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In the automotive industry, there is a strong trend that has increased the electronics in
cars for various functions like fuel injection, electric control of doors and windows,
electric chair adjustment, air-conditioning, drive-by-wire, brake-by-wire, etc. The 12V
battery used in present cars will not be sufficient for the increasing number of functions
and as a consequence, a change towards 42V batteries will be necessary.

For these “automotive” systems, so-called smart power ICs must be used. These are
chips in which the power functionality, e.g. the control of a motor is integrated with the
logic control. There is also a trend towards operation at high voltages and integrating
more intelligence using a microcontroller’s RAM/ROM memory and several sensors
and interfaces. The final goal is the integration of a complete system on a single chip, a
so-called power System-on-Chip (SoC).

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

This thesis presents a new physically based macro-model. This model is based on the
investigations performed on the key phenomena occurring in an LDMOS transistor.
These phenomena were investigated by TCAD simulations and were confirmed by
newly developed test-structures.

The model is accurate for wide geometry and temperature variations as well as for DC
and AC operation. A novel corner extraction methodology based on neural networks has
been developed making it possible to easily generate worst-case corners. As an
extension of the neural network worst-case corner generation methodology, a static
aging model card generation methodology is presented.

The model was verified on device level as well on circuit level yielding good results.
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Chapter 1: Introduction

1.1 Background

The history of microelectronics effectively began with the creation, at the Bell
Telephone Laboratories, of the point contact transistor by Bardeen and Brattain in 1947.
Around the same time, Shockley developed the theory behind the bipolar junction
transistor, though this was not successfully fabricated until 1951 [1]. Similarly the
effect of electric fields on the conductivity of semiconductors was demonstrated by
Shockley and Pearson in 1948, but it took over ten years before the first Si/SiO,
MOSFET, which is now so widely used, was demonstrated by Kahng and Atalla [2].
Discrete transistors quickly found applications in hearing aids and transistor radios
-where their small size and low power consumption made them ideal replacements for
thermionic valve technology [3]. However, they were not small enough for some
applications and the impetus was there for the work, carried out at Texas Instruments by
Kilby and at Fairchild Semiconductor by Noyce, which led to the production of the first
integrated circuits at the end of the 1950's [4]. Kilby's circuits consisted of transistors
fabricated using the mesa technique, where the collector contact is made to the backside
of the wafer, and bonded gold wire is used for interconnect interconnect. Noyce's ICs
more closely resembled present day chips because they used a planar fabrication
technique, developed by Hoemni at Fairchild, where oxide masking and diffusion were
used to form the transistors [5]. His chip also included interconnects, created by
photolithographic definition of evaporated aluminium, in a process very similar to that
used today.

The initial circuits were oscillators and simple digital flip-flops using two or three active
devices along with passive elements but by 1971 the technology had advanced to the
stage where the first microprocessor, the Intel 4004, was fabricated with 2300
transistors [6]. In 1965 Moore published a paper on the state of the semiconductor
industry which predicted that the number of devices in an integrated circuit would
double each year [7]. This prediction became known as "Moore's Law" and was revised
in 1975 to state that the number of transistors per chip would double every 18 months
[8]. More recently the slope has changed again to give a doubling of circuit complexity
approximately every two years, which leads to the prediction that within the next ten

years microprocessors will exist which contain one billion transistors [9].
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The increases in integration and chip complexity have come about as a result of the
scaling of the transistors, in particular the scaling of the gate length of MOSFETs, and
this has driven the advances in technology. More recently however limits have been
placed on the scaling of interconnect which has encouraged advanced interconnect
technologies such as low-k dielectrics and copper metallisation [10]. The International
Technology Roadmap for Semiconductors (ITRS) charts the requirements for future
technologies and the most recent release covers the technology nodes extending to 2007
where 65nm interconnect half-pitch lengths are expected with MOS gate lengths
approaching 25nm [11, 12]. The increases in complexity have placed a premium on
testing for process control and verification and the most recent roadmap focuses heavily
on future metrology requirements [13,14].

In the automotive industry, there is a strong trend that has increased the electronics in
cars for various functions like fuel injection, electric control of doors and windows,
electric chair adjustment, air-conditioning, drive-by-wire, brake-by-wire, etc. The 12V
battery used in present cars will not be sufficient for the increasing number of functions
and as a consequence, a change towards 42V batteries will be necessary.

For these “automotive” systems, so-called smart power ICs must be used. These are
chips in which the power functionality, e.g. the control of a motor is integrated with the
logic control. There is also a trend towards operation at high voltages and integrating
more intelligence using a microcontroller’s RAM/ROM memory and several sensors
and interfaces. The final goal is the integration of a complete system on a single chip, a
so-called power System-on-Chip (SoC).

For all these reasons, a more advanced technology is required. Such technologies for
smart power applications are based on a standard low-voltage CMOS technology, where
power devices suited for middle to high voltages (80V spikes for the 42V car-battery)
are fabricated with additional process modules, for example a thicker gate oxide
module.

Examples of such integrated power transistors are vertical and lateral DMOS (Double
diffused MOS) and IGBT (Insﬁlated Gate Bipolar Transistor). In many cases, a power
switch is the key application.

In such devices, the on-resistance and breakdown voltage are important performance
parameters. A trade-off is necessary to obtain a device with a low on-resistance and a
high energy capability. Needless to say, there is also the requirement for low production

costs and high reliability.
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1.2 LDMOS transistor-models

The interest in accurately modelling high-voltage transistors has increased in recent
years due to the compatibility of these devices with standard CMOS technology.
LDMOS (Lateral Double diffused Metal Oxide Semiconductor) devices are now being
more often employed in dynamic applications such as switches within power systems
and fine slope control of electrical motor drivers. However, existing LDMOS models
are not accurate enough for this task and SPICE models are especially weak when
modelling AC performance. The limitation of these models lies in their lack of any
capability to physically model some of the characteristic phenomena observed in
LDMOS devices. The increased difficulty is related to complex 2D effects, specific to
modern high voltage device architectures. Several workers have addressed the physics
involved in the specific behaviour of these transistors [15], [16], [17], [18].

This thesis presents a new physically based macro-model. This model is based on the
investigations performed on the key phenomena occurring in an LDMOS transistor.
These phenomena were investigated by TCAD simulations and were confirmed by

newly developed test-structures.

1.3 Thesis plan

This section briefly outlines the contents of the chapters, which follow.

Chapter 2: Introduction to LDMOS transistors A basic overview of the LDMOS
transistor 1s presented. The LDMOS transistor is situated in the family of components
that are used in automotive integrated circuits. A short description will be presented of
the AMIS high voltage 12T family which is used throughout this thesis, highlighting the
distinction made between the different types of LDMOS / XDMOS transistors. Finally,
some circuits that are of key importance in automotive designs are presented.

Chapter 3: Introduction to modelling Some definitions in relation to modelling are
outlined. An example of modelling a diode is presented which shows many different
aspects of modelling.

Chapter 4: LDMOS macro-model characteristics and macro-model requirements
The electrical characteristics that matter for the modelling of DMOS devices and for
circuit design are identified. These characteristics will be used for benchmarking the

macro-model and in particular for the specification of accuracy targets.
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Chapter 5: TCAD simulation of LDMOS transistors Several physical effects are
observed in a DMOS transistor and these can be simulated in TCAD (Technology
Computer Aided Design). The key effects will be presented and discussed in the
context of TCAD, illustrating how this can be applied to help develop models.for circuit
simulation programs. .

Chapter 6: Description and results of the developed test-chips for DC and AC-
analyses Test-structures are devices or a set of devices, used to analyse or verify a
certain part of the process device behaviour. This chapter describes the different test-
structures that were developed and used for the building-up and extraction of the macro-
model. These test-structures and test-devices are designed so that they can be used to
characterise either some of the behaviour observed from the TCAD simulations, or the
complete device itself.

Chapter 7: The macro-model: definition / extraction procedure / worst-case
corners Based on the findings of chapter 5 and chapter 6, a macro-model has been
developed. As a first step, a topology is proposed and then the functionality of the
topology is confirmed and an extraction procedure developed. As a model should be
able to accurately predict the effect of process variations on the device performance,
worst case models and a procedure to extract these models must be available This thesis
proposeé a novel method for this purpose, based on neural networks. ‘A key element of
establishing the model is to verify its performance against the targets set in chapter 4.
Chapter 8: The macro-model: verification / static-aging / self-heating This chapter
presents the verification of the macro-model described in chapter 7. Proposals for
future work are given at the end of the chapter, which covers methods to characterise
self-heating effects and include static aging of LDMOS devices in the proposed macro-
model.

Chapter 9: Conclusions and future work : In this chapter the conclusions from the
work reported in the preceding chapters are reviewed. Suggestions for future work on

the topics covered in this thesis are also made.
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2 Introduction to LDMOS transistors

2.1 Introduction

This chapter presents a basic overview of the LDMOS transistor. The LDMOS
transistor is situated in the family of components that ére used in automotive integrated
circuits. A short description will be presented of the AMIS high voltage I2T family
which is used throughout this thesis highlighting the distinction made between the
different types of LDMOS / XDMOS transistors. Finally, some circuits that are of key

importance in automotive designs are presented.

2.2 Structure of an n-type LDMOS

Bulk Source Gate Drain Substrate

Figure 2.1 Generic structure of an n-type LDMOS

The cross-section of a generic n-type Lateral Double diffused MOS (LDMOS) is shown
on Figure 2.1. The term lateral indicates the fact that the LDMOS is a horizontal device,
where the current flows horizontally from the drain to the source. The second qualifier
expresses the fact that the PBODY and the N+ source regions are diffused through a
common window defined by the edge of the polysilicon gate.

In the on-state the LDMOS works as a normal MOS device. The positive potential
applied to the gate attracts electrons (in the case of an n-type LDMOS) at the surface of
the PBODY under the gate creating a channel allowing current to flow (Figure 2.2). The
difference between a MOS and an LDMOS device comes from the presence of the drift
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region (light grey region in Figure 2.1, which is a combination of the N-Tub and N-well
areas). The drift region is lightly doped and its purpose is to provide a high voltage
blocking capability during off-state. This blocking capability (characterised by the
breakdown voltage) is created by the reverse biased PBODY-Ndrift junction.

The LDMOS has a parasitic Bipolar Junction Transistor (BJT). It is constituted by the
source N*, PBODY and Ndrift layers, which are respectively the emitter, the base and
the collector. The triggering of this parasitic BJT reduces the performance of the
LDMOS and, hence, the source and the body layers are usually shorted.

The thick field oxide is necessary to avoid the destruction of the thin gate oxide

resulting from a high drain to gate voltage.

Buk Souce Gde Dran Substrate

| Oem NFTib = Nefit y Pen

C - )

Figure 2.2 Current flow in an LDMOS

2.3 Important design parameters

2.3.1 The Breakdown Voltage.

The breakdown voltage of the device is the voltage at which the device enters into
avalanche breakdown and therefore is the fundamental determinant of the maximum
operating voltage. Large values of breakdown voltage are desired to provide high
blocking capabilities. The breakdown voltage is largely defined by the doping profile
and the length of the PBODY-Ndrift blocking junction.

To be able to provide a high forward blocking capability, an optimum has to be
determined for the doping profile of the PBODY-Ndrift junction and the PBODY depth.
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When a positive voltage is applied at the drain (assuming the source and the gate are set
at zero volts), the PBODY-Ndrift junction becomes reverse biased. It supports the drain
voltage by extending the depletion layer on both sides of the junction. (Figure 2.3) To
enhance the drain blocking voltage, the doping of the Ndrift region has to be reduced.

The forward blocking capability is created by the reverse biased PBODY-Ndrift
Junction. The depletion layer extends effectively only into the Ndrift layer as it is lightly
doped. Therefore decreasing the Ndrift doping increases the depletion width. As a
result, the potential barrier becomes hi gher, improving the blocking capability. However

this results in higher resistivity and thus a higher on-resistance.

Bulk Source Gate Drain Substrate

I : region

1 i N-Tub

\ . P-epi
\ Depletion layer

C )

Figure 2.3 Formation of depletion regions in DMOS devices

This twofold effect implies that the doping level of the PBODY layer should be
optimised between the LDMOS threshold voltage and the triggering of the parasitic
bipolar. However, there is also another phenomenon which must be taken into account.
It is called the punch-through effect and occurs when the depletion region in the
PBODY extends so far that it comes into contact with the N+ source. At this moment,
the potential barrier vanishes (Figure 2.4) and the device begins to conduct. To prevent
punch-through, there are two alternatives. On the one hand, we can vary the PBODY
thickness and doping level. Alternatively the N-Tub layer thickness can be increased

because the depletion layer spreads approximately equally in every direction.

10
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Buk Source Cate Drain Substrate

Figure 2.4 Punch Through in an LDMOS

2.3.2 The on-resistance

The on-resistance of the LDMOS is defined as the total resistance between the source
and the drain contacts in the on-state. It is an important parameter as it directly
determines the power dissipation during current conduction which is given by:
P = Vps.Ip 2.1)
= Ron.Ip’ (2.2)
The on-resistance is the sum of all the resistance contributions along the path travelled

by the carriers during the on-state:

Ron = 2 x Rn+ + Ren + Ra + Ry + RaweLL (2.3)
where
Rne is the contribution from the N+ source or drain diffusion.
Rcu is the channel resistance.
Ra is the resistance of the accumulation layer formed in the Ntub
under the polysilicon gate.
Rutub is the Ntub resistance.(under the thick oxide)

Rywerr  1s the NWELL resistance.

2.4 The AMIS 12T technology family
The AMIS 12T100 technology family will be used for all the LDMOS devices which

will be modelled in this thesis. The following gives a brief description of the major

11
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attributes. The Intelligent Interface Technology (I12T) is the high voltage extension of
the AMIS CMOS 0.7um mixed signal technology. I12T100 has been developed to meet
the increasing demand for more digital integration in mixed analogue/digital ASICs and
more programmability/flexibility.
This technology is derived from a fully digital 0.7um CMOS process and extended with
the following analogue capabilities:

e Precision highly linear thin oxide poly/diffused capacitors

e Precision high ohmic polysilicon resistors

e Low Vt PMOS transistor

e Medium-High voltage NDMOS

e Floating medium-high voltage NDMOS and PDMOS

e Floating CMOS

e Low-medium-high voltage bipolar transistors _

e Zener zap diode for OTP (One Time Programmable) applications

e High-Medium voltage floating capacitors

e Deep n+ doped guard rings

. EEPROM matrix blocks in the basic CMOS 0.7um platform as well as in

12T100

Europractice distributes the design kit from AMIS, using the Cadence environment
based on the Spectre simulator (Analog Artist) [1] for mixed mode front-end simulation

and Silicon Ensemble place&route for CMOS 0.7um back-end.

2.5 DMOS transistors in the 12T100 family

The purpose of this section is to describe the various devices types in more detail. In
particular, it identifies the location, extent and doping level of implants as well as the
range of layout dimensions. This is necessary to obtain a better understanding of the

features that are required by any model that is created.

2.5.1 Implants and oxide Iayers

The most important .layers in DMOS devices are listed in Table 2.1 together with the
order of magnitude of their doping levels, diffusion depths and gate-oxide thicknesses.

12
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Doping level Depth
PBody ~10" cm ~1.5 pm
PWell ~10"7 cm™ ~0.5 um
PSub ~10"* cm™ ~500 pm
P-Epi ~10" cm™ ~3.5 um
NBody ~10" cm™ ~1.5 ym
NWell - ~10"7 cm™ ~2 um
NTub ~10" cm™ ~5 um
Thick Gate Oxide n.a 35-50 nm
Thin Gate Oxide n.a. 15-20 nm

Table 2.1 Important implants and layer thickness parameters for DMOS devices

2.5.2 Geometrical parameter definitions

The naming conventions for geometrical parameters, used in this document, are defined

in Figure 2.5 and Table 2.2.

Bulk Source Gate Drain
[ ]
Lchi  Ldgo [ Ldfp
/FIEL_D—OXIDE
PBODY = Ldfo C NWELL
J
N-tub
C Bin

Figure 2.5 Identification of layout dimensions

13
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Dimension Description
w Total width of the channel
Lch Length of the channel region
Length of the drift region under the gate-
Ldgo )
oxide

Ldfp Overlap of the gate poly on the field-oxide
Ldfo Length of drift region under the field-oxide

Table 2.2 : Geometrical parameter definitions

2.5.3 LDMOS device family
LDMOS devices present one of the biggest modelling challenges due to the

continuously varying doping concentration along the channel and the presence of an
accumulation region of substantial length underneath the gate-oxide. The modelling of
the drift region also requires a great deal of attention.

A description of the different parameters of the n-channel LDMOS device is presented
in Table 2.3. In the I2T100-family no p-channel LDMOS device is available.

2.5.3.1 N-channel LDMOS device

Channel : Pbody
Drift : Nwell
Layers
Bulk : Pbody
Gate Oxide : Thick
Lch 0.5 ym—1.5 pm
Ldgo I pm—2.5 pm
Layout param. Ldfp : l pm—-6 um
Ldfo 2 um-—9 um
w 2 pm— 10 mm
Comments ' Floating, Self-aligned device

Table 2.3 Overview of N-channel LDMOS device features

14
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2.5.4 XDMOS devices

This new acronym was introduced to designate the family of ‘eXtended Drain MOS’

transistors, for which no real

devices, the extent of the channel region is defined by specific masking steps, and the
drain-end of the channel is not self-aligned to the source. The channel of these df;vices
closely resembles that of common MOSFETs, and the major modelling challenges
reside in the transition region at the end of the channel as well as in the drift region.

A description of the different parameters of the n and p-channel XDMOS devices is

presented in Table 2.4 and Table 2.5 respectively. The cross-section of the device is

consensus exists in the literature. Contrary to LDMOS

similar to Figure 2.5.
Channel : Pwell
Drift : Nwell or ntub
Layers .
Bulk : p-epi/ psub
Gate Oxide : Thick or thin
Lch 3.5 um—4.5 ym
Ldgo 1.8 pm —2.4 ym
Layout param. Ldfp 2 um-3 um
Ldfo 2.5um-—13 pm
w ‘ 2 pum - 10 mm
Non-floating, Non self-aligned,
Comments
with or without BLN
Table 2.4 : Overview of N-channel XDMOS features

Layers levels

Channel : Ntub or nwell
Drift : PField + Pbody or pwell
Bulk : Ntub
Gate Oxide : Thick

Lch 0.5 ym— 1.5 um
Ldgo l pm—2.5 pm
Layout param. Ldfp 1 pym—1.7 um
Ldfo 2pm-3.5 um
w 2 ym— 10 mm
Comments Floating device.
Table 2.5 : Overview of P-channel XDMOS features

15
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2.6 Circuit for model characterisation

The following describes two standard circuits that have been used in commercial
products where the main component is the DMOS transistor. These circuits will be used

later in the thesis to evaluate the circuit-performance of the proposed macro-model.

2.6.1 Bulb - circuit

Bulb_mode

and

<1
c=1B2n

gnd

and  +@.725V

Fixed_mode . BFB

—C S4+=—4f cki2s

YCP

Figure 2.6 Schematic view of the BULB-circuit

The bulb driver is a variable voltage source that can be used in two different modes,
either in ‘bulb’ or in ‘fixed” mode. A circuit schematic view is shown in Figure 2.6.

In ‘bulb’ mode, it can generate an output voltage between 1.8V and 20V. The output
voltage is defined by an external signal (Pulse Width Modulated = PWM), entering on
the input pin (BPWM). In this ‘bulb’ mode, the load is an inverter circuit (DC/AC

16
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converter), which supplies the bulb. In the ‘fixed’ mode the output voltage is fixed to a
typical nominal level of 7.25V and in this mode the external PWM signal has no effect
on the output voltage. In the ‘fixed’ mode the 7.25V output voltage is used to pre-
regulate the internal 5V linear regulator and to supply the external LEDs, whose
currents are controlled by internally programmable current source circuitry.

The bulb regulator/driver is implemented as a constant ripple buck regulator. This
regulator can operate in .discontinuous or continuous mode, depending on the load
current and input voltage. The clock source is an on-board 125 kHz signal, realized by
dividing down the master oscillator of 4 MHz by 32. Pulse skipping is applied for the
lower current range. The N-type LDMOS power-switch is part of the ASIC, but the
remaining components like the recovery diode, inductors and output capacitors, are

external.

2.6.2 MOTOR-driver circuit (H-bridge)

DC_TOP_Aprot a B DC_TOP_nAprot

DC_SYN_REC 5 DC_SYN_REC
a0 ) L
d 4 L4
DC_TOP_A —[l E 5 H_ DC_TOP_nA
1 , %
DC_ OC_TOP_A ¢ % C DC_0C_TOP_nA

coil A
YN

DC_HBA

aw
DC_0C_BOT_A '——r<}:l_; %

DC_SYN_REC DC_BOT_Aprot

_“_L_G—;‘ DC_BOT_nA
$&>ﬁfj DC_0C_BOT_nA

DC_BOT_nAprot DC_SYN_REC

Figure 2.7 Schematic view of the motor driver-circuit
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A typical circuit where DMOS transistors are used is an H-bridge driving a DC motor
and a schematic view is shown in Figure 2.7. This versatile circuit is capable of
applying voltages of both polarities across the load, by controlling the gating sequences

of the four switches.

+VDC +VDC
? ?
S1 S3 S1 S3
+vDC - ] - VDC +
.—
- -—
Vioad : Vioad
S2 Z‘ S4 S2 S4
__I'— _L_
(a) (b)
+VDC +VDC
? ?
S1 Z\ S3 S1 S3
oV ov
.——
- -
Vload ) Vload
S2 / sS4 S2 S4
1 -y
__L __L
(c) (d)

Figure 2.8 The four valid H-bridge switching states (excluding open circuit load state): (a) Supplies +VDC; (b)
Supplies —-VDC; (c) & (d) Both supply zero voltage (short-circuited load)

It is important to recognise that there are only four valid states for current conduction,
as shown in Figure 2.8. Neglecting semiconductor voltage drops for the moment, one of
these states applies +VDC across the load (Figure 2.8(a)), another applies -VDC (
Figure 2.8 (b)) and the other two states (F iguré 2.8(c) and (d)) effectively short circuit
the load.

18
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Current-regulated PWM control generally provides the basis for higher performance
motor control than voltage regulation since torque is directly related to the motor
winding current amplitude. Basic PWM voltage regulation is accomplished by means of
a high-frequency duty cycle control. One straightforward PWM implementation
compares the desired voltage level to a fixed-frequency ramp signal, switching the
H-bridge output state when the ramp exceeds the command level. Using the H-bridge
locked anti-phase control mode described above, the ramp comparison PWM strategy
varies the average H-bridge output voltage over the full range from - VDC to + VDC by
adjusting the relative widths of the -VDC and +VDC output pulses.

These two circuits were chosen as the key devices in these circuits are DMOS
transistors. Hence the comparison of measured characteristics with simulation results
will be a measure for the accuracy of the model. In addition to the issue of accurate
circuit simulation results, these circuits are well suited to test the robustness of the
model. This is because the device states in the circuit continuously change, introducing

current spikes which the model should be able to withstand.

2.7 Conclusion

Different aspects of the DMOS transistor have been presented. An introduction to the
various trade-offs that can be made when developing a DMOS transistor have been
discussed. It has been shown that different classes of DMOS transistors exist, depending
on how the channel is defined. It is these devices that will be used throughout this
thesis to characterise the macro-model to be developed. Finally, two circuits have been
selected (the bulb-circuit and the H-bridge) to validate the model and check the model

accuracy and robustness.

References

(11 Affirma_ Spectre Circuit Simulator Reference, Product Version 5.0.33, June 2004. website:
www.cadence.com
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3 Introduction to modelling

3.1 Introduction

The purpose of this chapter is to set some definitions in relation to modelling. An

example of modelling a diode is used which shows many different aspects of modelling.

3.2 Definition of terms

The definitions for the terms analysis, simulation and modelling are derived from
“Analyses and Simulation of Semiconductor Devices” by S. Selberherr. [1]
Analysis
e Separation of a whole into its component parts, possibly with comment
and judgement.
e Examination of a complex, its elements, and their relations in order to
learn.
Simulation
e Imitative representation of the functioning of one system or process by
means of the functioning of another.
e Examination of a problem not subject to experimentation.
Modelling
e To produce a representation or simulation of a problem or process.
e To make a description or analogy used to help visualise something that

cannot be directly observed.

Therefore, as difficult as it might be to decide in an individual case, analysis is at least
intended to mean "exact analysis" and simulation must mean "approximate simulation"
by inference. Modelling is obviously a necessity for analysis and simulation.

With a model one can analyse some phenomena, provided that the effects one wants to
observe are built into the model, possibly in a very complex manner. A model for the
purpose of pure simulation (like a curve fitting model) is usually much simpler than a
model for analysis. Many effects can be treated in a very heuristic manner for the

purpose of simulation, by representing the underlying physics in a quaiitative way.
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3.3 Modelling example based on a diode model

3.3.1 Introduction

A simple way to fit non-linear curves to measured non-linear data is to transform them
to a linear representation. But the question is: how to do it? A look at the “target
function” of the model equation gives a hint. For example in the case of an exponential
function:
Yo
i=ISxeN><vt (3.1)

the transformation needed is a simple logarithmic conversion. The symbols used in
equation 3.1 are defined on the following pages. Once the measured data is transformed
to this linear range, a linear regression analysis can be applied and the slope and y-
intersect extracted. The model parameters are finally determined from these two values.
This will become much more transparent in the following diode modelling example. An
example of the procedure to define and extract a diode model is described in the

following paragraphs.

