) 
VG = 3V and (b) VG = 10V 
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(ii) XDMOS Architecture: Starting with low gate bias, extrinsic DMOS characteristics appear 
almost flat around VD ~ 5V (see Fig. 2.12.b) indicating a probable intrinsic-channel saturation. 
As VG increases the tendency changes and current lines do not flatten any more but keep 
rising with VD and progressively the increase becomes almost linear; this is for high gate 
biases (i.e. VG > 9V). This is confirmed by the intrinsic MOS characteristic (Fig. 2.10.a), 
which tend to saturate at low VG bias (up to 3V) and exhibits a perfect linearity at high VG 
(12V).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 2.12. Simulated n-channel XDMOS output characteristics at various gate biases for 
(a) intrinsic MOS transistor and (b) extrinsic DMOS transistor. 

 
 
Therefore, region separation for XDMOS architecture can be concluded as following: 
 
Region (a): within this region the DMOS transistor is in linear regime. 
 
Region (b): VT ≤ VG ≤ 3V: for gate biases near VT the drift-region depletes at relatively low VD 

bias; pinch-off is reached for VG = 3V at VD = 5V (see Fig. 2.13.a) and as VD rises 
drift-depletion keeps extending beneath the LOCOS. While no intrinsic-channel 
pinch-off is depicted, the most probable saturation mechanism is drift pinch-off [5]. 

 
Region (c): 3V < VG < 10V: for intermediate gate biases intrinsic current lines tend to 

progressively increase with VD (see Fig. 2.12.a, VG = 4 ÷ 9V), which indicates a 
saturation-to-linear regime transition of the intrinsic MOS transistor, as well a 
neutral drift-region appears for VG > 4V indicating drift pinch-off suppression.  

 
Region (d): 10V ≤ VG: for high gate bias depletion extension within the drift is very limited and 

a clear neutral channel can be depicted from Fig. 2.13.b. The intrinsic MOS 
transistor is in linear regime and DMOS output characteristics show a sharp linear 
current increase with VD (see Fig. 2.12.b, doted box); typical signature of quasi-
saturation mechanism. 

(a) (b)

3V 

1V 

7V

4V

6V

5V

12V 

8V
9V 

10V 
11V 

7V 

4V 

6V 

5V 

12V 

1V 

3V 
a

b

c

d
8V 
9V 
10V 
11V 

0.2V step 



 28

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figs. 2.13. XDMOS drift-depletion extension for several VD biases (0.1 – 27V) at (a) 

VG = 3V and (b) VG = 10V. 
 

 
 

2.   4. CONCLUSION 

Two different Lateral HV MOS architectures have been investigated: LDMOS and XDMOS 
transistors, which respectively stand for lateral double-diffused and extended-drift MOS 
architectures, both designed and fabricated by AMI Semiconductor. The careful analysis of the 
numerically simulated equivalent structures (TCAD) revealed that the intrinsic drain voltage 
concept (or VK) offers a very good basis of investigation for the most significant 
characteristics and phenomena related to HV-DMOS device physics. We have also 
demonstrated the validity of considering the intrinsic-channel DMOS as a standard low voltage 
MOS transistor where the K-point (VK) represents its drain terminal. 

 
Two saturation mechanisms proper to HV-DMOS transistors are identified: drift pinch-off and 

quasi-saturation and a physical understanding of their origins and causes has been reported; for 
both HV device architectures carrier velocity saturation is demonstrated as the most probable 
explanation for the quasi-saturation phenomenon. The intrinsic output current has allowed 
identifying the various saturation mechanisms involved for each architecture, as well as determining 
the physical location of saturation (the intrinsic- channel region or the drift-region). 

 
Moreover, the monitoring of VK-potential permits the access of some unique device 

characteristics like the intrinsic MOS output current and the drift-resistance. Extracted drift-
resistance has shown for both structures a strong bias-dependence (up to 4 decades), which 
demonstrates the great importance of developing an accurate DMOS model for the drift region 
resistance, aspect that is detailed in the next chapter. 
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3.   1. INTRINSIC-MOS REGION MODELING 

As it was demonstrated in the previous chapter, the K-point potential of both X- and L-DMOS 
architectures remains at relatively low values when extrinsic drain terminals of both structure is 
biased to elevated voltages (see § 2.3). Accordingly the idea of considering the intrinsic channel 
region of both HV-structures equivalent to a standard low-voltage MOS transistor appeared to be an 
interesting approach for HV-DMOS modeling. This allows first the use of the various MOSFET 
models available on the market to describe the intrinsic channel-region and second concentrating 
the effort on modeling of the drift-region and its related specific characteristics and phenomena. 
Such approach is defined as the intrinsic-drain or VK-concept [1]. Based on this concept, a unified 
modeling strategy, for both architectures, has been elaborated and which consists essentially of 
dividing the global device into two main blocks: Intrinsic MOSFET block and drift-region block 
where each one is modeled separately and then together combined to form a macro model. 

 
In this chapter, the modeling the drift-region as a bias-dependent drift-resistor is proposed and 

two different approaches are presented. The feasibility of each is then discussed in detail and their 
validity for HV-DMOS modeling purposes through the VK-concept is reported. 

 
The intrinsic MOS block is modeled using the standard low-voltage MOSFET model BSIM, 

more precisely; the BSIM3v3 version, which is implemented in the Smart-spice circuit simulator 
from Silvaco used for the purpose of this work. The model has been calibrated on the extracted 
intrinsic MOS output characteristics of both HV structures respectively illustrated in Figs. 2.10.a 
and 2.12.a. This calibration should be considered only as a good approximation since model 
parameters have been tuned only on output (ID-VK) curves (i.e. for precise model calibration, 
complementary tuning of model parameters on transfer characteristics is needed). Figs. 3.1 (a and b) 
show the good matching between modeled curves (solid lines) and intrinsic characteristics (doted 
lines) extracted from TCAD structures. 

  
 
 

   

 

 

 

 

 

 

 

 

Figs. 3.1. BSIM3v3 Output current (solid line) fitted on extracted intrinsic-channel 
ID-VK characteristics from TCAD data (doted lines) at various gate biases for n-

channel (a) XMOS transistor and (b) LDMOS transistor. 
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3.   2. DMOS DRIFT-REGION MODELING 

For the modeling of the drift region as a bias-dependent resistor, Rdrift(VD,VG), two quasi-empirical 
approaches have been privileged: (i) an experimentally based approach and (ii) a mathematical 
(however, quasi-empirical) approach. Next sections present the results obtained using these two 
selected possibilities. 

  
 

3.   2.   1. Experimental Based Modeling Approach 
 

The proper analytical modeling of HV-DMOS transistors requires adapted characterization 
of series resistances, with particular interest on the extended drain series resistance due to its 
bias-dependent on gate and drain biases. Special efforts have been dedicated [1-3] to develop 
and adapt methods for RD or (RD-RS) evaluation dedicated at the origin to low-voltage 
MOSFET’s. These works agree on the fact that the accuracy of a drain series extraction method 
is substantially increased as far as the technique is independent on the particular RD(VD,VG) 
relationship and requires a minimum assumption criteria. In this approach, the elaborated 
technique has the advantage to be independent of the extended drift region architecture and thus, 
can be used for any asymmetric HV-DMOS’s. However, only the LDMOS architecture has 
been used to validate this methodology. The proposed extraction technique consists in two main 
successive steps: 

 
Step-1 ⇒ Extraction of the drain resistance at low drain voltage with gate voltage as a 

parameter, RD0, using direct and reversed configurations measurements at constant 
current [12, 3] 

 
Step-2 ⇒ Evaluation of the series resistance derivative as a function of the drain voltage, 

dRD/dVD, followed by its integration [4] 
 
Finally, the drain series resistance is evaluated as the sum of step (i) and (ii): 
 

∫ ∂
∂

+=
DV

0
D

D

D
G0DGDD dV

V
R

)V,0(~R)V,V(R                (31) 

 
Each step is described in detail in the up-coming paragraphs: 

 
(i) Inter-changed drain-source measurement at constant current: Asymmetric source and 
drain series resistances, RS and RD, are expected to differently impact the related gate and drain 
de-bias if the extrinsic transistor is measured successively in forward (i.e. normal) and reversed 
(source and drain interchanged) configurations as illustrated in Figs. 3.2 (a and b). In order to 
efficiently exploit this idea [2, 3], an identical constant drain current is injected in forward and 
reversed configuration while recording the VDf and VDr drain voltages as functions of VGf and 
VGr, respectively (superscripts ‘f’ and ‘r’ apply for forward and reverse terms respectively). The 
current level is kept low in order to ensure operation in the linear regime and ensure an identical 
RD value in both configurations, in contrast to [4]. As a consequence, supposing RS << RD (valid 
assumption for extended-drain MOS architectures), the drain series resistance is then calculated 
based on the difference between the gate voltages which ensure in forward and reverse modes 
identical extrinsic drain voltages, VDf = VDr, with the DMOS transistor in quasi-linear operation. 
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As a consequence, supposing RS << RD (valid assumption for extended-drain MOS 
architectures), the drain series resistance is then calculated based on the difference between the 
gate voltages which ensure in forward and reverse modes identical extrinsic drain voltages, VDf 
= VDr, with the DMOS transistor in quasi-linear operation: 
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Figs. 3.2. Schematic illustration of the experimental setup measurements dedicated to 
RD0 extraction: (a) forward and (b) reversed source and drain bias configuration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.3. Experimental dependence, VDf and VDr versus VG at constant injected ID 

currents in n-channel LDMOS transistor. 
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Typical measurements on the n-channel LDMOS device and the extraction procedure are 
illustrated in Fig. 3.3. Based on this measurement, the low-voltage drain, RD0, series resistances 
is plotted as a function of VG = VGf, at constant current (see Fig. 3.4). For VG < 4V, the drain 
series resistance decreases with VG, independently on the current levels because of the reduction 
of the controlled drift-depleted region in the LDMOS device. Same comments apply for current 
levels > 250µA. An experimental RD0 increase for VG > 5V is observed with this method for 
100µA < ID < 250µA (see Fig. 3.4). This interesting effect can be explained by the onset of an 
accumulation channel in the drift region under the thin oxide. The effect of this accumulation 
layer is the increase of the effective MOS channel length, Leff, which, at constant current, 
involves the increase of the extrinsic VD (and an equivalent higher series resistance). Therefore, 
to correctly extract RD0, the level of the injected current has to be carefully set. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.4. Drain series resistance, RD, values versus VG extracted at various low current 

biases in n-channel LDMOS transistor. 
 
 

As it can be observed from Table 3.1, experimental RD0 values extracted at ID = 100µA 
(equivalent to VD ~50 ÷ 70mV) are in good agreement with numerically simulated data over the 
VG range: 4 ÷ 7V extracted from LDMOS TCAD structure. 
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~340 

 
Table. 3.1. Experimentally extracted and simulated Rd0 values at various VG biases. 
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(ii) Experimental evaluation of drain series resistance derivative dRD/dVD: Generally, in case 
of MOS transistors with bias-dependent series resistances, it has been shown that a more 
complex modeling of the extrinsic conductances, gd, gb and gm, as functions of the intrinsic 
ones, and including source and drain series resistance derivatives (with respect to the gate and 
drain voltages) must be used for accurate modeling. For the proposed extraction procedure, it is 
proposed to artificially re-construct the quantitative derivative dRD/dVD, by the use of a variable 
resistor in the drain of the LDMOS transistor.  
With the extrinsic (measured) output conductance given by [1]: 
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where, superscript ‘i’ applies for the intrinsic transistor (see Fig. 3.1), it follows that the slope of 
dgd

-1/dRDadd versus RDadd plot can be used for the dRD/dVD extraction according to: 
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Note that the usefulness of this type of extraction is expected to be somewhat limited in the 
saturation region of the intrinsic MOS transistor, when the drain current becomes practically 
independent of the drain series resistance. In contrast, the method appears particularly useful for 
the so-called HV DMOS quasi-saturation regimes when associated with a quasi-linear operation 
of the intrinsic MOS transistor. Fig. 3.5 presents the typical effect induced on the output 
characteristics of the LDMOS by adding various external series resistances. Relevant 
characteristics shifts are observed in the quasi-linear regions and in the saturation voltages. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.5. Experimental ID-VD and gds-VD characteristics of n-channel LDMOS 
transistor, without and with various added external drain series resistance, RDadd. 

 
ID

 (A
) 

 

0 1 2 3 4 5 6
0

3

6

9

1

2

Radd=0Ω  (none)
∆Radd (Ω)=50

450

450

0

450

0

1

2

3 2·10-3 

6·10-4 

1·10-3 

9·10-4 

3·10-4 

0 

3·10-3 

2·10-3 

1·10-3 

0 

VD (V) 

 gds (Ω
-1) 



 37

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.6. Linear plot of gds

-1 versus RDadd at various drain voltages and constant VG 
(data from Fig. 3. 4), in case of a n-channel LDMOS transistor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.7. Experimental dRD/dVD and calculated (numerical integration) RD, as 
functions of VD at constant VG (4V) for n-channel LDMOS transistor. 

 
 

Reported measured data in Fig. 3.5 permit to plot gd
-1 versus RDadd and estimate with acceptable 

accuracy its slope up to VD = 15V (see Fig. 3.6). The subsequently calculated drain series 
resistance derivative, dRD/dVD, is presented in Fig. 3.7. Using a simple numerical integration 
procedure of the deduced derivative plot (i.e. equivalent to the dashed area), combined with eq. 
(3.1) and using the corresponding value of RD0 at same constant VG, permits the estimation of 
the overall drain bias-dependence of RD(VD) as shown in Fig. 3.7 (solid line). 
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Fig. 3.8 illustrates the good agreement between experimental data, using this technique, when 
compared to numerically simulated drift-resistances. Fig. 3.8 shows also the limited range of VD 
bias over which the reported experimental technique allows accurate RD(VD, VG) extraction. For 
the characterized n-channel LDMOS transistor, the extraction has been limited up to 17V 
essentially due to the noisy nature of GDS-VD characteristic when device is biased toward 
saturation (i.e. for VD > VDsat). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.8. n-channel LDMOS device RD(VD ,VG ) versus VD characteristics: 
numerically simulated data in black and experimentally extracted data in blue. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3 9. n-channel LDMOS device RD(VD ,VG ) versus VD characteristics: numerically 
simulated data in black and extracted data from simulated I-V characteristics in red. 
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However, when numerically simulated I-V characteristics from TCAD LDMOS structure 
are used, the experimental technique does not reveal any bias limitation for accurate 
RD(VD,VG) extraction where good matching up to 40V (far from VDsat) is reported in Fig. 
3.9. This clearly confirms the validity of the technique. The reported results have been 
subject to publications in [5,6]. 

 
3.   2.   2. Mathematical Based Modeling Approach 

 
The performed investigation on numerically simulated DMOS architectures (TCAD 

structures) revealed the VK-concept and its interest for device modeling requests. In this 
approach, the idea is to enable the probing of the VK-potential (intrinsic drain-voltage) on real 
DMOS transistors, in order to confirm and validate experimentally the VK-concept usefulness 
previously reported in [1]. For such purpose, AMI Semiconductors realized dedicated DMOS 
transistors called MESDRIFT. 

 
3.   2.   2.   1. MESDRIFT architecture: In order to monitor the intrinsic drain-potential, an 
extra contact (called K-contact) is added to the original LDMOS (n-type) and XDMOS (n- and 
p-type) architectures, resulting in new MESDRIFT test structures [7-9]. A schematically 
illustration and top-view photography of the n-channel XDMOS MESDRIFT structure are 
respectively presented in Figs. 3.10 and 3.11. The structure is engineered by adding in the drift-
region an n+ implant at the proximity of the p-n junction, as close as possible to the K-point. 
The K-contact is designed with dimensions much smaller than the transistor width and 
consequently, no significant influence is expected on the overall transistor characteristics.  
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Fig. 3.10.  Cross-section of the n-
channel XDMOS MESDRIFT structure 
with n+ implant location and parameter 
analyser (HP-4156) measurement setup 
used to monitor the intrinsic drain 
potential, VK. 

Fig. 3.11. Top-view photography of 
the n-channel XDMOS MESDRIFT 
structure with drift-contact (K-
contact), intrinsic-MOS and drift-
region locations. 
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Figs. 3.12 (a and b) report a comparison between transfer, ID-VG, and output, ID-VD, 
characteristics measured on both X-DMOS and its corresponding MESDRIFT structure: the 
very good matching of their characteristics (less than 10% difference in terms of current) 
appears to support the claim that fabricated MESDRIFT structures accurately reproduces the I-
V behaviour of the original HV-DMOS structures, including drift resistance bias dependence. 
Only a slight reduction of the breakdown voltage (<5%) is observed in case of MESDRIFT. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figs. 3.12. Experimental comparison between MESDRIFT (dashed line) and original n-

channel XDMOS (solid line) characteristics: (a) ID-VG, and (b) ID-VD. 
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3.   2.   2.   2. MESDRIFT characteristics: With the measuring set up illustrated in Fig. 3.10 
(based on a HP-4156 parameter analyzer), the potential of MESDRIFT K-contact (VK) has been 
experimentally monitored with a high impedance voltmeter, while varying the drain and gate 
biases in all operation regimes of the DMOS transistor. From the monitored evolution of VK 
with VD and VG, the bias-dependent drift-resistance is calculated with eq. (2.1). The reported 
characteristics from n-channel XDMOS MESDRIFT structure are: 

 
(i) VK-potential vs. MESDRIFT architecture: monitored intrinsic-drain potential, VK(VD, VG), 
illustrated in Fig. 3.13 reveals very similar characteristics when compared to those extracted 
from numerically simulated XDMOS structure (Fig. 2.6.a). As it can be seen, VK potential 
remains at low value (~ 4V) when VD is biased up to 20V.  

 
(ii) Intrinsic-MOS drain current vs. MESDRIFT architecture: In Fig. 3.14, the reported drain 
current curves, ID-VK, from the XDMOS MESDRIFT structure shows a very similar 
characteristic to those illustrated in Fig. 2.12.a (TCAD structure), where at low VG the current 
saturates (i.e. flattens) after few volts, while at higher VG values ID keeps rising with VK (VCH), 
clearly indicating that the intrinsic-MOS transistor is in linear regime of operation.  
 
(iii) Drift-resistance vs. MESDRIFT architecture: the experimental Rdrift characteristics 
presented in Fig. 3.15 follow the predictions of numerical simulations in all significant 
operation regimes (Fig. 2.8.b) as well as its range of magnitude (i.e. Rdrift = 10 3-10 6 Ω). 
However, the unusual behaviour depicted from numerical simulated drift characteristics at VD 
values below 1V, where Rdrift decreases with VD increases from zero to ~1V at all VG biases (see 
Fig.  2.8.b, doted boxes), is not visible when extracting Rdrift from the MESDRIFT structure. 
This can be explained by the change of the conduction from surface into volume, most probably 
due to the slightly shifted location of the n+ implant (Fig. 3.10), which results in an equivalent 
mobility increase when VD rises. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.13. Experimentally monitored VK-VD characteristics from n-channel XDMOS 
MESDRIFT structure. 
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Fig. 3.14. Experimental ID-VK characteristics extracted from n-channel XDMOS 

MESDRIFT structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.15. Extracted drift-resistance characteristics from n-channel XDMOS 

MESDRIFT structure. 
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3.   2.   2.   3. Bias-dependent drift-resistance modeling: Based on the reported results in § 
3.2.2.2, the idea of setting a modeling approach based on the MESDRIFT architecture raised, 
where the intrinsic drain-voltage, VK, is experimentally extracted and from which the drift 
resistance is calculated and mathematically approximated by an appropriate function. 
Concerning the mathematical expression, the first step has been to define an expression able to 
precisely track the specific characteristic with a minimum number of coefficients. Accordingly 
two criteria have been putted for a primary evaluation at room temperature: (i) a maximum total 
number of fitting coefficients ≤ 10 and (ii) a maximum error ≤ 20% and an average (mean) 
error < 10%. Of course these numbers are subject to improvements, after identifying the 
adequate expression that fulfills these primary criteria. 