3.3.2 Equivalent circuit

The SPICE equivalent schematic for a diode is shown in Figure 3.1. It consists of the
ideal diode D representing its non-linear DC characteristic plus two voltage dependent
capacitors for taking care of the space charge (Cs) and delay effects (Cp) as well as a
series resistor RS for the high-current effects. Series inductors (bonding effects) as well

as parasitic capacitors (housing effects) are neglected.

|
°» RS

*——

VD VD
internal

Figure 3.1 Equivalent diode circuit
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3.3.3 DC Characterisation

Neglecting high current effects, assuming RS=0 or Vp = Vpipemal, and also neglecting
recombination effects for low biasing voltage, the diode current in the forward active

region is modelled as follows:

iD=IS><[eN"”—1] 3.2)

with :

I; = saturation current (leakage current, typically fA)

N = emission coefficient (Ideal diode: N=1)

V. = thermal voltage 27mV at 25°C or V.= (k x T) / q = 8.617x10° x (T / °C + 273.15)

Id [A]
| I |
S S S S
i i i
! ! !
m | EBE=-=-==- 4. .......... !._ ...... 4 __________
i b
i i |
! 2.3xINth l
| ' l |
104 S A R |omemm
. i |
| i |
........ .!.-—_._._._._!._._.—-—-—1—--—-—._._.
i ! i
| | |
100 1 1 W U Y I O T Y B B B | I N U T U DS A B I I I A |
n Vd [V]
s
200m 600m 1
Id [A]
Vd [V]

Figure 3.2 Diode DC characteristic
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3.3.3.1 Determination of the pai’ameters ISand N
Provided Vp >> 0V, i.e. neglecting the term (-1) in equation 3.2, and applying a

logarithmic conversion gives:

14
log(1,) =log(l;) + —2—xlog(e) (3.3)
NxV,
=log(l,) + SR S (39
S RN '
This is an equation of the form:
y=mxx+b : (3.5)
In order to interpret equation 3.5 linearly, we have to substitute:
y =log(,)
b =log(;)
1 (3.6)
m=|—0m—o——
23xNxV,
x=V,

Equation 3.6 explains how to manipulate the measured data. After the logarithmic
conversion of the measured values of Ip, they are introduced with the linear values of
Vp into the regression equations. Thus, the y-intersect, b, and the slope, m, of the linear
fegression function are obtained.
Solving for Is and for N one is able to determine these two parameters from b and m as
follows:

Ig=10° (3.7)
and

1

= — 3.8
23xmxV, (3-8

The parameter extraction described above is valid only in that rénge of measured data,

where the assumptions are true. This means: equations 3.7 and 3.8 are valid for Vp > 0

(data above the measurement resolution (non-noisy data), typ. > 0.2V) and where
Vb
e >>1. The diode current should not be dominated by recombination effects (the

weaker slope at low bias voltages) but not by high-current effects (non-ohmic effects,

the knee in the half-logarithmic diode characteristic, typically above 0.7 V)
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3.3.3.2 Determination of parameter RS
After the parameters Is and N are extracted, the value of RS can approximately be
found from the two highest bias points of index n and index (n-1) as follows:
¢_Vom=V,(n1=1
Ip(n)—1,(n-1)

Another more precise method to determine the ohmic part of a diode characteristic is to

(3.9)

consider the voltage drop between the ideal diode characteristic and its shift due to the
ohmic effect. This is done by first determining the maximum current from the sweep by

1z = la.m[max_ index) (3.10)
and then by calculating that voltage drop following

Vs = measured voltage — ideal diode voltage

or
. T o :
Vs =Vam[max_index]—V, x N xIn 7 (3.11)
S
which finally gives
RS Vas (3.12)
L gs

Of course, the diode DC parameters Is and N have to be determined first and are a pre-
requisite for good RS extraction: the ohmic effect must dominate the diode
characteristics in the portion used for the extraction. Referring to Figure 3.2, the

reduction in slope for high bias voltage must be clearly visible in the extraction range.

3.3.4 CV Characterisation

The frequency behaviour of a diode can be modelled by a space charge capacitance
(dominant at reverse bias) and a diffusion capacitance (dominant at forward bias) which
models the time delay effects. The first capacitance is typically measured with a
negative bias using a CV meter (capacitance versus voltage) while the latter is
commonly measured using a network analyser. (Figure 3.3).

This paragraph covers the modelling of the space charge capacitor.

Extracting parameters Cyy, Vjand m

For Vp<Fcx Vy:
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C
CS Jo -
Vs (3.13)
or else :
C 14
p =—JWX[I—FC x(1+M)+M><—D}
(1-Fc) Vs (3.14)
with:
Cio:’ space charge capacitance at Vp =0V
Vi built-in potential or pole voltage
M: junction exponential factor (determines the slope of the CV plot)
Fc: forward capacitance switching coefficient (default 0.5)
Cs [F] A
1.4p r
1.2p E
1.0p C T T T T e -
- ! [
C ! ! .
C ! i |
08p I_lllllll‘llllIllllllllllllllllll
’ vd [V]
>
-3 -1
CcM

Figure 3.3 CV measurement setup
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Determination of the CV parameters:
We only use the negative bias region for parameter extraction. The logarithmic

conversion of equation 3.13 gives:

V
log(Cy) =log(C,,) - M xlog[l—V—D) ’ (3.15)
J
This equation can be interpreted again as a linear function:
y=m><x+b (316)
with :
y =log(Cs)
b =1log(C,,)
m=-M (3 A 7)

x =Alog[l - V—Dj
VJ

The procedure is to first logarithmically convert the measured values of Cs according to
equation 3.17, along with the stimulating data of the voltage sweep Vp. Since the
parameter V; has a physical meaning, its value should be in the range of 0.2 to 1V.
Therefore 0.2V is selected as a starting value for V;. These two arrays are now
introduced into the regression as yi- and. xi- values respectively. A linear model is fitted
to this transformed “cloud” of stimulated and measured data and one gets the y-intersect
b and the slope m for the value of V;. These two values are the best choice for the given
V. Now, this procedure is repeated with an incremented Vj, to obtain another pair of
m(Vj) and b(V;) values. The regression coefficient r2 will now be different from the
earlier one, depending on the value of V), and whether the regression line fits the
transformed data 'cloud' better or worse. Once the best regression coefficient is found,
the iteration loop is terminated and one gets V) opr as well as the corresponding
b(Vj_opr) and m(Vy_opr).
The final parameter values are then:

M= —m(VJ_OPT) (3.18)
and

C o =explb(V, opr)) (3.19)
The parameter extraction for the space charge capacitor is valid only for stimulus

voltages below Fc X V; with F¢_default = 0.5.
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In practice, there is always an overlay of this capacitance with some parasitic elements,
such as packaging or bond pads. If they are not known and therefore cannot be de-
embedded (eliminated from the measured data by using special test-structures or by
calculations), the three modelling parameters may have values that have no physical
meaning. This is especially true for Vy and M. Nevertheless, the fitting of the proposed
method is generally very good

In order to keep the models simple and usable, and to have reasonable simulation times,
models by definition suffer from some limitations:

DC: diodes may show recombination effects at low forward bias voltages, showing up
as a lower slope on a half- logarithmic scale. In order to include this effect, the diode
model is replaced by a subcircuit, consisting of a diode for the recombination effect,
another one in parallel for the normal operating region and a resistance in series with
both diodes.

CV: no parasitic capacitance is included in the diode model. A sub-circuit can easily be

added to introduce a second parasitic capacitance
3.4 Model types and their implementation

3.4.1 Types of models

There are a number of approaches that can be taken when modelling MOS devices and

the following summarises some of the options.

3.4.1.1 Functional models: [1] - [5]

'The approach of a functional model treats the device as a “black box™ and describes the
externally observed behaviour without a detailed consideration of the physical effects
occurring inside the device.

Standard low-power device models: [1]

The standard low-power device models are adapted for power semiconductof devices
By optimising their parameters. Hence, the model parameters and equations can lose
their physical meaning, and a pure functional description may result. These models,
however, are hardly able to simulate any high-voltage phenomena.

Lookup table: 5]

In lookup tables, the data resulting directly from measurements or from calculations are

stored and retrieved for simulation. This method is well suited for DC characteristics,
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but it is much more difficult to use for dynamic effects of the device in the environment
of different circuits. Therefore, the effort becomes very large to consider all the
situations caused by the varying conditions in many different circuit topologies.
Empirical expressions: [2], [3],[4]

In many cases, the equations of functional models are selected from arbitrary
mathematical expressions that describe the externally observed behaviour in a
simplified way. When possible, the currents and voltages of the device terminals are
approximated directly by straightforward functions. However, for a description of
dynamic effects, it is often necessary to include additional variables into the equation
set. These assumptions can be inspired by device physics, and, in some éases, they can

be confirmed by theoretical derivations.

3.4.1.2 Approximate solutions: [6] — [13]

The model equations of this type are based on device physics, but since exact solutions
are not possible or restricted to a few special cases, appropriate mathematical
representations are found to approximate the solution. These approaches are purely
empirical in many cases, but it is also possible to show that some functions come close
to an exact solution under certain constraints of the boundary conditions.

Assumed solution : [13]

The knowledge of the characteristics is obtained from theoretical considerations or
numerical calculations (device simulators) and geometrical curves are then used to
model the shape.

Substitution in an equation: [6],[12]

The substitutions transform the partial differential equation into an ordinary differential
equation that can easily be solved if suitable functions are chosen.

Neglecting terms: [7], [8],[9],[10], [11]

By assuming that certain terms become unimportant under certain conditions, one can

neglect them and thus simplify the equation.

3.4.1.3 Transformation: [14] - [21]

Several mathematical techniques exist to solve differential equations analytically. For
example, the differential equation can be transformed into an integral equation. Two
methods have been used for the diffusion equation concerning power device models:

Laplace transforms [14] — [20] and the application of Green’s functions [21]. In
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principle, these methods can lead to exact solutions. However, there are constraints for
the boundary conditions and the solutions consist of infinite series. Since the series
must be truncated to obtain results which are practicable, they do not require too much

computational effort but the solutions are obviously an approximation.

3.4.1.4 Lumped Model: [22] — [25]

In the lumped-charge approach, the charge-storing region is subdivided into several
sections, and the charge of each section is assigned to a charge storage node. The
charge difference between two neighbouring nodes determines the current. This leads to
relatively simple equations with little computation effort. The equations are valid for all
stages of operation and are not limited to special cases. However, only medium
accuracy is achieved with a small number of nodes. ‘

The lumped-charge approach looks similar to the method of finite differences
(described below). It can be regarded as a simplification to the greatest possible extent
with a minimal number of nodes, but in a lumped model, the average charge densities

of the sections instead of the densities at the nodes are inserted into the equations

' 3.4.1.5 Numerical Solution (TCAD approach): [26] ,[27], [32]

The most accuréte solution is obtained by numerical methods, which are based on the
discretisation of the considered region into a finite number of mesh points. Two
methods can be distinguished.

Finite Differences: [27]

If the method of finite differences is used, the derivatives in the diffusion and transport
equations are expressed by differences that have the form of an algebraic equation
system.

Finite Elements: [26],[32]

Another possible numerical approach is the method of finite elements. It uses

mathematical functions as approximate solutions for each of the discretised regions.

3.4.2 Implementation in circuit-simulators

The use of circuit simulators can be divided into two main methods; the subcircuit and
mathematical method, which have been used in the past to implement power
semiconductor device models into circuit simulation programs. The mathematical
method is generally applicable to all modelling concepts and the subcircuit method,

with its inherent limits in flexibility, to most of them.
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3.4.2.1 The Subcircuit Implementation Method

Originally, circuit simulation programs (like SPICE and its derivatives) were not
written to serve the needs of designing power electronic circuits. The widespread low-
cost circuit simulation programs restrict themselves to a fixed set of functional elements
(such as passive components, active components, and, in addition, controlled voltage
and current sources) and do not allow user-defined functional elements except for a
combination of these fixed elements into subcircuits. The subcircuit implementation
method tries work within restrictions of these widespread circuit simulation programs
for the implementation of new power semiconductor device models.

Unfortunately, the subcircuit implementation of accurate solutions for modelling power
semiconductor devices soon becomes very complex. The reason is that the complex
physical processes in the semiconductor device have to be represented by a combination
of elements which bear little or no relation to the physical effect being modelled.
Unavoidably, an unfavourable balance between accuracy and CPU requirements often
results. Therefore, applicability and also the future development of the subcircuit
implementation are expected to be rather limited. However, despite its limitations one
great advantage is that the resulting models can be implemented in nearly every
available circuit simulator and therefore have the best chance to become widely used,

provided they can be tailored to perform the required job.

3.4.2.2 The Mathematical Implementation Method

If the circuit simulation program offers the individual definition of device models by
describing them in mathematical form in a special description language or by writing a
program in a general-purpose programming language, the mathematical implementation
method can be used. This method is, of‘course, most effective with respect to modelling
the unique physical phenomena present in power semiconductor devices because the
mathematical relationships can be implemented directly in the form of the chosen
approximation or solution. The disadvantage of the mathematical implementation
method comes from the fact that the usability of the resulting power semiconductor

device model is automatically restricted to just one circuit simulation program.
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3.4.3 Overview / comparison of different modelling concepts: [30]

Calculation | Parameter | Application Future
Exactness ) ) o Main target
time determin. limits potential
. Large
Functional
5 2 1 4 4 circuits,
model
system level
Approx. Medium
pp' 2 3 3 2 2 o
Solution circuits
Trans- Medium
) 2 3 3 5 5 o
formation circuits
Lumped Large
P 4 1 2 3 2 ) g
model circuits
Numerical Small
) 1 5 3 1 1 o
solution circuits

Table 3.1 Overview/comparison of the different modelling concepts. 1 = excellent 5 = poor

3.4.4 Discussion and Conclusion

The three modelling concepts, approximated solutions, lumped models and numerical
solutions, have all been proven successful. These concepts are now competing for the
leading position in providing the best value for practical applications. The use of the
different modelling strategies depends upon the complexities of the power electronic
circuits under consideration, such as the number of components (large, medium or
small). Whether one of the modelling strategies can be further developed to enlarge its
field of strength and can be proved superior, or whether they continue to exist
successfully in parallel, is not clear at the moment.

However, there are also additional driving forces, from the area of power circuit
applications. These include manufacturers of power semiconductor devices, and
developments in separate research fields, predominantly the field of computational
technologtes. These driving forces may implement important boundary conditions for
future developments in the field of power semiconductor device models for circuit

simulation.

32



Chapter 3: Introduction to Modelling

Parameter determination is one of the remaining critical issues for power semiconductor
device models and will require increased attention in future. An intimate knowledge of
the individual power device is needed, especially for applying the modelling concepts
which allow a higher degree of accuracy.

Another set of important boundary conditions for future development will be defined by
the available computational power, which fits the development budget of the user. In
the past, the resources of available computational power in this sense have been steadily
increasing. If this development continues, it will clearly favour the concepts of

approximate and numerical solutions.

3.5 Conclusion

In this chapter some basic definitions were presented and illustrated by a simple diode
model. An overview of the different types of models and how they are implemented
was shown in the second part of the chapter. This enables the reader to situate the
LDMOS model presented later on in this thesis. The LDMOS model, which will be
discussed further on, is based on the functional model approach, more specifically it is a
combination of standards low voltage components. In the simulator will be

implemented by the subcircuit method.
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4 LDMOS macro-model characteristics and macro-

model requirements

4.1 Introduction

The purpose of this chapter is to identify the electrical characteristics that matter for the
modelling of DMOS devices and for circuit design.[1][2][3][4][5] These characteristics
will be used for benchmarking the macro-model and, in particular, for the specification
of accuracy targets. These targets are similar to the ones used in the Automacs'

project.[6].

4.2 Electrical device characteristics
4.2.1 Device operating region
Three main biasing-regions are considered for the operation of DMOS devices:

e The ‘linear’ or ‘Ron’ region, labelled ‘I’ in Figure 4.1, characterised by Vds <
Vdssnk

e The ‘quasi-saturation’ region, labelled ‘II’ in Figure 4.1, where Vdsq < Vds <
VdSSat

e The ‘saturation’ region, labelled ‘III’ in Figure 4.1, where Vds > Vdsg.

| A
ds

Self-heating limit

/—Sctumﬁon limit

DN

R

\Y dso= 3V V ds

! Advanced unified lateral DMOS transistor model for automotive circuit simulation (AUTOMACS). The

main project objective was to validate that more reliable and competitive circuits can be designed
with new DMOS simulation models.
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Figure 4.1 Operating regions : Linear (I), Quasi-Saturation (II), Saturation (III)

Additionally, a distinction is made between the ‘analogue’ operating region, where self-
heating is negligible, and the region where self-heating has a marked influence on the
characteristics. The analogue region is the preferred operating range for devices’
performing analogue functions like buffering or amplification. DMOS transistors used
for switching have their quiescent states in the analogue region but during switching
make a temporary incursion in the self-heating domain.

An overview of voltage terms used to describe the LDMOS device is provided in Table
4.1. This table also defines breakdown voltages and operating voltage limits which must

be respected to maintain the device integrity and functionality.

Label ~ Description Range ()

Upper limit of drain voltage for current sink (Ron)
VdSsnk . 3V
mode of operation

Limit of drain voltage at which current saturation
Vdsgs
occurs

Upper limit of gate voltage for which self-heating is

negligible (elevation of the average device temperature
VgSana L . V0 +2V
less than 10K). The region is used for analogue

| operation. _
Vgsmax | Maximum gate operating voltage 3.3V to 20V
Vgswa | Break-down voltage for the gate oxide Up to 30V
Vdsmax | Maximum drain operating voltage Up to 100V
Vdspg Break-down voltage at the drain Up t0.100V
Vo Threshold voltage at zero drain and bulk bias 0.5V to 3V
Vbsmax | Maximum bulk to source voltage Up to 10V

Table 4.1 Characteristic bias voltages for an LDMOS device.
The voltages presented in this table are technology specific. These values are based on
the AMIS I2T technology which is used throughout this thesis. A different technology

will result in different voltages.

() Values are given in magnitude only. Signs have to be adapted for each type of device (N- or P-

channel).
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4.2.2 Temperature ranges

The temperature range over which the model should be accurate extends from —40°C to
+150°C.

4.2.3 Electrical characteristic parameters

The electrical parameters defined in Table 4.2 are the LDMOS DC parameters which

are measured automatically to assess process capability. It shows the typical ranges for

these parameters and as they are systematically measured for process-monitoring,

statistically relevant information can be obtained. Such data will turn out to be

interesting for the definition of corner models.

Typical
Name Definition Description
ranges
Drain voltage for operation
VdSlin / 0.1V L .
in linear regime
Drain voltage for operation
Vdssa / 50V . _ _
1n saturation regime
Vdsiin, max. slope of Ids(Vgs),
VT0= X intcp -vdn2
Vo 0.5-3.0[V] Threshold voltage
Ids(Vgs)/sqrt(Gm(Vgs)),
X intercept of HV asymptote.
) 55-1750 )
BetaLin 5 Vdsjiy; B(lin) = max.slope Ids(Vgs) Max. transconductance
[LA/V?]
) 50 -200 Vdsii,, fit through Ids=2.5nA, 5nA,
SubThLin Subthreshold slope
[mV/dec] 7.5nA
R 6.0-150 Vgs = Vgsmax, Vds=0.5 V, On-resistance of unit
on
[ x mm] Ron=Vds/(Ids/ W) channel width
2.5-200 Specific saturation current
Idsga Vgs=4V, Vds=Vdsg,, ) )
: [LA/um] per unit channel-width

Table 4.2 Electrical parameter definitions for LDMOS devices.
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4.2.4 DC characteristic curves

For all configurations the source is the reference potential (Vs = 0).

No Measurement Bias Sweeps Regions
Sweep Vgs from 0 to Vgsax
DC1 Ids II, I
Several fixed Vds, Vdsgx < Vds < Vdsmax
Sweep Vg from 0 to Vgmax
DC3 Ids, Ibs Several fixed Vds, Vdsgy < Vds < Vdspax 11, IIT
Several fixed Vbs, -1V <Vbs <1V
Sweep Vds from 0 to Vdspax
DC4 Ids L II, 1T
Several fixed Vgs , V1o < Vgs < Vgsiax
Sweep Vds from 0 to Vdsax
DC5 Ids I, III
Several fixed Vgs, Vgs < Vg
Sweep Vds from 0 to Vdsyax
DCé6 Ids, Ibs Several fixed Vg, Vg < Vpy I II, 111
Several fixed Vbs, -1V <Vbs <1V
Sweep Vds from 0 to —1
DCS8 Is, Isub I

Vsub=0, Vg <0

Table 4.3 DC characteristics. The voltage values and voltage ranges in the table are specified for N-

channel devices. For P-channel the quantities and signs need to be adapted.

The characteristics described above are necessary inputs to adequately describe an

LDMOS device. These characteristics will be measured at different temperatures and on

different sites on a wafer and will form the basis for the extraction of the model.

40




Chapter 4: LDMOS macro-model characteristics and macro-model requirements

4.2.5 Small-signal AC characteristics

Table 4.4 defines the parameters used for small-signal AC characterisation of DMOS
transistors.  These measured characteristics should be distinguished from the
generalised small-signal parameters to which they are related by an appropriate

extraction procedure based on the assumption of a small-signal equivalent circuit model.

Name Definition Description
Cos dQg/dVs Gate-source capacitance
Caa dQg/dVd Gate-drain capacitance
Cag dQd/dVg Drain-gate capacitance
Cgp dQg/dVb Gate-body capacitance
Gm \ dld/dVg Transconductance
Gump dId/dvb Back-gate transconductance
Ggs dld/dvd Output conductance

Table 4.4 Generalised small-signal parameters of LDMOS devices

4.2.6 Pulsed characteristics

Pulsed characteristics are usefull for the characterisation of self-heating observed in
devices dissipating large power. By means of pulsed measurements, the self-heating can
be eliminated; making it possible to extract the basic model accurately without thermal

effects. Pulses of 1pus are applied.

No Measured Char. Bias Sweeps

PCl | Vg, Vd (oscilloscope) | Pulsing Ig, imposing Id << Vdmax / Ron

Table 4.5 Pulsed characteristics for LDMOS devices
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4.3 Model accuracy and robustness

4.3.1 Accuracy

Accuracy is specified here in terms of the relative error (ratio of the absolute difference
to the measured values) expressed as a percentage. In this document, the global model
accuracy is described in terms of the maximum error found in specified bias and
frequency ranges for the characteristics described above.

An alternative and less strict definition of accuracy is based on the root-mean-square
(RMS) relative error. This figure gives an error globalised over the whole characteristic.
Error specifications based on the RMS criterion are less strict than specifications based
on the maximum error; indeed for a given RMS error bound on one characteristic, some
points may have a significantly larger error, especially if the number of points in the
characteristic is sufficiently large. To avoid this problem, errors are specified in this

document as the maximum error found in a given range.

4.3.2 State-of-the art

Many papers report good accuracy for specific devices and on a limited set of curves
and very seldom give accuracy figures over large biasing regions or provide enough
data to extract them. It is also noteworthy that very few papers describe models that
have been implemented into commercial simulators..

Based on published results, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19]
[20] [21] [22], as well as on the experience at AMIS? in developing DMOS models for
variable-width devices operated in a broad range of operating points, the present state-
of-the-art can Be summarised as follows:

For DC characteristics, within the ‘Ron’ and ‘analogue’ operating regions where self-
heating is negligible, the accuracy is better than 15%. Outside these regions the
accuracy degrades substantially. The negative slope of the measured output
characteristics in Figure 4.2 denotes strong self-heating occurring in the device (which
is not built into the model developed here). The measured data shown in Figure 4.2

looks noisy. This is due to the less accurate pulsed measurements.

> AMIS semiconductor Belgium bvba is a manufacturer of application specific circuits targeting the

automotive, medical and industrial applications.
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Ids-Vds DMOS measurements with and without self-heating for Vgs = 1.0V to 3.5V
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Figure 4.2 Measured output characteristics of a device with W= 40pm, VGS = 1 to 3.5V.

Dotted lines: curves with self-heating; full lines: curves without self-heating

Regarding the AC characteristics the situation is more complicated. The accuracy on the
(trans-) conductances is better than 25% in the ‘Ron’ and ‘analogue’ operating regions.
For the susceptances, less data is available. For the Cgs, Cgd and Cgb capacitances very
little data is available. Many models simply ignore these capacitances. The reason is
that the channel, the transition region and the drift region all contribute to Cgs, Cgd and
Cgb. For the transition and drift regions undereath the gate-oxide, models which are
capable of modelling both depletion and accumulation behaviour are required. Few
models have been proposed for accumulation channels and even less have become
available in commercial simulators. The Cgd capacitance is often modelled as a gate

bias-independent capacitor and, as shown in Figure 4.3, this can lead to dramatic errors.
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Scalability (i.e. the ability to maintain the accuracy specifications for various device
widths) is ensured for widths ranging from 5um to several hundreds of pm. Limiting
factors are narrow-width effects at the lower end of the range and self-heating and metal

resistance for the large devices.