 
Among the various mathematical functions investigated:  
 
⇒ Polynomial function: 0

1n
D1n

n
DnDD A...VAVA)V(R +++= −

−     (3.5) 
 
⇒ Logarithmic function: ( )0D12DD BVBlnB)V(R +=       (3.6) 
 

where An, An-1, …, A0 and B2, B1 and B0 are all VG dependent (i.e. f(VG)). 
 
Polynomial functions, of 3rd order and higher, (eq. 3.5) are able to adequately track the drift 

resistance characteristics, but the total number of coefficients is exceeding the fixed number of 
10, where no less than 15 coefficients are needed for a 3rd order polynomial expression. 

The logarithmic expression (eq. 3.6) has the advantage to require no more than 10 
coefficients to adequately describe the Rdrift(VD, VG) features, but unfortunately not over the 
whole drain voltage range; the low VD portion cannot be well tracked together with the 
remained VD portion. To overcome this limitation, the idea to combine an additional term 
(function) together with the logarithmic expression has been investigated. Keeping in mind to 
satisfy the criterion, only simple functions have been considered: 

 
⇒ 1st order polynomial function: 0D1 CVC +        (3.7) 
 
⇒ Parabolic function: ( ) 1

0D1 CVC −+        (3.8) 
 

Combining eq. (3. 6) with eq. (3. 7) or (3. 8) leads to possible final expressions: 
 

( ) ( )0D120D1Ddrift BVBlnBCVC)V(R +++=      (3.9) 
 

( ) ( )0D12
1

0D1Ddrift BVBlnBCVC)V(R +++= −      (3.10) 
 

where C1, C0 and B2, B1 and B0 are all f(VG). When fitted in VG, eq. (3.9) couldn’t adequately 
tracks the Rdrift(VD, VG) characteristics, while in eq. (3. 10) the total number of coefficients 
exceeded the specified limit (i.e. no less than 13 coefficients are necessary to fall with the 
criterion error). After many attempts, changes have been introduced to the idea of adding an 
extra term to the logarithmic function (i.e. eq. 3.6): by substituting the added term in eq. (3.9) or 
(3.10) by a constant term and including and exponential term within the logarithmic expression, 
encouraging results are obtained. The readjusted expression becomes: 
 

( )1elnBR)V(R 0D1 BVB
20Ddrift ++= −         (3.11) 
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Parameters R0 and B2, B1 and B0 when fitted in VG and the final number of coefficients 
when optimized to a minimum, the bias-dependent drift-resistance expressions takes the final 
form of: 
 

( )
( ) ( )( )1eln

1Vb
RR)V,V(R 4G4

2
G4D3G3 cVbVaVcVb

G2

1
0GDdrift +

−
+= ++−⋅+     (3.12) 

 
After being identifying the adequate mathematical expression able to fit the extracted drift-

resistance characteristics at room-temperature, the next step has been to take into account the 
temperature factor. The temperature dependence of the drift-resistance is physically modeled 
according the following expression: 
 

TX

00

drift

T
T

)T(Rdrift
)T(R









=  and   ( ) 1

DT nmVX −+=      (3.13) 

 
where, T0 is the nominal (i.e. reference) temperature in Kelvin, Rdrift(T0) its corresponding bias-
dependent drift-resistance and XT the temperature dependence term, in which coefficients “m” 
and “n” are f(VG, T). From eq. (3. 12) and (3. 13), the final bias-dependence drift-resistance 
becomes: 
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From the beginning of the modeling work, a major effort has been putted in order to 

elaborate a unique Rdrift(VD, VG, T) expression valid for all investigated MESDRIFT DMOS 
architectures (i.e. n- and p-type XDMOS and n-type LDMOS structures). Eq. (3.14) is the result 
of such efforts. 
 
(i) Extracted vs. mathematically simulated drift-resistance at room-temperature: Figs. 3.16 - 
3.18 present the experimental bias-dependent drift-resistance extracted from the various 
MESDRFIT architectures at room temperature and their corresponding fits using eq. (3.12). To 
note that only values of coefficients vary from architecture to another.  
In term of accuracy and fitting precision at room-temperature, relative Maximum and Mean 
(average) errors between experimentally extracted and fitted (simulated) characteristics are 
calculated as follow: 
 

100
)V,V(R

)V,V(R)V,V(R
(%)ErrorlativeRe

extGDdrift

simGDdriftextGDdrift ⋅
−

=     (3.15) 

 
Calculated errors are reported respectively for n-channel XDMOS, p-channel XDMOS and n-
channel LDMOS structures in Figs. 3.19 (a, b and c). It might be worthy to precise that 
Maximum and Mean error represent respectively the highest and average error values found for 
each VG bias over the whole VD range. 
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Fig. 3.16. Extracted drift-resistance characteristics at room-temperature from n-

channel XDMOS MESDRIFT structure, in red, fitted with expression (3.12) in black. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.17. Extracted drift-resistance characteristics at room-temperature from p-

channel XDMOS MESDRIFT structure, in red, fitted with expression (3.12) in black. 
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Fig. 3.18. Extracted drift-resistance characteristics at room-temperature from n-

channel LDMOS MESDRIFT structure, in red, fitted with expression (3.12) in black. 
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Figs. 3.19. Calculated error percentages between experimentally extracted and fitted 
Rdrift (VD, VG) characteristics at room temperature. Maximum error, in black, and 
Mean error, in grey, for: (a) n-channel XDMOS, (b) p-channel XDMOS and (c) n-

channel LDMOS MESDRIFT architectures. 
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 (ii) Extracted vs. mathematically simulated drift-resistance over temperature: 
characterization of MESDRFIT structures have been performed in temperature up to 
150°C only for n- and p-channel XDMOS architectures, while for n-channel LDMOS 
important leakage current has been observed when characterized at high temperature. 
Extracted characteristics and their corresponding fits are reported in Figs. 3.20 and 3.21.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.20. Extracted drift-resistance characteristics in temperature (up to 150°C) 

from n-channel XDMOS MESDRIFT structure, in red, fitted with expression (3.14) in 
black. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.21. Extracted drift- resistance characteristics in temperature (up to 125°C) 

from p-channel XDMOS MESDRIFT structure, in red, fitted with expression (3.14) in 
black. 
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Figs. 3. 22. Calculated error percentages between experimentally extracted and fitted 
RD (VD, VG) characteristics in temperature. Maximum error, in black, Max-Mean 
error and in grey, Mean error in white for: MESDRIFT (a) n-channel and (b) p-

channel XDMOS architectures. 
 
 
In contrast with room-temperature notifications, here Maximum and Mean error respectively 

stand respectively for highest (in black) and average (in grey) error values found at each 
investigated temperature over the whole characterized VD and VG range. Max-mean error (in 
white) represents the highest average error depicted at each temperature. In case precise 
estimation of relative errors is needed, all calculated data illustrated in Figs. 3.19 and 3.22 are 
reported in tables 3.2 and 3.3.  
 

Over the investigated VD (0 to 30V) and VG (±2 to ±12V) ranges at room temperature, 
Maximum and Mean errors found for investigated MESDRIFT architectures were respectively: 
14.2% and 2.3% (p-channel XDMOS); 13.7% and 4.4% (n-channel XDMOS); 16.5% and 4.6% 
(n-channel LDMOS). Over the temperature range of interest (25 – 150C), the Maximum and 
Mean errors were respectively: 20% and 2.7% (p-channel XDMOS); 26.7% and 5.6% (n-
channel XDMOS).  
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RELATIVE ERROR % 

n-XDMOS n-LDMOS p-XDMOS 
Max Mean Max Mean Max Mean 

 
VG 
(V) VD: 0 → 30V 

 
VG 
(V) VD: 0 → -30V 

2 11.9 6.96 VG < VT -2 14.2 5.51 
3 13.7 10.8 12.87 5.13 -3 7.89 3.24 
4 8.94 4.04 16.49 9.00 -4 5.70 2.42 
5 6.60 4.60 13.69 5.98 -5 3.73 1.78 
6 10.6 4.66 8.93 4.95 -6 4.01 1.38 
7 9.39 4.00 6.97 4.41 -7 3.72 1.38 
8 5.65 2.97 5.91 3.41 -8 3.81 1.65 
9 4.56 1.67 7.05 2.53 -9 3.60 1.41 
10 5.09 4.00 7.32 4.41 -10 3.22 1.55 
11 5.48 2.97 6.98 3.41 -11 3.36 2.02 
12 7.07 1.67 6.56 2.53 -12 5.14 2.74 

 
 

Table 3.2. Relative Maximum and Mean errors, in percentage, between 
experimentally extracted RD (VD, VG) characteristics, at room temperature, and their 

corresponding fits for different MESDRIFT architectures:  n-channel XDMOS, p-
channel XDMOS and n-channel LDMOS. 

 
 

RELATIVE ERROR % 
n-XDMOS p-XDMOS 

VD: 0 → 30V, VG: 2 → 12V VD: 0 → -30V, VG: -2 → -12V 

 
T (°C) 

Max Max-Mean Mean Max Max-
Mean 

Mean 

25 13.61 10.36 4.82 15.05 5.45 2.43 
50 12.54 9.75 4.66 14.41 5.63 2.35 
75 14.16 9.74 4.50 15.28 5.85 2.4 
100 15.95 10.05 4.50 17.56 5.97 2.55 
125 17.81 10.73 4.47 20.05 6.00 2.67 
150 26.70 17.10 5.60 Significant leakage current  

 
 

Table 3.3. Relative Maximum, Max-mean and Mean errors, in percentage, between 
experimentally extracted RD (VD, VG) characteristics, at various temperatures, and 

their corresponding fits for different MESDRIFT architectures:  n-channel XDMOS 
and p-channel XDMOS. 

 
 

As mentioned previously, the achieved accuracy necessitates the use of adequate coefficient 
values in both eq. (3.12) and (3.14). For such purpose, a fully optimized procedure to extract the 
optimum set of coefficient values, for all investigated architectures, has been implemented in a 
mathematical solver (MathCAD). It consists of a continuous iteration procedure which requests 
input initial guess-values and the desired error limit to be reached. The relative error is checked 
by the routine after each iteration and compared to the defined one. The procedure continues till 
the defined error tolerance is reached. The estimated time needed for the extraction of an 
optimized set of coefficients does not exceed the few minutes. It is expected that the overall 
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accuracy can still be improved when global optimization, including BSIM parameters and drift-
coefficients, is performed. 
 

3.   3. DMOS TRANSISTOR MACRO-MODELING 

After being going through the proposed experimental technique and mathematical approaches 
for the modeling of the bias-dependent drift-resistance in details and investigating their different 
aspects, the next step has been to evaluate the usefulness of both approaches for the modeling 
purposes of DMOS transistors using the Intrinsic-drain concept (VK-concept). Fig. 3.23 illustrates 
the macro-model composites: (i) a Low-Voltage model (BSIM3v3), calibrated on DMOS intrinsic-
MOSFET and (ii) bias-dependent drift-resistance represented by one of the reported approaches in 
this chapter. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3.23. Circuit representation of the HV-DMOS transistor macro-modeling. 
 
 

3.   3.   1. DMOS Modeling Using Experimental Rdrift Mathematical Expression: 
 

Based on the experimental evaluation technique proposed in section (§ 3.2.1) and the 
reported experimental evaluation on n-channel LDMOS devices, a modeling strategy has been 
settled which can be summarized in the following steps: 
 

Step-1: dividing the LDMOS transistor into significant parts: intrinsic-MOS part and drift 
part (see Fig. 2.4.a). 

Step-2: evaluating experimentally the drift-resistance using the proposed technique and from 
which of the intrinsic VK (VD, VG) potential is calculated as follow: 

 
)V,V(RIV)V,V(V GDdriftDDGDK ⋅−=               (3.16) 

 
Step-3: approximating the VK(VD,VG) potential with an appropriate polynomial or non-

linear approximation. 
Step-4: setting-up the parameter extraction strategy: parameter extraction procedure for 

BSIM necessitates the experimental extraction of few parameters (e.g. VT, µ0, θ1, 2, 
Swing).  

Step-5: BSIM3v3 calibration on the intrinsic-MOS part (see § 3.1 and Fig. 3.1.a). 
Step-6: macro-model build-up as illustrated in Fig. 3.23. 
 
It is worth noting that each extracted drift-resistance value has a corresponding extrinsic VD 

and VG bias couple on an n-channel LDMOS ID-VD characteristic, therefore a separate 
simulation has to be run for each point value (i.e. time consuming process).  
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However, Macro-modeled I-V characteristics using experimentally and TCAD Rdrift 
extracted values are in good agreements with measures characteristics [6] as it is illustrated in 
Fig. 3.24. It appears that extracted drift-resistance from TCAD structure (Fig. 3.9) provide a 
slight improved fitting more precisely in the linear-to-saturation transition region of the ID-VD 
characteristic (i.e. quasi-saturation region). This is essentially due to the reported noisy nature of 
the conductance characteristics, GD-VD, when derived from experimentally measure ID-VD 
curves (i.e. real device) in contrast with those derived from numerically simulated output 
characteristics (i.e. TCAD structures) and which are totally free of noise. All this obviously 
would differently impact the extracted drift-resistance, the calculated VK-potential and thus the 
final macro-modeled characteristics. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.24. n-channel LDMOS output characteristics: measured (in black), modeled 
using experimental Rdrift (in blue) and modeled using TCAD extracted Rdrift (in red). 
 
 
The main advantages and draw-backs of this modeling approach can be resumed as 

following. 
 
Advantages: i- Simple measurements and standard characterization equipments are needed. 

ii- Do not depend on the drain architecture (i.e. suitable for any asymmetric 
MOS transistor). 
iii- Easy to calibrate. 
iv- Fast convergence. 
 

Limitations: i- Despite to be a straightforward extraction technique, it is however, a lengthy 
and time-consuming procedure. 
ii- Limited range of extraction on real devices (due to the noisy 
transconductance, GD-VD, characteristic in the saturation regime). 
iii- Limited accuracy of the extraction technique in quasi-linear region. 
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3.   3.   2. DMOS Modeling Using Mathematical Rdrift Modeling Approach: 
 

The elaborated modeling strategy with the derived mathematical expression does not much 
differs from the settled one in section (§ 3.3.1). The MESDRIFT n-channel XDMOS structure 
has been selected to validate this modeling approach, since it has been intensively characterized 
and this up to 150°C. The strategy is summarized in the following steps: 

 
Step-1:   dividing the XDMOS transistor into significant parts: intrinsic-MOS part and drift 

part (see Fig. 2.4.b). 
Step-2: extracting experimentally Rdrift(VD,VG) characteristics from the dedicated 

MESDRFIT architecture (Fig. 3.15) and from which VK(VD,VG) potential is 
estimated using eq. (3.16). 

Step-3: fitting extracted characteristics with the appropriate derived mathematical 
expression: eq. (3.12) for fitting at room-temperature and eq. (3.14) for fitting over 
temperature. 

Step-4:  setting-up the parameter extraction strategy: parameter extraction procedure for 
BSIM necessitates the experimental extraction of few parameters (e.g. VT, µ0, θ1, 2, 
Swing). Drift-expression coefficients are identified through a dedicated extraction 
routine implemented in the mathematical solver, MathCAD (§ 3.2.2.3.ii). 

Step-5:  BSIM3v3 model calibration on the intrinsic-MOS transistor using experimentally 
extracted ID-VK characteristics (Fig. 3.14). 

Step-6:   macro-model build-up as illustrated in Fig. 3.23. 
Step-7: final model fitting: optimization of drift-coefficients together with BSIM3v3 

parameters on global device characteristics, ID-VG and ID-VD. 
 

3.   3.   2.   1. Extracted vs. modelled I-V characteristics at room-temperature: Transfer and 
output characteristics, measured from standard n-channel XDMOS transistor (without K-
contact), have been fitted with the macro-model following the proposed modeling strategy 
detailed above. Typical model card with all optimized parameters are listed in table 3.4. 
Illustrated ID-VG characteristics in linear and log scale show good agreements between 
measured and modelled curves (Figs. 3.25 and 3.26) from weak-to-strong inversion; the 
subthreshold characteristics is precisely tracked as well as the threshold region as it can be seen 
from Fig. 3.26. The transconductance characteristic, gm-VG, is well reproduced despite the 
limited discrepancy at high VG, where the severe attenuation due to self-heating effect (SHE) is 
not well tracked. However, the positive shift and rise of gmax with VD is well estimated as seen 
in Fig. 3.7, a very important feature for circuit design. Output characteristics, ID-VD, are well 
modelled up to 65V (Fig. 3.28) on the drain and the different mode of saturation are reasonably 
reproduced; drift pinch-off at low VG bias and quasi-saturation at high VG (10V). Unfortunately, 
the negative slope of the saturated ID for VG = 4 and 6V (Fig. 3.28), induced by self-heating, 
cannot be reproduced since the macro-model does not account for such effect. Identically for the 
gm-VG characteristics in Fig. 3.27, at high VG (7-12V) and VD (10-20V) the modelled curves (in 
black) overestimate the measured data. A very interesting issue for self-heating modeling has 
been lately reported [10,11] and which uses calibrated extrinsic thermal capacitance and resistor 
(CTH and RTH).Therefore it can be added as an independent module to any electrical circuit 
representing a DMOS structure. For more details reference [12] can be consulted. Conductance, 
gds-VD, and on-resistance characteristics are correctly modelled as it can be seen from Figs. 3.29 
and 3.30 (a and b) respectively. Calculated relative Maximum and Mean (average) errors 
according to eq. (3.15) reported in Figs. 3.31 and 3.32, respectively for ID-VG and ID-VD 
characteristics, reveal a Maximum error of 12% and a Mean error of 3-4% over the whole 
investigated bias range: VG up to 12V and VD up to 65V. 
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Table 3.4. Model card parameters: most relevant BSIM3v3 parameters and drift-
expression coefficients. 

 

BSIM3v3 temperature
parameters 
 
+ KT1 = -1.108  
+ KT1L = 8.3E-08  
+ KT2 = -0.1037  
+ UTE = -1.0  
+ UA1 = 1.0E-09  
+ UB1 = -5.705E-18  
+ UC1 = -0.1  
+ AT = 5.4E+04  
+ PRT = 2.22E-13  
+ XTI = 3  
 
Drift expression 
parameters 
  
 R0 = 1.73⋅103 Ω 
 R1 = 4.153⋅103 Ω 
 b2  = 2.17674 
 b3  = 0.0042 
 c3  = 0.357 
 a4  = 0.0294 
 b4  = 0.519 
 c4  = 3.042 
 
 m  = 0.012 
  n  = 0.473 
  
 

BSIM3v3 parameters
  
 
+ VTH0 = 1.15  
+ K1 = 4.442E-16  
+ K2 = -0.0186  
+ K3 = 43.49  
+ U0 = 530.5  
+ UA = 1.0064E-10  
+ UB = 1.E-21  
+ UC = -0.001  
+ VOFF = -6.661E-17  
+ NFACTOR = 1.1  
+ VBM = -5  
+ RDSW = 502.652  
+ VSAT = 3.81E+04 
+ A0 = 1  
+ AGS = -1  
+ A1 = 0.1  
+ A2 = 1  
+ PCLM = 10 
+ PDIBLC1 = 0.0005179  
+ PDIBLC2 = 2.54545E-5 
+ PDIBLCB = -1E-06  
+ DROUT = 4.44E-16  
+ PSCBE1 = 2.0192E+08 
+ PSCBE2 = 1E-09  
+ PVAG = 4.03436  
+ PRWB = 0  
+ PRWG = -0.001  
+ WR = 1  



 55

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
Fig. 3.25. n-channel XDMOS linear ID-VG characteristics at room-temperature: 

measured (in red) and modeled (in black). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.26. n-channel XDMOS log ID-VG characteristics at room-temperature: measured 
(in red) and modeled (in black). 
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Fig. 3.27. n-channel XDMOS gm-VG characteristics at room-temperature: measured 

(in red) and modeled (in black). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.28. n-channel XDMOS ID-VD characteristics at room-temperature: measured 
(in red) and modeled (in black). 
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Fig. 3.29. n-channel XDMOS gds-VD characteristics at room-temperature: measured 
(in red) and modeled (in black). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.30. n-channel XDMOS RON-VG characteristics at room-temperature: measured 
(in red) and modeled (in black). 
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Fig. 3.30. n-channel XDMOS RON-VD characteristics at room-temperature: measured 
(in red) and modeled (in black). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3.31. Calculated error percentages between measured and modeled ID –VG 
characteristics with BSIM macro-approach at room-temperature: Maximum error (in 
black) Mean error and (in grey) for n-channel XDMOS device (data from Fig. 3.25). 
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Fig. 3.32. Calculated error percentages between measured and modeled ID -VD 
characteristics with BSIM macro-approach at room-temperature: Maximum error (in 
black) Mean error and (in grey) for n-channel XDMOS device (data from Fig. 3.28). 

 
 

3.   3.   2.   2. Extracted vs. modelled I-V characteristics over temperature: Fig. 3.33 reports 
on the good agreement between measured and modelled output, ID-VD, characteristics over the 
temperature range 25-125°C [7,8]. The model correctly reproduces saturated characteristics for 
moderate VG bias (6V) and is still reasonably tracks the quasi-saturation signature on the 
characteristics for high VG (12V). However, due to the fact that the model does not account for 
self-heating effect (SHE), the modelled output current is slightly overestimated as VG and VD 
biases become high and where SHE is more pronounced (Fig. 3.33, ID -VD curves at VG = 12V). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.33. n-channel XDMOS ID-VD characteristics over temperature: measured (in 

red) and modeled (in black). 
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3.   3.   2.   3. Model scalability: Reported measures in Figs. 3.25 – 3.33 have been performed 
on 40µm device width. In order the check the model scalability, further I-V measures have been 
performed over device widths ranging from 10µm to 250µm [7]. Measured transfer and output 
currents on n-channel XDMOS transistor featuring a 250µm channel width as well as extracted 
transconductance characteristics are illustrated in Figs. 3.34 - 3.37. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.34. n-channel XDMOS linear ID-VG characteristics at room-temperature: 
measured (in red) and modeled (in black). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.35. n-channel XDMOS log ID-VG characteristics at room-temperature: 
measured (in red) and modeled (in black). 
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Fig. 3.36. n-channel XDMOS gm-VG characteristics at room-temperature: measured 
(in red) and modeled (in black). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.37. n-channel XDMOS ID-VD characteristics at room-temperature: measured 

(in red) and modeled (in black). 
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In order to demonstrate the scalability of the model, the optimized parameters and coefficients 
on the 40µm n-channel XDMOS transistor have been used to model the 250µm device width; 
only the width parameters has been adjusted. As it can be seen from Fig. 3.34 the transfer 
characteristics are well fitted and in term of accuracy, no changes are depicted, where Maximum 
and Mean errors are found unchanged (i.e. Max ~ 12.2% and Mean ~ 4.3%). Subthreshold and 
threshold characteristics are precisely tracked (Fig. 3.35) and gmax evolution with VD is correctly 
modeled (Fig. 3.36). Form the output characteristic in Fig. 3.37, the self-heating effect is more 
pronounced as it is proportional with the device width. Reported relative errors are slightly 
raised to 17.3% for Maximum error and 7% for Mean errors. However, still the model can fit 
the global output current trend with the exception of the negative slope of saturated currents as 
previously mentioned.  
 

The proposed modeling strategy, which relies on a dedicated DMOS architecture 
(MESDRFIT) and the use of an adequate mathematical expression to describe its bias-
dependent drift-resistance, revealed its interesting potential for HV-DMOS modeling purposes. 
The main advantages and limitations of such approach can be summarized as follow: 

 
Advantages: i- At room temperature and with a total number of eight coefficients, Rdrift (VD, 

VG) expression (eq. 3.12) is able to track the experimentally extracted drift 
resistance with a good accuracy. 
ii- The drift-resistance evolution with temperature is physically modeled and 
only two extra coefficients are needed to model such dependence. 
iii- The developed mathematical expression, eq. (3.14), is able to fit in 
temperature the three investigated MESDRFIT architectures, simply by 
properly tuning the coefficient values. 
iii- The overall good accuracy of Rdrift (VD, VG, T) expression is improved 
when combined with the standard LV-MOSFET model, BSIM3v3. 
iv- fast and efficient modeling strategy 
v- Specific phenomena like quasi-saturation are reasonably well reproduced by 
the model. 
vi- Good model scalability. 
vii- No convergence problems are experienced when implemented in circuit 
simulator like Smartspice. 

 
Limitations: All experienced problems in the previous approach (§ 3.3.1) do not longer 

exist. The only limitations that can be eventually mentioned are: 
 i- The need of MESDRIFT architecture to monitor the intrinsic-drain potential: 
necessary for intrinsic-MOS BSIM calibration and bias-dependent drift 
resistance extraction. 
ii- The large BSIM3v3 parameters number: 28 + 10 parameters for temperature  
modeling. 
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3.   4. DMOS TRANSISTOR COMPACT-MODELING 

During the past ten years, important efforts have been made in the attempt to accurately model a 
variety of HV-DMOS architectures, with a particular focus on the lateral architecture, essentially 
due to its great compatibility with the existing CMOS and BiCMOS technologies, and thus its easy 
integration with a minimum added cost [13, 14]. 

 
According to literatures and published works, two main approaches appear for the modeling of 

HV DMOS transistors: (i) macro-modeling and (ii) compact-modeling. In brief, the macro approach 
consist of discrete elements or modules tied together to synthesize a new circuit element able to 
reproduce the electrical device properties. Generally, when a new device is to be modelled, such 
approach could appear as a good investigation tool. However, it is not always a successful solution 
when particular phenomena like quasi-saturation in HV-DMOS transistor is to be considered. Fig. 
3.38 shows a qualitative representation of what could be lateral DMOS, if modelled with existing 
discrete elements. It is clear that as the number of elements rises (e.g. for accuracy purposes), the 
number of parameters to be extracted increases too and makes the extraction procedure more 
lengthy and complex. In addition, the circuit complexity rises (due to the increased number of 
internal nodes) and as a consequence, the simulation time increases and convergence problems 
might appear.  

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3.38. HV-DMOS transistor macro-model using standard circuit elements. 
 
 
In contrast, in the compact-modeling approach the device unity is preserved through a set of 

self-consistent and continuous expressions able to predict and reproduce the specific device 
phenomena. The approach appears to be not an easy task, but when successfully achieved, it 
delivers key features especially when implemented in simulators used for complex circuitry, where 
accuracy and robustness of model components becomes essential.  

 
Among the more efficient and accurate compact-models for standard MOSFET’s, the EKV 

model stands at the first position [15, 16]. It’s continuous drain current expression, derived from 
classic MOSFET theory, introduces very few approximations. As a result, a robust, simple and 
accurate modeling for both hand calculation and numerical simulation is achieved in all regimes of 
operations (i.e. from weak-to-strong inversion, in linear and saturation regions) [16-18]. For HV-
DMOS compact-modeling based on the VK-concept, EKV appears as a very good candidate 
essentially due to: (i) its limited number of parameter compared to BSIM3v3 (i.e. 20 parameters for 
EKV, in contrast with ~70 parameters for BSIM3v3) simplify the intrinsic-MOS calibration and (ii) 
the compact nature of the EKV-expression allows the easy-integration of external modules like the 
derived mathematical drift-expression, eq. (3.12).  
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For evaluation purposes, a simplified version of EKV model (i.e. long-channel approximation) 
[15, 19, 20] is used; two basic assumptions are made:  (i) short-channel effect is not considered and 
(ii) 2D field-effects on mobility is neglected (i.e. µeff = µ0). 

 
 
According to the intrinsic-drain concept (i.e. VK-concept), subscripts “K” and “D” denote 

respectively any quantities associated to the “intrinsic” and “extrinsic” drain of the device (e.g. VK 
and VD or qK and qD).  

 
3.   4.   1. DMOS Compact-Modeling Using EKV Simplified Expression: 
 
According to the EKV long-channel approximation, the normalized drain current (i) can be 

expressed as the difference between the forward (if) and reverse (ir) current: 
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where, “I0” stands for the EKV specific current.  

In terms of potentials [17], )K(Sq  is given by:  
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where, “VP” stands for the EKV pinch-off voltage and is defined as: 
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When charge expression, eq. (3.20), is replaced in eq. (3.18), the current expression becomes: 
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The current expression, eq. (3.22), is valid from weak-to-strong inversion regions, but due to its 

implicit form, it can only be solved numerically.  



 65

However, in the case when only strong inversion is to be considered, eq. (3.22) can be 
simplified by neglecting the logarithmic term. Therefore, the charge expression, eq. (3.20), 
becomes: 
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an the current expression becomes: 
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where, “VS” stands for the potential of the source terminal, “VK” for the intrinsic-drain potential (i.e. 
intrinsic-channel end) and  “n(VP)” for EKV slope factor, which is defined as: 
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with “γ”stands for EKV body or substrate factor and is defined as:  
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where, “NSub” stands for the channel-region doping. 

The intrinsic-drain potential, VK, is estimated as follow: 
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When eq. (3.12), (317), (3.24), (3.25), (3.26) and (3.16), with VS = 0, the drain current can be 
simply formulated as: 
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where, Rdrift  (VD ,VG) corresponds to the proposed mathematical drift-expression, eq. (3. 12). 

In saturation (i.e. for VD ≥ VP), the reverse current, ir, becomes negligible compared to the 
forward current, if, (i.e. if >> ir) and the drain current expression, eq. (3.27), simply reduces to the 
forward term [15]: 
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No impact on the model accuracy in strong inversion is expected when simplified qS(K expression 

is used to derive the current. This is demonstrated in Figs. 3.39 and 3.40 where no significant 
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differences are depicted between modeled I-V characteristics with complete qS(K) expression, eq. 
(3.22), and its simplified form, eq (3.23). 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.39. Modelled n-channel XDMOS ID-VG characteristics at room-temperature: using 
the complete (eq. (3.22), symbols) and simplified (eq. (3.23), solid line) qS(K) expression. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.40.. Modelled n-channel XDMOS ID-VG characteristics at room-temperature: using 
the complete (eq. (3.22), symbols) and simplified (eq. (3.23), solid line) qS(K) expression. 
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A smoothing function, “Ftrans” has been introduced to current expression in order to allow in a 
controlled manner the transition from linear to saturation regime. The function is: 
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=         (3.29) 

 
where, “δ”stands for a very small quantity, to avoid division by zero when ID current is null, and 
“fs” is a smoothing factor. 

In reported fittings in (§ 3.4.2), δ  and fs corresponding values are: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.5. Optimized set of parameters for the simplified EKV current expression 
used in the fitting of experimentally extracted I-V n-channel XDMOS characteristics. 

 
 

3.   4.   2. Extracted vs. Modeling I-V Characteristics at Room-Temperature: 
 
In order to fulfill the EKV long-channel approximation, final current expressions, eq. (3.27) and 

(3.28), have been validated on corresponding long-channel DMOS transistor (i.e. n channel 
XDMOS structure, LCh ~ 4µm and W = 40µm) [21]. Figs. 3.41 – 3.43 and 3.45 - 3.48 report on the 
measured I-V characteristics at room-temperature and achieved fits using the simplified charge 

Intrinsic-channel
parameters 
 
VT = 1.05V  
µ0 = 450 cm/V⋅sec 
 
 
Technological 
values 
  
Lch = 4 µm 
W = 40 µm 
tox = 17 nm 
NSub = 17⋅1016 cm-3 
 
  
Smoothing 
Coefficients 
  
δ = 5.7⋅10-5 ≡ I0 × 106 (calculated EKV specific current)
fs = 4          ≡ Lch × 106 (effective channel length) 
 

Drift-expression
parameters 
  
R0 = 1.487⋅103 Ω 
R1 = 1.979⋅103 Ω 
b2  = 0.75425 
b3  = 0.014 
c3  = 0.42 
a4  = 0.042 
b4  = -0.67 
c4  = 3.3 
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expression, eq. (3.23), to derive the drain current. From Figs. 3. 41 and 3.42, the ID-VG and gmax 
characteristics appear reasonably well fitted in the strong inversion region, equivalent to reported 
fits from macro-modeling with BSIM (see Fig. 3.25 and 3.27). However, the modelled gm-VG 
characteristics show an unusual behaviour (wave-like) as VG rises. This is essentially due to the 
mathematical expression used to model the drift-resistance, which has been developed on a quasi-
empirical basis. Note that the more important information (from design point of view) remains the 
gmax value and its evolution with external biases; such value is quite well reproduced as it can be 
seen in Fig. 3.42. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.41. n-channel XDMOS ID-VG characteristics at room-temperature: measured (in 

red) and modeled with simplified charge expression (in black). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 3.42. n-channel XDMOS linear ID-VG characteristics at room-temperature: 
measured (in red) and modeled with simplified charge expression (in black). 
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As expected, in the weak-to-moderate inversions (i.e. VG < 2V), large discrepancies appear in 
the ID-VG subthreshold characteristics between measured and modelled drain currents when 
simplified charge expression is used (see Fig. 3.43, dotted box). In contrast, when complete charge 
expression (eq. (3. 22)) is used to derive the drain current, a much less discrepancy with measures is 
reported in Fig 3.44, but still the fitting is not as accurate as the reported one in Figs. 3.26 and 3.35 
(macro-modelled with BSIM). BSIM model dedicates two parameters (NFACTOR and VOFFSET) to fit 
the subthreshold characteristic, that is not the for the derived EKV model used in our investigation, 
which explain the error reported in this region. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.43. n-channel XDMOS log scale ID-VG characteristics at room-temperature: 

measured (in red) and modeled with simplified charge expression (in black). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.44. n-channel XDMOS log scale ID-VG characteristics at room-temperature: 

measured (in red) and modeled with complete charge expression (in black). 

 

1.E-13

1.E-10

1.E-07

1.E-04

1.E-01

0 3 6 9 12

VG (V)

ID
 (A

)

10-13 

10-10 

10-7 

10-4 

10-1 
VD = 20V

1V

W = 40µm, LCH = 4µm

 

1.E-13

1.E-10

1.E-07

1.E-04

1.E-01

0 3 6 9 12

VG (V)

ID
 (A

)

10-13 

10-10 

10-7 

10-4 

10-1 

W = 40µm, LCH = 4µm

VD = 20V

1V

Weak 
inversion 

Weak inversion 



 70

Modelled output, ID -VD, characteristics show a good matching with measured data and as it can 
be seen from Fig. 3.45 the quasi-saturation signature (for VG > 7V) is well reproduced. Over the 
equivalent VD (up to 30V) and VG (up to 12V) bias ranges, the fit is even slightly improved when 
compared to the reported fit in Fig. 3.28 for the BSIM macro-approach. The improved accuracy is 
confirmed in Fig. 3.46, where the EKV compact-expression shows a better ability to reproduce the 
gds-VD characteristics than the reported fit in Fig. 3.29. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.45. n-channel XDMOS ID-VD characteristics at room-temperature: measured (in 

red) and modeled with simplified charge expression (in black). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.46. n-channel XDMOS gds-VD characteristics at room-temperature: measured (in 
red) and modeled with simplified charge expression (in black). 
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Measured RON characteristics are well predicted by the compact-model in strong inversion 
as it is seen from RON-VG and RON-VD characteristics, respectively illustrated in Figs. 3.47 and 
3.48. For VG biases within the weak-to-strong inversion region (i.e. VG < 2V), model equations 
do not account for it, and thus, mismatches between measures and model within this region is 
expected in I-V characteristics, RON included (Figs. 3.47, doted box). This is not the case for 
macro-modelled curves with BSIM, where the weak and moderate inversions are well defined 
by model expressions.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.47. n-channel XDMOS RON-VG characteristics at room-temperature: measured (in 
red) and modeled (in black). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.48. n-channel XDMOS RON-VD characteristics at room-temperature: measured (in 
red) and modeled (in black). 
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The reported model accuracy improvement in strong inversion is confirmed by plotted error 
percentages in Figs. 3.49 and 3.50, where the fitting improvement in term of numbers is estimated 
for ID-VG characteristics ~ 8% and for ID-VD characteristics ~ 12%.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figs. 3.49. Calculated Maximum error (in black) and Mean error (in grey) between 

measured and modeled ID -VG XDMOS characteristics at room-temperature: (a) with 
EKV simplified current expression (data from Fig. 3.41) and (b) with BSIM macro-

approach (data from Fig. 3.25). 
 
 
 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 3.50.  Calculated Maximum error (in black) and Mean error (in grey) between 
measured and modeled ID -VD XDMOS characteristics at room-temperature: (a) with 
EKV simplified current expression (data from Fig. 3.45) and (b) with BSIM macro-

approach (data from Fig. 3.28). 
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3.   4.   3. Compact-Modeling Strategy 
 
Here, the core strategy differs completely from the one reported for the macro-modeling 

approach with BSIM (§ 3.3.2). The proposed strategy relies essentially on the simplified and 
explicit form of the derived drain current expression, eq. (3.27), and which does only depend on 
external biasing voltages: VS, VD and VG: 

 
ID = f1 (VD ,VP (VG), Rdrift (VD ,VG))       (3.29) 

 
From the current expression, it is possible to deduce the drift-resistance, where eq. (3.29) 

becomes: 
 

Rdrift (VD ,VG) = f2 (VD ,VP (VG), ID)       (3.30) 
 

One can note that eq. (3.27) has the form of a 2nd order polynomial: 
 

cba +⋅+⋅= D
2

DD II)I(f         (3.31) 
 
where, “a”, “b” and “c” are constant terms for each combination of applied extrinsic voltages. 
Therefore, by considering ID in eq. (3.30) a measured quantity (i.e. output characteristics), the 
current expression, eq. (3.27), can be re-formulated also in polynomial form of 2nd order: 

 

CRBRA)R(f drift
2

driftdrift +⋅+⋅=        (3.32) 
 

where, A, B and C depend on Known quantities: VG, VD and measured ID, and thus, the bias-
dependent drift-resistance can be analytically solved. The good agreements, illustrated in Fig. 3.51, 
between experimentally measured and analytically extracted Rdrift (VD,VG) characteristics in terms 
of order of magnitude and bias dependence with VG and VD confirm the validity of the approach. 
The obtained set of drift parameters from eq. (3.32) are then re-injected in the current expression 
(eq. 3.29) as initial guess-values in order to perform a global fitting on the measured I-V curves. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3.51. n-channel XDMOS RD (VD ,VG) characteristics at room-temperature: extracted 
from MESDRFIT structure (in red) and modeled by eq. (3.33) (in black). 
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The compact-modeling strategy can be sequenced as follows: 
 
Step-1:   performing standard extrinsic I-V measurements on the HV-DMOS transistor over 

the desired range of investigation:  ID-VG and ID-VD. 
Step-2:    extracting channel parameters: VT and µ0. 
Step-3:  calculating Rdrift (VD,VG) characteristics according to eq. (3.33), which is the 

analytical solution of the 2nd order polynomial, eq. (3.32), for each couple of 
extrinsic VD and VG bias. 

Step-4:  fitting with the mathematical drift-expression, eq. (3.12), the calculated drift-
resistance in step 3. 