14 LDMOS capacitance measurements
x 10

Capacitance (F)
w »
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~
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N

YA MATATE N

-4 2 0 2 4 6

Figure 4.3 Measured capacitances (Cgs, Cgd and Cgb) of an LDMOS device with width = 80um
for a range of Vgs from -5V till 8V and Vds equal to 0V.

4.4 Accuracy targets for the macro-model

441 DC

For the improvements in region III the macro-model will need to include special
features to account for self-heating. However, the characterisation and modelling of

self-heating is outside the scope of this thesis.[23][24][25]

Where self-heating is not observed, the DC the macro-model focuses on improving Ron
and Ids in regions II and III. For these characteristics the general target is better than

15% on the current and better than 10% on Ron.

442 AC

A challenging target for Cgd and Cgs is to raise the accuracy level to a target of better
than 30%.[26]
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4.5 Summary of accuracy targets

Table 4.6 and Table 4.7 show the accuracy specified in terms of the maximum / average
relative percentage error tolerated in the specified range. This table will be a measure

when evaluating the résults obtained by an example extraction of the model later on in

this work.
Parameter Region State-of the-art® | DMOS Macro-
model
Ron I 15 10
I 15 15
Ids I 30 15
III 30 15
Gds III >100 30
1 25 20
Gm II 30 20
III 30 20
I 25 20
Ces I 25 20
III 25 20
Vgs <0 NA 30
1 100 30
Cos il 100 30
I 100 30
: r 100 30
Cga i 100 40
III 100 ‘ 30
1 NA 25
Ibs I NA 25
I NA 25

Table 4.6 Summary of the accuracy targets specified as max. allowed percentage error.

? These targets are based on previous modelling experience at AMIS. Generally in publications no exact

figures are given concerning the parameters mentioned in Table 4.6 and Table 4.7
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¢ RMS error specification for model accuracy

Parameter Region State-of the-art | DPMOS Macro-
model

Ron I 15 5
I 15 10
Ids II 20 10
I 20 10
Gds I >100 30
[ 15 15
Gm II , 15 15
I 15 15

I 25 15
Cgs - 25 15
III 25 15
Vg<0 NA 30
I 100 30
Cds II 100 30
III 100 30
I 100 30
Ced i 100 40
III 100 20
I NA 25
Ibs II NA 25
I NA 25

Table 4.7 Summary of the accuracy targets specified as max. allowed RMS percentage error.

Notes:
e All numbers are for RMS deviation between model and measurements in the

considered biasing regime. All numbers are expressed in percentage.

e Vgs <0 for Cgs: this refers to an n-type device in common-source with Vs =

ov.
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4.6 Robustness specifications

To be considered as robust, models must not cause simulator exception errors (such as

floating point errors) or uncontrolled end of simulation events during DC or AC

simulations in the specified temperature range, and for applied biases up to 3 times the

VgSmax Or Vdspax.

4.7 Conclusion

This chapter has presented an overview of the characteristics of LDMOS transistors and

its associated ranges and values. Also, a definition has been given as to what

specifications a good LDMOS model should meet. These specifications will be used

later to verify the performance of the LDMOS model which has been developed.
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5 TCAD simulation of LDMOS transistors

Several physical effects are observed in a DMOS transistor and these can be simulated
in TCAD (Technology Computer Aided Design). The key effects will be presented and
discussed in the context of TCAD, illustrating how this can be applied to help develop

models for circuit simulation programs.

5.1 Capacitance behaviour of LDMOS transistors

A main figure of merit for a good LDMOS model is the accuracy of the modelled
capacitances, as these devices are often used in switching applications.[1] Therefore an
analysis of the capacitances for real-life bias conditions is necessary. Often the
capacitances are shown at a drain voltage equal to zero. However, when the LDMOS is
used in an application, the drain and gate voltage will be higher than zero. The
capacitances .have been analysed both by TCAD simulations and measurements
(described in chapter 6). A schematic cross-section can be seen on Figure 5.1 and a

TCAD simulated cross-section can be seen on Figure 5.2.

Bulk Source Gate Drain

FIELD OXIDE

N-tub = N-drift

C D

Figure 5.1 Schematic and TCAD cross-section view. The black dotted square

indicates the region highlighted in the graphs on page 53.
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Figure 5.2 Schematic and TCAD cross-section view. The black dotted
square indicates the region highlighted in the graphs on page 53.

5.1.1 Comparison of TCAD simulations with measurements

Figure 5.3 compares simulated and measured capacitance characteristics. A good
agreement is observed. The good agreement between measurement and simulations
allows us to accept the results obtained by TCAD simulations. The remarkable feature
in Figure 5.3 is the peak in Cg4 around the threshold voltage as has been reported in [2] .
Conventional MOSFETSs do not show such a peak in Cyq

14 Capacitance measurement and simulation comparison
x 10 p:

— meas Cgd
- meas Cgs & Cgb
-------- sim Cgd

------- sim Cgs & Cgb

IS

Capacitance (F)
w

L,

-5 0 5 10
Vgs (V)

Figure 5.3 Comparison between measurements and simulations at V4, = 0V. Some

measurement noise in the data is observed on the C,; curve at higher gate voltages
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5.1.2 Capacitances when Vps = 0V

5.1.2.1 Gate - source capacitance ( Cg )

Following the simulated Cg curve from negative to positive gate voltage up to the
threshold voltage on Figure 5.4, the gate-source capacitance remains low. This
corresponds to the capacitance from the gate overlap over the n” source region, plus the
fringe capacitance from the gate sidewall. The capacitance remains at this value until
the p-body is inverted. When this happens there is a conducting path underneath the
whole gate, leading to an increase in capacitance. The final value at V5s>0 is however
not the oxide capacitance corresponding to the total gate-length. This is due to the fact
that part of the signal is collected by the drain and does not contribute to Cgs. The final
value of Cg will then be dependent on the resistance in the signal path, over the drain

and source respectively [3].

5.1.2.2 Gate - body capacitance (Cg, )

The Cg curve starts at a high value where the signal current is collected by the hole
sheet that spans over the p-body to the drain. (See Figure 5.4) The signal is, however
not shunted to ground by the drain because of the depletion region. When the gate-
voltage increases, the Cg, curve falls rapidly as the drain leaves strong inversion and the
signal is only collected by the accumulated hole sheet at the p-body. As the gate-voltage
increases further, the p-body begins to deplete, leading to a progressive decrease in
capacitance until the p-body reaches inversion. The capacitance will then become

virtually zero since the signal is shunted to ground by the source and drain [3].

5.1.2.3 Gate - drain capacitance ( Cgy )

For the same reason as for Cg, the Cyq curve starts at zero since the signal is shunted to
ground by the p-body as (see Figure 5.4) the capacitance will remain zero until the drain
leaves inversion and the p-body can no longer supply the drain with carriers through the
hole sheet. The capacitance then rises to approximately the drain oxide capacitance in
series with the drain depletion capacitance and then approaches a constant value. There
will however be an inversion tail close to the p-body due to the built-in potential at the
pn-junction thereby reducing the capacitance. As the gate voltage increases, this tail will
vanish and the level of depletion decreases, leading to an increase in the Cgq curve
again. The curve will peak as the gate voltage approaches the threshold voltage of the p-
body. As the p-body becomes strongly inverted, the signal is shunted through the
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electron sheet to the source ground. The final value is then dependent on the resistance

in the signal path, over the drain and source respectively [3].

Capacitance simulation at Vds = OV

Capactance (F)

Figure 5.4 C,, Cyp, and Cyg at V=0V

51.3 Cgs, Cgb and ng when Vps > 0V

Using TCAD simulations, the analysis of Cyq and Cys was extended to non-zero drain
biases. [4]

x 10" Capacitance simulation at Vds = 4V

effect (B) : peak on the curve

effect (A) rise of Cgs curve -

05

Vgs (V)

Cgs at Vds = 0V and Cgs at Vds =4V
Figure 5.5 (a) Cgs and Cgd when Vds > 0V
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x10™" Capacitance simulation at Vds = 4V
| = Cgd Vds=0V
wi Cgd Vds=4V
2+
[
15+
g effect (B) => peak on Cgd
[
5 \
Q
a \
S 1
o

| effect (A) => decrease and \
shift of Cgd

05+

Vgs (V)

Cgd at Vds = 0V and Cgd at Vds =4V
Figure 5.5 (b) Cgs and Cgd when Vds > 0V

When the drain voltage is non-zero, two effects occur ((A) and (B)) as shown in figure
5.5.

5.1.3.1 Depletion region in the drift region under the gate : effect (A)

When the drain voltage is higher than zero a depletion region is formed at the p-body /
n-tub junction, extending mainly in to the lowly doped n-tub region. At Vgs = 0V the
Nub region under the gate is depleted (Figure 5.6). The charges under the gate are
controlled by the p-body. When Vgs is increased one can see that Cy is higher
compared to the Vps = OV case (Figure 5.5). This is due to the fact that the p-body is
already inverted (channel to the source) but there still exists a depletion region under a
part of the gate in the drift region. The charges under the gate in the drift region are now
controlled by the source, explaining the increase in Cgy (Figure 5.6). When the
depletion region under the gate in the drift region disappears, charges will be distributed
over the source and the drain, giving rise to Cgq (Figure 5.5). When Vgs increases

further, a signal path under the oxide is created (Figure 5.6).

54



Chapter 5: TCAD simulation of LDMOS transistors

FN-LDMOS;Vps =10V; Electron Concentration

Cuata from swetrndD 1 0O . str

]

v
»

l Ves= 0V
B e

Vgs= 4V

‘:i Ves= 8V

Ves= 0V Ves= 4V

Figure 5.6 Depletion region in the drift region under the gate

5.1.3.2 Sensitivity of p-body/n-tub junction to Vgs: effect (B)
When Vs rises, a drop in the potential at the p-body / n-tub junction (internal drain
node) is observed. This drop in voltage is caused by the channel going from saturation

to linear regime causes.
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When a small signal is applied, the width of the depletion region will change. As the
source (in linear regime) can now provide charges at the n-tub plate of the junction, a
rise in C, appears. As a consequence charges at the bulk plate will be attracted, giving
rise to Cy, (Figure 5.7 and Figure 5.5(b) ).

When Vs rises further a "full" signal path will be created under the oxide, which will

shield the junction.

Figure 5.7 Sensitivity of p-body/n-tub junction to Vg

5.2 Intrinsic drain voltage (Vk) behaviour in relation to gate and
drain voltage

The intrinsic low-voltage MOS transistor is delimited by the source of the high voltage
transistor and the end of intrinsic inversion channel (Vi is the potential of the boundary
between the p-region and the extended drain n-region, Vg is the potential at the Birds
beak, see Figure 5.8).

Bulk Source Gate Drain

P-epi

Figure 5.8: Cross section of an LDMOS indicating the

location of Vi and Vgg.

TCAD simulation allows analysing the variation of Vg in all regions of transistor
operation with respect to the gate and drain voltages. For these numerical simulations
self-heating was not included; consequently its impact on device characteristics is not
discussed. From Figure 5.9 one can see that Vi remains below 7V. The Vi-point can be

seen as the drain of the channel region as the external drain of the device is swept up to
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50V, therefore one can say that Vi remains at a low voltage, similar to that applied to
normal MOS devices.

Based on this knowledge, a decision was made to use a standard low voltage model
BSIM3V3.2, to model the intrinsic channel.

The analyses of Vi provides information on the operating region (linear / saturation) of
the intrinsic MOS and the variation of the voltage drop over the drift region. Figure 5.9
shows the detailed behaviour of Vi as a function of Vps and Vgs. A test-structure to
measure and check these observations was developed, and is called MESDRIFT. This

test-structure is discussed in detail in chapter 6.

VeV ol V(W)

Figure 5.9 LDMOS channel voltage variation as a function of Vg and Vg

In previous publications [5][6], it has been shown that an analysis of the internal drain
voltage (Vi) is a valid indicator to extract the drift region resistance behaviour. An
explanation for the Vg behaviour was given based on an analysis of the depletion
regions present in the LDMOS device. A correction of these findings was needed, as the
potential distribution in the LDMOS transistor is not only determined by the voltages
applied to the gate and drain, but also by the current density and associated space
charge. The simulations in Figure 5.10 show the effect on Vi and Vgg of an open source
(i.e. no current flowing in the device) compared to the normal condition (a grounded
source with current flowing in the device). For Vgs < Vi, the transistor is off and the
curves for open and grounded sources merge. Vi is linearly dependent on Vgs due to
capacitive coupling of the gate. For the case when the source of the transistor is
grounded, current starts to flow in the transistor from the moment Vs exceeds Vr. The
space charge associated with the majority carriers in the drift region will alter the
potential distribution in the device, and hence also the Vg potential, provided the

electron concentration is the same or exceeds the donor concentration in the drift region.
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This is, in particular, true for LDMOS devices with a lightly doped drift region. It is
evident from Figure 5.10 that without current flow in the device, Vx monotonically
increases as a function of Vgs, whereas in real operating conditions (source grounded),
the Vk potential starts to diverge from this as soon as Vgs > V7. For some biasing
conditions, the Vg potential even starts to decrease. Clearly, the effect of the current
flow has a large effect on the Vi potential, and as such needs to be taken into account

when evaluating V.

16 O VBB open source

O VK open source

i VE;B contacted source
= VK contacted source

6
VGS (V)

Figure 5.10. Vi and Vg as a function of Vs with source closed and open at Vg =
10V.

An analysis of the potential, current flow and space charge has been performed using
2D device simulations. The resulting space charge simulations are presented in Figure
5.11, with the length of the accumulation layer identified as L,.. and the length between
the channel and the field oxide being denoted by Loyeriap. It can be seen that for Vgs >
V1, part of the lowly doped n-type region under the gate oxide forms an accumulation
layer where the current flows. This accumulation layer becomes larger for increasing
Vs and at approximately Vgs=7V, it reaches the tip of the bird’s beak (see Figure
5.11(b)). From this point on (Lacc > Loveriap), the lateral extension of the accumulation
layer is less dependent on Vs because of the thicker field oxide, which forms the bird’s

beak, resulting in less gate coupling.
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(a)

SpaceCharge
. 7.5E+18
1.1E+16

1.6E+13
-1.0E+13
-7.0E+ 15
-4.7E+18

(b)

SpaceCharge
| . 7.0E+18
) 1.0E+16

| 1L4E+13
-1,.ZE+13
-8.5E+15

(©)

SpaceCnharge
- 7HE+18
1.0E+16

1.4E+13
-1.3E+13
-1.0E+186
-7A4E+18

Figure 5.11. Space charge behaviour for different bias conditions: (a) Vgs =
4.2V ;(b) Vgs = 7.0V ; (¢) Vgs = 9.6V. For all simulations Vg was set to 10V.

To explain the Vg and Vg behaviour, it is instructive to plot the contributions of the

channel, accumulation and field oxide drift regions to the total resistance. This is

presented in Figure 5.12 as a function of Vgs, for Vps=10V. This shows the channel

resistance decreases monotonically with increasing Vgs. The field oxide drift resistance

decreases with Vgs until the space charge region reaches the tip of the bird’s beak (at

around Vgs = 7V). Further increases in Vs show that the gate control on the field oxide

drift region then becomes very small, and as such the field oxide drift resistance

saturates. A similar saturation is observed for the accumulation region, but at a higher

Vgs. This can be explained by the higher gate coupling (thin oxide) of the accumulation
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region. In the end, the channel resistance also starts to saturate. These three
contributions to the total transistor resistance determine the Vg and Vg potential in the
device, as the channel, accumulation and field oxide drift resistors are in series and
hence act as a voltage divider. For example, inspection of the potential at the bird’s beak
(VeB), shows that the field oxide drift resistance completely saturates when Vgs > 7V,
whereas both the channel and the accumulation resistance decrease further for
increasing values of Vgs. A larger potential drop occurs over the field oxide drift
resistor, and hence the Vpp potential will start to decrease as can be observed in Figure
5.10. A similar explanation holds for the Vx potential due to saturation of the
accumulation layer resistance, at a higher Vgs voltage (see also Figure 5.10).

The dependence of Vk and Vgg on Vpg is straightforward. When Vps is increased, a
wider depletion layer is formed between the P-body and N-tub regions. As a result of
the larger depletion width, a higher gate voltage is needed to accumulate the lowly
doped n-type region under the gate oxide. As Vpg increases, the maximum value of Vg

shifts to a higher Vgs.

0.8 -
0.6 -

0.4 -

R (10° Ohm*pm)

0.2 -

8
Vgs (V)

Figure 5.12. Variation of the channel, accumulation and field oxide drift

region resistance (Reyan, Race and Ryyig) as a function of Vg (Vps=10V).

60



Chapter 5: TCAD simulation of LDMOS transistors

5.3 Conclusion

By performing TCAD simulations, a better insight into the “internal” device behaviour

has been obtained. The main achievement is a good understanding of the capacitance

behaviour of an LDMOS at typical operating bias conditions (Vps > OV). This

information has proven to be very helpful when developing the AC-model.

Another interesting analysis was that of the internal drain behaviour V. The analyses of

Vi have provided information on the behaviour of the drift region. A good LDMOS

macro-model should mimic this behaviour to have all its components remaining at

physical bias conditions.
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Chapter 6: Description and results of the test-structures developed for the analyses and

characterization of LDMOS devices

6 Descriptibn and results of the test-structures
developed for the analyses and characterization of
LDMOS devices

6.1 Introduction

Test-structures are devices or a set of devices, used to analyse or verify a certain part of
the device behaviour. This chapter describes the different test-structures that were
developed and used for building-up and extraction of the macro-model. These test-
structures and test-devices are designed so that they can be used to characterise either
some of the behaviour observed from the TCAD simulations, or the complete device

itself.

6.2 Introduction to the MESDRIFT test-structure

Among the most critical issues for accurate design, modelling and simulation of
LDMOS transistors are the bias-dependent characteristics of the drift region and their
impact on the overall transistor performance. Especially, the bias-dependent drift
resistance (origin of quasi-saturation phenomena) and the Cgs and Cgp capacitances are
the source of crucial interest for modelling and characterisation.

A new test-structure, MESDRIFT, has been developed. The MESDRIFT test-structure
can provide useful information about temperature influence, self-heating and hot-carrier
stress. This test-structure and extraction method was developed together with the Swiss
Federal Institute of Technology Lausanne, Electronics Laboratory, Switzerland.

(EPFL)[1]
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device, DC experiments and

6.2.1 The MESDRIFT test-structure:

numerical simulations
The MESDRIFT test-structure and the DC measurement set-up are depicted in

Figure 6.1

VMU

MEE NS EENANAAEEEEEERANAEEEN Sonrce
uri
Bulk

s K-node

I Gate

Drain

Figure 6.1 Cross section of MESDRIFT test structure and associated HP4156 measurement set-up
K-contact (n+ type) is designed in the drift region (close to pn junction) and its width, WK, is
negligible compared to DMOS width, W.

The MESDRIFT test-structure reproduces the architecture of an XDMOS, with the key
difference that a small contact is smartly engineered in the drift region, near the end of

the MOS channel. This K-contact is designed for probing the intrinsic drain voltage, Vg
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(at the end of the intrinsic channel), without significantly impacting the electrical
characteristics of the overall HV MOS device. As demonstrated in Figure 6.2, this is
successfully achieved when the device width, W, is much larger than the size of the K-
probe contact. Due to the introduction of the K-contact a higher impact ionisation rate is

observed in the lower Vgs range.

8
o MESDRIFT
- X-DMOS
Vg=12V
6 -1 i . -- T
uasi-saturation -
Q ura - e T 10V
S N o
T
=
6V
2 -l
4V
2V
04 ; . . . ; ; . .
0 10 20 30 40 50 60 70 80 90

Vo (V)

Figure 6.2 Typical output characteristics, Ips vs. Vpg, of X-DMOS (solid) and MESDRIFT
(symbol) (both with W=40 um): very good agreement is observed (including quasi-
saturation region) demonstrating that the K-contact does not significantly change the HV
MOSFET characteristics.

Figure 6.3(a) depicts the Ips-Vgs characteristics of the intrinsic and extrinsic MOS
devices at the same equivalent drain voltage (Vps=Vk) that captures the effect of the
drift bias-dependent series resistance, Rgrii, on the DC characteristics. At low drain
voltage and uniquely based on the difference between the coefficients of mobility
reduction with the transverse field in intrinsic and extrinsic channels, the Rusis-

parameter is deduced, Figure 6.3(b).
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Figure 6.3 a) Intrinsic and extrinsic Ips-Vgs and gm-V g at Vgs=Vps=30mV, measured with MESDRIFT mirroring
X-DMOS, b) Extracted Rdrift at low Vps (=50mV).

For extended analysis over all the operation range (including quasi-saturation), the Vg

dependence on external Vs and Vpg, is presented in Figure 6.4.

25

Ve V)

1 1 L L : J
’ 0 10 20 30 40 50 60 70 80 90
Vp (V)
Figure 6.4 Intrinsic drain (key) voltage, Vi, vs. Vps with Vs as parameter, experimentally revealed by
MESDRIFT.
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The overall Rdrift as a function of Vg and Vp shown in Figure 6.5, is extracted based on

the drift voltage drop, Vig=Vp-Vi at a given injected drain current, Ips.

100 ]

Rdrift = (Vp-VK)ip (k Q)

Vp (V)

Figure 6.5 Drift resistance, Ry, vs. Vps for a range of Vg, as experimentally extracted with
MESDRIFT (X-DMOS) at room temperature

Thus, for the first time, the experimental Rdrift variation with the device bias is
experimentally accessible over the full operation range and the two-decade variation
that has been reported is explained by the drift depletion control by Vgs and Vps, and by
the formation of an accumulation layer under the extension of the thin oxide. Numerical
simulation (Figure 6.6) has been used to extensively validate the results obtained with
the MESDRIFT test-structure; very good qualitative agreement is obtained and the
quantitatively higher Vi extracted for fabricated MESDRIFT test-structures is related to

a non-zero distance between the K-contact and the end of the intrinsic channel.
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Depletion pinch-off

Figure 6.6 Intrinsic drain voltage, Vg, predicted by numerical simulation with calibrated 2D
structure, calibrated on X-DMOS characteristics. Inset: drift depletion pinch-off limit highlighted.

In analogue operation (low Vps and Vgs), Rch and Rdrift are comparable, while for
large Vs and/or Vps (>5V), Ron is dominated by Rdrift. This highlights how critical

the accuracy of Rdrift extraction is for precise modelling of LDMOS devices.

6.2.2 DMOS temperature dependence with the MESDRIFT test-structure

The MESDRIFT test-structure behaviour has been investigated over the range of 25°C
to 150°C by monitoring the evolution of key parameters of the intrinsic MOSFET
(threshold voltage, low field mobility, subthreshold swing, etc.). These are shown in

Figure 6.7 and Figure 6.8.
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Figure 6.7 Threshold voltage, Vr, vs. temperature, T, for X- and L-DMOS.
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Figure 6.8 Low field mobility, p,, vs. temperature, T, for X- and L-DMOS.

Typical signatures of measured DMOS transistors in terms of the temperature
coefficients of mobility have been extracted (n = -2,) as shown in Figure 6.8. Rdrift vs.
temperature at various bias conditions is shown in Figure 6.9. This analysis enables a

good thermal behaviour of the drift resistance to be developed.
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Figure 6.9 Rdrift (Rp) vs. Vps at constant Vg with the temperature, T, as a parameter.

From Figure 6.10 it can be observed that the influence of the temperature in terms of
Rdrift/Ron is significant. The magnitude of the temperature effect is masked in Figure

6.10 due to the high Vgs dependency of the Rdrift.

100

Rarit/(Ron) (%)
3 o

N
(&)

0 A
0 2 4 6 8 10 12
Va(V)
Figure 6.10 Influence of temperature on Rdrift/Ron characteristics revealed by
MESDRIFT.

These results have demonstrated that by a simultaneous, yet separate, calibration of the

intrinsic MOSFET excellent accuracy can be achieved.
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6.2.3 Self heating characterization with the MESDRIFT test-structure.
Transients and self-heating effects of DMOS transistors with the MESDRIFT test-

structure are briefly presented in Figure 6.11 and Figure 6.12.

20 0.1

16 Vb (t) [AC coupling] 1 0.0

12 Voo =35V | S
S Rnn- <
< Vk (t) [DC coupling] 110 02 &
o Q o)
8 ¢ 4 Vo K

o {-03
> =<

od | Vg pulse 7V v,

G pulse " o_l (i s

0t 2 e e = | .

-4 06

] 20 40 60 80 100 120
time (us)

Figure 6.11 Dynamic behaviour of MESDRIFT (X-DMOS) highlighted by a simple pulsed
measurement set-up designed to study self-heating in HV MOSFETSs: Vs and Vg time

constants are different.
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Figure 6.12 Effect of pulse duration on the reconstructed output characteristics (Vgs=12V)
of X-DMOS. The self heating appears acceptably eliminated when t,. < 10 ps.
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Both Vpg(t) and Vk(t) transients are recorded after abruptly switching Vgs, and
compared in order to identify the best conditions for pulsed measurements in order to
provide characteristics free of self-heating. For our DMOS devices, it is found that for a
pulse duration of less than 10 us acceptably eliminates self heating, as shown in Figure
6.12. These results will be used later on in this thesis to develop the approach to obtain

self-heating free characteristics

6.2.4 Hot carrier investigations with the MESDRIFT test-structure

Another insight offered by the MESDRIFT test-structure concerns the hot carrier
degradation of HV MOSFETs. Figure 6.13 and Figure 6.14 show how one can
distinguish between drift region and intrinsic channel degradations using the

MESDRIFT test-structure.