Step-5:  injecting the drift-coefficients, together with extracted VT and µ0 values, in the 
simplified drain current expression, eq. (3.27) and final parameters optimization to 
fit the I-V device characteristics in strong inversion. 

 
In case weak and moderate inversions are to be modeled, the complete “qS(K)” expression, eq. 

(3.22) can be used to derive a more complex expression for the drain current. Even if complete and 
simplified charge expressions (eq. (3.22) and (3.23)) do not impact I-V characteristics in strong 
inversion as demonstrated in Figs. 3.39 and 3.40, still the optimized set of parameters from step 5 
can be used as initial guess-values to extend the fit toward the subthreshold characteristic and cover 
all inversion regions (weak-to-strong).  To keep in mind that such drain expression has an implicit 
form, and thus, can only be solved numerically. However, this is easily achievable in standard 
mathematical solvers like MathCAD, Mathematica or MatLab. 

The main advantages and limitations of such approach can be summarized as follow: 
 
Advantages: i- Applicable to any asymmetric MOSFET with any bias-dependent drift series 

resistance. 
ii- Simple and fast extraction of channel parameters (only VT and µ0 are 
needed). 
iii- Needs only few ID-VD measures at various VG, as input values, to extract 
and fit the drift coefficients. 
iv - A limited number of model parameters: ten in total for room-temperature 
model, including drift-expression coefficients. 
v- Special test device with K-contact (i.e. MESDRIFT structure) is no longer 
needed. 
vi- Able to adequately reproduces specific phenomena like quasi-saturation. 
vii- To run simulations, no need to be implemented in a circuit simulator like 
Smartspice to run simulations; a mathematical solver is largely enough. 

 
Limitations: Despites that all reported drawbacks for macro-modeling with BSIM have been 

solved: lake of accuracy in modeling the subthreshold characteristic remains 
the major limitation. The related term in the EKV-2.6 model for the 
subthreshold characteristic is the substrate factor, “γ” (eq. (3.26)), which 
account for the channel doping concentration, NSub. A re-adjustment from its 
physical value (probed from TCAD calibrated structure) could improve the fit 
in Fig. 3.44, but in such case, it is more appropriate to considered NSub as a 
tuning parameter rather than a constant technological value. 
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3.   5. CONCLUSION 

 This chapter demonstrates the usefulness of the intrinsic-drain concept (VK-concept) for 
modeling purposes of high voltage devices, in general, by investigating its use in the elaboration of 
models for the bias-dependent drift series resistance. 

 
Simple, yet universal methodologies, dedicated to the experimental extraction of the drain 

series resistance in asymmetric HV-MOSFET’s, independent on the extended drift-
architecture, have been proposed and validated. 

 
We have particularly contributed to develop two original approaches for the investigation 

and modeling of the drift series resistance of a DMOS transistor: 
 
(i) the first one consists in a dedicated experimental method that allows the extraction of 

a bias dependent series resistance 
(ii)  the second one uses a dedicated test structure, MESDRIFT, which enables the direct 

measurement of the drift series resistance, as well as mathematical models able to fit 
the complex revealed dependence of Rdrift on the gate and drain biases. 

 
Both methods have been validated by comparison between measured data and analytical/numerical 
simulations using the intrinsic drain voltage concept. 

 
We have originally studied the experimental dependence of the drift series resistance in 

DMOS devices versus drain and gate biases and found that Rdrift can have very large non-linear 
variations (as high as four order of magnitude) depending on the values of the applied biases, which 
explains why simple extensions of low voltage MOS models with constant series resistance are 
never able to accurately model HV devices. 

 
We have developed a mathematical quasi-empirical model using polynomial and log-exp 

functions for this drift resistance that is able to capture with high accuracy its evolution in various 
regimes of operations. This Rdrift elaborated model has been originally combined with a 
simplified version of the EKV model for the intrinsic MOS transistor and very accurate 
modeling results in terms of DC current and (trans)conductances have been obtained. Related 
errors have been systematically reported. 

 
Additional studies and modeling have involved the temperature dependence of the drift 

series resistance that was successfully captured in our equations. It is worth noting, that despite 
a relative low physical meaningfulness, the proposed mathematical formulation of Rdrift offers 
excellent convergence and accuracy in all regions of operation being however a very interesting 
modeling alternative, especially in case of a single technology when scalability is not an issue. 
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4.   1. INTRINSIC-DRAIN VOLTAGE (VK) CONCEPT FOR AC DMOS MODELING: 

The AC modeling of HV-DMOS transistors is one the most difficult task to be achieved because 
of the drift-region and its contribution to the device charge control, resulting in bias-dependent 
capacitances. Moreover, specific phenomena related to the region, like quasi-saturation and drift 
pinch-off, largely contribute to raise the difficulty on capacitance modeling. 

The reported analysis in chapter 2 (§ 2.3) revealed that the transition between conduction 
through high-resistance depleted area and conductive channel within the drift-region (see Figs. 2.11 
and 2.13) is at the origin of depicted peaks from TCAD simulated intrinsic-drain voltage , VK -VG 
(Fig. 4.1), and gate-to-drain capacitance, CGD -VG (Fig 4.2), characteristics. As VD increases, higher 
VG bias is needed to compensate the depletion extends within the drift and accumulate electrons till 
the formation of a conductive channel beneath the gate oxide. When peak values of both 
characteristics are extracted and plotted together, Fig. 4.3, they show equal VD dependence up to 
60V and the slight shift between their corresponding VG-peaks remains constant (0.75V).  

 
This clearly confirms the strong correlation between the intrinsic potential of the DMOS 

transistor and its terminal capacitances (e.g. CGD) and put in evidence the validity of the VK-concept 
for AC modeling purposes. In this context, it becomes mandatory for the accurate modeling of 
device capacitances, the need of precise quantitative prediction of the VK potential to properly 
estimate the drift-contribution to the total terminal capacitances. In such a way, the coherence of an 
over all model (DC and AC) based on the VK-concept is maintained. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.1. Extracted VK -VG characteristics from numerically simulated n-channel XDMOS 
structure at various VD biases: 1 - 10V (1V step) and 20 - 60V (10V step). 
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Fig. 4.2. Extracted CGD -VG characteristics from numerically simulated n-channel 
XDMOS structure at various VD biases: 1 - 10V (1V step) and 20 - 60V (10V step). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.3. Extracted corresponding gate biases (VG-peak) to peak values depicted from 
numerically simulated n-channel XDMOS characteristics: VK -VG (sole circles) and CGD -

VG (solid triangles). In open circles, the constant shift between both curves. 
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In principle, two approaches can be used for the AC modeling: (i) the large signal analysis (i.e. 
charge-partitioning approach) and (ii) the small-signal admittance analysis.  The two approaches 
have been investigated through this chapter based on the monitoring of the intrinsic-drain potential, 
VK. Each approach will be separately discussed in detail in the following sections. 

 
4.   2. SMALL SIGNAL ANALYSIS: 

Based on the DMOS small signal model proposed by Liu and Kuo [1] dedicated essentially to 
capture the quasi-saturation influence on DMOS capacitances and predict their specific peak 
characteristics, a simple first order model has been developed and its corresponding equivalent 
circuit is reported in Fig. 4.4. The principal assumption to be made is the dominance of the 
capacitance due to the drift-charge on the capacitance of the intrinsic-MOS drain, [1]. 

 

 
Fig. 4.4. Small signal equivalent circuit dedicated to DMOS transistor (after [1]) 

 
 
Such approach includes the possibility to relate reciprocal and non reciprocal gate-to-source and 

gate-to-drain capacitances, CGS, CSG, CGD and CDG, to intrinsic drain potential, VK, and drift channel 
resistances, “rd” and “rch”. Accordingly, the following analytical expressions have been derived: 
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where,  
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and “Cdrift” is the oxide capacitance associated with the drift region (i.e. extension of the gate over 
drift). Since the field-plate gate electrode covers different oxide thicknesses ranging from 17nm for 
the gate oxide to ~ 500nm for the field oxide (LOCOS), it is important to precisely such variations. 
Fig. 4.5 illustrates the various oxide thicknesses to be considered for the accurate estimation of the 
total drift oxide capacitance term, Cdrift. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

Fig. 4.5. Schematic illustration of the different oxide regions for accurate estimation of 
total drift oxide capacitance. 
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where, “Ldgo” is the drift length beneath the gate oxide, “Lα” is the drift length under the ramped 
gate oxide and “Ldfp” is the drift length beneath the field oxide (see Fig. 4.5). 

The transconductance of the lateral channel-region (gch) and drift-region (gd) are calculated as 
following: 
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Typical plots of the drift and intrinsic channel transconductances, gd and gch, respectively, are 

reported in Fig. 4.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.6. Drift and intrinsic channel transconductances, gd (black symbols) and gch (red 
symbols), calculated using eq. (4.11) and (4.12), respectively, for two different drain 

voltages, in case of XDMOS. Also reported in this figure: the (extrinsic) XDMOS 
transconductance, gm=dID/dVG (solid line). 

 
 
Systematic AC numerical simulations with the numerically simulated n-channel XDMOS 

TCAD structure have been conducted by applying a small signal on the gate electrode (10mV, 
1MHz), in all the regions of operation described by static bias combinations (VD, VG). At each bias 
point, the CSG and CDG capacitances have been extracted by Silvaco’s ATLAS simulator, [2]. From 
DC numerical simulations, the values of VK potential and its first order derivative dVK/dVG, at each 
bias point (VD, VG), needed for rd, gd, rch, gch calculations in the small-signal model, have been 
directly probed near the intrinsic channel end, drift side. Calculated CSG, CDG capacitances are 
respectively reported in Figs. 4.7 and 4.8 and compared with extracted values from AC numerical 
simulations. The reasonable agreement between calculated capacitances with derived expressions, 
eq. (4.11) and (4.12), and numerical simulations supports the claim that, with the proposed 
capacitance model, it is possible to predict the peaks observed in HV-DMOS capacitances (which is 
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the typical signature of the evolution of the drift depleted regions, onset of quasi-saturation and 
lateral doping profiles, [3]), as well as the capacitance evolution with VD and VG.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.7. n-channel XDMOS CSG -VG characteristic: numerically simulated (in red) and 
calculated with eq. (4.3) (in black). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.8. n-channel XDMOS CDG -VG characteristic: numerically simulated (in red) and 
calculated with eq. (4.4) (in black). 
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4.    3. LARGE SIGNAL ANALYSIS: 

The large signal analysis or charge partitioning is the most difficult because it necessitates 
precise estimation of the variable drift-controlled charge with VG and VD (see circuit model in Fig. 
4.9). Therefore, accurate prediction of intrinsic-drain potential, VK, is mandatory  

 

 
Fig. 4.9. Possible large signal circuit model for HV-DMOS device illustrating variable 

capacitances corresponding to charge partitioning (after [1]). 
 
 
4.   3.   1. Drift-Region Modeling with Charge-based Approach: 
 
The proposed model is based on a geometrical charge modeling approach, inspired by the 

reported modeling works in [4-6]. According to the applied couple of external biases (VG and VD), 
an accumulation layer takes place within the drift region, essentially localized beneath the gate 
oxide, while a fixed charge is induced by the depletion of the p-i-n diode (i.e. body-drift junction) 
and the combination of both charges consist the total charge of the drift region.  

 
The description of the proposed charge-based model, in term of parameters, derived expressions 

and validation will be presented respectively as follow: 
 
 
4. 3.   1.   1. Key constants and technological parameters: The most common physical 
constants used by model equations are: 
 

• εo  = 8.84×10-12 (F/cm) 
• εox  = 3.9 
• εsi   = 11.9 
• q    = 1.6×10-19 (C) 
• K    = 1.38×10-23 (J/K) 
• T    = 300 (K) 
• ni   = 1.45×1010 (cm-3) 
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All technological and geometrical parameters related to the investigated DMOS structure and to 
be used as model inputs are listed in table 4.1.  
 

 
Parameter 

name in Spice 
Value Unit Description Type of 

parameter 
dNWELL  5.34×10-6   m diffusion depth of drift region (n-

well) 
DC/AC 

Ldgo 2×10-6   m drift length beneath the gate 
oxide 

DC/AC 

Lα 0.663×10-6  m drift length beneath the ramped 
oxide 

DC/AC 

Ldfp 2×10-6   m drift length beneath the field 
plate 

AC 

Ldfo 8.3×10-6   m drift length beneath the field 
oxide 

DC/AC 

W 40×10-6  m device width DC/AC 

tox  43×10-9   m gate oxide thickness  DC/AC 

NA 2×10-22  cm-3 body (channel) region doping DC/AC 

ND 2.5×10-21  cm-3 drift region doping  DC/AC 

VFB-drift -0.23866  V flat-band potential of drift region DC/AC 

α1  π/7.2 -  ramped oxide angle_1 DC/AC 

α2 π/9  -  ramped oxide angle_2 DC/AC 

 
Table. 4.1. Geometrical and technological parameters used in the calculation of the HV-

DMOS drift-charge. 
 
 
4.   3.   1.   2. Fitting parameters: A limited number of fitting parameters have been introduced 
to the model equations in order to deliver a degree of flexibility and allowing fine tuning during 
parameter optimization step on reference data (measured or numerically simulated as it will be 
the case here). The fitting parameters are: 

 
• θ: this term corresponds to the current spreading angle in the drift region beneath the gate 

oxide. It accounts for the physically monitored current path when living the channel region 
and entering the drift region. When channel accumulation beneath the gate oxide within the 
drift is formed, the current follows the interface and thus the spreading angle is expected to 
be close to zero. In contrast, when depletion is only presents, numerical simulation 
indicates that the current flow lines are not longer following the interface, but tend to flow 
across the drift-depletion. Here the spreading angle is to be considered. 
Typical range of values: 0 < θ < π/3. 

 



 87

• FQD: it is the charge sharing factor, which accounts for the fact that the total depleted drift-
charge is partially associated to the gate electrode.  
Typical range of values: 0 < FQD < 1. 
 

• na: fitting parameter for depleted area smoothing functions, fa1, fa2 and fa3. 
Typical range of values: 1 < na < 200 
 

• ns: fitting parameter for the charge transition smoothing function, fs. 
Typical range of values: 1 < ns < 10  
 

•  fl: fitting parameter for the depletion charge modulation under the gate oxide. It accounts 
essentially for the adjustment of the gate oxide length within the drift (Ldgo) and its 
associated charges. It could be considered as a geometrical tuning parameter. 
Typical range of values: 0 > fl ≥ 1  

 
Due to the non-uniform oxide thickness (see Fig. 4.5) within the drift-region, the associated 
oxide capacitance to each drift-sub-region is calculated according to eq. (4.7), (4.8) and (4.9) 
(see § 4.2). 

  
4.  3.  1.  3. Drift-charges: Based on the analysis reported in chapter 2, it has been demonstrated 
the presence of an accumulation channel tends to form beneath the gate oxide (and to some 
extent under the ramped oxide) when the gate terminal is biased to high voltage values 
(typically around 9-12V). At low VG values, the drift-region under the gate oxide is depleted at 
relatively low VD bias (see Figs. 2.11.a and 2.13.a), and therefore, no accumulation is expected 
to takes place and the only charge present within the drift will be due to the depleted area. 
The approach on which is based the drift-charge estimation can be summarized as follow: 
calculate separately each charge and define a boundary condition that determines the presence 
or not of each charge type. The boundary condition is defined by the depletion boundary 
potential, PHId, which corresponds to the potential at the end of the drift-depletion near 
interface, as illustrated in Figs. 4.10 – 4.13 (will be discussed in next section, § 4.3.1.4). 
 
(i) Accumulation drift-charge: The derived expression to account for associated charge to the 

channel-accumulation beneath the drift gate oxide is: 
 

( ) ( )dfofoxroxdgoloxddriftFBGaccdrift LCLCLfCPHIVVWQ ⋅+⋅+⋅⋅⋅−−⋅−= α−−  (4.13) 
 
(ii) Depletion drift-charge: A drift-portion is associated to each oxide-region underneath the 

field plate (i.e. A1 ⇒ gate oxide, A2 ⇒ ramped oxide and A3 ⇒ field oxide) and the 
depletion charge of portion is individually calculated according to the extension of the 
depleted boundary (i.e. tdep value) as illustrated in Figs. 4.10 – 4.13. The associated depleted 
areas to each oxide region are calculated according to the depletion boundary extension, 
which is calculated by the DC-model as follow: 
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where, “Vbi” is the built-in potential of the body-drift (p-n) junction and is calculated 
according to: 
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According to the depletion boundary extension, tdep, within the drift-region, different cases 
are considered: 

 
Case (a): when the depletion boundary covers partly the drift-region beneath the gate oxide 
(i.e. tdep ≤ Ldgo) as illustrated in Fig. 4.10. 
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2
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A2-a = deptL ×α           (4.17)

 
 
A3-a = depdfo tL ×           (4.18) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. 10. Schematic illustration of the drift-depletion extension depleted (assured area) 
under the boundary condition: tdep < Ldgo 
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Case (b): when the depletion boundary covers completely the drift-region beneath the gate 
oxide and partly the region under the ramped gate oxide (i.e. Ldgo < tdep ≤ (Ldgo + Lα)) as illustrated 
in Fig. 4.11. 

 
 

A1-b = ( )[ ]θ⋅⋅−⋅×⋅ tanLfd2Lf
2
1

dgolNWELLdgol      (4.19)
 

 

A2-b = [ ] ( ) ( ) ( )[ ]1dgoldepdgolNWELLdgoldep tanLfttanLf2d2Lft
2
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α⋅⋅−−θ⋅⋅⋅−⋅×⋅−   

 
[ ] depdepdgol ttLLf ×−+⋅+ α        (4.20) 

 
 
A3-b = A3-a = depdfo tL ×          (4.21) 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. 11. Schematic illustration of the drift-depletion extension depleted (assured area) 
under the boundary condition: Ldgo < tdep ≤ (Ldgo+ Lα). 
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Case (c): when the depletion boundary extends within the drift-region beneath the field 
oxide (i.e. (Ldgo + Lα )< tdep < (Ldgo + L + Ldfo)) as illustrated in Fig. 4.12 

 
 

A1-c = A1-b = ( )[ ]θ⋅⋅−⋅×⋅ tanLfd2Lf
2
1

dgolNWELLdgol      (4.22) 

 

A2-c = ( ) ( )[ ]1dgolNWELL tanLtanLf2d2L
2
1

α⋅−θ⋅⋅⋅−⋅× αα    (4.23) 

 
 
A3-c = [ ] ( ) ( )[ ]1dgolNWELLdgoldep tanLtanLfdLLft α⋅−θ⋅⋅−×−⋅− αα  
 

[ ] depdepdfodgol ttLLf ×−+⋅+        (4.24) 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. 12. Schematic illustration of the drift-depletion extension depleted (assured area) 
under the boundary condition: (Ldgo+ Lα) < tdep < (Ldgo+ Lα + Ldfo). 
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Case (d): when the depletion boundary covers the whole drift-region under the field-plate 
(i.e. tdep ≥ (Ldgo + Lα + Ldfo)) as illustrated in Fig. 4.13. 

 
 

A1-d = A1-b = A1-c = ( )[ ]θ⋅⋅−⋅×⋅ tanLfd2Lf
2
1

dgolNWELLdgol     (4.25) 

 

A2-d = A2-c = ( ) ( )[ ]1dgolNWELL tanLtanLf2d2L
2
1

α⋅−θ⋅⋅⋅−⋅× αα    (4.26) 

 
 
A3-d = ( ) ( )[ ]1dgolNWELLdfol tanLtanLfdLf α⋅−θ⋅⋅−×⋅ α      (4.27) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. 13. Schematic illustration of the drift-depletion extension depleted (assured area) 
under the boundary condition: tdep ≥ (Ldgo+ Lα + Ldfo). 
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In order to avoid any step-transition during at the different boundary conditions, a smoothing 
function is introduced at each defined boundary condition and resulting in three transition 
expressions, i.e. fa1, fa2 and fa3: 
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When combining together with the different area expressions: 

 
A1 = fa1· A1-b + (1-fa1) · A1-a        (4.31) 
 
A2 = fa2· A2-c + (1- fa2) · [fa1· A2-b + (1-fa1) · A2-a]     (4.32) 
 
A3 = fa3· A3-d + (1- fa3) · [fa2· A3-c + (1-fa2) · A3-a]     (4.33) 
 
The sum of A1, A2 and A3 constitutes the total depleted surface, from which is calculated the 
drift-depletion charge: 

 
( )321QDDdepdrift AAAFNqWQ ++⋅⋅⋅⋅=−       (4.34) 

 
 

4.   3.   1.   4. Total drift charge: The total drift charge is calculated according to the defined 
boundary condition, PHId (depletion boundary potential), when compared to the surface 
potential (VG – VFB-drift) value. 

  
 

(i) When PHId < (VG – VFB-drift), accumulation takes place beneath the gate oxide and because of 
the high density of the accumulated carriers (>1018 cm-3), the much smaller fixed charge due 
to the depleted surface can be neglected. Therefore, the total drift-charge is equivalent to the 
charge of the accumulated channel beneath the gate oxide. 
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Qdrift-tot    =  ( )ddriftFBGaccdrift PHIVVWQ −−⋅−= −−  
      ( )dfofoxroxdgolox LCLCLfC ⋅+⋅+⋅⋅× α   (4.13) 
 

(ii) When PHId ≥ (VG – VFB-drift), accumulation channel beneath the gate oxide does not longer 
exist and the total drift-charge is only due to the fixed charge of the drift-extended depletion 
region. 
 

Qdrift-tot    = ( )321QDDdepdrift AAAFNqWQ ++⋅⋅⋅⋅=−     (4.35) 
 
 

In order to avoid any step-transition, the transition between the two regimes is achieved in a 
smooth way using a similar expression to the used one for the transition between the different 
depletion boundaries, eq. (4.28 - 4.30)). 
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Combined with eq. (4. 16) and (4. 34), the final drift-charge expression in accumulation and 
depletion regimes is: 

 
( ) accdriftsdepdriftstotdrift Qf1QfQ −−− ⋅−+⋅=      (4.37) 

 
 
4.   3.   2. AC DMOS Modeling with BSIM3v3: 

 
The charges associated to each external node are obtained by putting together the calculated 

total drift charge and the intrinsic MOS charge, (calculated with BSIM) according to the charge 
conservation principles (see Fig. 4.14). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.14. Illustration of a possible large signal circuit model for HV-DMOS device. 
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According to the charge conservation principle the total charges on the extrinsic gate, drain and 
source terminals are deduced as follow: 

 
QG-tot = − Qdrift + QGi = −  Qdrift − QSi − QDi      (4.38) 
 
 
QD-tot = QDi + Qdrift         (4.39) 
 
 
QS-tot  = QSi          (4.40) 

 
 

where: “QG-tot” is the total extrinsic gate-node charge, “QD-tot” is the total extrinsic drain-node 
charge, “QS-tot” is the total extrinsic source-node charge, and “QSi” is the intrinsic MOS source 
charge (BSIM calculated) and “QDi” is the intrinsic MOS drain charge (BSIM calculated). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figs. 4. 15. Extrinsic gate charges calculated with eq. (4. 40): (a) QG-VD @ # VG and (b) 
QG-VG @ # VD and characteristics for an n-channel XDMOS device (W=40um). 

 
 

Figs. 4.15 (a and b) represent the modelled total charge seen from the gate electrode (i.e. on the 
gate node). As it can be seen from both characteristics, by increasing the VG potential, the 
accumulation charge rises and the more negative it will be, the more positive will be the total charge 
seen from the gate side (i.e. QG rises with VG). In the opposite, as VD rises for a given VG, the 
depletion boundary moves toward the drain and leads to an increased depletion charge. The more 
will it be, the more negative will be the total charge seen from the gate (i.e. QG drops with VD). 
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Capacitances are numerically calculated according to the following definition: 
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Derived AC model expressions have been implemented in the circuit Smart-spice simulator 
(using Verilog-A code) together with the developed accurate DC analytical model proposed by C. 
Anghel [4] in order to able the accurate prediction of intrinsic-drain potential (VK) and depletion 
boundary potential (PHId).  

A primary optimized set of parameters (see table 4.2) has been achieved in order to demonstrate 
the model capability to reasonably predict the capacitance behaviour of the investigated device (i.e. 
n-channel XDMOS transistor). 2D-numerically simulated capacitances have been performed and 
used to validate the implemented model expressions. Figs. 4.16 (a and b) represent respectively the 
gate-to-gate, CGG-VG, and gate-to-drain, CGD-VD, characteristics. Fig. 4.16 (a) illustrates the very 
good agreement obtained for CGG-VG characteristics, where the specific capacitance peak and its 
evolution with external biases is well reproduced. However, the model still needs further 
improvements in order to eliminate the glitches appearing in the weak inversion region (see doted 
box). This is possible by a more appropriate smoothing function (eq. 4.36) for the transition of the 
gate charge from accumulation-to-depletion inversion.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figs. 4.16. 2D-numerically Simulated (in black) and vs. model (in red) characteristics: 

(a) CGG-VG @ # VD and (b) CGD-VD @ # VG for an n-channel XDMOS device (W=40um). 
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Here are listed the intrinsic BSIM3v3 capacitance parameters and their corresponding values used 
to fit numerically simulated characteristics in Figs. 4.16 (a and b). Fig. 4.17 reports on the good 
matching between calculated (modeled) and the experimentally extracted CGD-VD characteristics at 
room temperature using a different set of optimized model parameters. 

 
 
BSIM model Value AC model Value DC model Value 

CGS0 5×10-10      F/m Theta π/8 Tranz 9 
CGD0 8.51×10-10 F/m na 200 martor 25 
CGB0 1×10-10      F/m ns 0.25   
CGSL 1×10-10      F/m fl  0.75   
CGDL 1×10-11      F/m FQD 0.7   
CF 1×10-11      F/m     
CJ 1×10-10      F/m     
CJSW 3.97×10-10 F/m     
CJSWG 5×10-10      F/m     

 
Table. 4.2. Set of parameters used to generate the different charge and capacitance 

characteristics in Figs. 4.15 and 4.16. 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.17. CGD-VD @ # VG: modelled with BSIM (in black) vs. measures (in red) for n-
channel XDMOS device (W=40um). 

 
 
4.   3.   3. AC DMOS Modeling with EKV (Long-Channel Approximation): 
 
In this approach, the derived DC compact-expression for the drain current, eq. (3.17), has been 

used together with the proposed based-charge model expression (4.37). The intrinsic-drain 
potential, VK has been predicted through the analytically extracted Rdrift (VD, VG) characteristics, 
illustrated in Fig. 3.41.  
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Concerning the intrinsic-MOS (channel) charges, derived expressions in EKV 2.6 model [7, 8] 
has been used for the approximation of intrinsic source and drain charges, qDi and qSi. The exploited 
expressions are: 
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where,  rr i
4
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and  ff i
4
1

+=χ          (4.45) 

 
and n(VP) is the slop factor as defined by eq. (3.25). 
 
Following the same procedure as for BSIM, the estimated intrinsic-MOS charges are combined 

with calculated drift-charge according to expressions (3.42) and (3.43).  By deriving the resulting 
total gate-charge with respect to the drain bias, dQG/dVD, It has been possible to estimates the gate-
to-drain capacitance, the most relevant capacitance characteristics in DMOS transistors. 

Fig. 4.18, reports on the achieved fit on measured CGD-VD characteristics. The range of order 
and general trend are reasonably predicted; as VG rises, the capacitance decreases as the measured 
curves. However, with VD bias the model shows less dependence and tends to saturate around 12V, 
while the measured characteristics still drops. This is essentially due to the use of simplified 
intrinsic MOS charge expressions, where the main purpose here is to demonstrate the feasibility and 
validity of the approach using EKV; It is certain that accuracy can be improved using a complete 
EKV model for the intrinsic transistor. However, the use of the eq. (3.22) instead of eq. (3.23) (or a 
more advanced version of EKV) does not guarantee a full analytical compact model with explicit 
current expression. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.18. CGD-VD @ # VG: modelled with EKV (in black) vs. measures (in red) for n-
channel XDMOS device (W=40um). 
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4.   4. CONCLUSION 

This chapter was addressed to the AC modelling of HV DMOS transistors and demonstrate the 
validity of the intrinsic drain voltage concept. We reported on two approaches for AC modeling: 
small signal and large signal modeling.  

 
For the small signal modeling, the derived model expressions revealed the following features: 
 

• its capability to reproduce the specific peak characteristic of the DMOS capacitance and  
acceptably predict its values and variation with extrinsic Biases (VG, VD). 

• it is free of fitting parameters and do only necessitate  the monitoring of few inputs (i.e. VK, 
ID, VD and VG). 

• it clearly demonstrated for asymmetric MOSFET’s, that non-reciprocal capacitances differs 
from the reciprocal one, and therefore, should be carefully considered. 

• Simple and straight-forward. 
 

For the large signal modeling, we proposed a geometrically charge-based approach for the 
modeling of the drift-charge, which accounts for channel-accumulation formation under the drift 
gate oxide and depletion extension within the drift region, where: 

 
• in strong inversion, model expressions are able to well reproduce the specific peak 

characteristics of the simulated DMOS capacitance and predict its variation with external 
biases. This is valid also when compared to experimental data where a good matching is 
reported. 

• a limited number of parameters are introduced and most of them have a physical origin. 
• the use of transition functions in the model build-up to that eliminated the use of IF-

statements, which could generate discontinuities and convergence problems. 
 

The EKV compact-expression, when combined with the AC charge model for the drift, 
demonstrated its ability to reproduce the general trend and range of order of the 
experimentally extracted gate-to-drain capacitance, which confirms once more the potential of 
the approach toward accurate AC-DC modeling of HV-DMOS transistors.  

Finally, the coherence of an overall model based on the K-point is maintained, 
demonstrated and validated. 
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5.  1   INTRODUCTION 

The continuous improvements in HV DMOSFET’s performances in terms of high-power and/or 
high-voltage capabilities allowed modern integrated circuits (IC’s) issued from smart power 
technologies to provide real breakthrough in a variety of applications ranging from simple 
applications like dc-dc voltage converters to more complex utilities like power management, 
telecommunications (mobile phones), automotive safety equipments (like car airbags) or more 
recently multimedia products (like flat-panel displays) [1-4]. In such integrated circuits, Lateral 
DMOS transistors are so far the candidate of choice as driver transistors. This is due essentially to 
their compatibility and easy integration with standard and submicron CMOS processes, [5, 6]. 

 
The degradation of DMOS induced by Hot-Carriers (HC) remains a major concern in many 

applications. For example, in power management and RF-applications the LDMOS acts essentially 
as a switch between the On-state (high VG and low VD) and Off-state (low VG and high VD). During 
transient-state when both VG and VD meet at high values, HC degradation is expected to take place. 
Therefore, a gradual “wear-out” of the device is expected at frequent operations in the transient-
state. Another example is in automotive applications where the blocking requirement is of primary 
concern. HV devices connected directly to the battery, must survive the load dump condition with 
it’s transients of 40 to 60V, despite the nominal operating range of 12V, a condition which may 
force a device to breakdown or forward bias a junction and turning on a parasitic bipolar transistor. 
Both examples show that in practical HV transistors face critical situations under certain 
circumstances which exceed the normal working conditions and which might cause severe damages 
till total device failure. Here comes the importance of studying and experiment the effect of these 
“critical” conditions on the HV device and its electrical behaviour. Such specific investigations are 
so called aging or stress measurements, part of the reliability field, a well established science and of 
primary importance for the microelectronic industry. 

 
Surprisingly, most of published works concerning HC effects are limited to the electrical static 

(DC) aspect of the device degradation, while the capacitive (AC) aspect has simply been ignored 
with the exception of few publications, and this is not only valid for HV DMOS transistors [7] but 
as well for standard MOSFET’s, however some more exploration has been carried out for these last 
ones [8-12]. As a best proof, one could observe that the Safe-Operating-Area (SOA) concept, 
widely used by microelectronic manufacturers as reference guide for life-time estimation of their 
products, only relies on DC estimations [13-16] and no systematic importance is given to the AC 
part. We then believe that it is timely to dedicate a significant effort to the evaluation of HC on AC 
characteristics (capacitances) of HV devices, aspect which is detailed in this chapter, in close 
comparison with the conventional DC parameter degradation induced by DC stress. 

The chapter presents a detailed investigation of different specific electrical stress conditions and 
their impacts on the electrical behaviours of an n-channel LDMOS transistor at ambient and 
elevated temperatures with a special focus on the terminal device capacitances. It is worth to note 
that of all terminal capacitances of a DMOS, the gate-to-drain, CGD, is the most important one since 
it acts as a Miller capacitance during device operation. This capacitance becomes even more critical 
in applications where LDMOS transistors are used as fast switches at high-frequency and is the 
focus point of our work.  
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5.  2.  DEVICE ARCHITECTURE 

The structure under investigation is an n-channel Lateral DMOS transistors issued from the 
AMI Semiconductor 0.7µm CMOS compatible smart-power technology able to deliver a high-
voltage capability of 100V on the drain. The gate oxide thickness is estimated to be 43 nm, which 
limits the maximum safe operating voltage on the gate to 12V. To ensure an accurate capacitance 
extraction, through S-parameter technique, a multi-finger RF-architecture is selected. The 
experimental device features six fingers and a channel length of 1µm with a total width of 240 
(6×40) µm. The pitch distance between Aluminium contact pads is fixed to ~135 µm and all 
measured devices have shorted source and channel body as illustrated in Fig. 5.1. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.1. Schematic illustration of the investigated n-channel Lateral DMOS structure. 

 
 

5.  3. EXPERIMENTAL SETUP 

The experiment has been carried out using a CASCADE probe station for On-wafer 
measurements, a parameter analyzer HP-4156 equipped with a pulse generator expansion unit HP-
41501B, delivering high-voltage capabilities for stress analysis and electrical characterization and a 
VNA (Vector Network Analyser) HP-8719D for S-parameters acquisition. Tungsten RF probes 
with a GSG (Ground-Source-Ground) configuration are used to inject the mixed DC and AC signal 
to the device through a T-bias. Such configuration allows, with the same set-up connections, 
injecting either a DC voltage (sourced from the parameter analyser) for device stressing and DC 
characterization or a DC signal superposed by an AC signal (sourced from the VNA) when S-
parameters measurement are performed. All equipments are computer controlled through a GPIB 
interface. Figs. 5.2 and 5.3 show respectively top-views of the RF and DC-probing configuration 
used in the proposed experimental work and a zooming on the RF-probes positioning with respect 
to a wafer-die under investigation. 

 

5.  4. STRESS CONDITIONS 

DC stressing as a HC characterization technique could be classified into two main categories 
according to the type of applied signal: (i) stressing at constant current or (ii) stressing at constant 
voltage biases. In our investigation we selected DC stress at constant voltage biases since it is so far 
the more commonly used one and very well documented in related literature.  
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Fig. 5.2. Top-view of RF and DC-probes configuration used in the experimental 
investigation of n-channel LDMOS devices. 

 

 

 

 

Fig. 5.3. Zoom on RF-probes during on-wafer characterization. 
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Referring to the state-of-the-art of Hot-carriers characterization in DMOS transistors [17-19] 
two different DC-stress voltage conditions were applied separately on identical devices. 

 
5.  4.  1. Stress-A 
 
Stress A is performed with maximum drain voltage and gate voltage corresponding to the 

maximum body current (see Fig. 5.2). This stress condition is commonly used in standard hot-
carrier investigation for low-voltage MOSFET’s [20-23], where the generated hot carriers are 
proportional to the body current (and then, maximized when it reaches its maximum) ;  thus, this 
is the main source to create electrical damages and degradations under such conditions. 

 
5.  4.  2. Stress-B 
 
Stress B is performed with maximum drain voltage and maximum gate voltage, which 

corresponds to maximum device biases (restricted by design). Table 5.1 summarizes the two 
listed stress conditions corresponding to our devices. 

 
 

Stress type Node Bias (V) Stressing condition T (°C) 
A VD 

VG 
100 
5.2 

Maximum drain biases (VD-max) 
VG @ maximum body current (IB-max) 

B VD 
VG 

100 
12 

Maximum drain bias (VD-max) 
Maximum gate bias (VG-max) 

 
 
 

 
Table 5.1. Values of selected stress bias conditions. 

 

5.  5.  DC ANALYSIS OF HOT CARRIER DEGRADATION 

DC analysis of effects induced by DC stress at room temperature has been performed before and 
after incremental series of stress cycles, typically 10Ksec/cycle. The analysis consists of recording 
the transfer characteristic ID-VG at low drain voltage and output characteristics ID-VD at various gate 
voltages before and after incremental series of stress cycles, typically 10Ksec per cycle, and from 
which are extracted the most relevant electrical parameters: threshold voltage VT, sub-threshold 
slope S, interface states density Dit, low-field mobility µ0, ON-resistance at VG = 12V in linear 
(RON-lin , VD = 100mV) and saturation (RON-sat, VD = 50V) modes of operation. Table 5.2 
summarizes quantitatively the bias conditions at which was performed the DC characterization as 
well as the extracted electrical parameters. 
 
 

Measure VD (V)  VG (V) Extracted parameters T (°C) 
ID-VD 0 → 50 6, 12 RON-sat 
ID-VG 0.1 0 → 12 VT, µo, S, Dit, RON-lin 

 
 

 
Table 5.2. DC analysis, biasing values and most relevant electrical parameters extracted. 

 
5.  6.  AC ANALYSIS OF HOT CARRIER DEGRADATION 

Following each incremental cycle of stress an AC analysis has been carried out, consisting of an 
S-parameters measurement at variable biases and covering a specific frequency range (RF). This 

25 

25-100 
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technique was selected in order to allow a precise and accurate extraction of device capacitances. 
The most relevant DMOS capacitances are then extracted [5.5.a-d] through an implemented routine 
in a mathematical solver, Matlab. As mentioned in (§ 5.1) all devices featuring a multi-finger RF-
architecture have shorted body to source, limiting the possible capacitances extraction to only 
CGS+CGB and CGD. However, this does not limit their usefulness in the achieved hot-carrier 
investigation as it will be demonstrated further in this chapter. Table 5.3 tabulates the measurement 
conditions at which S-parameters technique was achieved and the resultant extracted capacitances. 
 

 
Table 5.3. Measuring conditions of performed S-parameters evaluation and extracted 

device capacitances. 
 

It is worth to mention that the device manufacturer, AMI Semiconductor Belgium, use identical 
techniques for capacitance extraction as part of its on-wafer electrical characterization procedure. 
 
5.  7.  PARAMETER EXTRACTION 

We present in this section a short know-how on the extraction methodology used to obtain the 
different electrical parameters and characteristics listed in tables 5.2 and 5.3 respectively. 