Stress V=100V VG=12V

2.0
- Extracted at:
15 —&— Ronn P xgi12VVDf100mV
--=- V=2V Vp=100mV
S
E 1.0
£
(1
= 0.5
('
<
0.0
_0‘5 1 1 1 == g =f
10 100 1000 10000 100000

stress time (s)

Figure 6.13 Degradations of Rch, Rdrift, Ron induced by hot carrier measurements conducted on
MESDRIFT with Vps=100V and Vs=12V: Rdrift>0, Rdrift and Ron are similarly degraded.
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8
Ron Extracted at:
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2 L I N S | L e ey ) L P RSTR S
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Figure 6.14 Degradations of Rch, Rdrift, Ron induced by hot carrier measurements conducted on
MESDRIFT with Vps=98V and Vs=4.5V (at max Ibody): Rdrift<0, Rch is significantly more
degraded than in Figure 6.13.

By comparing the stress impact on LDMOS devices with on the one hand (a) high Vs,
high Vps and on the other hand (b) high Vps, maximum of body current Ig, it was
validated that in DMOS transistors the degradation can be assisted by both electron
and/or hole injection as recently claimed in [5]. By comparing the results of Figure 6.13
and Figure 6.14, one can observe that Rdrift increases (Figure 6.13) or decreases (Figure
6.14) depending on the type of the stress (a or b) applied to the device. Furthermore, the
MESDRIFT test-structure highlights that stress at Igmax results in more degradation of
the intrinsic channel, compared with stress at Vgsmax. Finally, it should be noted that
such detailed analysis of hot carrier degradation is almost impossible without the help of

the MESDRIFT test-structure.

6.2.5 Conclusion of MESDRIFT structure
In conclusion, the MESDRIFT test-structure fully supports new DC and AC

characterization methods that are simple, accurate and universal, because it is

independent of the drift architecture of any asymmetrical HV MOSFET.
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6.3 W-array test-structures:

The W-array test-structure consists out of an array of DMOS transistors with a range of
widths. This test-structure is required for the DC model-extraction. The total width is
varied from a few microns to several hundreds of microns. This width variation can
either be achieved by either increasing the width of the individual device fingers or by

increasing the number of fingers, i.e. by mirroring the device. An example can be seen

in Figure 6.15.
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(b)
Figure 6.15 W-array (a) overview of a W-array test-structure containing 17 LDMOS transistor

variations. (b) Close-up
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The following measurements are performed on the test-structure:

Ips-Vps at different Vgg at different temperatures ( T= -40°C, 25°C, 85°C,

125°C)

Ips-Vgs at different Vpg at different temperatures ( T=

125°C)

-40°C, 25°C, 85°C,

Measurement results for a n-type LDMOS transistor are presented in Figure 6.16
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(b) Ips - Vps at Vs = 2.7V; 3.0V; 3.3V; 3.6V, Temp = 25°C, Width = 40um
Figure 6.16 DC LDMOS measurement results of a W-array test-structure
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s 4

(¢) Ips - Vps at Vs =3.0V; 4.5V; 6.0V; 7.5V; 9.0V; 10.5V; 12V, Temp = 25°C, Width =
40um

Figure 6.16 DC LDMOS measurement results of a W-array test-structure

6.4 Junction diode test-structure

The junction diode test-structure is used to characterise the junctions present in an
LDMOS. The test-structure contains 3 different diodes for each type of junction based
on combinations of the area and perimeter of the diodes. The purpose of these variations
is to make a combination in such a way that only two parameters are changed. Based on
this, one can extract the area and perimeter contribution.

An example is given in Figure 6.17
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Close-up of the junction diode test-structure, on the left one can see the dotted structures, in the

middle the stripe and on the left the planes.

Figure 6.17 junction diode test-structure
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Sample results for the pbody — BLN junctions are illustrated in Figure 6.18

I3T50 PBD_BLN Diode (DOT structure)

T

I3T50 PBD_BLN Diode (Stripe structure)
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(b) current curve for a DOT and a STRIPE structure of the PBODY-BLN diode
Figure 6.18 Measurement results of the junction diode teststructure for the Pbody-BLN diode

6.5 RF-measurement test-structure

The RF measurement test-chip is required for the AC characterisation of the DMOS

transistors. The AC-extraction is based on S-parameter extraction.

For each LDMOS transistor, a set of transistors is selected with a combination of width

and number of fingers. S-parameters require the pad/interconnect effects to be

accounted for and an example of the structures used to perform this is given in Figure

6.19

78




Chapter 6: Description and results of the test-structures developed for the analyses and

characterization of LDMOS devices

Figure 6.19 RF-test-structure frame

6.6 Introduction to capacitance extraction based on s-
parameter measurements

6.6.1 The definition of S-parameters [7]

R

incident reference

A B

reflected transmitted

Figure 6.20 S-parameter compared with reflection and transmission through a pair of spectacles

Scattering parameters, also called S-parameters, belong to the group of parameters used
in two-port theory. Like the Y or Z parameters, they describe the performance of a two-
port completely. Unlike to Y and Z, however, they relate to the travelling waves that are
scattered or reflected when a network is inserted into a transmission line of a certain
characteristic impedance Zy. Therefore, S-parameters can be compared to reflection and

transmission of light through a lens. (Figure 6.20)

S-parameters are important in design because they are easier to measure and to work

with at high frequencies than other kinds of two-port parameters. They are conceptually
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simple, analytically convenient and capable of providing detailed insight into a
measurement and modelling problem. However, it must be kept in mind that ,like all
other two-port parameters, S-parameters are linear by default i.e. they represent the

linear behaviour of the two-port.

Staying with the lens example, i.e. power-wise, the S-parameters are defined as:

'l—)ll _ |§11| |§12, - IQ]' ©6.1)
|l—72| |§2|| |§22| |22|
with
|g1| power wave travelling towards the two-port gate
b, power wave reflected back from the two-port gate
and
S power reflected from portl
S|
|§ 12| ~ power transmitted from port2 to port1
S power transmitted from port1 to port2
I 21| 5
|§ 22' power reflected from port2

Note: a, b and S, are effective values and not peak values of the corresponding sine
functions.

This means that S-parameters relate travelling waves (power) to a two-port's reflection
and transmission behaviour. Since the two-port is embedded in a characteristic
impedance of Z,, these 'waves' can be interpreted in terms of normalised voltage or

current amplitudes. This is illustrated in Figure 6.21.
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S-Parameters and Characteristic Impedance Z0
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Figure 6.21 S-Parameters and characteristic impedance Z,

In other words, we can convert the power flowing into the two-port to obtain a
normalised voltage amplitude of

\%
2. = towards _ twoport (62)

Nz

and the power out of the two-port can be interpreted in terms of voltages as

Vv
b = awa _ from _twoport (63)

i \/Z—O

The following signal flow graph (Figure 6.22) gives the situation for the S-parameter

interpretation in voltages:

Z0 92T Z0
D1—o—:\js1_2/ —e —{ |
4

B a2
Q b1 s11 s22| T b2 C)
orm.voltage norm.voltage
amplitude . . amplitude
1 1 1

Figure 6.22 signal flow
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Looking at the S-parameter coefficients individually, we have:

Q] . vreﬂeaed _at _portl

a, ¥,

towards _ port

S . él o Vout_of_pmﬂ
— i

towards _ port2

(6.4)

b |4

S _Z2 _ owm _of _port2 1_77 . Vreﬂected _at_ port2

towards _ portl a 2 ‘/towardx _port2

a, =

Si1 and Sy, are determined by measuring the magnitude and phase of the incident,
reflected and transmitted signals when the output is terminated in a perfect Z; load. This
condition guarantees that a; is zero. S; is equivalent to the input complex reflection
coefficient of the DUT, and S,; is the forward complex transmission coefficient.
Likewise, by placing the source at port 2 and terminating port 1 in a perfect load
(making a; zero), Sy; and S;> measurements can be made. Sy, is equivalent to the output
complex reflection coefficient of the DUT, and S, is the reverse complex transmission
coefficient.

The accuracy of S-parameter measurements depends greatly on how good a termination
can be applied to the port not being stimulated. Anything other than a perfect load will
result in a; or a; not being zero (which violates the definition for S-parameters). When
the DUT is connected to the test ports of a network analyser and no account has been
taken of the imperfect test port match, then the measurement will not satisfy the
condition of a perfect termination.

For this reason two-port error correction, which corrects for source and load match, is

very important for accurate S-parameter measurements.

6.6.2 Characteristic S-parameter values

e S;;and Sy
value interpretation
-1 all voltage amplitudes towards the two-port are short circuited (short)
0 impedance matching, no reflections at all (50Q)
+1 voltage amplitudes are reflected (open)

The magnitude of S;; and Sy is always less than 1. Otherwise, it would represent a

negative ohmic value. On the other hand, the magnitude of S, (transfer characteristics)
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can exceed the value of 1 in the case of active amplification while the magnitude of S,
(reverse) is usually much smaller than 1. Also, S»; and S, can be positive and negative.

If they are negative, there is a phase shift.

. S;>_1 and Slz
Magnitude interpretation
0 no signal transmission at all
<1 input signal is damped in the Z; environment
+1 unity gain signal transmission in the Z, environment
> +1 input signal is amplified in the Z, environment

The numbering convention for S-parameters is that the first number following the S is
the port at which energy emerges, and the second number is the port at which energy
enters. So Sy; is a measure of power emerging from port 2 as a result of applying an RF

stimulus to port 1.

6.6.3 Understanding the Smith chart

What makes S-parameters especially interesting for modelling, is that S;; and S, can be
interpreted as complex input or output impedances of the two-port (including the
termination at the opposite side of the two-port with Z).

Hence they are usually plotted in a Smith chart and the following is intended to explain
the basics of such Smith charts.

The Smith chart is a transformation of the complex impedance plane Z into the complex

reflection coefficient I' (rho) following:

(6.5)

with the system's reference impedance Zy = 50Q

As a result the right half of the complex impedance plane Z is transformed into a circle

in the I" -domain. The circle radius is '1' (see Figure 6.23).

83



Chapter 6: Description and results of the test-structures developed for the analyses and

characterization of LDMOS devices

Z-50
_Z_. A L P
Z+50
J
j50 Ohm 4
L
1 2 1

g

Figure 6.23: the relationship between Sxx and the complex impedance of a twoport.

On the other hand, using a network analyzer with a system impedance of Z,, the

parameter S;; is equal to

S, =2x2L— (6.6)

Voi
where v, is the complex voltage at port 1 and vy, the stimulating AC source voltage

(typically normalized to '1") as shown in Figure 6.24.

twoport
Z0

A >

VO1 CQD V1

Z0

Figure 6.24: about the definition of S,; (S5, is just analogous).
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Under the assumption that Z is the complex input impedance at port 1 and Zj is the
system impedance, then by using equation 6.6 and the resistive divider formula we
obtain:

R f= R- Zo

X—————1= (6.7)
R+Z, R+Z;

n =&

This is the reflection coefficient I' from port 1. So, if the reflection coefficient I' (resp.

S11or $22) is known, we get for the complex resistor Z:

1+ 1+§), .
——==7Z,X———, with usuall -50Q 6.8
1-r "°T1-5, e s

Z=27Z,%

This explains how to obtain the complex input/output impedance of a two-port directly
from S;; or S5, when plotting these S-parameters on a Smith chart.

Figure 6.23 shows a square with the corners (0/0), (50/0), (50/j50) and (0/j50), in the
complex impedance plane and its equivalent in the Smith chart with Z¢=50Q . The
angle preserving property of this transform can be observed (rectangles stay rectangles
close to their origins). It can also be seen how the positive and negative imaginary axis
of the R plane is transformed into the Smith chart domain ( I' ), and where (50/j50) is
located on the Smith chart. Also it can be verified that the centre of the Smith chart
represents Z, i.e. for Zy=50€2, the centre of the Smith chart is (50/j0).

Figure 6.25 shows once again the transformation of the complex ohmic plane to the

Smith chart.
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Figure 6.25: How the complex resistance plane is transformed into the Smith chart: Smith Chart

rectilinear impedance plane onto a polar plane.

This allows us to make the following statements: (Figure 6.26)
® Values plotted on the Smith chart on the real axis represent ohmic resistors
® Values plotted on the Smith chart above the real axis represent inductors

® Values plotted on the Smith chart below the real axis represent capacitors

o

IN

B---8

S.11

Figure 6.26 Smith chart overview
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6.7 Capacitance calculation for a LDMOS transistor from measured

S-parameters.

6.7.1 Measurement set-up

A schematic of the test system used in this work is shown in Figure 6.27:

SMU Prober

PC

GPIB

Figure 6.27 Schematic overview of the measurement setup

The main components of the test system are a Vector Network Analyser (VNA), a
prober, an analyser linked to a PC through a GPIB (General Purpose Interface Bus)

connection. A program was developed in Labview [8] to control the measurements.

6.7.2 Conversion from Y-parameters to Cg4s, C4q and Cgy, capacitances.

The values for Syi, Si2, Sz; and Sy, are obtained from the measurements and to
transform these to capacitance values, an intermediate transform to Y-parameters is

used:

1 X((1+S”)X(I—S”)+S12XS,I)
_ 50.0 - 2
Y, = (6.9)
148y + 8 + 8y X85 =85 XSy

_—]x((1+522)xsll —Slz x(1 _Szz))
Y, =200 (6.10)

- 14 85 + 8y, + 8y X85 =8 X5

-1
mx((l_sn)xszl -8, x(1+85,,))
Y, === (6.11)
. ]+S22+Sn+Sx|XS22_S|2XS21

LX((l—'gz:)x(l‘*'Sn)“*’slzxszl)

y,, = 20:0 (6.12)

- I+85 + 8, +8,, X85, =5, XS,
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From these Y-parameters we can calculate the Cg+Cg, and Cyq capacitances:

=1

1
imag| —— |X freg X 2m
g(mm] =

C,+C, = (6.13)

=4

imag[ lY foreqx27[
2

Cu= (6.14)

The frequency at which the capacitances are extracted is set to around 500 Mhz, based
on the analyses of the measurement data.
These S-parameter measurements and conversions result in Cgs, Cgq and Cy, curves as

shown in Figure 6.28

Capacitance (F)

Vas V)

(a) Cgs+Cgg and Cgp extraction results for Vps = 0V

Figure 6.28 Extraction results of the RF measurement test-structure
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(b) Cgs+Cgp and Cgp extraction results for a Vpg = 20V

Figure 6.28 Extraction results of the RF measurement test-structure

6.8 Conclusion

A complete set of test-structures have been designed and measured to analyse DMOS
transistors and extract their model-parameters. A novel MESDRIFT test-structure has
been developed and was found useful on various domains of the DMOS characterisation

(Vk behaviour, self-heating, hot-carrier)
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LDMOS macro-model: definition / extraction procedure /
worst-case corner generation

7.1 Introduction

Based on the findings of chapter 5 and chapter 6, a macro-model has been developed.
As a first step, a topology is proposed and then the functionality of the topology is
confirmed and an extraction procedure developed. As a model should be able to
accurately predict process variation on the device, worst case models and a procedure to
extract these models must be available and this thesis proposes a novel methodfor this
task, based on neural networks. A key element of establishing the model is to verify its

performance against the targets set in chapter 4.

7.2 Macro-model topology

The non-standard behaviour of the LDMOS device, as described in chapter 4 and 5,
cannot be rendered with the standard BSIM3v3.2 MOS-model. The proposed topology
of a macro-model is shown in Figure 7.1. This topology will be called FRERE V1.

? Gate
1 J1

Source — Drift
._——,T‘_‘ —j_l_ (Verilog-A) R1

D1 D2 Drain
D3

M M2 M3

® o © J

Bulk
Substrate

Figure 7.1 Sub-circuit model of LDMOS device (FRERE_V1)

Key features of this macro-model are: (1) the adapted JFET (J1), modelling the drift
region and (2) the shorted PMOS transistors (M2 and M3), which model the drift region
under the gate oxide. Special attention has been given to the modelling of the K-point

behaviour.
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In the second stage the topology was improved to that shown in Figure 7.2 which will
be referred to as FRERE V2:

’ Gate

1 L

Source S— Drift -
(Verilog-A) R1

Bulk

Substrate

Figure 7.2 Sub-circuit model of LDMOS device (FRERE_V2)

This was introduced to further improve of the robustness of the model as will be

explained later.

7.2.1 MOS transistor M1 (channel)

The channel region of the DMOS transistor is modelled, based on the standard low-
voltage MOS model, BSIM3.3V2 [1]. The BSIM3.3V2 model requires a large set of
parameters, which are dedicated to modelling low-voltage MOSFETs. However due to
the topology of the model only a small set of them need to be extracted. This low-
voltage model is well known for standard MOS devices. The BSIM3.3V2 model is
implemented in almost all SPICE circuit simulators, and is thus generally available. It
has also been optimised in these simulators to minimise the time needed to simulate,
and converges in all operating regions. However, this model presents some limitations
when modelling the channel of an LDMOS. BSIM3V3.2 has some limited non-uniform
doping effects such as reverse short channel effect and vertival doping effects for Vs
influence on V. Unfortunately it is not able to model non-uniformly doped regions
present in an LDMOS. This poses no real problem for the DC behaviour of the
LDMOS model. However, for the AC behaviour, this introduces some limitations,

which will be described later.
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7.2.2 JFET J1 (drift region)

The drift region is modelled using an adapted JFET model and the equations are based
on the Schichman & Hodges model [2]. The behaviour of the LDMOS drift region, as
described in chapter 5, requires the JFET model to be adapted. To implement this, a
Verilog-A module has been used. This contains standard JFET equations with the
addition an LDMOS gate-voltage dependent Vr. This component has proven to be key
to the overall model behaviour, as it models the Vg behaviour. A more detailed
description is given in section 7.3.2. This Verilog-A module introduces a significant
increase in the time needed to simulate. Fortunately, once the model has been fully
verified, this component can be compiled in native simulator code, which will

drastically improve the simulation speed.

7.2.3 Shorted p-type MOS transistor M2 & M3

Two shorted p-MOS transistors (for an n-type DMOS model) were inserted, to model
the region where the n-tub is overlapped by the gate and field oxide. This region
changes from inversion to depletion to accumulation with increasing Vs as detailed in
chapter 5. The transistors are connected so that there is no contribution to the DC-
behaviour of the model. These two components model the bias dependent AC
behaviour as previously described in chapter 5. In a second stage these shorted p-type
MOS transistors were replaced by a Verilog-A module, with the same basic
functionality. However, this introduced more flexibility in modelling the AC behaviour

of the LDMOS device, which led to a significant improvement of the model accuracy.

7.2.4 Diodes D1 & D2
The separation of the body-drain diode into two elements located on each side of the
drift-region JFET (J1) is important in order to correctly simulate the several pronounced

peaks visible in the capacitance characteristics.

7.2.5 Diode D3

This diode is inserted to model the junctions present between the different layers from
drain to substrate. The exact topology of the diodes varies from device to device,

depending on the technology in which the device is implemented.
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7.2.6 Resistor R1

This resistor is required to model the Ron behaviour of the LDMOS transistor. This

resistor models the resistance allocated under the field-oxide that is gate independent.
7.3 Detailed description of the macro-model components

7.3.1 Standard available components

In SPICE simulators a set of components represented by different models are built into
the simulator code. For example, to simulate a MOS transistor one can choose between
level 1, level 2, level 3, BSIM3v3.2, etc. Each of these models have their equations
hard-coded inside the simulator, which increases simulation speed and enhances
robustness.

The proposed macro-model has been built in such a way that a maximum number of
standard devices are available in the SPICE simulator. If a component is needed with
characteristics that are not implemented by the circuit simulator, a general available and
accepted programming language Verilog-A [2] is available. The Verilog-HDL standard
originates from the high level circuit description language which has been adapted to
Verilog-A enabling the user to describe component-behaviour. As mentioned before, it
is possible at a later stage, to compile these verilog-A modules into standard
components available in the circuit simulator.

MOS model BSIM3V3.2

The BSIM3V3.2 model is used to model the channel region of the DMOS transistor and
to model the AC-behaviour by means of two shorted MOS transistors. BSIM3V3.2 was
chosen because it is a widely accepted and supported model, which has a high level of
accuracy in DC as well as in AC operation. In a second stage the shorted MOS
components are replaced by Verilog-A modules, to further improve the accuracy.
Junction Diode level 1 model

The following effects are included in the junction diode model: forward characteristics,
reverse leakage current, breakdown, parasitic resistance, diffusion capacitance and
depletion capacitance.

Standard Resistor model

A standard resistor is introduced to model accurately the R,, behaviour of an LDMOS.
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7.3.2 Adaptation of Schichman & Hodges JFET model for modelling of
DMOS drift region

When evaluating the standard available JFET component, it is observed that, depending
on the JFET parameter values, one can model some regions of the LDMOS accurately
for certain values of Vgs but unfortunately not all regions.

Thus, a custom made component is necessary. The Verilog-A module (available from
the SPECTRE standard library), which describes the Schichman & Hodges JFET
model, was used as a starting point.

The operation of the JFET is such that, when a more negative voltage is applied to the
gate of the JFET, the device becomes more resistive as the depletion regions expand,
thus narrowing the channel of the JFET. The gate voltage of the JFET is in fact the
voltage between the bulk and the Vi point of the macro-model. Thus, an increase in Vk,
making the gate voltage of the JFET more negative, will result in a higher JFET
resistance, which corresponds to the behaviour detailed previously in chapter 5. The
adaptation of the JFET model provides the capability for the threshold voltage of the
JFET to be dependent on the gate voltage of the LDMOS (Figure 7.3), which is
essential for the model to achieve a good overall accuracy. When the threshold voltage
of the JFET is fixed, a large increase in Vg would pinch off the JFET channel
completely, resulting in the drift region resistance being too high. By making the
threshold voltage of the JFET increase with Vs, the use of a wider voltage range is
possible, as the JFET will never pinch off completely. Figure 7.4 shows the SPICE
simulation result of Vx. The high Vi value when Vs is below Vi is due to the fact that
there is no current flowing. When Vg is higher than Vr, the behaviour is similar to that
shown in Figure 7.5 although it should be noted that the voltage level is higher. This
can be explained by the fact that the voltages obtained by TCAD simulations are highly

dependent on the location of the probing point.
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Figure 7.3. JFET V1 dependence as a function of Vgs.
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Figure 7.4. Vi as modelled by a JFET as a function of Vg at Vps=10V.
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Figure 7.5. Vg and Vygg as a function of Vg with source closed and open at Vpg = 10V.
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To improve the robustness of the Verilog-A module, the “IF-THEN-ELSE” statements
were replaced by infinitively differentiable functions. This ensures that when the
function is differentiated, no discontinuities appear.

The Verilog-A code is detailed in Appendix A

7.3.3 Shorted MOS devices for AC modelling

From Figure 7.1 one can observe that the source and drain terminals of transistors M2
and M3 are connected together to guarantee that they will not influence the DC-model.
The bulk terminals of the transistors are connected to the source / drain node of the
JFET. This means that the Cgb capacitance of the shorted MOS transistor is used to
model the Cgs and Cgd capacitance of the LDMOS.

The type of shorted MOS ( n-type or p-type) depends on the type of DMOS being
modelled. For an n-type DMOS, p-type shorted MOS transistors are used. (Figure
7.6(A)). _

A graphical representation of the required capacitance behaviour is given in Figure
7.6(C). ’

Cgd = Cgs

N-Type MOS
transistor

Capacitance [F]

ov Vth g Vgs [V)

(A) Capacitance behaviour for an n-type of MOS transistor
Figure 7.6 Capacitance behaviour for different types of MOS / DMOS transistors
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To improve the robustness of the Verilog-A module, the “IF-THEN-ELSE” statements
were replaced by infinitively differentiable functions. This ensures that when the
function is differentiated, no discontinuities appear.

The Verilog-A code is detailed in Appendix A

7.3.3 Shorted MOS devices for AC modelling

From Figure 7.1 one can observe that the source and drain terminals of transistors M2
and M3 are connected together to guarantee that they will not influence the DC-model.
The bulk terminals of the transistors are connected to the source / drain node of the
JFET. This means that the Cgb capacitance of the shorted MOS transistor is used to
model the Cgs and Cgd capacitance of the LDMOS.

The type of shorted MOS ( n-type or p-type) depends on the type of DMOS being
modelled. For an n-type DMOS, p-type shorted MOS transistors are used. (Figure
7.6(A)).

A graphical representation of the required capacitance behaviour is given in Figure
7.6(C).

Cgb
)
£ Cgd = Cgs
B N-Type MOS
§ transistor
ov Vth V:S V]

(A) Capacitance behaviour for an n-type of MOS transistor
Figure 7.6 Capacitance behaviour for different types of MOS / DMOS transistors
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Cgb

Accumulation

P-Type MOS
transistor

Capacitance [F]

Depletion

Inversion

Vth 0V Vgs [V]

(B) Capacitance behaviour for a p-type of MOS transistor

A
Cgb
E Cgs
3 N-Type DMOS
g transistor
(6]
Cgd
OV  Vth v; v

(C) Capacitance behaviour for an n-type DMOS transistor
Figure 7.6 Capacitance behaviour for different types of MOS / DMOS transistors

As discussed in chapter 5, the area under the gate and field oxides in the drift region,
changes from inversion to accumulation as a function of Vgs. When one compares this
to the behaviour of a p-type MOS transistor as shown in Figure 7.6 (B), one can see this

similarity as the Cgb of the device changes from inversion to depletion to accumulation.