 
5.  7.  1.  DC parameters:  
 
The electrical parameters considered in our investigation are those usually used to evaluate 

electrically any field-effect transistor. The extraction methodology exploits the ID-VG 
characteristic performed at low VD (100mV in our case) to ensure the extraction of the more 
significant device parameters in the linear regime. The parameters are: threshold voltage VT, 
and low-field mobility µ0, following the Ghibaudo technique [24] as well as subthreshold 
swing, S, from which is deduced the variation in the interface states density ∆Dit.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.4. Log ID and (ID/gm0.5) vs. VG characteristics used to extract the different 
electrical parameters. 
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The technique consists of plotting the (ID/gm0.5)-VG characteristic as illustrated in Fig. 5.4. 
From the slope of the linear portion of the curve, the mobility is calculated using eq. (5.1) and 
from its intersection with the VG-axis, the threshold voltage is obtained. This method minimizes 
first order source and drain series resistances and thus allows the extracting the intrinsic 
parameters values of the device, so-called channel parameters. The subthreshold swing S is 
determined from the inverse of the slope that covers at least two decades of the log ID-VG 
characteristic in the weak inversion region (see Fig. 5.4). From the extracted S value, Dit is 
straight forward calculated using eq. (5.2); however in term of relevance, ∆Dit appears more 
appropriate as it point-out any substantial generation of interface states due to electrical 
stressing. Therefore eq. (5.3) is rather useful than eq. (5.2).  
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where: dep0SiSi t/C εε= ,             ox0oxox t/C εε= ,            mV26q/kT ≈  
 
and tdep corresponds to the thickness of the depletion layer in strong inversion. 

 
5.  7.  2. AC characteristics:  
 
“AC characteristics” term denotes the device capacitances on which the AC analysis was 

essentially based. The, gate-to-drain, CGD, and the gate-to-source coupled with gate-to-body, 
CGS+CGB, capacitances have been obtained through S-parameters measurement technique at the 
measurement conditions listed in table 5.3. 

This paragraph details the procedure and the successive steps to be followed in order to extract 
capacitance characteristics from S-parameters data.  

 
(i) Experimental set-up check: first of all and before performing any measurement, a routine 

check on the configured setup should be done to ensure that each apparatus delivers the correct 
output signal to the DUT and all equipments are able to communicate through the GPIB 
interface. 

 
(ii) Probe planarization: Planarization could be defined as the ability to ensure all contacts to 

be at the same height. Probe tips planarity is verified through a simple visual inspection of the 
left marks on a Contact Substrate, a dedicated Alumina surface covered by a thin gold film. 
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(iii) Full 2-port calibration: In order to know precisely what is measured all errors up to the 
probe tips must be removed, including internal VNA errors and cables (see Fig. 5.5). This is 
achieved through a full 2-port calibration technique so-called Line-Reflect-Reflect-Match 
(LRRM) [25-27] implanted in WinCal® software from CASCADE Microtech® [28]. Multiple 
repeated patterns of short-load-thru standards are available on the Impedance Standard 
Substrate (ISS) calibration kit together with alignment marks for a proper probes separation 
setting [29]. The LRRM calibration has been performed over the frequency range of 50 MHz 
and up to 5 GHz to ensure a good stability phase during DUT measurements. 

 
 
 
 
 
 
 
 
 

Fig. 5.5. Schematic illustration of the on-wafer reference plane after full 2-port 
calibration. 

 
 
(iv) De-embedding: After calibration, the reference measurement plane is at probe tips. 

Therefore, the measured signal is the response of the device associated with the pad parasitics. 
For this purpose dummy structures are used in order to get rid of all parasitic elements [30-33]. 
In our case, all transistors have been be-embedded following the Open Pad De-embedding 
(OPD) technique [34], a simple and widely used method which consist of removing the 
dominant parasitic component (pad capacitances) using an Open dummy structure (see Fig. 5.6). 
This is confirmed by AMI Semiconductor, the LDMOS manufacturer, where de-embedded 
DMOS transistors using only Open dummy structures are comparable with those de-embedded 
with Open, Short and Thru dummy structures for frequencies bellow 5 GHz. Below Note that 
Open de-embedding is performed at VG = VD = 0V [35]. 

 

 
 

Fig. 5.6. Top-view of Open dummy structure used for the Open Pad De-embedding. 
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(v) DUT measurement: All LDMOS transistors have been measured over the frequency range 

of 0.5-1.5 GHz for each couple of VG and VD biases (see table 5.3), allowing extraction of 
device capacitances at different frequencies. The 1 GHz frequency was selected as an average 
range value. Fig. 5.7 shows a top view of a n-channel LDMOS transistor and its contact pads; as 
it can be seen the device failed during stress measurement (~60Ks of cumulative stress-time). 

 

 
 

Fig. 5.7. Top view on characterized n-channel LDMOS transistor subject to failure. 
 
 
(vi) S- to Y-parameters: In order to remove parasitics due to contact pads, Open dummy and 

device S-parameters are converted to Y-parameters through the set of expressions (5.4), (5.5), 
(5.6) and (5.7) [36]. Only then the open-dummy Y-parameters are subtracted from the total 
device Y-parameters, resulting to the DUT Y-parameters (see Fig. 5.7) as expressed in eq. (5.8). 
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(vii) YDUT-parameters to Device Capacitances: Device capacitances are straight forward 

obtained from the de-embedded Y-parameters according to the following formula: 
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  with f = 0.7×109 Hz 
 
Fig. 5.8 illustrates the complete flowchart of the capacitance extraction procedure used in our 

investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.8. Flowchart of the capacitance extraction procedure used in our work. 
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5.  8.  DMOS GATE CAPACITANCES 

Before any discussion related to the hot-carrier impact on the DMOS capacitances, it would be 
more useful to first have a close view on the atypical characteristics of the n-channel LDMOS 
subject to our investigation. As mentioned several times all devices have shorted source and body 
terminals, therefore only coupled CGS and CGB (CGS+CGB) and CGD characteristics could be 
extracted. 

 
5.  8.  1. Gate Capacitance at VD = 0V:  
 
The typical DMOS capacitances CGS+CGB and CGD characteristics versus VG extracted at VD 

= 0V are shown in Fig. 5.9. For clarity, three main regions are indicated:  
In region (A), where VG > VFB, a hole layer is formed in the intrinsic channel due to 

accumulation and in the drift region beneath the gate oxide due to inversion oxide as its flat-
band voltage is negative (VFB-Drift ~ -0.5V, extracted from numerical simulated structure 
calibrated on real device). As for standard CMOS transistors, this is typically characterized by a 
plateau appearing at negative gate bias on the CGB or CGS+CGB characteristic.  

 
In region (B), where VFB-Ch < VG (> VT), the non-uniform lateral doping profile of the 

channel induced by the double-diffusion process shows a maximum near source side of 
~7.7×1016 cm-3 and gradually drops along the channel to reach at its end ~1.2×1015 cm-3 near the 
body-drift junction (see Fig. 5.10). 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.9. Measured CGD and CGS+CGB vs. VG-VT characteristics for an n-channel LDMOS 
transistor at zero drain bias. 

 
 

Such configuration causes a gradual VT along the channel where the portion near its end 
goes to inversion before the portion near the source side. It is important to notify that the VT of 
the device is the one at which the channel is completely inverted, and therefore it is determined 
by the highest local VT (near source-side).  
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As VG rises, the channel goes from hole-accumulation to depletion and CGS+CGB 
capacitances drops from its plateau value as it can be seen in Fig. 5.9 while, the drift part turns 
to accumulation and gives rise to an electron layer beneath the gate oxide since VFB-Drift is 
negative. This is depicted by the sharp increase in CGD which accounts only for the electron 
charge of the drift zone as most of the channel is in depletion. However, in the sub-threshold 
region even if less sharp, CGD keeps rising despite the complete formation of the electron layer 
in the drift due to accumulation. This is explained by the fact that when VG increases the 
channel is progressively inverted starting from the low-threshold region at the channel-end. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5. 10. Net doping profile distribution beneath the Si/SiO2 interface extracted from 2D 
numerical simulation of n-channel LDMOS structure calibrated on real device. 

 
 

Due to its intimate adjacency to the accumulated drift layer, the rising charge of the channel-
end with VG contributes to the total charge amount of the drift [37-39]. At this point there is no 
charge transfer between the source and drain terminals and CGD accounts essentially for the 
accumulated electron charge in the drift as well as the inverted portion of the channel-end. CGD 
exhibits a well defined maximum when VG = VT, indicating the entire channel is inverted.  

 
In region (C), where VG > VT, the whole channel is in strong inversion, CGS+CGB rises, 

while CGD drops as the source terminal starts providing a substantial share of the charge to the 
device channel. 
 

5.  8.  2. Gate Capacitance at VD > 0V:  
 
As the drain voltage moves from the zero bias to higher values, a unique and specific 

phenomenon proper to DMOS transistors is observed. First, the CGS+CGB versus VG 
characteristic exhibits a peak well above the plateau level for VD = 0V (Fig. 5.11.a), which 
coincide with those depicted from the CGD versus VG curves (Fig. 54.11.b); second, as VD 
increases, both CGS+CGB and CGD maximums shift positively respectively to higher and lower 
values (Figs. 5.11, red symbols). It is explained by the fact that as VD is raised, a higher gate 
bias is needed to compensate the extended depletion within the drift and accumulate electrons 
till the formation of a conductive channel beneath the gate oxide.  
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Figs. 5.11. Measured gate capacitances characteristics at room-temperature for an n-
channel LDMOS transistor at different VD biases ranging from zero to 20V, (a) CGS +CGB 

vs. VG-VT; (b) CGD vs. VG-VT. 
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5.  9.  HOT-CARRIER DEGRADATION AT ROOM TEMPERATURE 

In this section, the degradation of the DC and AC characteristics of post-stressing n-channel 
Lateral DMOS transistors at room temperature and their correlation with the biases conditions (see 
table 5.1) will be reported and discussed. It is worth to mention that the presented results and 
analysis have been performed over a number of twenty dies. Fig. 5.12 illustrates the position of 
each investigate die as well as its location in the wafer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 4.12. Wafer mapping of stressed dies at room-temperature and the bias conditions 
applied to each one of them; stress-A: VG = 5.2V & VD = 100V and stress-B: VG = 12V & 

VD = 100V. 
 
  

5.  9.  1.  DC HC-degradation Analysis at Room Temperature:  
 
As detailed previously (§ 5.3), two different stress conditions have been selected in our 

investigation according to the state-of-the-art in hot-carrier characterization, where stress-A (VG 
= 5.2V and VD = 100V) stands for VG at which the maximum body current IB is generated for 
VD maximum (Fig. 5.13) and stress-B (VG = 12V and VD = 100V) stands for the maximum VG 
and VD biases allowed by design. Fig. 5.13 shows the IB-max characteristic versus VG at various 
VD and to avoid eventual device failure near breakdown (VBR ~104V), the applied drain voltage 
has been limited up to 80 volts.  
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Fig. 5.13. Measured IB and ID vs. VG characteristics for different VD (up-to 80V). The 
solid symbols shows IB(max) values and their corresponding gate voltage, VG-IB(max). 

 
 
The induced degradation by applying stress-A up to 50Ks on the transfer (ID-VG and gm- 

VG) and output (ID-VD and RON-VD) characteristics are presented respectively in Fig. 5.14 and 
5.15. Only a slight drop in the maximum transconductance gmax and transfer and output drain 
current level can be depicted, as well for the sub-threshold characteristics (log ID-VG, Fig. 5.14) 
and the ON-resistance (log RON-VD, Fig. 5.15) remain almost unchanged.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.14. Room temperature gm and ID  vs. VG characteristics measured at low VD 
(100mV) in linear and log scales for a 50Ks stress-A (VG = 5.2V & VD = 100V) duration 

at 10Ks stress intervals. 
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Fig. 5.15. Room temperature ID -VD (solid line) and RON -VD (dashed line) measured 
characteristics for VG = 6 and 12V for a 50Ks stress-A (VG = 5.2V & VD = 100V) 

duration at 10Ks stress intervals. 
 
 

In the opposite when stress-B is applied for an equal cumulated stress-time, a positive shift 
in the subthreshold characteristic as well as a net drop in gmax and transfer characteristics are 
depicted from Fig. 5.16. The monitoring of I-V suggests a major degradation within the early 
stage of stress-B, where after the first 10Ks of stressing a large degradation is already taking 
place in both transfer and output characteristics.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.16. Room temperature measured characteristics; gm and ID  vs. VG at low VD 
(100mV) in linear and log scales for a 50Ks stress-B (VG = 12V & VD = 100V) duration 

at 10Ks stress intervals. 
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The smaller stress intervals carried out over 10Ks stress duration confirm this finding; after 
only 1.25Ks of stress-B a clear decrease in the drain current (Fig. 5.17.a) and a positive-shift-
and-drop in the gmax denoted by the red symbols in Fig. 5.17.b are observed.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figs. 5.17. Zoom of inset dashed areas in Fig. 4.16; (a) ID -VG  and (b) gm -VG at low VD 
(100mV) for a 10Ks stress-B (VG = 12V & VD = 100V) duration  at 1.25Ks stress 

intervals. 
 

The output current and on-resistance curves seen in Fig. 5.18 consolidate our suggestion; 
degradations induced by the first 10Ks of stressing largely overpass those induced over the 
remaining 10-50Ks period. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.18. Room temperature ID -VD (solid line) and RON -VD (dashed line) measured 

characteristics for VG = 6 and 12V for a 50Ks stress-B (VG = 12V & VD = 100V) duration 
at 10Ks stress intervals. 
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The variations in the relevant LDMOS channel parameters extracted at all intervals of 
accumulated time of stress-A and stress–B are plotted together for comparison in order to have a 
better view on the induced impact degradation of both stressing conditions.  Figs. 5.19 (a and b) 
stand for threshold voltage and low-field mobility (∆VT, ∆µeff), Figs. 5.20 for sub-threshold 
Swing and increment in interface states density (∆S, ∆Dit) and Figs. 22 for the ON-resistance at 
VG = 12V in linear (VD = 100mV) and saturation (VD = 50V) mode of operations (RON-lin, RON-
sat). The reported results reveal minor degradation of the electrical parameters for devices 
subject to stress-A conditions over 50Ks of cumulated stress-time. Degradation tends to saturate 
after the first 10Ks of stressing around 0.4-0.5% for threshold voltage (Fig. 5.19.a) and mobility 
(Fig. 5.19.b) and 1.2% for subthreshold Swing (Fig. 5.20.a). The on-resistance follows the same 
trend with stagnation at ~0.6% and ~2.2% increment for linear and saturation mode of 
operations (Figs. 5.21 (a and b)). In the opposite, at stress-B conditions the DC parameters are 
significantly altered and this in the very early stages, where extracted data after 10Ks stress-time 
show about 70-90% of the total induced degradation (50Ks); ∆VT rises by 2.5%, ∆µeff by 5.2%, 
∆S by almost 5%, ∆RON-lin by ~16% and ∆RON-sat by ~5%. 

 
 

 
 

 

 

 

 

 

 
Fig. 5.19. Extracted (a) VT and (b) and low field mobility changes versus cumulated 
stress-time for stress-A: VG=5.2 & VD=100V (open symbols) and stress-B: VG=12 & 

VD=100V (solid symbols) at room temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.20. Extracted (a) Subthreshold degradation and (b) ∆Dit increment versus 

cumulated stress- time for stress-A: VG=5.2 & VD=100V (open symbols) and stress-B: 
VG=12 & VD=100V (solid symbols) at room temperature. 
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Fig. 5.21. (a) RON-lin and (b) RON-sat deterioration versus cumulated stress- time for 

stress-A: VG=5.2 & VD=100V (open symbols) and stress-B: VG=12 & VD=100V (solid 
symbols) at room-temperature. 

 
As it can be noticed, ∆RON-lin overpasses the symbolic 10% the Safe-Operating-Area (SOA) 

at the very-early stage of stress-B (~ 13% after 10Ks, Fig. 5.21.a) and reaches ~16% after 50Ks 
stress-time. However, even if changes in mobility (~5%) and VT (~2.5%) still remains within 
the 10% limit, the sharp rate at which mobility degrades under stress-B should be considered 
with care since it is a parameter of primary importance on which the device performance relies. 

 
5.  9.  2.  Capacitance HC Degradation Analysis at Room Temperature:  

 
For both stress-A and B configurations, a systematic gate capacitances extraction from S-

parameters measurement is performed before stressing the device and after each 10Ks (§ 5.5). 
As for the reported DC characteristics and channel parameters, under stress-A biases (VG = 5.2 
and VD = 100V) only a limited degradation in CGD characteristics (see Fig. 5.22) is detected 
with accumulated stress-time.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.22. Extracted LDMOS CGD vs. VG -VT characteristics at room temperature under 
stress-A condition for VD= 0, 6 and 20V before (solid lines) and after at 10, 30 and 

60Ksstress intervals (dashed lines). 
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Fig.5. 23. Extracted LDMOS (CGS+CGB) vs. VG -VT characteristics at room-temperature 

under stress-A condition for VD= 0, 6 and 20V before (solid lines) and after 60Ks 
cumulated stress (dashed lines). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.24. Extracted ∆CGD vs. VG -VT degradation characteristics at room temperature 
from device under stress-A biases at several stress-time intervals (10, 30 and 60Ks) for 

VD = 0V (a), 6V (b) and 20V (c). 
 
 

In term of  quantitative degradation, after 50Ks of stress-A an average 3.4% variation in CGD 
is observed at low VD (0V), while for higher values (20V) the variation diminishes to around 
1.7% (see Fig. 5.24, (a, b and c), black symbols). The same tendency is depicted from extracted 
CGS+CGB characteristics in Fig. 5.23 after 60Ks stress time, where at VD = 20V, fresh and 
stressed measures are almost identical. In contrast, device subject to stress-B conditions shows 
with accumulated stress-time a more pronounced deterioration of the CGD and CGS+CGB 
characteristics at all range of VD biases (Figs. 5.25 and 5.26). More concretely, around 8-10% 
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variations in capacitance are observed after the first 10Ks of stressing and with a peak value of 
~15-17% after 60Ks (see Figs. 5.27 (a, b and c), black symbols). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.25. Extracted LDMOS CGD vs. VG -VT characteristics at room temperature under 
stress-B condition for VD= 0, 6 and 20V before (solid lines) and after at 10, 30 and 60Ks 

stress intervals (dashed lines). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.26. Extracted LDMOS (CGS+CGB) vs. VG -VT characteristics at room temperature 

under stress-B condition for VD= 0, 6 and 20V before (solid lines) and after 60Ks 
cumulated stress (dashed lines). 
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Fig. 5.27. Extracted ∆CGD vs. VG -VT degradation characteristics at room temperature 
from device under stress-B biases at several stress-time intervals (10, 20 and 60Ks) for 

VD = 0V (a), 6V (b) and 20V (c). 
 

Furthermore, measurements at negative VG bias have been performed in order to investigate 
the impact of DC-stress on device capacitances in the depletion-to-accumulation regime (Fig. 
5.9, regions A and B) with a particular focus on the CGS+CGB characteristic, from which the 
device VFB-Ch (channel region) is extracted. Figs. 5.28 and 5.29 illustrate alteration in DMOS 
capacitances at zero drain bias respectively for stress-A and -B. As it can be seen, device subject 
to stress-A (VG = 5.2V and VD = 100V) shows no significant changes in capacitances despite a 
50Ksec of cumulated stress time. Minor changes appear only after rising stress-time up to 
80Ksec with peak values not exceeding 3% for ∆CGD and 9% for ∆(CGB+CGS). In contrast, 
device subject to stress-B (VG = 12 and VD = 100V) shows important changes in capacitance at 
the early stage of stress. Fig. 5.30 originally illustrates how drastically could be the impact on 
LDMOS capacitances with variations in characteristics reaching ~45% for CGD and ~75% for 
CGB+CGS are found after 80Ksec. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.28. Extracted LDMOS CGD and (CGS+CGB) vs. VG -VT characteristics at room 
temperature under stress-A condition at VD= 0V before (solid line) and after 10, 30, 50 

and 80Ks stress-time (dashed lines). 
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This will be an added value in the up-coming argumentation and discussion concerning the 
degradation mechanism, at the origin of the induced DC/AC alterations seen in Figs.5.14 - 5.30, 
and its physical location within the LDMOS device; channel or drift region. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.29. Extracted LDMOS CGD and (CGS+CGB) versus VG -VT characteristics at room 
temperature under stress-B condition at VD= 0V before (solid line) and after 10, 30, 50, 

70 and 80Ks stress-time (dashed lines). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.30. Change in capacitances versus VG -VT for stress-A after 80Ks (solid lines) and 

stress-B after 10 and 80Ks (dashed lines). 
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5.  9.  3.  Discussion at Room-Temperature 
 

5.  9.  3.  1. Discussion of stress effect at maximum body current (stress-A) 
 
In case of applied stress-A, DC and AC analysis have revealed very limited degradations in 

electrical parameters and characteristics regardless to the cumulative stress-time of 60Ks (Figs. 
5.14, 5.15, 5.19-5.21). The negligible change in VT (<1%, see Fig. 5.19. a) and sub-threshold 
Swing (<0.5%, see Fig 5.20.a) as well as the almost unchanged ∆Dit (saturates ~0.7×1011 cm-2 
eV-1, see Fig. 5.20.b) suggest that stress-A conditions do not induce significant hot-carrier 
damages within the gate-oxide/channel-region to alter its flat band voltage, VFB-Ch. This is 
confirmed by the (CGS+CGB) characteristics illustrated in Fig.5.28, where all curves tend to 
overlay in the depletion-to-accumulation region, and from which the VFB-Ch value is 
conventionally determined. Despite the very long applied stress-time of 80Ks, nor significant 
shift can be depicted or extracted from the characteristic even with an incremental VG step as 
low as 50mV (i.e. ∆VFB-Ch ~ null).  