7.3.4 Adapted capacitance Verilog-A model, replacing shorted MOST

It was confirmed that the shorted MOS transistors explained in section 7.3.3, are able to

model the AC behaviour of an LDMOS to an acceptable level. However, these models
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introduce a large overhead (complete BSIM3v3.2 model), slowing down the simulator.
In addition to the slow-down of the simulator there is only a limited flexibility to tune
the capacitance curves to the measured data. This is due to the fact that BSIM3V3.2 is
developed to model low-voltage MOS devices.

In summary the LDMOS capacitance curve is the sum of the capacitance behaviour of
all the different components present. These components are the BSIM3.3V2 model
used for modelling the channel, the resistor R1 representing the fixed resistance
contribution of the drift region and the Verilog-A capacitance module. The following
sections present the contributions of the different topologies based on the set of

components.

7.3.4.1 Model topology based on BSIM3V3.2 and resistor to model LDMOS
capacitances

The BSIM3V3.2 model (M1) and standard resistor R1 modelling the channel and RON

introduce the capacitances as illustrated in Figure 7.7.

o C,p meas
v Cgg+ Cop meas
—a— Cg, BSIM3V3.2 model

Cgos + Cgp BSIM3V3.2 model

e

v VYV OV v

Capacitance (F)

Drain

Bulk
Figure 7.7 LDMOS capacitances modelled by BSIM3V3.2 and Resistor

Substrate
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It is the resistor R1 that introduces the difference in Cgs and Cgd for Vgs > Vr. The
resistivity towards the drain is higher than the resistivity to the source, causing more
charge to flow to the source than to the drain, introducing a slightly higher Cgs.
However, the rise of the Cgd before the transistor’s Vr is not captured in this approach

as can be seen on Figure 7.7.

7.3.4.2 Model topology based on BSIM3V3.2, Shorted MOS, Verilog-A rdrift
module and a resistor to model LDMOS capacitances (FRERE_V1)

13

x 10

a
- o CGD meas ( )
v CGs + CGB meas
—=— CGD new model
e CGS + CGB new model
2k
:
©
815_ N g GGG gV
.
£
o
©
Q.
S 't
VGS V)
10"
* (b)
3+ O Cgg + Cgy meas

—_— CGS + CGB new model
== CGs * CGB BSIM3V3.2 model

Capacitance (F)

1 L " s " L
(] 1 2 3 4 6 7 8 g 10

5
VGS (V)
Figure 7.8 Simulated and measured Cgp and Cgs curves as a function of Vs and Vpg
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Figure 7.8 Simulated and measured Cgp, and Cgs curves as a function of Vs at Vps= 0 and 20V
for both the old and new models. (a) Comparison between measurements and simulations based
on the new macro-model at Vs = 0V; (b) Comparison of Cgs measurements and simulations
based on the new and old macro-model at Vpg = 20V; (c) Comparison of Cgp measurements and
simulations based on the new and old macro-model at Vg = 20V; (d) model topology

Figure 7.8 shows the AC-results of the FRERE V1 model. When Vpg = 0V a very good
fit is achieved with the FRERE V1 modél compared with the old BSIM3V3.2 one,
which struggles to fit the capacitances. For Vps higher than 0V the fit has a maximum
error of 30%, which is considered a good fit for highly bias dependent capacitances.
The peaks observed in the measured Cgs and Cgp curves (Figure 7.8(b) and (c)) are
very difficult to mimic. However, the FRERE V1 model shows an increase at the
correct location, which is not present in the old model.

The distinctive characteristic of LDMOS capacitances is due to the behaviour of the
drift region as explained in chapter 5. The increased understanding of the drift region

has been fundamental in enabling an improved model to be developed.
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7.4 Model parameter extraction procedure

7.4.1 Geometry parameters

Several device parameters relate to the layout of the devices and are technology

dependent. They define the scaling of the model and have to be specified before the

extraction.

Parameter Meaning

TOX Oxide Thickness

LCH Channel Length

LGOX Length Thin Gate Oxide above Drain

LFOX Length of Field Oxide

LSDIF Half Length of Source Diffusion

LDDIF Half Length of Drain (Contact) Diffusion
Distance Between Drain Diffusion to

ot Isolation ifo the length of the device

WBE Extension of Body Region over Channel

— Distance Between Drain Diffusion to

Isolation ifo the width of the device

Table 7.1 Description of the different geometry parameters

For each device, the total channel width W and the number of gate stripes (NS) has to
be specified. With W and NS as input, the size of the electrically efficient layers of the

device is calculated from the parameters described in Table 7.1.

7.4.2 Extraction of subthreshold parameters

The parameters of the subthreshold region are simply those of the BSIM3V3.2 model
and can be extracted using procedures described in the literature [1]. For the examples

which are described only 3 parameters have been optimised.
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Figure 7.9 LDMOS, Ids-Vgs curve, different W, logarithmic scale
Target device: intermediate to large widths
Target curve: Ips vs Vgs @ Vps < Vpsnk (Triode Region), 25°C
Parameter Meaning Typ. Value
VTHO Threshold Voltage 1.0 [V]
NFACTOR Subthreshold Slope Factor 1
VOFF Vth offset between Subthreshold and Triode Region |-0.08 [V]

Table 7.2 Subthreshold parameters

7.4.3 Triode parameters

Triode parameters are extracted on the same curve, but now for the region above

threshold as shown in figure 7.10.
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Figure 7.10 LDMOS, Ids-Vgs curve, different Widths, linear scale
Target device: intermediate to large widths
Target curve: Ips vs Vgs @ Vps < Vpsnk (Triode Region), 25°C
Parameter Meaning Typ. Value
N 600 [ua/V-]
uo Channel Mobility
(NMOS)
RDSER Constant Drain Resistance 100 [ohm)]
UA Mobility Saturation Parameter 10 e” [m/V]
1T
UB Mobility Saturation Parameter, VGS dependence 3
[(m/V)]

Table 7.3 Triode parameters
7.4.4 Extraction of saturation region parameters

7.4.4.1 Saturation region parameters, intermediate Vps
In principle, these parameters can be extracted in accordance with the BSIM3V3
description and should model the region of intermediate drain voltages (between quasi-

saturation and breakdown as indicated on Figure 7.11 with an ellipse).
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Figure 7.11 LDMOS, Ids-Vds curve, different Vgs, linear scale

Target device: minimum width

Target curve: Ips vs Vps @ several Vgs (Saturation Region, intermediate
Vps), 25°C

Parameter Meaning Typ. Value

A0 Bulk Charge Parameter 1

AGS Gate Dependence of A0 0[1/V]

PCLM Channel Length Modulation Parameter 1.0

VSAT Carrier Saturation Velocity 80e’ [m/sec]

Table 74 Saturation parameters

7.4.4.2 Quasi-saturation region parameters, low Vps
As the quasi-saturation is characteristic for DMOS devices and cannot be modelled by a
standard model, the JFET parameters modelling this region (as indicated in Figure 7.12

with a ellipse) are extracted:
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Figure 7.12 LDMOS, Ips-Vps curve, different Vg, linear scale
Target device: minimum to intermediate width (no self heating)
Target curve: Ips vs Vps @ several Vs (saturation region, low Vps), 25°C
Parameter Meaning Typ. Value
I x 10e-3
Beta JFET Beta efect parameter of the JFET 3
[A/V7]
Lambda JFET |Lambda effect parameter of the JFET 1[1/V]
VT jfet X1 VT _JFET equation parameter 1.5[V]
VT jfet Y1 VT _JFET equation parameter 0.5
VT jfet X2 VT _JFET equation parameter 2.5[V]
VT jfet Y2 VT _JFET equation parameter 1.5
VT jfet X3 VT _JFET equation parameter 3.5[V]
VT jfet Y3 VT_JFET equation parameter 25

Table 7.5 JFET parameters modelling quasi-saturation

See Figure 7.13 for an explanation of the parameters.
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Figure 7.13 JFET V1 behaviour in relation to the LDMOS Vg
7.4.5 Extraction of temperature parameters

7.4.5.1 Subthreshold temperature parameters
For our approach, the use of the BSIM3V3.2 parameters, which models the threshold

voltage has proved to be very suitable:

Target device: minimum to intermediate width

Target curve: Ips vs Vgs @ several Vps (Subthreshold Region), several
temperatures.

Parameter Meaning Typ. Value

KTI1 Temperature Coefficient VTH -800m [V}

Table 7.6 subthreshold temperature parameter

7.4.5.2 Linear region temperature coefficients

Here, the temperature coefficients of the BSIM3V3.2 mobility model and of the

constant drain resistance are determined

Target device: minimum to intermediate width (no self heating)

Target curve: Ips vs Vgs @ Vps = const (Triode Region), several
temperatures

Parameter Meaning Typ. Value

UTE Exponential Temperature Coeff. of Mobility -1.5
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TCR1 1** order Temperature Coefficient RD 4e”
TCR2 2"¢ order Temperature Coefficient RD 10e®

Table 7.7 linear region temperature parameters

7.4.5.3 Saturation region temperature coefficients

The temperature coefficients for the saturation region are determined in one step

Target device:

minimum to intermediate width (no self heating)

Target curve: Ips vs Vps @ several Vgs (Saturation Region), several
temperatures

Parameter Meaning Typ. Value

AT Temperature Coefficient Saturation Velocity -1.5 [m/sec]

Table 7.8 Saturation temperature parameters

7.4.6 AC-parameter extraction

As explained previously the JFET approach uses two shorted PMOS devices and two

diodes to model the AC behaviour of the LDMOS. The following set of parameters is

extracted / optimised:

Parameter Meaning Typ. Value
CGDOI Constant Overlap Capacitance per Width 100e™* [F/m]
CGS0I Constant Overlap Capacitance per Width 100e™"* [F/m]
CGBOI Constant Overlap Capacitance per Width 100e™* [F/m]
CGDOS1 Constant Overlap Capacitance per Width 100e™* [F/m]
CGSO0S1 Constant Overlap Capacitance per Width 100e™* [F/m]
CGBOS1 Constant Overlap Capacitance per Width 100e™"* [F/m]
VTHOSI Threshold Voltage of shorted mos 1 [V](®)
LCHSI Channel Length of shorted mos lpm
CGDO0S2 Constant Overlap Capacitance per Width 100e™* [F/m]
CGS0S2 Constant Overlap Capacitance per Width 100e™* [F/m]
CGB0S2 Constant Overlap Capacitance per Width 100e™'* [F/m]
VTHOS2 Threshold Voltage of shorted mos 1[V](®
LCHS2 Channel Length of shorted mos 1 pm

Table 7.9 AC-parameters
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(*)The sign is dependent on the type of LDMOS: n-type or p-type. For an n-LDMOS
device a negative value should be applied as the shorted MOS is a p-type MOS.

The measurements needed to extract the capacitance values are S-parameters
measurements. This type of measurement has the advantage that standard geometries of
devices can be used for measurements instead of larger geometries needed for CV-

measurements. An example of these curves is shown in Figure 7.14

o C_, meas

25 GD

¥4 C%¢C@mms
== CGD new model

4_C“+C®mmmwd

VoI ogV

Capacitance (F)

Figure 7.14 Simulated and measured Cgp and Cgs curves as a function of Vg at Vps=0

7.4.7 Diode DC-parameters

The definition and the extraction of the DC parameters of the parasitic diodes (JS, N,
RS) has been described in chapter 3.

7.5 Worst-case corner extraction

7.5.1 Introduction

A commonly used approach to create worst-case models is to use a Monte-Carlo
analysis to build a large statistical database of accurate model parameter sets based on
the direct extraction of parameters on a large population of devices. This involves
measuring the complete I-V characteristics on all samples, extracting models using
optimisation, studying the correlations between measured electrical device parameters
and extracted model parameters, and the building of a regression model. Such an
approach however results in the optimiser-based procedure skewing the distributions,
adding variability and unexpected correlations [3]. An alternative methodology is
proposed where the optimiser-based extraction step is circumvented by building a local

inverse of the mapping from the model parameters to the electrical parameters around
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the typical model [4]. Building this local inverse involves sampling the model
parameter space and performing an analysis of the sensitivity of the simulated electrical
parameters with respect to some key model parameters. The method used to build this

inverse mapping around the typical parameter set involves training a neural network [5].

7.5.2 Device and technology description

A cross-section of the device under investigation is presented in Figure 7.15. The I2T-
flow is based on a 0.7um CMOS process to which some extra masks and implants have
been added to provide the high-voltage features. From Figure 7.15 it can be observed
that the LDMOS transistor is an asymmetric device, with the drift region on the drain-
side located in a lightly doped N-tub.

Bulk Source Gate Drain

vV, V

NWELL

NTUB
BLN

P-epi

Figure 7.15: Section through an LDMOS.

The channel is self-aligned to the source and is created by the out-diffusion of the P-
body under the gate. As a result the dopant distribution along the channel is non-
uniform and decreases towards the drain end. Higher breakdown voltages are achieved
due to the depletion region that extends from the P-body into the drain, which provides
a voltage drop between the drain contact and the channel region. The gate oxide and the
polysilicon extend beyond the channel of the device as illustrated in Figure 7.15.

A systematic monitoring is performed on the following key parameters (called E-test
parameters) of the LDMOS transistor:

Transconductance:

GM _[ bl at Vps=100mV
- dVGS max
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Extrapolated threshold voltage:
_ ID(GMmax) _ VDS

VTH =V o (GM,_) o (7.2)
at Vps= 100mV

Saturation current:

IDSAT = Ip at Vpg=25V and Vgs= 5V (7.3)
On-resistance:

RON =% at Vps=500mV and Vgs= 12V. - (74

D
The observation of these characteristics is a standard procedure used to monitor the
stability of the production process. As a consequence a large database is generated

providing statistically relevant information for every processed device.
7.5.3 Mapping of electrical parameter space onto model parameter space

7.5.3.1 Identification of key model parameters based on sensitivity analysis

In order to be able to construct a mapping from the electrical parameter space onto the
model parameter space, it is important to limit the number of model parameters to a set
that is able to describe the process variations. A sensitivity analysis therefore is
performed to investigate the impact of the model parameters on the simulated device
characteristics. The sensitivities are calculated using a measurement-based perturbation
method, where a specified parameter p is perturbed from its nominal value by an
amount Ap, and the change AF on the specified performance measure F for the device is
determined. For meaningful comparisons, the result is normalised. Thus, the
normalised sensitivity is determined as:

A (7.5)
Ap

p

sensitivity =

~ The model used to characterise the LDMOS device is a macro-model [6]. The corner
extraction methodology described in this paper has been developed for DMOS devices,
but could as well be applied to other devices.

For each electrical device parameter (VTH, GMpax, IDSAT and RON) a sensitivity

analysis was performed. This analysis resulted in a set of model parameters that capture
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most of the variability of the E-test parameters (see Table 7.10). The definition of these

model parameters is as follows:

vth0: threshold voltage of the MOS transistor modelling the channel of the LDMOS,
u0: mobility of the MOS transistor modelling the channel of the LDMOS,

Vsat: saturation velocity of the MOS transistor modelling the channel of the LDMOS,
R: series resistance parameter modelling the on-resistance of the LDMOS, and

Tox: oxide thickness of the MOS transistor modelling the channel of the LDMOS.

E-test parameter
Model parameter | VTH GMpnax IDSAT RON
vthO 106% -23.7% -36.5% 9.2%
ul -1.8% 82.5% 32.6% -40.7%
Vsat - 1-0.3% 16.7% 81.6% -19.3%
R -0.1% -15.1% -26.2% 72.0%
Tox -1.4% -61.1% -31.9% 8.8%

Table 7.10: Impact of the key model parameters on the E-test parameters.

~ 7.5.3.2 Building the local inverse mapping

After identification of the key model parameters affecting E-test measurements, it is
helpful to then build an approximate inverse mapping of the relation between the
simulated E-test measurements and model parameters. This approach enables all
measured E-test parameter vectors to then be directly translated into model parameter
vectors. The method used in this work for building the inverse mapping is to use the
typical model (matching nominal device performances) and then employ a full
functional to vary the model parameters and obtain simulated E-test data. Once
matching pairs of E-test and model parameter vectors are obtained, they are fed as
training data to a neural network in order to achieve the desired inverse mapping. A
schematic overview of this procedure is presented in Figure 7.16. The type of neural
network used here is a multi-layer perceptron with 5 input neurons, 1 intermediate layer
containing 7 neurons, and 5 output neurons, in combination with the quasi-Newton

training algorithm.
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With 3,000 data-points, a round-trip accuracy of the order of 1% or better is obtained.

VTH 3., vthO
= ‘ GMmax : Neural ‘l uo
e 'g%‘;‘\: ———> 3 Network — VsRat
» - Tox
vd LR N R
ETest Model Par.
Measurements Vectors . E Vectors
....:IIIIIII..IIIIIIII%
H Neural Network .
. Training .
Sensitivity 3 -
Ranking VH(‘JO DOE 3 Simulations GVJH
E— vsat —{> IDSAT
R RON
7 Tox
Typical Model Par. ETest
Model Vectors

Figure 7.16: Flow for translating E-Test parameter vectors into model parameter vectors.

The total time needed to simulate the device for all different model parameter values is
around 4 hours, while the time needed to train the neural network is only a couple of
minutes. It is clear that this method constitutes a speed improvement over the method
described in [3].

Once the neural network is trained and the accuracy of the approximation is assessed, it
1s possible to feed a large set of measured E-test parameter vectors to the neural

network, such that a large population of model parameter vectors can be obtained.
7.5.4 Generation of worst-case models based on a multivariate analysis

7.5.4.1 Univariate approach

The philosophy used for corner simulations and worst-case models is all about the level
of guarantee that these simulations can give the product. Therefore the worst-case
models are defined as a function of a specific performance measure and a confidence
level. The confidence level is defined as the probability of finding devices in the
population with performances within the two extreme values of the worst-case models.
The traditional methodology used to generate worst-case models consists of performing
a univariate statistical analysis on individual E-test parameters, selecting corner values
for each individual parameter based on a desired confidence level, and fitting the model

parameters to the generated worst-case parameter sets. The problem with this approach
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is that it does not take into account correlations between E-test parameters and as a
consequence the combinations of worst-case E-test parameters may be unrealistic in

practice.

7.5.4.2 Multivariate approach

The methodology proposed here starts from a multivariate analysis on a large
population of data and there are two approaches. These are either an examination of the
E-test parameter vectors or the model parameter vectors, translated from E-test
parameter space by the neural network. Both methods have been investigated in order

to see if comparable results are obtained.

Scatter Plot with alpha=0.0027 ellipse for two key model
parameters with d"2<16

140

13§

130

125

1120

RiI_R

Extreme
erformance
Locus

Figure 7.17: Corners as the intersection of the extreme performance locus and the

99.73% confidence locus of the population.

Setting the location of the worst-case models in the model parameter space is achieved
by identifying devices with extreme performances along the specified confidence-level
locus of the population. In the case of a multivariate normal distribution, the confidence
locus is an ellipsoid, with all points at a fixed variance-weighted distance from the
typical model. This ellipsoid can be obtained using Principal Component Analysis
(PCA). Figure 7.17 shows a graphical representation of the corner selection process. In
the particular case shown here, the performance measure chosen was a combination of
DMOS switching speed and RON performance.

The resulting worst-case models are displayed in Figure 7.18 in terms of parameter

excursions from the typical values, normalised by the univariate standard deviations.
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Figure 7.18: Parameter excursions for worst-case models normalised to
univariate standard deviations.

A comparison between the two methods (analysis on model parameters versus analysis
on E-test parameters respectively) is shown in Table 7.11. It can be observed that the
relative differences between E-test worst-case values generated by both methods are
less than 4%. As the neural network mapping has accuracy better than 1%, these errors
can be attributed to the non-linear character of the DMOS model and the linear
character of the principal component analysis. Indeed, if a confidence locus is an
ellipsoid in one domain, then the transformed locus will not be an ellipsoid, and as a

result it cannot be obtained using PCA in the other domain.

Slow corner

E-test space | Model space | Difference

VTH (V) 2.759 2.763 0.1%

GMumax (LA/V?) 1216 1174 -3.5%

RON (Q) 305.2 304.1 -0.3%

IDSAT (pA) 1646 1610 2.2%
Fast corner

E-test space | Model space | Difference

VTH (V) 2.389 2.385 -0.2%
GMumax (LA/V?) 1405 1390 -1.1%
RON (Q) 279.4 276.1 -1.2%
IDSAT (nA) | 2479 2461 -0.7%

Table 7.11: Comparison between worst-case corners obtained from analysis on model parameter

space versus E-test parameter space.
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It is clear that any analysis should strive to make principal component analyses in a
domain constituted by parameters, which are either uncorrelated or related in a linear
fashion to each other, e.g. dimensions and physical material parameters. In some sense
model parameters are one step closer to such parameters than E-test parameters, which

can be illustrated by the fact that IDSAT distributions are inherently non-normal.

7.5.5 Monte-Carlo models

After translation of a large set of E-test parameter vectors to model parameter space by
the trained neural network, it is possible to create a Monte-Carlo model. Indeed, after
performing a principal component analysis on the model parameter data set, a set of
linearly independent vectors in model parameter space are available. These vectors,
together with the appropriate eigenvalues (variances) can be fed to a Monte-Carlo

analysis tool inside a circuit simulator.
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7.6 Conclusion

This chapter has presented the macro model topology. The different components

needed to build up the model were discussed together with a variation on how to model

the AC-behaviour. An extraction procedure covering all aspects of the model was

presented. In addition to a good basic model, it is important that process variations can

be accounted for by the model and a novel technique to do this has been described.

This chapter introduced a new complete macro-model and in the next chapter this will

be tested and compared to the targets set at the beginning of the thesis.
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8 The macro-model: verification, static-aging and self-

heating

8.1 Introduction

This chapter presents the verification of the macro-model described in chapter 7.
Initial investigations of self-heating effects and static aging of LDMOS devices are
presented at the end of the 'chapter and proposals to include these in simulators

presented.
8.2 Model verification

8.2.1 Introduction

The old topology of LDMOS models in I2T100 technology available at AMIS consists
of basic standard MOS models (BSIM3V3.2 or MOS LEVEL 1 & 2) and parasitic

junction diodes as shown in Figure 8.1.

Gate
M1

Drain

@o—

Bulk Substrate

Figure 8.1: old LDMOS model topology.

This basic topology using the standard BSIM3v3 model to simulate a DMOS device
showed its limitation in terms of scalability, AC and transient effects as specified in
chapter 4. This chapter provides a comparison between the old model that was available
at AMIS for the modelling LDMOS devices and the FRERE_V1 model presented in
this thesis.
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8.2.2 Verification methodology

Extensive verification at device and circuit level was performed to determine the

robustness and accuracy of the model.

At device level the following tests were undertaken:

Ids-Vgs, 1ds-Vds at different Vgs, for three corners (typical, slow and fast) and
at three different temperatures (-40°C, 25°C and 125°C). This is a visual check
to sée if the overall curve behaviour of the model remains valid for all .
temperatures and corners.

Simulation of E-TEST parameters at three different temperatures. This analysis
of the behaviour is to check if the generated corners are valid for all
temperatures.

Robustness test: This is a check to ensure the model does not show convergence
problems when applying extreme voltage to its terminals. Typically, these are
three times the allowed voltage (i.e. Vgsmax=12V, the test is performed at Vgs
=36V)

Test the scalability of the main electrical parameters as a function of the channel

width.

At circuit level, two designs were provided by the design department of AMIS in order

to:

Check for simulation robustness and convergence problems.

Check the output performance of the circuit and the impact of the FRERE V1
model topology on the existing design.

Check the simulation time, in order to evaluate the impact of the more complex

model used in the circuit.

After the above tests were performed on one device, it was decided to install the

FRERE_V1 model for all AMIS DMOS devices in the 12T and I3T technologies.

The FRERE_V2 was not yet introduced as the improvement in accuracy is not

significant enough compared to the increased simulation time due to the introduction of

extra Verilog-A blocks.
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8.2.3 Comparison of the extracted model to the measurement data

As an example, a model will be extracted for a 40V LDMOS device form the I2T
process.
The following characteristics presented in Table 8.1 were measured on the test-

structures presented in chapter 6:

Output Characteristics

VDS [V] . 00— VDSmax (40V)
2.7, 3.0,33,36,4.5,6, 75,9, 10.5 and
Ves[V] .

Transfer Characteristics

| Ves [V] 0— 13V
Cgs and Cgp

Ves: =5 = 10V, Vps: 0.1 and 20V, frequency: 40MHz up to 5GHz
Table 8.1 Range of DC-IV and AC-CV Characteristics.

Based on these measurements a model was extracted which covers the basic DC and
AC characteristics of the device. In a second stage, statistical process information (E-
test or electrical test parameters) is collected and the worst-case corner extraction

method is applied. This results in two comner models (fast and slow).