 
An interesting finding is reported in Figs. 5.22 and 5.23, that suggest  smaller changes in 

gate capacitances as drain bias increases); extracted ∆CGD after 60Ks of stressing (black 
symbols, Figs. 5.24 (a, b and c)) drops from ~3.8% to ~2.5% to ~1.7% variations as VD rise 
from 0 to 6 to 20V respectively. In order to explain this phenomenon, a close look on data 
plotted in Fig. 5.31 can provide some help. It shows the distribution of the electrical field along 
the Si/SiO2 interface for stress-A and -B biases extracted from a numerical 2D-structure 
calibrated on real n-channel LDMOS devices, identical to those used in our investigation. The 
corresponding curve to stress-A (open circle) shows two peak values with a lower-maximum (~ 
2.3×105 V/cm) near the source-side of the channel and an upper-maximum (~3.6×105 V/cm) at 
the bird’s beak area. In correlation with the almost 0 extracted VFB-Ch and negligible change in 
VT, it becomes clear that the intrinsic channel region is much less affected by the stress-A 
conditions and that the most susceptible location subject to degradation would be within the 
drift region, more precisely where the maximum electrical-field points, i.e. at the bird’s beak 
region. The well detailed works and studies [16-19] demonstrated that under equivalent stress-A 
conditions (i.e. VG at IBmax and VDmax), for n-channel LDMOS transistors, the degradation 
mechanism is mainly due to hot-hole injection in the oxide and acceptor-like traps formation 
near the interface. When the transistor is turned-On, flowing electrons from source-to-drain 
near the interface tend to fill those created traps, leading to a negative charge builds-up in this 
oxide with the accumulated stress-time, which in turn compensate “locally” the positive charge 
at the gate, and thus reduces by a limited amount the On-state current flowing near the interface 
at low VD. This explains the limited drop observed in the ID-VG characteristic (see Fig. 5.14) 
and the increase in ∆RON-Lin with stress-time in Fig. 5.21.a (dashed curve). 

 
As VD increases, the current path is no longer following the interface but tends to flow deep 

in the drift volume far from bird’s beak and becomes no more affected by the charges trapped in 
the oxide at high VD voltages. This is well illustrated in Figs.5.32 by the 2D-numerical 
simulations of the current flow-lines (red contours) travelling from source-to-drain within the n-
channel LDMOS structure for VG at maximum body current (5.2V). At low VD (Fig. 5.32.a, 
100mV) the electron path keeps very close to the interface when passing near the bird’s beak 
region, while at higher VD (Fig. 5.32.b, 20V) electrons flow deep in the structure as they leave 
the channel-end. When VG is raised to its maximum (12V), the current flow lines at low VD are 
even more confined to the interface in the bird’s beak area, while at higher VD electrons are not 
any more going deep in the structure as they leave the channel; they keep close to the interface 
but much less confined then at lower VD as it can be seen in Figs. 5.33 (a and b, Inset zooms). 
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Therefore, only a slight increase in capacitance degradation would be expected when compared 
at lower VG as it is seen in Fig. 5.24.b (curves at 10 and 30Ks), where a slight progressive rises 
in ∆CGD can be depicted with VG. This clearly confirms that the proposed degradation 
mechanism proposed under stress-A conditions originates within the drift region near the bird’s 
beak [16, 19].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.31. Electrical-field distribution extracted near the Si/SiO2 interface beneath the 
field-plate oxide for stress-A (solid circles) and stress-B (open circles) conditions. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figs. 5.32. 2D-numerical simulations of current flow-lines distribution within n-channel 

LDMOS structure for VG = 5.2V and (a) VD = 0.1V and (b) VD = 20V. 
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Figs. 5.33. 2D-numerical simulations of current flow-lines distribution within an LDMOS 

structure biased at VG = 12V and (a) VD = 0.1V and (b) VD = 20V. 
 

5.  9.  3.  2. Discussion of stress effect at maximum gate voltage (stress-B) 
 
 The AC and DC analysis of stress-B reveals very significant degradations of the electrical 

parameters at the very early stages of stressing. For instance, CGD drops by around 10-17% in 
strong-inversion after 60Ks of stressing (Fig. 5.25) and about half of its initial value after 80Ks 
stress-time in the weak-to-strong inversion region as it can be seen in Fig. 5.29. The significant 
change in VT (~2.5%, Fig. 5.19.a) and ∆S (~5%, Fig. 5.20.a) after 60Ks suggests alteration in 
the channel flat-band voltage, VFB-Ch, and thus a probable alteration within the intrinsic channel-
region.  If any HC induced effect takes place within the channel, it will be reflected by the 
(CGS+CGB) characteristic when biased toward accumulation. Fig. 5.29 shows a continuous 
positive-shift with stress-time equivalent to a ∆VFB ≈ 150mV extracted after a total cumulative 
stress-time of 80Ks, which clearly confirms that degradation occurs at the device channel and 
causes the VFB shift, VT increase and mobility reduction (∆µeff ~5%, Fig. 5.19.b) and their 
combined effect contributes to the important current drops seen in Figs. 5.16 – 5.18. The 
degradation mechanism is similar to stress-A, i.e. traps formation, electron-trapping and 
negative charge builds-up with cumulated stress-time. The maximum electrical-field depicted in 
Fig. 5.31 for stress-B points at the channel source-end of the device, which is a clear indication 
that the channel source-end is the more plausible location for degradation occurrence [7, 40]. 
This has no equivalent in conventional MOSFET’s where most of HC-degradation and hot-
carriers injection takes place at drain-side [9-11], explained by the channel doping uniformity 
leading to an electrical-field maximum pointing at the peak of the channel-potential, VCH, 
physically located at the channel-end of MOSFET’s. Note that extracted ∆Dit from sub-
threshold characteristics (Fig. 5.20.b) consolidate our analysis where changes induced by stress-
B after 60Ks of stressing (5.3×1011 cm-2 eV-1) exceeds 10 times those induced by stress-A 
(0.4×1011 cm-2 eV-1).  

 

 

(a) (b)
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5.  9.  4.  Conclusion: HC degradation at room temperature 
 

The HC experimental investigation at room temperature based on the two selected stressing 
conditions (called Stress-A and B) and the complete analysis of post-stress data is synthesized by 
the following comments:  

 
• Capacitance degradation monitoring appears as a much more sensitive method to 

quantify and distinguish between various types of stresses at least compared with DC 
monitoring; 

• Proposed analysis of capacitance degradation after stress-A and B at room-temperature 
reveals completely different locations of degradation in both cases: drift region and channel 
region respectively; 

• For stress-A induced degradation takes place at LOCOS bird’s beak area; 
• For stress-B induced degradation takes place at source-end gate oxide region; 
• Analysis indicates hot-hole injection in the oxide and acceptor-like traps formation near 

the interface as the most probable degradation mechanism for investigated LDMOS device 
architecture. 

• Analysis of Stress-A and B systematically reveals higher alteration in device capacitances 
than in DC electrical parameters; 

• Stress-B is identified as the worst-case induced degradation for investigated LDMOS 
device. 

 
The proposed original investigation demonstrates that experimental monitoring of the hot-

carrier capacitance degradation in DMOS transistors is not only a complementary analysis to the 
more standard evaluation of the DC characteristics but can delivers unique insights in HC cases 
when DC parameter degradation offers only limited information. From the reported work, one 
should note that while some DC parameters are still within the SOA limits, the AC 
characteristics appear largely altered and over pass the symbolic 10% variation. This open the 
debate about the importance or not of considering the capacitive aspect in standard reliability 
tests, where only the DC degradation aspect accounts and from which the device SAO limits are 
defined. 

 

 

 



 127

5.  10.  HOT-CARRIER DEGRADATION AS FUNCTION OF TEMPERATURE 

As mentioned earlier in this chapter, due to the high-voltages and/or high-current capability of 
HV DMOS related to their various applications, tens of Watts are dissipated, and consequently, in 
the on-state regime they operate near the 100°C temperature range.  At our best knowledge, mainly 
HC damage in low voltage MOSFET’s as function of temperature has been investigated in detail 
over the past 15 years [41-46], while much less work has been dedicated to HV transistors despite 
the fact that these devices are the most concerned. In this context, an experimental investigation 
able to quantify the HC/temperature coupling and its impact on the capacitance characteristics of the 
n-channel LDMOS transistor is proposed in this section. For the relevance of the work a systematic 
comparison with a standard DC parameter degradation for same applied stresses is reported. 

 
As a continuity of the reported analysis at room temperature (§ 5.8) and for delivering a 

consistent analysis over the full 25-100°C range, the same measuring sequences and parameter 
extraction procedures have been kept (see tables table 5.2). Concerning stressing conditions, minor 
modifications on applied VG and VD stress biases have been introduced in order to account for the 
temperature effect. This will be detailed in the next paragraph. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.34. Wafer mapping of stressed dies over temperature (75 and 100°C). 
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5.  10.  1.  Applied Stress Biases Over Temperature 
 
As the temperature of a HV MOSFET device increases, its characteristics and extracted 

electrical parameters are affected in different ways (e.g. drain current decreases, mobility drops, 
on-resistance rises, threshold voltage shifts … etc.), therefore it is important to account for the 
temperature impact on the applied stressing conditions. In order to ensure equivalent electrical 
stressing conditions to those performed at room-temperature (reference value at which stress 
biases have been selected) and thus allowing equivalent transversal and lateral electrical-field 
conditions over temperature, stress-A and –B bias conditions have been verified over the 
investigated range of temperature 25-100°C based on the following criteria:  

 
(i) for drain-stress bias:   VD (stress-A) = VD (stress-B) = VBD (T°) - 4V  

 
(ii) for gate-stress biases: VG (stress-A) = VG at IB-max (T°) 

 
VG (stress-B  = VG-max (25°) - ∆VT (T°)  

 
= 12V - ∆VT (T°) 

 
Accordingly, series of ID-VG at low VD (100mV) and IB vs. (VG-VT) measures at high VD 

biases (60-80V) have been performed over temperature and the resulting characteristics are 
respectively illustrated in Figs. 5.35 and 5.36. Also the proportionality between generated body 
and drain currents (IB/ID vs. VG-VT) and IB-max vs. VD characteristics for various stress-
temperatures have been extracted and plotted in Figs. 5.37 and 5.38 respectively. Drain-to-
source breakdown voltage (VBD) has been extracted only for 25 and 100°C and extrapolated for 
the temperature values in between. This can be justified by the limited numbers of available 
devices and the destructive nature of such measurements, which generally conducts the devices 
under test toward failure.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.35. Measured ID -VG characteristics over temperature (25, 75 and 100°C) at low 
VD bias (100mV); inset: extracted VT values for each temperature. 
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Fig. 5.36. Measured IB vs. (VG-VT) characteristics at 25, 50, 70 and 100°C for different 

VD biases (60, 70 and 80V) and their IB-max values denoted by solid symbols.  Inset graph; 
VG values for IB-max (T°) at VD = 100V. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Extracted shifts in VT values over temperature (Fig. 5.35. inset graph) show: ∆VT (75°) 

~170mV and ∆VT (100°) ~ 330mV, while the measured shift in VBD with temperature indicates 
∆VG at IB-max (75°) ~ 100mV, ∆VG at IB-max (100°) ~ 150mV and ∆VBD (100°) ~ 2V.  

 
The corresponding VG values at maximum IB- max (T°) for VD = 100V (Fig. 5.36. inset graph) 

are extracted from equivalent values at lower drain biases (60-80V) and from which the linear-
extrapolation feasibility has been verified over temperature as it can be seen in Fig. 5.39. This is 
explained by the fact that device architecture on which are performed IB-VG measures has much 
smaller width dimension (~ 40µm) compared to those subject to stressing (~ 6×40µm). 
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Such devices are more sensitive to current crowding and exhibit a reduced heat-dissipation 

capability at high current levels, which make them more susceptible to device heat-up and/or 
premature device burning. One could ask why such a smaller device width is then used. The 
reason is the specific architecture of such device which promotes among all available LDMOS 
transistors a separate source and body contact, primordial for body current measurements and 
thus precise IB-max extraction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.39. Corresponding VG values of IB-max over 25,  75 and 100°C from which are 
extrapolated (linearly) VG at IB-max (T°) values for VD = 100V. 

 
 
Accordingly, stress-A and B biases have been adjusted for each corresponding stress-

temperature following the listed criteria in previous section (§ 5.9.1) and are summarized in 
table 5.4. 

 
 

Table 5.4. Values of adjusted stress bias conditions correlated with stressing-
temperature. 

 
As it can be noticed for stress-B conditions over temperature, VD bias has been lowered to 

90V for stress-temperatures 75°C and 100°C. This is justified by the experimental founding 
during stress-B measurements where devices stressed at VD = 98V fail (i.e. burn) after 
exceeding 20Ks stress-time at 75°C and only ~ 11-13Ks at 100°C; a clear indication on the 
sever alterations within the devices, most probable cause of their premature break-down.   
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5.  10.  2.  DC HC-degradation Analysis over Temperature:  
 
Reported experimental data and extracted parameters over temperature are compared to 

those obtained at room temperature, in order to provide an effective view on the impact of 
temperature up on device characteristics and most relevant electrical parameters. However, to 
separate and well distinguish between alterations in device performances which are due to the 
impact of temperature and those induced by electrical stressing over temperature, the most 
relevant electrical parameters (i.e. VT, Swing, µ0, RON-lin and RON-sat) have been extracted over 
temperature for unstressed LDMOS device and plotted in Figs. 5.40, while changes induced 
only to electrical stressing are separately illustrated respectively in Figs. 5.41 and 5.42 for 
stress-A and Figs. 5.43 and 5.44 for stress-B. 

 
Extracted parameters from device prior to stress in Fig. 5.40, illustrate the strong negative 

impact exerted by temperature a on the device performance; mobility drop severely, VT shifts, 
Swing rises considerably and on-resistance becomes higher. In term of numbers, increasing 
temperature from 25 to 75°C (∆T25-75 = 50°C) gives rise to a ∆µ0 ~ 17.4%, and from 25 to 100°C 
(∆T75-100 = 25°C) to ∆µ0 ~ 35.5%. By a simple subtraction, it appears that the temperature rise 
∆T25-75 (25°C) degrades channel mobility as much as those induced by the temperature increase 
∆T75-100 (25°C), revealing an inverse power-low dependence with temperature. [47] 
Demonstrates experimentally a T 

-2.5 DMOS channel mobility dependence, which is significantly 
more severe than the T 

-1.5 commonly observed for conventional CMOS transistors [48,49]. 
Measured VT over temperature (25-100°C) show a threshold voltage variation ∆VT of ~ -
5mV/°C, more severe than those observed for standard MOSFET’s and very close to the change 
(-5.2mV/°C) revealed for DMOS devices in [47]. The on-resistance indicates a quasi-linear 
dependence with temperature and shows a more severe variation in linear (~ 51%) than in 
saturation regime (~17%) as well as a faster deterioration (i.e. ∆RON-lin rises twice faster than 
∆RON-sat). The plotted data show a ∆S changes of ~ 0.3mV/decade/°C and with a ~ 30% 
degradation at 100°C, which is quite considerable. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figs. 5.40. Extracted (a) VT, S and µ0 and (b) RON-lin and RON-sat alteration (∆%) with 

temperature from unstressed n-channel LDMOS device. 
 
Figs. 5.41 and 5.42 present degradations induced by stress-A (i.e. at maximum body 

current, IB-max) cumulated over a period of 60Ks over temperature (T = 25, 75 and 100°C) 
respectively on the transfer (ID-VG and gm-VG) and output (ID-VD). As expected, a global shift in 
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I-V characteristics with temperature is monitored, while for each temperature the sub-threshold 
characteristics (log ID-VG, Fig. 5.41) remain unchanged and only a slight decrease in gmax and 
the transfer and output current level can be noticed. One interesting observation is depicted from 
these measured characteristics over temperature; transfer and output currents show a slight 
enhanced degradation at 100°C when compare to those at room-temperature especially in the 
linear and quasi-linear regimes (Figs. 5.41 and 5.42, doted boxes). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   

 
Fig. 5.41. Measured gm and ID-VG characteristics subject to stress-A in linear and log 

scales before and after incremental 10Ks stress intervals, up to 60Ks accumulated stress, 
for T = 25, 75 and 100°C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4.42. Measured ID-VD characteristics subject to stress-A before and after 
incremental stress intervals of 10Ks, up to 60Ks accumulated stress for T = 25, 75 and 

100°C. 
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Figs. 5.43 and 5.44 show degradations induced by stress-B (i.e. at maximum gate voltage, 
VG-max) over a period of a cumulated stress-time of 50Ks for temperatures T = 25 and 75°C and 
up to 30Ks for T = 100°C respectively on the transfer (ID-VG and gm-VG) and output (ID-VD). 
DC measurements at 100°C have been interrupted after few kilo seconds of a 30Ks cumulative 
stress-time due to device failure and this despite the reduced VD(stress-B) from 98 to 90V (see 
table 5.4). The major portion of drops in I-V and gm curves shift of the VT and sub-threshold 
characteristics occurs within the first 10Ks of stressing, which confirms over temperature the 
severe degradation reported for room-temperature at the very-early stage of stress-B conditions 
(§ 5.8.1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.43. Measured gm and ID-VG characteristics subject to stress-B in linear and log 

scales before and after incremental 10Ks stress intervals, up to 50Ks accumulated stress 
at T = 25 and 75°C and up to 30Ks at T = 100°C. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.44. Measured ID-VD characteristics subject to stress-B before and after 
incremental 10Ks stress intervals, up to 50Ks accumulated stress at T = 25 and 75°C and 

up to 30Ks at T = 100°C. 
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Extracted mobility from devices subject to stress-A and B indicates a net increased 
alteration with temperature. Under stress-A biases; at room-temperature ∆µ0 stagnates around 
0.5% over the 60Ks cumulated stress-time, while at higher temperatures ∆µ0 shows a 
progressive raise with stress-time and stress-temperature to reaches after 60Ks of stressing ~2% 
at 75°C and ~3% at 100°C (see Fig. 5.45.a). For stress-B conditions mobility changes keep 
rising with stress-time at all measured temperatures; after 30Ks of cumulative stressing, changes 
in mobility are found equal to ~13%, ~7% and ~4% respectively for T = 25, 75 and 100°C (see 
Fig. 5.45.b). However a net difference in the rate at which mobility degradation rises with 
stress-time over temperature under stress-B when compared to stress-A biases is clearly 
depicted from Figs. 5.45 (a and b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figs. 5.45. Extracted low field mobility changes versus cumulated stress-time for (a) 

stress-A and (b) stress-B at various stress-temperatures: 25, 75 and 100°C. 
 