The next sections show the results for the basic extraction for DC at different
temperatures and for AC at different drain bias conditions. For the AC part, a
comparison is given between the old and the FRERE_V1 model.
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8.2.3.1 DC characteristics

T=25°C

, 'stcs @ Temp=25C
.5

051

. .
2 4 6 8 10 12
Vs W)

ID-VGS at VDS=0.1V

« ‘ IDsVDs @ Temp=25C

ID-VDS at VGS=2.7, 3,3.3 and 3.6V

0.012

[usvos @ Temp = 25C

Vos V)

ID-VDS at VGS=3, 4.5, 6, 7.5, 9, 10.5 and 12V

Figure 8.2 LDMOS DC characteristics at temperature of 25°C and a Width equal to 40 pm (Thick x lines are

measurements; solid line are simulations)
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Figure 8.3 LDMOS DC-characteristics at temperature of 125°C and a Width equal to 40 pm (Thick x lines are

measurements; solid line are simulations)

The graphs in Figure 8.2 and Figure 8.3 show a good fit with the measurements. The

regions where the fit is poorer, is where self-heating (Ids-Vds at high Vgs) and impact

ionisation (high Vds and low Vgs) occur. However, the maximum error in the normal

operating regions is always below 10%.
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8.2.3.2 AC characteristics
Figure 8.4 shows the comparison between measurements and simulations of the Cgd,
Cgs and Cgb capacitances at Vds=0V.

14

x10

Cgb data

Cgs sim

Cgs data

CAP (F)

Cgd data

Cgd sim

0 L 1 L I L

Ves ™)

(a) Old topology model at Vds=0V

CAP (F)

Cgd data
Cgd sim

(=]
'

Ves )

(b) FRERE_V1 Macro-model with shorted MOS at Vds=0V
Figure 8.4 Comparison of measured and simulated capacitance data with the shorted MOS
option at Vds = 0V
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w» Cgs sim

Cgs data

CAP (F)
w

Cgd data
Cod sim

------

(c) FRERE_V2 Macro-model with Verilog-A block at Vds=0V
Figure 8.4 Comparison of measured and simulated capacitance data with the shorted MOS
option at Vds = 0V

As can be observed in Figure 8.4(a), large differences (over 100%) between
measurements and simulations are observed. Figure 8.4(b) indicates that the
capacitances are dependent on Vgs. However, a mismatch is observed moving from
accumulation to depletion to inversion (region from Vgs=-1V to \fgs=2.5V). This is
due to the fact that normal MOS components were used for modelling the capacitance
behaviour. These models show a fast transition between accumulation, depletion and
inversion, which causes the steps in the graph. However, in the normal operating region
(Vgs > 2.5V where the Vth of the device is 2.5V) tﬁe fit is very good. The maximum
error 1s less than 20% compared with more than 100% for the old model. In Figure
8.4(c) one can see the results for the LDMOS in which the shorted MOS transistors are
replaced by custom-made Verilog-A blocks. This yields an even better capacitance

behaviour.

Figure 8.5 shows the comparison between measurements and simulations of the Cgd,

Cgs and Cgb capacitances curves at Vds=20V.
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Figure 8.5 Comparison of measured and simulated capacitance data with the shorted MOS option at Vds =

20V

In Figure 8.5(a) it can be seen once again that the capacitance values, predicted by the

old topology, are independent of Vgs with Cgs being underestimated and Cgd
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overestimated. ~ Figure 8.5(b) shows that the FRERE_V1 model exhibits good
behaviour. However, the fit is not yet perfect with the maximum error remaining below
30%. In Figure 8.5(c) it can be observed that the fit between measured and simulated

data is good. The error remains below 30% which meets the targets set in chapter 4.

8.2.4 Scalability check

In Figure 8.6, (RON x W) and (IDSAT / W) versus width simulated with both the old
(dashed lines) and the FRERE_VI model (continuous line) is presented. The channel
width ranged frdm 4um up to 35mm. For this type of devices it is extremely important
that good scalability behaviour is obtained over a wide range, as the LDMOS can be
used in this range. However, the MOS model, on which the old model is based, is not

designed to be used for such a large width, hence the scalability problem.
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Figure 8.6 evolution of (RON*W) and (IDSAT/W) versus W for the extracted model

A good scalability of RON x W versus width results is a constant value as a function of
width. As can be seen on Figure 8.6 the old model is clearly not scalable. Ipsar/W as a

function of width should result in the relationship like the continuous line of the

FRERE_V1 model, which scales well.
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8.2.5 Robustness check at device level

A robustness check requires that the normal maximum bias conditions (for the device
under test, this is Vds=40V and Vgs=12V) are multiplied by three and applied to the
model. Even at these voltages the model should be robust, for example to cover a
voltage spike during switching. The results of the robustness check are given in Figure
8.7. They show that no spikes / discontinuities in the curves occur, confirming that the

model satisfies the robustness test.
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Figure 8.7 Robustness test at device level of the extracted model.
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8.2.6 Comparison and check of E-test parameters.

In this section the E-TEST parameters simulated using the FRERE_V1 model topology
for three different temperatures (-40°C, 27°C, 125°C) are presented. This check has
been undertaken to verify the corners that were extracted using the worst-case corner

extraction method described in chapter 7. The results can be seen in Figure 8.8.
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Figure 8.8 Simulated E-test parameters for three corners at three temperatures for the extracted model.

130



Chapter 8: The macro-model: verification / static-aging / self-heating

Table 8.2 compares the statistically measured E-test parameters with the E-test

parameters extracted from the FRERE V1 model.

W=40um typ slow fast

T=25°C Data model data model data model
VTH(V) 245 2.4483 2.8 2.7979 2.1 2.1043
BETA(nA/VA2) 1375 1376 1100 1101 1650 1649

RON(Ohm) 290 289.7 320 320.6 260 258.8

IDSAT(mA) 2.2 2.197 1.4 1.38 3 3

Table 8.2 Comparison of the statistically measured E-test parameters with the E-test parameters
extracted from the FRERE_V1 model based on the worst-case corner extraction method previously

described.

One can conclude that for the E-test check the FRERE V1 model has valid worst case
fit for all temperatures, and that the fit of the statistically measured E-test parameters

with the E-test parameters extracted from the FRERE V1 model is very good.

8.2.7 Check of the I-V characteristics for all corners and temperatures

In the previous section only E-TEST points were checked for their behaviour over
temperature and different corners. In this section, the I-V characteristics at the E-TEST
specifications have been simulated with the FRERE V1 model topology and are
compared with the ones simulated using the old model topology.

This test is performed after the previous one is completed and has good results. It is not
because a good fit is obtained over the E-TEST points that the full curves are ok. It can
be possible that one is able to fit the E-test targets without having a good overall fit.
Figure 8.9 and Figure 8.10 show Ids-Vgs ; gm-Vgs ; Ids-Vds curves over temperature

and corners.
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Figure 8.9 Ids-Vgs and Gm-Vgs at Vds=100mV at three different temperatures: old and FRERE_V1 model.
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Figure 8.10 Ids-Vds at Vgs=5V (left) and at Vgs=12V (right) at different temperatures, old and FRERE_V1 model.

Figure 8.9 and Figure 8.10 show that the old model has an incorrect behaviour at low
temperature which is not present for the FRERE V1 model which performs well.
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8.2.8 Circuit simulation tests with olg and FRERE_V1 model

This section describes the circuit tests performed on the newly developed LDMOS
model (FRERE V1).

8.2.8.1 Description of circuit-simulations

As a first step, the circuits were simulated with the old model. These simulations will
be used as a reference to compare the new model (for this test all n-type DMOS models
are changed from old to FRERE V1).

The circuits are then simulated with the FRERE_V1 models for all different MOS-
corners so that all combinations of corner models and temperatures are simulated.

For each circuit a characteristic output was monitored to check for correct operation of

the circuit. In addition the CPU time required for the simulation was monitored.

8.2.8.2 Results of BULB circuit simulation

This circuit is sensitive to convergence errors, as there were already convergence issues
reported with the old version of the models. However, no problems were observed with
the FRERE V1 models.
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An overview of the output from the simulations is presented in the Table 8.3.

Temperature Comer tran steps | CPU tran | CPU tran time/stép
time [s] |time [h/m]| [s/ step]
T=27°C |oldmodel/typ | 26302 [4.70x10°| 1h18m 0.179
T=-45°C ntyp_ptyp 9718 | 1.64x10°| 0h28m 0.169 .
Nfast_pfast 9613 [1.32x10°| 0h22m 0.137
Nslow_pslow | 11884 [1.82x10°| 0h32m 0.153
Nfast_pslow 9610 [1.25x10°| Oh2lm 0.130
nslow pfast | 11781 |1.88x10°| Oh32m | 0.160
T=27°C ntyp_ptyp 82951 [5.82x10°| 1h37m 0.070
nfast  pfast 77061 |5.31x10° | 1h29m 0.069
nslow_pslow | 75242 |6.04x10°| 1h42m 0.080
nfast_pslow 77088 | 7.04x10° | 1h58m 0.091
nslow_pfast 91564 |6.26x10° 1h45 0.068
T=125°C ntyp_ptyp 135061 |9.47x10°| 2h38m 0.070
nfast pfast 136042 [9.29x10° [ 2h35m 0.068
nslow pslow | 127732 [1.12x10°| 3h8m - | 0.088
nfast pslow | 131069 |1.18x10°| 3hl17m 0.090
nslow pfast | 135220 [1.18x10°| 3hlém 0.087
Table 8.3 Results of the BULB circuit.

One should note from these results that the number of transient steps largely depends on
the circuit behaviour. There is a signal (BULBFB) turning on a block as seen in Figure
8.11, that is dependent on the different corners or temperaturer. When simulating at T=-
40°C, the signal did not drop down sufficiently within the time simulated to turn on the
block which explains the short simulation time (it is faster to simulate a constant voltage
than an oscillating signal).

A second observation is that the time required per transient step is dependeﬁt on the
server load when the simulations were performed. During the tests large differences in
the simulation times were observed.

A third remark is that due to the fact that the corner models of the FRERE V1 and the
old model are different, a different behaviour of the circuit is expected and thus a

different number of steps and CPU calculation time can be expected.
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Figure 8.11 Simulation results with the old model and the FRERE_V1 model of the BULB

circuit

As can be observed from Figure 8.11, the BULBFB signal simulated with the
FRERE_V1 model kit rises to a slightly higher value, causing a delay of the startup of
the second part of the simulation. However, the ripple on the BULBFB signal is the

same, which is key to the successful operation of the circuit.
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8.2.8.3 Results of the MOTOR-driver circuit

An overview of the output after simulation of the motor driver circuit is presented in

Table 8.4

Temperature Corner tran steps | tran time | trantime | time/step
[s] [h/m] [s / step]

T=27°C old model 6112 [ 1.33x10° [ 0Oh22m 0.22
T=-45°C ntyp_ptyp 2088 [3.30x10° | 0Oh55m 1.58
nfast_pfast 2249 [3.64x10° | 1hOm 1.62

nslow_pslow 1975 [2.76x10° | Oh46m 1.40

nfast_pslow 1940 [2.66x10° | Oh44m 1.37

nslow pfast 2105 2.95x10° | 0h49m 1.40

T=27°C ntyp_ptyp 1821 [ 6.60x10° | 1h50m 3.62
nfast_pfast 2141 9.16x10° | 2h32m 4.28

nslow_pslow 1814 2.26x10° | 0h37m 1.25

nfast_pslow 1822 [7.20x10° [ 2hOm 3.95

nslow pfast 1884 [ 7.33x10° | 2h2m 3.89

T=125°C | ntyp ptyp 1767 [7.29x10° | 2him 4.13
nfast_pfast 1739 [ 4.03x10° | 1h7m 2.32

nslow_pslow 1755 1.80x10° | 5hOm 10.27

nfast_pslow 1648 [ 4.21x10° | 1hl10m 2.55

nslow pfast 1791 8.15x10° | 2hl5m 4.55

resimulation

T=27°C | nslow_pslow 1835 [ 2.45x10° | 0h40m 1.34
T=27°C | nslow_pslow 1827 [ 3.59x10° | 0h59m 1.96
T=125°C | nslow pslow 1713 [ 521x10° | 1h26m 3.04

Table 8.4 Results of the motor driver.

A similar observation can be made related to the simulations of the BULB circuit with
the time to simulate the circuit which varies from 37 minutes to 5 hours. Again, this

was largely dependent on the load of the server. When re-simulating the slowest
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simulation only 1hr 26min was required, which is about 3 times faster than the initial
simulation.

In addition, for all corners the number of transient steps has been reduced by a factor of
three. This means that the simulation needs less iterations to find a solution with the
FRERE V1 model. However, the time needed per step seems to be larger, which is
probably caused by the Verilog-A module. However, if this module was converted to a
standard component (i.e. converted to C-like code for hard coding into the simulator)

the simulation time would be reduced.

Driver circuit | C1 signal
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Figure 8.12 Circuit simulations results of the motor driver with the old and FRERE_V1

model

Comparing the old and FRERE_V1 models in Figure 8.12, it can be seen that the global
behaviour is similar. Thus the circuit is working well with the FRERE V1 models.
However, one can observe that the shape of the peaks is different, which is caused by

the different capacitance behaviour of the FRERE V1 models.

8.2.8.4 Conclusion of the circuit simulation tests :

Both circuits were simulated and compared with the simulation results of the old models

and it can be concluded that the FRERE V1 models results in similar circuit behaviour.
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The circuits were simulated for all different MOS corners in combination with 3
temperatures (-45°C, 27°C and 125°C ) and no problems were observed.

The time needed to simulate was analysed, and it is clear that the total time needed to
simulate a circuit is largely dependent on the load of the server on which one performs
the simulation. There can be a factor of 3-4 difference depending on the load.

For the motor circuit, one can clearly see that less steps are required to simulate the
circuit. For the BULB circuit, this is harder to analyse, as the circuit behaviour is altered
by changing to the FRERE_V1 models and thus modifies the number of steps needed.
With the FRERE_V1 model, more time is needed to simulate each step.

8.2.9 Model verification conclusions

The FRERE_ V1 model has been thoroughly verified for
e Different width variations.
e A large temperature span -40°C to 125°C).

e Different operating regimes (for both individual devices and complete circuits).

For all these verifications, the model has proven to be stable and accurate.

As mentioned at the start of this chapter, the FRERE V1 model was implemented in all
AMIS technologies after the initial test proved successful. This implementation was
done during 2002 - 2003. Since then a new product has been designed and simulated
from the start with the FRERE_V1 model using the I3T technology. The design was
first-time right and is now in production. While it cannot be concluded that this is
entirely due to the FRERE V1 model, feedback from the design department that their
simulations and measurements on silicon were very close, indicated that the

FRERE_V1 model has improved the design efficiency.
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8.3 Methodology to include static-aging

8.3.1 Measurement data and procedure for aging analyses.

Aging tests were performed on a 40um wide FND40B LDMOS device from the 12T100
technology. The stressing voltages were 6V on the gate and 40V on the drain. At
regular intervals during the stressing experiment, electrical parameters were monitored.
The experiment was conducted for 100,000 seconds at room temperature and this data
set formed the basis for the procedure detailed below.

Once the measurements are available, the extraction procedure for the aged-model cards
proceeds as follows: (similar to the methodology for worst-case corner extraction)

1. Check that the fresh data is not significantly different from the typical model.

2. Sample the model-parameter domain by choosing 5 points around the typical
value for each of the model parameters selected for variation. In this case these
were VTHO, UO, VSAT, (TOXI), RI1.R, yielding 3125 points in total. VTHO is
the zero-bias threshold-voltage parameter from the BSIM3V3.2 model for the
channel; UO is the low-field mobility parameter for the channel; VSAT is the
velocity saturation parameter of the channel, TOX the gate-oxide thickness;
R1.R is a series resistance parameter for the drift region.

3. Run simulations for all 3125 points in the model-parameter domain, extracting
the electrical parameters monitored during the stressing experiment. In the
present case, the monitoring parameters were : IDSAT, RON, VTH, GMMAX.

These simulations take roughly one day.

" TOX is only included in the list of model parameters to vary in order to line-up the procedures for the
building of corners and aging models, so that only one neural network training exercise must be

performed. In all subsequent computations the value of TOX is kept constant at its nominal value.
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4. Collect the simulation results as pairs of model and electrical parameters
vectors. Feed them as a training data-set to a neural-network, with the electrical-
parameters vectors as inputs and the model-parameters vectors as output. The
computation time for the neural network training process typically takes a
couple of minutes.

5. Verify that the training process achieved the required accuracy.

6. Feed the measured electrical monitoring parameters to the neural network

(including the fresh data) in order to obtain shifted model parameters.

The results of this extraction procedure are shown in the Figure 8.13 to Figure 8. 16. For
all electrical parameters the agreement between the measured and the simulated data is
quite good. One can observe that under the applied stressing conditions, the IDSAT and
the VTH are quasi-constant, whilst the RON and the GMMAX show a clear trend.
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Figure 8.13 : Comparison of the modelled and measured RON
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Figure 8.16 : Comparison of the modelled and measured IDSAT
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8.3.2 Static Prediction of DMOS Aging Performance

Prediction of component life-times today is based on empirical formulas which allow
the estimation of electrical parameter shifts measured under hot-carrier stress. The most

advanced of these formulas have the following overall structure:

AP At”
P 1+ B.t"

8.1

In equation (8.1), the coefficients A and B depend on the applied stressing conditions.
The parameter t is the duration of the given stress and AP is the relative shift in the
target electrical parameter. This equation has been reported to fit the evolution of
parameters such as IDSAT, VRON, GMMAX and VTH as a function of stress-time. The
purpose of this work is to show that this formula can also be applied to fit the evolution
of aged model parameters, so that aging data can be interpolated and extrapolated to
stress times other than the one used in the experiments.

Figure 8.17 to Figure 8.20 show log-log plots for all aged model parameters. These
enable an easy extraction of the coefficients and powers present in equation (8.1). In
Figure 8.17, a clear trend is observed for the R1.R model parameter, where no saturation
effect takes place within the time-span of the stressing experiment. This data allows the
extraction of values for the A and the n coefficients from (8.1). In the absence of

saturation, the B coefficient is set to zero.
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Figure 8.17 : Logarithmic plot of the relative shifts of R1.r with time
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Figure 8.18 : Logarithmic plot of the relative shifts of U0 with time
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Figure 8.19 : Logarithmic plot of the relative shifts of VTHO0 with time
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Figure 8.20 : Logarithmic plot of the relative shifts of VSAT with time

For all the other model parameters, no clear trend can be seen with the scatter of the
data-points related to measurement resolution and noise. This allows the conclusion
that the stressing conditions applied during the experiment do not result in any shift of
the VTHO, U0 and VSAT model parameters. Extending the reasoning even further, one
sees only parameters from the drift-region are affected, pointing towards the injection of
hot holes at the drain-side as the underlying mechanism.

The present test-case clearly shows the power of the procedure that has been validated.
Indeed, the usage of the neural network and the local inverse mapping allow the user to
make an unequivocal diagnostic which is ensured by the nature of the mapping that is

built.
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8.4 Methodology to include self-heating

To be able to include self-heating in a DMOS macro-model, one can distinguish 2 steps:
e Correct measurement of self-heating free device characteristics.

e Implement action of a valid model to include self-heating.

8.4.1 Self-heating free measurements

As an initial step, the test-setup described in [1] was developed and measurements
performed. This paper [1] describes a method to measure LDMOS output characteristics
which is free of self-heating and how to extract thermal resistance and capacitance by
which an equivalent 'RC-network can be generated.

The results of these measurement were compared to with the generic heating formulas

described in [2] and the results can be seen in Figure 8.21
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Figure 8.21: Comparison of measurements to the simulated values based on the

Rinaldi equation

As can be observed, there is not a good match. Measurements and theory were matched

for pulses of 1us. This explains the perfect fit for 1us.

When the initial self-heating is taken into account by using the Rinaldi formula [2], one
can see that a good match is obtained between measurements and simulations as can

shown in Figure 8.22.
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Figure 8.22: Comparison of corrected measurements to the simulated values
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based on the Rinaldi equation

Another method to characterise a device without self-heating is to use TLP
measurements. This type of setup is abie to generate accurate pulses of 100ns and at
this pulsewidth almost no self-heating is present.

The drawback of this setup is that it cannot be used to measure “small” currents (less
than 100mA) and it can only generate a single pulse width, thus it is not possible to

extract an thermal capacitance by this method.
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Proposal for implementing self-heating in the model.

The proposed schematic is shown in Figure 8.23.

RC-network Verilog-A

P = Vds x Ids

Voltage controlled
Voltage source

M1
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L,_ ............................... — VS —mm 4>:

Figure 8.23: Proposed implementation of Self-heating into the macro-model

Inside the Verilog block an RC network is impleménted. The Verilog-A block
calculates the power produced by the device (P = Vpg x Ips ). The power is fed to the
RC network, and the voltage across the RC network gives the temperature rise of the
device. This temperature rise has to be translated to the model.

At the moment it is thought that by implementing a delta Viy and a change in the
mobility of the drift region (JFET module), it should be possible to implement self-

heating into the model.
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8.5

Conclusion

The model developed in this work has been verified for robustness, scalability and

accufacy and methodologies have been proposed to include static aging and self-

heating.

The proposed model has increased the accuracy and scalability compared to existing

models. The FRERE_V1 improved model has been thoroughly tested in a production

environment as the model was introduced in the AMIS I3Tx-family design-kit from

2002.

An increase in simulation time was observed but this issue can be improved by

replacing the Verilog-A module with a hard-coded simulator element.

Further improvements that can be made to the model are:

Include impact ionisation

Include self-heating

Include dynamic aging

Replace Verilog-A blocks by hard-coded simulator elements

Replace the shorted MOS transistor by the new capacitor models to obtain

higher accuracy at AC-behaviour.
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Chapter 9: Conclusion

9 Conclusion and future work

This thesis has presented the results of developing a model that represents the complex
behaviour of LDMOS transistors. This chapter begins by describing what the initial
challenges were, the direction taken to solve them and then finally determines whether
these solutions could have applications in other domains. The second part briefly
summarises and discusses the important conclusions made in each of the preceding
chapters. It then goes on to describe some areas for future investigations that have been

suggested by this work.

9.1 Challenges and opportunities

At the start of this work, DMOS transistors and complex logic were more frequently
being used together and integrated on a single chip. DMOS drivers generally occupy
quite a large area of the die and due to the fact that the models available were not very
accurate, a reasonable design margin was needed, which resulted in a larger die size. If
a more accurate model could be made available, it would then be possible to reduce this
size, thus lowering the cost of the product.

The accuracy improvement was mainly required for the modelling of the DMOS
specific AC behaviour as this was not covered by the CMOS models used for modelling
DMOS transistors. The first challenge was to fully understand the physical behaviour
of a DMOS device in both DC and AC operation which was undertaken using TCAD
simulations and specially developed test-structures. Once the behaviour was fully
understood, the building of a new model could begin.

As the model was to be used in the design system of AMIS, a SPICE type model
implemented in a commercial simulator was needed, which restricts the number of
options to build up the model. Or the standard available component models of the
simulator could be used or a component model using the Verilog-A language standard
could be developed. The model that has been developed is a combination of both. A
variety of DMOS device types are available to the designer such as n and p-type
devices, devices with different breakdown voltages and on resistances. Hence, a model
is needed that is flexible enough to cover all these device types. In addition to the
different device types the model should also be scalable over geometry as the width of a

DMOS transistor can vary from a few microns to several millimetres.
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It is desirable that the model should not only fit a single device, but also give the
designer information on the process variation, and so a methodology to create corner
models is needed. When silicon chips are produced, a systematic monitoring of the key
parameters of devices is performed to guarantee that the chip is processed within the
predefined limits. This monitoring provides a large statistical database from which the
process variation can be extracted. The goal for this work was to determine a direct
way to couple the process variation information to the model parameters and thus
generate corner models. This link is made by teaching a neural network the relationship
between the process parameters and the model parameters.

The next challenge is to provide a designer with information of how the DMOS
transistor will behave over time, as due to its operation the device will have aged. This
means that certain parameters of the device, such as the threshold voltage, will change
as a function of operation time. Aging is monitored by stressing the device and
evaluating how its key parameters evolve with time. As these key parameters are the
same as the parameters monitored for process variations, the link to the model is
available through the neural network. This showed that the neural network technique

can not only provide corner models but also aged models.
9.2 Conclusions

9.2.1 LDMOS transistors

Different aspects of the DMOS transistor have been presented. An introduction to the
various trade-offs that can be made when developing a DMOS transistor have been
discussed. It has been shown that different classes of DMOS transistors exist, depending
on how the channel is defined. These devices have been used throughout this thesis to
characterise the macro-model that was developed. Finally, two circuits have been
selected (the bulb circuit and the H-bridge) to validate the model and check the model

accuracy and robustness.

9.2.2 Modelling basics

Some basic definitions were presented in this chapter and illustrated by a simple diode
model. An overview of the different types of models and how they are implemented
was shown in the second part of the chapter to provide the background required for the

LDMOS model.

152



Chapter 9: Conclusion

9.2.3 LDMOS macro-model characteristics and macro-model

requirements

This chapter presented an overview of the characteristics of LDMOS transistors and its
associated ranges and values. The specifications that a good LDMOS model should

meet to verify its performance, were also presented.

9.2.4 TCAD simulations of LDMOS transistors

By performing TCAD simulations, a better insight in the “internal” device behaviour
has been obtained. The main achievement from these TCAD simulations is a good
understanding of the capacitance behaviour of an LDMOS under typical bias conditions.
This information has proved to be helpful when developing the AC-model.

Another interesting analysis was the analysis of the internal drain behaviour Vk. This
has provided information on the behaviour of the drift region. A good LDMOS macro-
model should mimic this behaviour to ensure that all its components operate at physical

bias conditions.