 
Under stress-A biases, threshold and sub-threshold characteristics indicate no significant 

changes with temperature after a total stress-time of 60Ks; ∆VT stagnates between 0.2-0.4% (see 
Fig. 5.46.a) and ∆S remains within the 0.1-0.3% boundaries (see Fig. 5.47.a).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 5.46. Extracted VT changes vs. cumulated stress-time for (a) stress-A and (b) stress-
B at various stress-temperatures: 25, 75 and 100°C. 
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Figs. 5.47. Extracted subthreshold degradation versus cumulated stress- time for (a) 

stress-A and (b) stress-B at various stress-temperatures: 25, 75 and 100°C. 
 
 

In contrast, under stress-B biases, a clear increase with temperature is observed for extracted 
threshold and sub-threshold characteristics; after 30Ks stress-time extracted ∆VT = 2.3%, 3.9% 
and 4.4% (Fig. 5.46.b) and ∆S = 3.4%, 4.4% and 7% (Fig. 5.47.b) respectively for T = 25, 75 
and 100°C. The observed increasing rate of degradation with temperature for mobility under 
stress-B biases is also depicted for extracted ∆VT and ∆S as it can be seen from extracted values 
at 25 and 75°C (see Figs. 5.46.b and 5.47.b). Extracted on-resistance in linear and saturation 
regimes from device subject to stress-A shows a progressive increase with both stress-time and 
stress-temperature; after a 60Ks stress-time, ∆RON-lin is doubled, from 3.5% at 25°C to 7.2% at 
100°C (Fig. 5.48.a), and ∆RON-sat almost tripled, from 0.6% at 25°C  to 1.72% at 100°C (Fig. 5. 
49.a). For stress-B, a reverse dependence with temperature is depicted in both linear and 
saturation regimes; after a cumulated 30Ks of stressing ∆RON-lin drops from 14.3% at 25°C to 
9.9% at 75°C and 9.3% at 100°C (see Fig. 5.48.b), while ∆RON-sat drops from 4.9% at 25°C to 
3.8% at 75°C and 3.5% at 100°C (see Fig. 5.49.b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 5.48. Extracted RON-lin deterioration versus cumulated stress- time for (a) stress-A 
and (b) stress-B at various stress-temperatures: 25, 75 and 100°C. 
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Figs. 5.49. Extracted RON-sat deterioration versus cumulated stress- time for (a) stress-A 
and (b) stress-B at various stress-temperatures: 25, 75 and 100°C. 

 
 
5.  10.  3.  Capacitance HC-degradation Analysis over Temperature 
 
Reported I-V characteristics and extracted channel parameters from device prior to stress 

respectively in Figs. 36 and 43 show how drastically the impact of temperature on the LDMOS 
transistor is. This is also confirmed from device capacitances measured over temperature and 
illustrated in Fig. 5.50. CGD curves show a drop by ~ 15% at 75°C and by ~20% at 100°C, while 
CGS+CGB capacitance shows an increase together with a positive shift in characteristics and 
giving rise to a ∆VFB-Ch estimated to ~200-300mV over the temperature range 25-100°C 
(extracted ∆VT(25-100°C) = 330mV for unstressed device). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.50. Extracted LDMOS CGD and (CGS+CGB) versus VG -VT characteristics prior to 

stress for VD= 0V at stress-temperature: 25, 75 and 100°C 
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As for the DC characteristics and channel parameters reported over temperature, under 
stress-A biases only a limited degradation in CGD and CGS+CGB characteristics (see Figs. 5.51 
and 5.52) is detected with accumulated stress-time. However, a progressive rise in capacitance 
degradation with temperature is depicted from extracted changes gate-to-drain capacitance 
characteristics illustrated respectively in Figs. 5.53 – 5.55; at low VD (0V) extracted ∆CGD at 25° 
after 60Ks stressing – denoted by black circles - do not exceed 3.8%, while extracted changes at 
75° and 100°C for equivalent stress-time reach respectively 5.3% (see Figs. 5.53.a, 5.54.a and 
5.55.a) and 8.1%. Identically at higher VD (20V) ∆CGD at 25° after 60Ks stress-time is at 
maximum 2%, while extracted changes at 75° and 100°C for equivalent stress-time reach 
respectively 3.3% and 6% (see Figs. 5.53.c, 5.54.c and 5.55.c). This confirms over temperature 
the reported tendency for room-temperature (§ 5.8.2): ∆CGD diminishing with raised drain bias 
for device subject to stress-A.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figs. 5.51. Extracted CGD vs. VG -VT characteristics under stress-A biases for VD= 0, 6 

and 20V before (solid lines) and after at 10, 30 and 60Ks stress intervals (dashed lines) at 
stress-temperatures: (a) 75°C and (b) 100°C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figs. 5.52. Extracted CGS+CGB versus VG -VT characteristics under stress-A biases for 

VD= 0, 6 and 20V before (solid lines) and after at 10, 30 and 60Ks stress intervals 
(dashed lines) at stress-temperatures: (a) 75°C and (b) 100°C. 
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Figs. 5.53. Extracted ∆CGD vs. VG -VT degradation characteristics at room temperature 
from device under stress-A biases at several stress-time intervals (10, 30 and 60Ks) for 

VD = 0V (a), 6V (b) and 20V (c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 5.54. Extracted ∆CGD vs. VG -VT degradation characteristics at 75°C from device 
under stress-A biases at several stress-time intervals (10, 30 and 60Ks) for VD = 0V (a), 

6V (b) and 20V (c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figs. 5.55. Extracted ∆CGD vs. VG -VT degradation characteristics at 100°C from device 
under stress-A biases at several stress-time intervals (10,30 and 60Ks) for VD = 0V (a), 

6V (b) and 20V (c). 

(a) (b) (c) 

 

0

5

10

15

20

-2 0 2 4 6 8

VG - VT (V)

∆
C

gd
 (%

)

 

0

5

10

15

20

-2 0 2 4 6 8

VG - VT (V)

∆
C

gd
 (%

)

 

0

5

10

15

20

-2 0 2 4 6 8

VG - VT (V)

∆
C

gd
 (%

)

10Ks 
30Ks 
60Ks 25°CVD = 0V VD = 6V VD = 20V 

(a) (b) (c) 

(a) (b) (c) 

 

0

5

10

15

20

-2 0 2 4 6 8

VG - VT  (V)

∆
C

gd
 (%

)

 

0

5

10

15

20

-2 0 2 4 6 8

VG - VT  (V)

∆
C

gd
 (%

)

 

0

5

10

15

20

-2 0 2 4 6 8

VG - VT (V)

∆
C

gd
 (%

)

10Ks 
30Ks 
60Ks 75°CVD = 0V VD = 6V VD = 20V 

 

0

5

10

15

20

-2 0 2 4 6 8

VG - VT (V)

∆
C

gd
 (%

)

 

0

5

10

15

20

-2 0 2 4 6 8

VG - VT (V)

∆
C

gd
 (%

)

 

0

5

10

15

20

-2 0 2 4 6 8

VG - VT (V)

∆
C

gd
 (%

)

10Ks 
30Ks 
60Ks 100°CVD = 0V VD = 6V VD = 20V 



 139

When compared to stress-A conditions, devices subject to stress-B show with accumulated 
stress-time more important deteriorations of CGD and CGS+CGB capacitances measured at all 
stress-temperatures and VD biases (Figs. 5.56 and 5.57). Referring to the maximum cumulated 
stress-time over temperature (30Ks at T = 100°C); extracted ∆CGD at stress-temperatures 25, 75 
and 100°C - denoted by grey triangles - indicates respectively for low VD (0V) alterations 
around 13%, 10% and 9% (Figs. 5.58.a, 5.59.a and 5.60.a) and for high VD (20V) variation 
between 9-10% (Figs. 5.58.c, 5.58.c and 5.69.c), while for intermediate VD (6V) it shows at all 
temperatures a 16-17% change (Figs. 5.58.b, 5.59.b and 5.60.b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figs. 5.56. Extracted CGD versus VG -VT characteristics under stress-B conditions for VD= 
0, 6 and 20V before (solid lines) and after (dashed lines) stressing at stress-temperatures: 

(a) 75°C (10, 30 and 50Ks stress-time) and (b) 100°C (10 and 30Ks stress-time). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 5.57. Extracted CGS+CGB versus VG -VT characteristics under stress-B conditions for 
VD= 0, 6 and 20V before (solid lines) and after (dashed lines) stressing at stress-

temperatures: (a) 75°C (10, 30 and 50Ks stress-time) and (b) 100°C (10 and 30Ks stress-
time). 
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Fig. 5.58. Extracted ∆CGD vs. VG -VT degradation characteristics at room temperature 
from device under stress-B biases at several stress-time intervals (10, 30 and 50Ks) for 

VD = 0V (a), 6V (b) and 20V (c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.59. Extracted ∆CGD vs. VG -VT degradation characteristics at 75°C from device 
under stress-B biases at several stress-time intervals (10, 30 and 50Ks) for VD = 0V (a), 

6V (b) and 20V (c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.60. Extracted ∆CGD vs. VG -VT degradation characteristics at 100°C from 
device under stress-B biases at several stress-time intervals (10 and 30Ks) for VD = 

0V (a), 6V (b) and 20V (c). 
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5.  10.  4.  Discussion of Hot Carrier Degradation Function of Temperature  
 
5.  10.  4.  1.  Discussion of stress effect at maximum body current (stress-A) 
 
As reported previously for room-temperature (§ 5.9.3.a) stress-A biases show negligible 

effects on n-channel LDMOS DC and AC characteristics. However at higher temperatures some 
device deterioration becomes more visible and a temperature enhancement effect on device 
degradations experienced. For instance, extracted channel parameters have revealed a progressive 
deterioration in terms of mobility and on-resistance in all mode of operation (i.e. linear and 
saturation regimes (see Figs. 5.47.a, 5.48.a and 5.49.a), while the threshold and sub-threshold 
characteristics remains almost unchanged, confirming that the channel region is not affected by 
stress-A conditions at all investigated stress-temperatures. Change in capacitance measures (Figs. 
5.53 – 5.55) maintain over temperature ∆CGD tendency to vanish as VD is raised, which confirms 
over temperature the drain bias control on the current path displacement within the drift volume; 
at high VD electrons exit the channel-end and goes deep into the n-drift region, avoiding the bird’s 
beak rich-defect area (see Fig. 5.32.b), while at low VD electrons flow along the interface till the 
bird’s beak end because of the dominant transversal electrical-field (see Figs. 5.32.a and 5.33.a). 

 
From performed IB-VG measures over temperature (Fig. 5.36), IB/ID vs. VG and IB-max vs. VD at 

each stress-temperature are extracted and plotted in Figs. 5.37 and 5.38 respectively; the first out-
coming observation is the reverse IB-temperature dependence with respect to drain current ID, 
which means for equivalent drain current ID less body current IB is generated as temperature rises. 
This is explained by the fact that less drain current is flowing within the structure as temperature 
rise up and therefore less hot-carrier are generated (source of IB current). Considering the body 
current IB and IB-max decreases with temperature (Figs. 5.36 – 5.38), less degradation, due to hot-
holes-injection, would be expected when moving from 25°C to 100°C. This seems in contrast 
with increased capacitance degradation by a factor of four (×4) at higher temperature; as it can be 
noted from Figs. 5.53 – 5.55, for low VD = 0V extracted ∆CGD at 25° after 60Ks stressing is 
equivalent to extracted ∆CGD at 75° after only 10Ks; in turn after 60Ks stress-time ∆CGD at 75° 
after 60Ks is almost equal to ∆CGD extracted at 100° after 10Ks and this is thru for intermediate 
(6V) and higher VD (20). This suggests that HC degradation is strongly enhanced by temperature; 
most probably by (i) activating a larger amount of defects at the bird’s beak region despite the 
reduced number of generated hot-carriers, where positives activation energies of fast-interface-
traps-formation is demonstrated to decrease with temperature [50], which suggests a thermally 
activated process assisting interface-trap-generation by hot-carriers at the interface or (ii) an 
enhancement of hydrogen related bond-breaking and diffusion processes, a probable source of Dit-
generation [50]; released positive hydrogen species migrate under positive gate bias toward Si-
SiO2 interface and generate interface-traps upon their arrival at the interface [51]. In fact both 
interface-defect formations are temperature-enhanced mechanisms; their combinations are 
probable and thus could be a plausible explanation for reported HC-degradation enhanced by 
temperature.  

 
5.  10.  4.  2.  Discussion of stress effect at maximum gate voltage (stress-B) 
 
Capacitance and DC analysis of stress-B over temperature shows severe degradations of the 

electrical parameters at the very early stage of stressing; after 10Ks of cumulative stress-time 
more than 80% of the total degradation is depicted from transfer and output characteristics and 
this at all investigated stress-temperature combinations. Mobility indicates a severe deterioration  
when temperature is raised from 25 to 100°C; after 30Ks stressing at 100°C mobility reaches 
~13% alteration, which is the double and triple, for equivalent stress-time, for 75 and 25°C, 
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respectively (Fig. 5.45.b). VT shows more pronounced shifts with temperature; rising from ~2.2% 
at 25°C to double its value after only 30Ks stressing at 100°C (~4.4%, Fig. 5.46.b). Identically ∆S 
already altered by ~4% at 25°C rises to ~7% changes after a cumulative stress-time of 30Ks at 
100°C (Fig. 5.47.b).  

 
The surprised and unexpected parameter change is the on-resistance where for both linear and 

saturation regimes a reverse-dependence tendency is observed. ∆RON-lin and ∆RON-sat decrease 
as temperature rises. The stress impact on RON parameter is confirmed at each temperature but the 
change in the value of the parameter (∆RON) appears less affected by applied stress at higher 
temperatures. In fact, the decrease in ∆RON tends to saturate with both stress-temperature and 
stress-time as it can be seen in Figs. 5.48.b and 5.49.b. Extracted gate-to-drain capacitances over 
temperature indicate a limited reduction observed for ∆CGD when passing from 25 to 100°C. Figs. 
5.58.a and 5.60.a show, after 30Ks stressing for VD = 0V, a drop from ~12% (at 25°C) to ~9% (at 
100°) and, for VD = 20V, drops from ~11% at 25°C to ~9% at 100°C. It is very probable that the 
reported similarity in ∆RON and ∆CGD have the same origin; however we have not been in 
measure to identify a clear physical explanation for such behaviour. As such observation is 
reported on DMOS transistors for the first time (as well as the presented capacitance degradation 
study over temperature) it was also impossible to correlate our findings with other published 
reports. This suggests the need of some additional experiments using various devices to confirm 
this effect and any correlations with the device geometry. 

 
 

5.  11.  CONCLUSION 

In this chapter we have reported on the hot carrier impact on the DC and AC characteristics of 
DMOS transistor. Essentially, two stress conditions were selected and experimentally studied: (i) 
stress A, with a maximum drain voltage and a gate voltage corresponding to the maximum body 
current, and (ii) stress B, with maximum gate and drain voltages. We have found that for stress-A 
the induced degradation takes place at LOCOS bird’s beak area and for stress-B the induced 
degradation is at source-end gate oxide region. In conclusion, the most relevant conditions of 
stress fro high-voltage devices could distinctively degrade the intrinsic channel or the drift region, 
highly depending on the operation conditions of the devices. 
 

The same study allowed us to demonstrate, for the first time, that the DMOS capacitance 
monitoring could be a much more sensitive tool that the pure DC parameter degradation 
induced by hot carriers, at least for the conditions studied in this work. We believe that, in 
practice, the best method is to combine DC and AC measurements after cycles and applied stresses, 
which is the unique way to draw realistic conclusions about the main mechanisms of hot carrier 
degradation. 
 
 Finally, we have originally studied the combined effect of stress and temperature of 
DMOS DC and AC characteristics. In general, it is found that the temperature could significantly 
reinforce the effect of the applied stress (in conditions of similar applied electrical fields). However, 
in some particular cases we have been not able to fully explain some of the observed very complex 
trends, which necessitate further investigations. However, even in this very complex analysis, only 
the measurement of the capacitance shift with applied stress and temperature combined with 
the DC parameters degradation, allowed to draw some of the preliminary conclusions. 
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 With the work reported in this manuscript we have essentially contributed to the electrical 
characterization and modelling of high voltage MOSFETs, more particularly DMOS architectures 
such as X-DMOS and L-DMOS able to sustain voltages ranging from 30V to 100V. The 
technology information and the investigated devices have been kindly provided by AMIS, Belgium 
(former Alcatel Microelectronics). 

 
In general, all the initial defined targets in term of the orientation of our work, as defined in the 

introduction chapter, have been maintain along the progress of the work. However, sometimes, 
based on the obtained results we have decided to pay more attention to some less explored topics 
such as the hot carrier impact of DMOS capacitances and the combine effect of stress and 
temperature, which initially were not among the planned activities. 

 
We believe that we have contributed to some of the planned targets, as following: 
 
 In Chapter 2, the extensive investigation of the equivalent numerically simulated (TCAD) 

DMOS structures was at the origin of the intrinsic-drain voltage concept, which revealed 
a good basis of analysis of the most significant bias dependent characteristics and 
phenomena related to HV-DMOS architectures.  

 In Chapter 3, we experimentally validated the concept of intrinsic drain voltage (or K-
point) proposed in Chapter 2 and its use for the DC and AC modelling of HV devices 
using the MESDRIFT structure provided by our industrial partner. In fact, despite the 
limitations associated with a non-ideal probe contact of this structure, in some of the 
investigated regimes (such as accumulation in the drift), the agreement between numerical 
simulation and measurement was very good for VK. The importance of this concept 
overpasses the frame of our work, being usable for many other types of devices. 

 In the same Chapter 3 we proposed an original mathematical yet quasi-empirical 
formulation for the bias-dependent drift series resistance of DMOS transistor, which is 
very accurate for modelling all the regimes of operation of the high voltage device. We 
combined for the first time such a model with EKV low voltage MOSFET model developed 
at EPFL. 

 In Chapter 4, we have proposed models for the capacitances of high voltage devices at 
two levels: equivalent circuits for small signal operation based on VK-concept and large 
signal charge-based models. These models capture the main physical charge distribution in 
the device but they are less adapted for fast circuit simulation and still remain subject to 
further improvement. It is more appropriate to consider them as initial basis for DMOS 
capacitance modelling. 

 In Chapter 5 we have originally contributed to the investigation of hot carrier effects on 
DC and AC characteristics of DMOS transistors, with key emphasis on the degradation 
of transistor capacitances and the influence of the temperature. At our knowledge, our 
work reported in this chapter is among the first reports existing in this field. We have 
essentially shown that the monitoring of capacitance degradation if mandatory for a deep 
understanding of the degradation mechanisms and, in conjunction with DC parameter 
degradation, could offer correct insights for reliability issues. Even more, we have shown 
situations (by comparing two fundamental types of stresses) when the capacitance 
degradation method by HC is much more sensitive than DC parameter degradation 
method. Of course, some of the combined stress-temperature investigations were too 
complex to find very coherent explications for all the observed effect, knowing that in the 
most recent literature very few works related to the topic are available. However, our works 
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stress out the interest and significance of such an approach for defining the SOA of high 
voltage devices, in general. 

 
Overall, our work can be considered as placed at the interface between electrical 

characterization and modelling of high voltage devices emerging from conventional low voltage 
CMOS technology, continuing the research tradition in the field established at the Electronics 
laboratory (LEG) of EPF Lausanne. 
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