9.2.5 Test-chips developed for DC and AC analyses

A complete set of test-structures have been designed and measured to analyse DMOS
transistors and extract their model-parameters. A novel MESDRIFT test-structure has
been developed and was found useful for various domains of the DMOS

characterisation (Vg behaviour, self-heating, hot-carrier)

9.2.6 The macro-model: definition, extraction procedure and worst-case

corner models

This chapter presented the macro model topology. The different components to build
up the model were discussed together with a modification to model the AC-behaviour.
An extraction procedure covering all aspects of the model has also been presented. In
addition to a good basic model, it is important that process variations can be accounted

for by the model and a novel technique has been described.

9.2.7 The macro-model: verification / static aging / self-heating

The above model has been verified for robustness, scalability and accuracy and

methodologies proposed to include static aging and self-heating.
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The proposed model has proven to increase the accuracy and scalability compared to
existing models. The new improved model has been thoroughly tested in a production
environment as the model was introduced in the AMIS I3Tx-family (I3T is the 0.35um
high voltage process at AMIS) design-kit from 2002. A small increase in simulation
time was observed but this issue can be improved by replacing the Verilog-A module

with a hard-coded simulator element.

9.3 Future work

Further improvements to the model would include
e Include impact ionisation
e Replace Verilog-A blocks by hard-coded simulator elements
e Include self-heating
e Include dynamic aging

These topics will be discussed in the following paragraphs:

9.3.1 Impact ionisation

Impact ionisation has not yet been included in the model. The impact ionisation model
available in BSIM3V3.2 cannot be used as the MOS transistor modelling the channel
has only the Vg voltage at its drain and not the full drain voltage. To include this
impact ionisation, a dedicated feature should be added to the Verilog-A module. Impact
ionisation occurs in a bias region that is not used or should not be used by designers.
Safe Operating Area (SOA) checks are implemented to warn designers that the device

operates in a non-allowed region.

9.3.2 Replacement of Verilog-A block to a hard coded module

As some adaptations were needed to a standard JFET model, the easiest and most
general way of implementation was to use VERILOG-A. However, if one wants to
improve the speed of the simulation, hard-coding the custom equations into the
simulator will help. The drawback of hard-coding is that the model is no longer
simulator independent. However, as more and more users discover the advantages of
VERILOG-A, conversion algorithms form VERILOG-A to simulator specific code are
expected to be included in commercially available simulators such as SPECTRE. This

would significantly improve simulator speed and stability.
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9.3.3 Replacement of shorted MOS transistors by custom coded
capacitors

The replacement of the two shorted MOS transistors by custom coded capacitors, in a
first stage in VERILOG-A, could improve the accuracy in the AC-behaviour of the
model. First tests have shown this improvement but this topology should be fully tested

for robustness and scalability.

9.3.4 Self-heating

As LDMOS devices are often used in power applications, prediction of the self-heating
of the device is important. At the moment it is possible to measure a device without
self-heating as a dedicated test-setup was developed. This should make it possible to
implement self-heating prediction in the model and chapter 8 proposed how this could

be implemented.

9.3.5 Dynamic aging
In chapter 8 a method for static aging prediction was presented. However, static aging
is a worst case prediction as all devices are treated as if they would have operated for
the same amount of time.
Dynamic aging tracks the operation of each single device and calculates the
degradation. In such a way, it will be possible to accurately predict if a design will

operate long enough to guarantee a certain life-time.
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9.4 Final conclusion

A new physically based macro-model for LDMOS devices has been presented.
Modelling the Vi for all bias conditions was a crucial step to achieve a good physical
model. A test-structure to measure the Vk was developed to confirm the observations
made by TCAD simulations.

The model has been verified at device and at circuit level for different criteria (accuracy,
scalability, robustness, temperature range). It has been installed in the AMIS design
system where it proved to be functional and has helped to deliver first-time right

designs.
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Appendix A: Verilog-A code of the adapted jfet module

‘include "discipline.h"
"include "constants.h"

//
//
// Based on the OVI Verilog-A Language Reference Manual, version 1.0 1996
//
/&

nodule n_jjfet (vdrain, vbulk, vsource, vprobe);
inout vdrain, vbulk, wvsource;
inout vprobe;

2lectrical vdrain, vbulk, vsource, vprobe;

real parameter area=1 from (0:inf);
barameter real beta=0.1lm from (0:inf);
barameter real lambda=0;

carameter real is=le-16 from [0:inf);
barameter real gmin=1lp from (0:inf);
barameter real mm=0.5 from (0:1);

barameter real factl=0.0045 from (-10:inf);
barameter real fact2=-0.126 from (-10:inf);
barameter real fact3=1.2154 from (-10:inf);
barameter real fact4=1 from (-10:inf);
barameter real fact5=1 from (-10:inf);
barameter real fact6=1 from (-10:inf);
barameter real tnom=300 from (200:500);
barameter real vttc=0 from (-20:20);
barameter real betatc=0 from (-20:20);
barameter real (* integer inherited mfactor; *) m=1;
barameter real Vref=0.1;

real Vgs, Vgd, Vds, Vps, Vgst, Vagdt;

real Id;

real vtt;

real help;

real VK;

real ax, ay, bx, by, cx, cy, betaa, temp;

analog function real smooth exp square;
input vv;
real vv;
smooth_exp square=pow (ln(l+exp(vv)),2);
endfunction
analog begin

@ ( initial_step or initial step("static") ) begin

temp = S$temperature;
P P
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betaa = (beta * area) *pow((1.01), (betatc* (temp-tnom))) ;
ax = factl;
ay = fact2;

bx = fact3;
by = fact4;
cx = facth;

cy = facté;

Vgs = V(vbulk, vsource);

Vgd = V(vbulk, vdrain);

Vds = V(vdrain, vsource);

Vps = V(vprobe, vbulk);

end

temp = S$temperature;
betaa = (beta * area)*pow((1.01), (betatc* (temp-tnom)));

ax = factl;
ay = fact2;
bx = fact3;
by = fact4;
ex = faeth;
cy = facté6;

Vgs = V(vbulk, vsource);
Vgd = V(vbulk, vdrain);
Vds = V(vdrain, vsource);
Vps = V(vprobe, vbulk);
help =ay + (by —ay ) / 2 * ( tanh(( 2 * Vps - ax - bx )/( bx - ax )) + 1.0 )

+ (ey - by ) / 2 * { tanh(( 2 * Vps — bx - ex )/( cx = bx )) + 1.0 );

vtt = ((help)*-1)+vttc* (temp—-tnom) ;

Vgst = Vgs - vtt;
Vgdt = Vgd - vtt;
Id = betaa * ( smooth_exp square (Vgst/Vref) - smooth_exp square (Vgdt/Vref) )

* pow( Vref, 2 ) * (1 + lambda * abs (Vds) ) ;

I(vdrain, vsource) <+ Id*m + gmin*Vds;

end
endmodule
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Equations used in the VERILOG-A block:
I, =1,m+gminV

Where

1, = betax ((ln(l ¥ eygs'”/m/))2 - (ln(l + eng!/Vref ))z ) X (me )2 x (1+ lambda x abs(V . )

With
Vg.vtzVGS_VTT
ngtzVGD—VTT
. Voo —ax— - V.. —bx—
Vnz_ay+(by ay) (tanh(2xVps —ax—bx) +(cy bij tanh(2 x Vs —bx—cx)
2 bx—qx 2 cx —bx

Vs = Voltage between jfet-gate and jfet-source
Vb = Voltage between jfet-gate and jfet-drain

Vps = Voltage between jfet-drain and jfet-source
Vps = Voltage between dmos-gate and dmos-source

Ips = current flowing through jfet drain and source
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LDMOS Capacitance Analysis versus Gate and Drain Biases, Based on
Comparison between TCAD Simulations and Measurements
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EKYV compact model extension for HV lateral DMOS transistors
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LDMOS Capacitance Analysis versus Gate and Drain Biases,
Based on Comparison between TCAD Simulations and
Measurements.
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Abstract

The behaviour of the capacitances of
LDMOS devices is analysed as a function of
gate and drain bias, using TCAD
simulations and S-parameter
measurements. Both simulations and
measurements revealed that instead of the
smooth sigmoid shape usually seen in
MOST’s, the capacitances of LDMOS
devices show a distinct ridge at low Vds.
Examination of simulations indicates that
these phenomena are linked to the non-
uniform doping of the channel and the
complex interaction with the depletion
zones in the drift region. This insight is
used to propose an improved macro-model
Jor the DMOS device.

1. Introduction

DMOS devices are more and more
applied in dynamic applications such as
switching in power systems and fine slope
controlling in electrical motor drivers.

Existing DMOS models are not accurate
enough and spice-models are especially
weak when modelling AC performance. It

is known that the intrinsic gate-drain and
gate-source capacitance, which to a large
extent determines the turn-on and turn-off
characteristics of a switch, is not well
modelled.

To investigate the capacitance behaviour,
TCAD simulations and S-parameter
measurements were performed.

2. Device description

A cross-section of the device under
investigation is presented in Figure 1. The
Alcatel Microelectronics 12T-flow is based
on a 0.7um CMOS process-flow to which
some extra masks and implants are added to
provide high voltage features.

Figure 1 : LDMOS cross-section

The LDMOS is an asymmetric device,
with the drift region on the drain-side
located in a lightly doped N-tub. The
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channel is self-aligned to the source and is
created by the out-diffusion of the P-body
under the gate. As a result the dopant
distribution along the channel is non-
uniform, decreasing towards the drain. The
higher breakdown voltages are achieved by
the depletion region that extends from the
P-body into the drain leading to a voltage
drop between the drain contact and the
channel-region. The gate oxide and the
polysilicon extend beyond the channel of
the device.

This LDMOS device was measured and
simulated for a number of bias conditions.
The gate voltage was swept between —S and
10V with the drain voltage stepped from 0
to 18V in steps of 2V.

S-parameters were measured on-wafer up
to SGHz using the 37369B Anritsu-Wiltron
vector network analyser. A simple open-de-
embedding procedure was used.

TCAD simulations were performed using
Silvaco software with the process input
deck being calibrated using SIMS and SRP
profiles as well as SEM cross-sections. The
device simulations were performed using
the Lombardi model for the carrier mobility
taking into account high-field velocity
saturation effects.

3. Experimental results

Three TCAD  experiments  were
performed: A device simulation on the
complete LDMOS structure, a device
simulation on the channel of the LDMOS
without drift region and a device simulation
on a extended drain MOS transistor which
has an uniform doped channel.

3.1 Complete LDMOS structure

Figure 2 compares simulated and
measured capacitance characteristics. A
good agreement is observed between both,
taking into account that on the measured

device the body and the source are tied to
ground, whilst in the TCAD, the body
terminal is separated. The remarkable
feature in this figure is the peak on the Cgd
capacitance around the threshold as already
indicated in [1].

18615
166151
14615
125151
10615
8016

Figure 2: Measured and simulated LDMOS
capacitances at Vds = 0V

Conventional MOST’s do not show such
a peak, as can be seen in figure 2 of
reference [1]. Simulations (figure 3) and
measurements of an extended drain MOS
transistor, having a uniform doped channel,
show capacitance characteristics similar to
a conventional MOS.

This fact leads to question the validity of
the statement in [1] that the peak is caused
exclusively by the high resistance of the
drift region.

G, [ SO
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S e - ARar aan
Figure 3 : Simulated extended drain MOS
capacitances at Vds = 0V
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3.2 LDMOS channel-only

To further demonstrate the influence of
the non-uniform channel doping on the
capacitance characteristics, a channel-only
LDMOS device was simulated. The cross-
section in figure 4(a) shows how the device
was cut at the junction of the Pbody to Ntub
and a new drain contact was made.

]

3

i ls .l.nléuln.
|
Q[ﬁ

Fig_ure 4(a) cross-section of “channel”-device

[ eamemren |
/ Ced
Cgs

ODS VORALS TV
Figure 4(b) Cgs, Cgd simulations of the
“channel™-device (Vds=0V)

The capacitance simulations still show
the distinctive peak, although the resistance
of the drain region is comparable of that of
the source. This allows us to conclude that
the peaking behaviour of Cgd is caused
essentially by the non-uniform channel-
doping and is reinforced by the interaction
of the highly resistive drift region.

3.3 Cgsand Cgd at Vds = 0V

When sweeping Vgs, we see that a
channel starts to form from the drain side,
causing an increase of Cgd, before the onset
of conduction. Then, when Vgs rises
further, a channel finally forms at the
source side which takes over the control of
the charges at the drain causing the

decrease of Cgd (fig.2) and the increase of
Cgs.

3.4 Cgs and Cgd when Vds > 0V

Using TCAD simulations, the analysis of
Cgd and Cgs was extended to non-zero
drain biases.

At first the increase of the drain bias
triggers a paradoxical increase of the Cgs
capacitance.(fig.5(a)) This can be explained
by a further transfer of charges controlled
initially by the drain to the source charge,
because of the extension of the depletion
zones in the drift region.
~ At a given Vgs, the Cgs capacitance
increases up to the point where the channel
region starts to saturate. The Cgs surface
shows a distinctive ridge that is tracking the
saturation limit.

Beyond this point, a depletion zone
appears underneath the bird’s beak,
repelling the current flow and the mobile
charge carriers away from the oxide and
squeezing them against the extension of the
depletion zone from the N-tub to P-body
junction. This results in a net decrease of
the total gate-capacitance, that reflects in
the decrease of both Cgs and Cgd. This
tunnel-effect is depicted in figure 5(b) and
figure 5(c).

Vds

o
Figure 5(a) Simulations of Cgs as a function
. of Vgs and Vds
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Figure 5(b) “Tunnel’-effect

Figure 5(c) Simulations of Cgd as a function
of Vgs and Vds

4. Sub-circuit model

The non-standard capacitance behaviour
of the LDMOQOS device can not be rendered
with the standard BSIM3v3 model. A
dedicated subcircuit-model needs to be
developed. Figure 6 shows the chosen
topology.

S@ﬂ—_’_'i Le_:I__‘ —°D
X

Figure 6 Sub-circuit model of LDMOS device

The subcircuit contains a standard
BSIM3v3 model for the channel-region, a
second MOS device with short-circuited
source and drain to account for the peaking
behaviour of Cgd and a JFET to model the
pinch-off of the drift-region. The analysis
shows that the second MOS transistor needs
to have a lower threshold voltage than the
channel device. This threshold voltage is

. fitted on the onset of the measured Cgd

characteristics. On-going work is in the
process of optimising both the parameter
fits and the capacitance behaviour.

5. Conclusions

Good agreement has been obtained
between TCAD simulations and
measurements of LDMOS capacitances. As
a result it has been possible to use TCAD
simulations to identify the dominant regions
related to the capacitance behaviour. Non-
standard MOS capacitance behaviour was
observed and an explanation is presented.
This has resulted in the proposal of a new
sub-circuit model, which is in the process
of being optimised.
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Abstract

This paper presents a methodology to circumvent the
time consuming standard approach for statistical model
development. The methodology is a two step process. The
first part defines the relationship between electrical
device parameters and model device parameters by
means of training a neural network. The second stage
uses the neural network to create worst-case model
parameter sets. In order to select an appropriate set of
worst-case electrical parameters, a multivariate
statistical analysis is performed, such that correlations
between device parameters are taken into account. The
neural network approach also enables a Monte-Carlo
model to be generated. The advantages of the proposéd
methodology are its speed improvement and accuracy.

1 Introduction

A commonly used approach to create worst-case
models is to use a Monte-Carlo analysis to build a large
statistical database of accurate model parameter sets by
the direct extraction of parameters on a large population of
devices. This involves measuring the complete IV
characteristics on all samples, extracting models using
optimisation, studying the correlations between measured
electrical device parameters and extracted model
parameters, and the building of a regression model. Such
an approach however results in the optimiser-based
procedure skewing the distributions, adding variability
and unexpected correlations [1]. In this paper we describe
an alternative methodology where the optimiser-based
extraction step is circumvented by building a local inverse
of the mapping from the mode! parameters to the electrical
parameters around the typical model [2]. Building this local
inverse involves sampling the model parameter space and
performing an analysis of the sensitivity of the simulated
electrical parameters with respect to some key model
parameters. The method used to build this inverse

University of Edinburgh,
Scotland, UK.

mapping around the typical parameter set involves
training a neural network [3].

2 Device and technology description

A cross-section of the device under investigation is
presented in Figure 1. The 12T-flow is based on a 0.7um
CMOS process to which some extra masks and implants
have been added to provide the high-voltage features.
From Figure 1 it can be observed that the LDMOS
transistor is an asymmetric device, with the drift region on
the drain-side located in a lightly doped N-tub.

Bulk

Source Gate Drain

P-epi

Figure 1: Section through an LDMOS.

The channel is self-aligned to the source and is created
by the out-diffusion of the P-body under the gate. As a
result the dopant distribution along the channel is non-
uniform and decreases towards the drain end. Higher
breakdown voltages are achieved due to the depletion
region that extends from the P-body into the drain, which
provides a voltage drop between the drain contact and the
channel region. The gate oxide and the polysilicon extend
beyond the channel of the device as iltustrated in Figure 1.

A systematic monitoring is performed on the following
key parameters (called Etest parameters) of the LDMOS
transistor:
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e Transconductance:

GM , = [_dILJ at Vps=100mV

dv

e  Extrapolated threshold voltage:

I,(GM Vv
VTH = VGS(GMM)———"( ms) _ Yos
GM_, 2

at Vps = 100mV
e  Saturation current:
IDSAT = [, at V=25V and V=5V

e On-resistance:

RON = s at Vpe=500mV and Vge=12V.

D

The observation of these characteristics is a standard
procedure used to monitor the stability of the production
process. As a consequence a large database is generated
providing statistically relevant information for every
processed device.

3 Mapping of electrical parameter space
onto model parameter space

3.1 Identification of key model parameters

based on sensitivity analysis

In order to be able to construct a mapping from the
electrical parameter space onto the model parameter space,
it is important to limit the number of model parametersto a
set that is able to describe the process variations. A
sensitivity analysis therefore is performed to investigate
the impact of the model parameters on the simulated
device characteristics. The sensitivities are calculated
using a measurement-based perturbation method, where a
specified parameter p is perturbed from its nominal value
by an amount Ap, and the change AF on the specified
performance measure £ for the device is determined. For
meaningful comparisons, the result is normalised. Thus,
the normalised sensitivity is determined as:

e
sensitivity = > i
14

Z

The model used to characterise the LDMOS device is a
macro-model [4]. The comer extraction methodology
described in this paper has been developed for DMOS
devices, but could as well be applied to other devices. The
motivation in choosing an LDMOS transistor is that there
is no automatic direct extraction method available.

For each electrical device parameter (VTH, GM,,.,
IDSAT and RON) a sensitivity analysis was performed.
This analysis resulted in a set of model parameters that
capture most of the variability of the Btest parameters
(see Table 1). The definition of these model parameters is
as follows:

e vthQ: threshold voltage of the MOS transistor
modelling the channel of the LDMOS,

e u0: mobility of the MOS transistor modelling the
channel of the LDMOS,

e Vsar: saturation velocity of the MOS transistor
modelling the channel of the LDMOS,

e R: series resistance parameter modelling the on-
resistance of the LDMOS, and

e Tox: oxide thickness of the MOS transistor modelling
the channel of the LDMOS.

E-test parameter
Model VTH GMp.e | IDSAT RON
|_parameter
vthO 106% 23.7% | -36.5% 9.2%
u0 -1.8% 82.5% 326% | -40.7%
Vsat 0.3% 16.7% 81.6% | -193%
R 0.1% | -151% | -262% | 72.0%
Tox -14% -61.1% | -31.9% 8.8%

Table 1: Impact of the key model parameters on
the E-test parameters.

3.2 Building the local inverse mapping

After identification of the key model parameters
affecting E-test measurements, it is helpful to then build an
approximate inverse mapping of the relation between the
simulated E-test measurements and model parameters.
This approach enables all measured E-test parameter
vectors to then be directly translated into model parameter
vectors. The method used in this work for building the
inverse mapping is to use the typical model (matching
nominal device performances) and then employ
experimental design (DOE) to vary the model parameters
and obtain simulated Etest data. Once matching pairs of
E-test and model parameter vectors are obtained, they are
fed as training data to a neural network in order to achieve
the desired inverse mapping. A schematic overview of this
procedure is presented in Figure 2. The type of neural
network used here is a multi-layer perceptron with S input
neurons, | intermediate layer containing 7 neurons, and 5
output neurons, in combination with the quasi-Newton
training algorithm.

A DOE comprising more than 3000 data-points yields a
round-trip accuracy on the order of 1% or better.
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‘e vtho
u0
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Figure 2: Flow for translating E-Test parameter vectors into model parameter vectors.

The total time needed to simulate the device for all
different model parameter values is around 4 hours, while
the time needed to train the neural network is only a
couple of minutes. It is clear that this method constitutes a
speed improvement over the method described in [1].

Once the neural network is trained and the accuracy of
the approximation is assessed, it is possible to feed a large
set of measured Etest parameter vectors to the neural
network, such that a large population of model parameter
vectors can be obtained.

4 Generation of worst-case models based on
a multivariate analysis

4.1 Univariate approach

The philosophy used for corner simulations and worst-
case models is all about the level of guarantee that these
simulations can give at the product level. Therefore the
worst-case models are defined as a function of a specific
performance measure and a confidence level. The
confidence level is defined as the probability of finding
devices in the population with performances within the
two extreme values of the worstcase models.

The traditional methodology used to generate worst-
case models consists of performing a univariate statistical
analysis on individual BEtest parameters, selecting corner
values for each individual parameter based on a desired
confidence level, and fitting the model parameters to the
generated worst-case parameter sets. The problem with
this approach is that it does not take into account
correlations between E-test parameters and as a
consequence the combinations of worst-case E-test
parameters may be unrealistic in practice.

4.2 Multivariate approach

The methodology proposed here starts from a
multivariate analysis on a large population of data and
there are two approaches. These are either an examination
of the Btest parameter vectors or the model parameter
vectors, translated from Etest parameter space by the
neural network. Both methods have been investigated in
order to see if comparable results are obtained.

Scattor Plot with alpha=0.0027 elipse for two key modet
paramators with a"2<16

140

115

Extreme
- Performance
Locus

110

228

Figure 3: Comers as the intersection of the
extreme performance locus and the 99.73%
confidence locus of the population.

Setting the location of the worst-case models in the
model parameter space is achieved by identifying devices
with extreme performances along the specified confidence-
level locus of the population. In the case of a multivariate
normal distribution, the confidence locus is an ellipsoid,
with all points at a fixed variance-weighted distance from
the typical model. This ellipsoid can be obtained using
Principal Component Analysis (PCA). Figure 3 shows a
graphical representation of the comer selection process.
In the particular case shown here, the performance

B-9
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measure chosen was a combination of DMOS switching
speed and RON performance.

The resulting worstcase models are displayed in
Figure 4 in terms of parameter excursions from the typical
values, normalised by the univariate standard deviations.

Normalised a-leve!=0.27% corners

4
B2 m
E 3
° * / \
s5: N7 =
28 AV i
g -§ -1 /\\ /\ —O— fast
) 4 AN
[

-3
- — e |

vth0 u0 R Vsat

Figure 4: Parameter excursions for worst-case
models normalised to univariate standard deviations.

A comparison between the two methods (analysis on
model parameters versus analysis on Etest parameters
respectively) is shown in Table 2. It can be observed that
the relative differences between Gtest worst-case values
generated by both methods are less than 4%. As the
neural network mapping has accuracy better than 1%,
these errors can be attributed to the non-linear character
of the DMOS model and the linear character of the
principal component analysis. Indeed, if a confidence
locus is an ellipsoid in one domain, then the transformed
locus will not be an ellipsoid, and as a result it cannot be
obtained using PCA in the other domain.

Slow corner
E-test space | Model space | Difference
VIH (V) 2.759 2.763 0.1%
GM s UATVP) 1216 1174 -3.5%
RON () 305.2 304.1 0.3%
IDSAT (UA) 1646 1610 -22%
Fast corner
E-test space | Model space | Difference
VTH (V) 2.389 2.385 0.2%
GM e (WA/VP) 1405 1390 -11%
RON(Q) 2794 276.1 -1.2%
IDSAT (uA) 2479 2461 -0.7%

Table 2: Comparison between worst-case corners
obtained from analysis on model parameter space
versus E-test parameter space.

It is clear that any analysis should strive to make
principal component analyses in a domain constituted by
parameters, which are either uncorrelated or related in a
linear fashion to each other, e.g. dimensions and physical
material parameters. In some sense model parameters are
one step closer to such parameters than E-test parameters,

which can be illustrated by the fact that IDSAT
distributions are inherently non-normal.

5 Monte-Carlo models

After translation of a large set of Etest parameter
vectors to model parameter space by the trained neural
network, it is possible to create a Monte-Carlo model.
Indeed, after performing a principal component analysis
on the model parameter data set, a set of linearly
independent vectors in model parameter space are
available. These vectors, together with the appropriate
eigenvalues (variances) can be fed to a Monte-Carlo
analysis tool inside a circuit simulator.

6 Conclusion

This paper has presented an accurate new
methodology that drastically reduces the time by a factor
of 10 to create both worstcase and Monte-Carlo models.
In addition this method also avoids skewing the
distributions, adding  variability and unexpected
correlations, in contrast to an optimiser-based procedure.

The methodology is a simple and robust two-step
process. First an extensive experimental design is set up,
where by means of simulation, - E-test parameters are
obtained as a function of key model parameters and an
inverse mapping then performed by a neural network. As-a
second step a large set of measured Etest parameter
vectors is fed to the neural network, such that a principal
component analysis can be performed in model parameter
space. This information can then be used for the rapid
creation of realistic worst-case and Monte-Carlo models.
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Abstrac; This paper proposes an improved SPICE
macro-model for the LDMOS device which performs
!:igniﬂcanﬂyhet&rlhmcushng models in both DC znd AC

shown in Figure 2. The device is » floaling Latern
nDMOS (LDMOS) processed using the AMI Semicondustor
RTI00-flow. This is 8 smart power technology based on n
07um CMOS process, to which some extra masks snd

regimes. It has been implemented using stmdzrd elcmcrxs
ang Verilog-A madules and as a conseq is
indspendent.

INTRODUCTION

DMOS devices are being increasingly employed in
dynamic applications such 2s switches in power systems snd
for finc slope contro! of eclecwrical owior drives (i)
However, DMOS models based on a standard MOS msodel
such o5 BSIM3 src not sufficiently cccorate and are
especially poar when modelfing the AC pesformance of an
LDMOS device a5 can be observed in Figure 1.

-g- G CORCVS
e Cg ¢ Cgp 022402 3 oo

Al eddadiad id
v

oo
°°°°°°°ooo“

2
agaggesas
- [] E) o

Vee ™

Figure 1. Comparison between measurements and
simulstions based on o simple BSIM3V1.2 moded at
Vog~0V for sn LDMOS device with W=~40pum,

1t is known that the intrinsic gote-drin ond gate-source
czpacitances, which to o large extent determine the tum-on
and off charscteristics of a switch, are not well modelled [2).
To better underatand (ho internal operation of the device
TCAD simalztions have been used as a phitforns o ittcrease
understanding ond theveby develop o superior model by
fmproving the capacitance behaviow,

DEVICE DESCRIPTION

A cross-section of the deviee undes investigation is

0-7803-8855-0/05/520.00 2005 I[EEE

ok have been added to provide the high voltage
fearures [3], From Figuse 2 it can be abserved that the
LDMOS transistos is an osymmetric device, with the drify
region on ths druin-side bocaled in'a lightly doped N-tub,

Figure 2, Cross-section of the 60V flonting aLDMO_S.

The channel is scif-aligned o the paly ard is crcated by
the cut-diffusion of the P-body under the gate.  As o resuls
the dopant distribution aleng the channed is non-uniform and
decrenses towards the drain end.  Higher breakdown
vohoges are achieved duc to the depletion region thay
extends from the P-body into the druin, which provides a
voliage drop between the dmin  comtact ond  the
chanpzh-region.  The gate oxide and the polysilicon extend
beyond the channel of the device a3 illustrated in Figure 2.
For the dtvice examined in this poper the gate oxide
thickioss is 42 nm, the threshold vollzge (Vy) 2.4V, the
off-ziate dreakdown volizge (Ven) 70V and the specific
on-esisiznce (Re,) 15 160 mOxmm®. Ao indicated oa
Figure 2 are the intrinsic drain vaitage V. 2t the pbody/atub
junction and the bird's beak vottage Vpq.

INTRINSIC DRAIN VOLTAGE (VK) BEHAVIOUR
IN RELATION TO GATE AND DRAIN VOLTAGE

it has been shown that an analysis of the imemal drain
voltago (V) is o valid indicator to extract the drift region
resistance behaviowr, In previous publ:cmanns (4).45). an
explanation for the Vi behaviour wos given based on an
analysis of the depletion regions pressnt in the LDMOS
device. This is 0ot corrzct, os the potential distribution in the
LDMOS transistor i3 not oxly determined by the voltges
applied to the gate and drain, but akso by tho cusrem density

05CH37622
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and associated gpace charge. The simmlations in Figure 3
show the cffect on Vi and Vs of an open source (ic. to
current flowing in the devico) pared to the t
condition (2 groundsd seurce with current flowing in the
device). For Vgs < Vy = 2.4V, the wansistor is off and ¢he
carves for apen and grounded sources merge. Vy is tincarly
dependent on Vs due to capazitive corpling of the gate. For
the casc when the source of the transistor is prounded,
current starts to flow in the tansistor from the moment Vg
exceeds Vr. The spece charge assodinted with the majority
carriers in the drift region will alter the potential distribution
in the davice, and hence also the Vi potential, provided the
clectron concentration is the same of exceeds the donor
coccentration in the drif region. This is, in particular, trus
for LDMOS devices with a lighty doped drift region. 1t is
evident from Figure 3 that withon curyent flow in the device,
Vi monocanically increases as a function of Vgg, whereas in
real operating conditians (source grounded), the Vy potential
starts to diverge from this as soon as Vgs > Vr. For some
biasing conditions, the Vi potentia) even starts to decrease.
Qlearly, the effect of the current Gow has a lasge effect on
the Vi potential, and 33 such nesds to be teken o account
when cvaluating V.

oL T
] "

[] °

V;M
Figure 3. Vy and Vg 88 8 finction of Vs with soarce
closed and open at Vpg = 10V o3 from simmclations.

An gnalysis of the potential, current flow and space
charge hos been parformed using 2D device simalations. The
resulting space chorge simulations ane presented in Figure 4,
with the lenpth of the 2ccumulation nyer idvotified a3 Ly
and the length between the channzl and the field axide heing
denoted by Lyses, It can be seen that for Vgg > Vr, pant of
the lowly doped n-type region under the gate oxide forms an
sccumulztion layer where the  current  flows. This
accumulation layer becomes larger for increasing Vs and at
approximatety Vge=7V, it reackes the tip of tho bird’s benk
(see Figure 4(b)). From this point 00 (Lex > Loweny), the
lateral extension of the accumulation tayer is less dependent
an Vg because of the thicker field oxide, which forms the
bird's bask, resulting in less gite coupling,
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Figure 4, Space for different bias
conditions: (8) Vas = 4.2V ; (b) Vgs = 7.0V ; (¢) Vas =
9.6V. Far all simulstions Vips wes set to 10V,

To explain the Vi and Vag behaviow, it is instructive o
plot the ibutbons of the ¢h 1, accurmuiation and ficld
oxide drifi regions to tho todn) resi which in p d
in Figure $ as a function of Vg, for Vz=10V. These graphs
sbow that the channel resi d o Ecall
with increasing Ver. The field oxide drift resistance
decreases with Vgy until the spoce chorge region reaches the
tip of the bird’s beak (at sround Vgg = 7V). Funther increases
in Vgg show that the gate cootrol on the ficld oxide drifl
region then becomes very small, and as such the ficld oxido
drift rest A similzr saturstion is chserved for
the accumslation region, but 2t a higher Vqg. This can be
explained by the higher gate coupling (thin oxide) of the
accumulation region. [n the end, the chaonel resistance elso
storts to saturnte. These three comtributions o the tatal
transigtor resistance determine the Vg and Vg poteatial in
the device, as the channel, 2zecemulation and field oxide drift
resigtors are in sories and hence act a5 8 voltnge divider. For
example, inspection of the potential 83 the bird's beak (Vgo),
indicates that the field oxide drift resistance completely
seuratas when Vg > 7V, whereas both the chaonel ard the
sccumalation resisiance decrease further for mcreesing
vatues of Vs, A targer potential drop occurs over the fleld
oxide drift resisior, and hence (he Vgp potential will start to
decrense as can be observed in Figure 3. A similar
explanation holds for the Vg p ial duc to ion of
the aecumulation layer resistance, 8t & highes Vg voliage
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(see Figure 3).

The dzpendency of Vg and Ven on Vps is strightforward,
When Vgg is increased, 8 widey depletion layer is formed
betnzen the P-body and N-tub regions. As a result of the
lorger depletion width, a higher gate voliage iz nsedad to
sccumulate the lowly doped n-type region under the gate
oxide. As Vg itcrcases, ths maximum velue of Vi shifts to
8 higher Vgy.

1

R (10° Ohmum)
-

o
N

[-]

8 10 12
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Figure 8. Variation of the chanrel, sccumulation and
ficld oxide drift region resistance (Reses, Rec: 808 Ryg)
25 0 function of Vg (Vpe=10V).

MESDRIFT TEST-STRUCTURE

A drift resistance extraction method was developed (6]
It invelves a dedicated sest structwre (Figure 6), which has a
proding point to enabls access to the voltnge at the K-point
for any bias condition. This structure was designed to
verify the drift resistance wesalts, which wus confirmed in
6]

Pigure 6.. Cross-sestion of the eddzd o+ inplant within
the MESDRIFT LDMOS strucarre,

It cen be seen in Figure 7 that the probing node does not
affect the DC behaviour of the deviee
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Figure 7. 1ds-Vds comparison of of the original structure
(without proding nodo) and (e mesdrift soruetare,

PROPOSED MODEL TOPOLOGY

Figure 8 shows the propesed topology for the new
improved LDMOS model, which overcomes many of the
{imitations of the industry standard BSIM3v3.2 modo! which
was desigred primarily for low valtage devices.

,Galn
o =T e
STy Ty L L e
L
-

Figure 8, Sub<circwit mods! of LBMOS device,

Key features of this aseero-moeded are: (1) an adopred
IFET to model the drift region resistance end (2) shorted
PMOS transistors, which model the capacitance bebaviour
of the &rift region. The following section briefly deacribes
the key components of the model,

JFET (J1) (drift region)

The drift region ks modslled using a modificd JFET
mods] with the equations bascd on the Schichmm & Hodges
modzl (7). These cquations arc implemented in 2
Verilog-A module. The operation of the JFET is such that,
whtn 8 more negative voliage is cpplied to the gats of the
JFET, the device bocomes more resistive as the depletion
regions expard nasrowing the channel of the JFET. The
gate voltage of the JFET is in fact the voliage betweeo the
bulk end the Vg poim of the macro-model. Thus, an
increase in Vg, making the gate votiage of the JFET more
negative, will resuft in a8 higher JFET resistance, which
corresponds (o the bebaviowr dsteiled previowsly. The
edaptation of the JFET model provides ths capabitity for the

[44
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thoeshotd voltage of the JFET t be dependent on the grte
voltage of the LDMOS (Figuare 9), which is essential for the
modsl © achiove a good overal y. [f the threshold
voltage of the JFET is fixed, a large increass in Vg pinches
off the JFET chamnel completely, resulting in the drift region
resistance being too high. By making the threshold voliage
of the JFET increxse with Vigs, the wse of o wider voltame
ringe is possible, as the JFET will never pinch off
compleecly. This limitation is abeerved in {8) Figure 10
shows (e SPICE simulction rosult of Vx. The high Vi
value when Vg is below Vi is due to the fact that there is co
cument flowing. When Vs is higher than Vi, the behaviour
is similas o that shown in Figure 3 altough it should be
noted that the voltage love! fs kigher This can be
explained by the fact that the voltages obtained by TCAD
similations are highly dependent on the focttion of the
probing point.

Vs s Vor;  Vaa ﬁ!
Vesory H

Viser s

VIFT) feiiciniore
Vi

Figure 9. JFET V¢ depend=ncs as a function of Ves.

’ /—-\

“» L 3 . ] - w O
V“M
Figure 10. VgumoddledbyaIFETasaﬁmuionusQ
a1 Vor=10V.

Shorted p-type MOS ransistars (M2 & M3)

Two shorted p-type MOS devices (for an n-type DMOS
mode]) kave been implemented in onfer to mode] the N-tub
region overtapped by the poly plate.  The trensistor M2 has
a thin gato-oxids and models the drift region covered by the
@io oxidz of the DMOS. Transisior M3 Eas g thick
gate-oxide and models the drif} region covered by the ficld
oxide of the DMOS. Thke driff region changes from
inversion o depiction 10 accumulation with increasing Vs,
the behaviow of which ks similar w0 the capecitance
operation of a ptype MOS dovice under similsr bias
conditicas. By using the capocitance behaviow of a p-type
MOS device in en ntype DMOS model, together with
sccurale modelling of the drift resistance, a good ¢ of the
LDMOS capacitances can be obtained.

78

RESULTS AND DISCUSSION

The paramsters for this new moded have been
extracted from LDMOS devices capable of bandling 60V on
the drein end 12V on the gue. The extracticns were
performed an a device set with widths ranging ffom 20 to
250um.  The modol has been verified for tho compliete bias
rznge und good egrecments berween modsl  end
atezsuvements have been obtined os iflustrated by the
AC-characteristics shown in Figwe 11 ond the DC
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Figure 11, Simubated and measared Caq tnd Cog curves as o

functian of Vg a1 Vo= 0 2nd 20V for both the old and new
models. (W=40um} (o) Comparison between measurements
end simulations based oo e new mecro-model at Vg » OV;
(») Comparison of Cay mensutements and simulations based
an the new macro-model and old model a1 Vs = 20V; (¢)
simulations based on

Camxparison of Cop measurements and
tke pew macro-model tnd old model at Vg = 20V.
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cheracteristics shown in Figwe 12. The tempereture
behaviour of the model has been validated for temperatures
raaging between <50 znd 180°C (DC) and the ovenall
DC-b:bamwtsuhsinmximmnmoﬂcssthmlD%.
Tks AC ements pr 4 in this peper are the
result of S-paramater n:zamnenu which are then
canverted to their corresponding capacitances. This axakes it

possible to mezsure capacitances for o Vg different from 0V,

A draadack is (hat Cas and Cya ore measured togesher es the
source tnd bulk of the device sre conpected together to
altow S-pasameter measarcments.

Tte improvement of the new model over the
BSIM3V3.2 model of the simulsted capacitances can be
readily observed by comparing Figure 1 and Figure 11, ft
is apparern that coaventional MOSFET models or the Philips
MM20 model do not exhidit 2 peak in Cap, and it can clearly
be seen that LDMOS devices have a distinetive capasitance
behavioar.  Figure 11 shows the AC results of the new
model, and when Vg = OV 8 very good fit is echieved with
e cew model compared with the old BSIM3IV3.2 one,
which struggfes to €t the capacitances of all. For Vg
higher than OV the fithas ¢ maximum error of 309, which is
congidered o good fit for highly bins dependert copacitances.
The peaks observed in the measuted Cean 208 Con Curves
(Figure 11 (b) and (c)) zre very difficull to mimic.
However, the asw model shows an increase 22 the comrect
location, which is p ly not p in the old model.
Th:disdmdmchmuriﬂkofwMOSmmmism
o the behavior of the drift region (8], (9. The maio focus
of this paper Is on the modelling the AC characteristics of
LDMOS devives, however an overall good mode! should de
socurate as wedl in AC as in DC. In Figure 12 oae can see
that the DC behaviour is niso well modeiled.

w Ve O Bz

r g O " -
Yoa M

Ios=Vis ¢t Voy=0.1V (\V—dO\m)

< . - » £ 3 »
Ve M

los-Vis 8t Vas=3, 4.5, 6, 7.5.9, 10.5 2nd 12V

Figure 12. LDMOS DC characteristics a1 tempemature of
25°C (Thick x lines are measyrements; solid line arc
simulations)

CONCLUSION

An improved DMOS macro-mode) bas been presented
which, in contrast with other macro-models, is physically
based end covers all bias-regions, In pasticular it models
o impact of the drifl region on DMOS capacitznce
behaviow. It performs well for both DC and AC regimes
end, as standerd clements or Verilog-A blocks have baen
used, the model & simuolator independent which will
facilitate its use by the design community.
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An experimental approach for bias-dependent drain series
resistances evaluation in asymmetric HVY MOSFETs
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Abstract

In this work, a simple experimental

technique, dedicated to the evaluation of bias-
dependent  drain  series  resistance in
asymmetric HV MOSFETs, independent of the
extended drift region architecture, is proposed
and validated. The technique consists into two
experimental steps: (I) the extraction of the
drift resistance at low drain voltage based on
direct and reversed configurations and (1l} the
experimental evaluation of the series resistance
derivative as a function of the drain voltage,
Jollowed by its integration. The method is used
to investigate a 60V LD-MOSFET drift series
resistance dependence on the gate and the
drain voltages, from low- to high-voltage
regimes. Numerical 2D simulations were
carried out to confirm the experimental results
and to conclude on the physical origins of the
reported bias-dependence.

1. Introduction

The proper analytical modelling of HV MOS
transistors requires adapted characterization of
series resistances, with particular interest on the
drain Rp (or drift, Rpin) series resistance which
is bias-dependent. The Rp bias-dependence is
specific to the particular extended drain region,
engineered in order to provide increased drain-
bulk and drain-gate breakdown voltages.

In the past years, special efforts have been
dedicated [1]-[3] to develop or to adapt
methods for Rp or (Rp-Rs) evaluations

S. Frere
R. Gillon

Alcatel Microelectronics

M. Vermandel
B. Bakeroot and J. Doutreloigne

ELIS-TFCG/IMEC
University of Gent
Belgium

originating in the modeling and
characterization of low-voltage MOSFETs.
Generally, these works agree on the fact that
the accuracy and interest on a Rp series
extraction method are substantially increased as
far as the technique is independent on the
particular Rp(Vp,Vg) relationship (i.e. a
minimum assumption criteria). This paper
proposes and validates such a method in a two-
step D.C. measurement.

2. Test devices

The experimental test devices are
asymmetrical n-channel, self-aligned double-
diffused DMOS (L-DMOS) transistors,
selected from the I’T technology of Alcatel
Microelectronics, Fig. 1.
process with an adapted couple of extra-masks
and implants to provide high-voltage
capabilities ranging from 30V up to 100V, has
been used. The technology provides both self-
aligned double-diffused DMOS (LDMOS) and
drain-extended MOS devices.

Buk Source Gats Orain

P-epi

Fig. 1 Cross section of the investigated n-channel
LDMOS transistor.
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3. Rp(Vg, Vp) extraction method

The proposed Rp(Vg,Vp) extraction method
consists in two main successive steps: (I) the
evaluation of the drain resistance at low drain
voltage, Rpg, with the gate bias as a parameter,
and (II) the adaptation of Otten’s method [2] to
evaluate the drain resistance derivative with
respect to the drain voltage dRp/dVp at
constant gate voltage. Finally, the drain series
resistances is evaluated as:

IR,

Rp(Vp, Vo) =R, (0, Vi) + v,

av, (1)

0

This method is useful for the development of A

analytical models for voltage-controlled series
series resistances in HV MOSFETs since it
allows their pure experimental evaluation.

3.1 Inter-changed drain-source
measurement at constant current

Asymmetric Rs and Rp series resistances 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, Fig. 2 a and b. In order to
efficiently exploit this idea [1], [3], an identical
constant drain current is injected in forward
and reversed configuration while recording the
Vpr and Vp, drain voltages as functions of Vg
and Vg, respectively. The current level is kept
low in order to ensure operation in the linear
regime and ensure an identical Rp value in both
configurations, in contrast to [2]. As a
consequence, supposing Rg<<Rp, 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, Vp=Vp,, with the
MOS transistor in quasi-linear operation:
R, =R, - R, = —a Vo @)

I (1+dV; /dVg)
Typical measurements on a LDMOS device
and the extraction procedure are illustrated in
Fig. 3. Based on this measurement, the low-
voltage drain, Rpo, series resistances is plotted
as a function of Vg=Vgs, at constant current,

Fig. 4. For V<4V, the drain series resistance
decreases with Vg, independently on the
current levels because of the reduction of the
depletion controlled regions in the LDMOS
drift region. Same comments apply for current
levels >250pA. An experimental Rpy increase
for Vg>5V is observed with this method for
100uA<Ip<250pA, Fig. 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, L., which, at constant current,
involves the increase of the extrinsic Vp (and
an equivalent higher series resistance).
Therefore, to correctly extract Rpg, the level of
the injected current has to be carefully set.

I ]
D | Re
Vas 2
"
Var Rp
(@) (b)

Fig. 2 Experimental setup: (a) forward and (b)
reversed source and drain, measurements dedicated
to Rpg extraction.

1¢

Io (A) =

01

Vom: Vora (V)

0.01

Fig. 3. Experimental dependence, Vps and Vp
versus Vg at constant injected Ip current in a n-
channel LDMOS transistor.
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Fig. 4 Drain series resistance, Rp, extracted values
at low current bias vs. Vg, in n-channel LDMOS.

3.2. Experimental evaluation of drain
series resistance derivative dRp/dVp

Generally, in case of MOS transistors with
bias-dependent series resistances, it has been
shown that a more complex modeling of the gq,
g and g, extrinsic conductances, 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 our extraction
procedure, we propose to artificially re-
construct the quantitative derivative dRp/dVp,
by the use of a variable resistor in the drain of
the LDMOS transistor. With the extrinsic
{measured) output conductance given by [1]:
A _ 1484 (Rp + Ry ) +(8mi + 8hin )R
gy =—BaCot Tow) T 8 Rs ()
g;(1-9l,/aV,)
where superscript ‘i’ applies for the intrinsic
transistor (see Fig. 1), it follows that the slope
of dgy'/dRpaga versus Rpaaa plot can be used
for the dRp/dVp extraction according to:
dR, _ 1-dg;' /9R oy @
dv, Ip
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. 5 presents the typical effect
induced on the output characteristics of the L-
DMOS by adding various 'external series
resistances. Relevant characteristics shifts are
observed in the quasi-linear regions and in the
saturation voltages. Based on the measured
data reported in Fig. 5, we were able to plot g’
versus Rp.aq and estimate with acceptable
accuracy its slope up to Vp=15V, Fig. 6. The
subsequently calculated drain series resistance
derivative is presented in Fig. 7. Using a simple
numerical integration procedure of the deduced
derivative plot, combined with eq. (1) and
using the corresponding value of Rpg at same
constant Vg, permits the estimation of the
overall drain-bias dependence of Rp(Vp) as
shown in Fig. 7.

3 2.E-03
Reese00 (roONE) VG#V r 1.E-03
ARadd (Q)=50
2 |
- 9.E-04
:‘é Lm0
8 480 - 8.E-04
1 450
- 3.E-04
0
0 —— 0.£+00
0 1 2 3 4 5 ]
Vo(¥)
Fig. 5 Experimental Ip-Vp and guVp

characteristics of a n-channel LDMOS transistor,
without and with various added external drain
series resistance, Rpagg.

20

(X3

250
Rosee()

300 350 400 450

Fig. 6 Linear plot of g4 versus Rpuq at various
drain voltages and constant V; (data from Fig. 4),
in case of a n-channel LDMOS transistor.
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Fig. 7 Experimental dRp/dVp and calculated
(numerical integration) Rp, as functions of Vp at
constant Vg (n-channel LDMOS transistor with
channel dimensions: W=40um and L=0.9um).

4. Simulations and discussion

In order to confirm this method, systematic
2D numerical simulations have been carried out
on calibrated structures and the drain series
resistance have been extracted based on the
intrinsic drain-voltage concept [4] as:

Ry =Ry = (Vo = Vi )/ 1, )
where Vi is the potential of the intrinsic
LDMOS drain. Fig. 8 shows in a 3D plot the
overall Rp(Vg, Vp) dependence, as deduced
from numerical simulated structures and using
eq. (4). Rp decreases with Vg and increases
with Vp (except Vp<0.5V) due to the
corresponding control of depleted zones (J-FET
like effect) and formation of accumulation/bulk
channel in the drift zone. One of the most
interesting simulation result is depicted in Fig.
9: when Vp is reduced toward linear region, a
minimum followed by a resistance increase,
more accentuated for high V¢ appears, which
confirms the experimental result concerning the
impact of an accumulation channel. The very

(uyo) %y

good agreement between the simulated and

experimental Rp(Vg,Vp) is demonstrated by
Fig. 9, where both the drain resistance and its
derivative confirm the results reported in Fig. 6
with the proposed method (even the particular
dependence reported at very low Vp).

109(R g {ohm.um)

v

VOM
Fig. 8 Rgin=Rp(Vg,Vp) surface plot for n-LDMOS;
calculated with eq. (5) using data from numerical
simulation.

1200 105
800

400

o ..M..

dRoldVo (QIV)

-400 ff

10'
0 5 10 15 20 25 30

Vo (V)
Fig. 9 Numerical simulation: drain resistance, Rp,
and its derivative as functions of Vp for various Vg
(W=40um, L=0.9 um).

6. Conclusion

A simple, yet universal methodology,
dedicated to the extraction of drain series
resistances in asymmetrical HV MOS

transistors, has been proposed and validated.
The two-step extraction technique is quasi-
independent on the particular Rp(Vg,Vp)
dependence and consequently, extremely useful
for the development of analytical models.
Numerical  simulations  confirmed the
experimental results and allowed the
investigation of specific physical origins of Rp
bias-dependence in n-channel LDMOS.
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Investigations and Physical Modelling of Saturation Effects in
Lateral DMOS Transistor Architectures Based on the Concept
of Intrinsic Drain Voltage
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Abstract region, which is responsible for the so-called

Thorough investigations of the sanmation
phenomena in state-of-the-art HV Lateral
DMOS architectures (L-DMOS and X-DMOS),
based on 2D nmumerical simulation and on the
new concept of intrinsic drain potential, Vy,
are presented. The paper highlights the Vy
ovolufion in all operation regimes, analyses the
corresponding  complex  quasi-saturafion
mechanisms and originally demonstrates that
this key poteniial remains at a low-voliage and
shows a marked maximum value at low Vg. A
simple and accurate analytical modelling
strategy, which is usable for any architecture-
specific bias-dependence of ihe drift region
equivalent resistance is proposed based on the
Ve-concepi. Very good model performances
using a BSIM3v3 low-voliage model combined
with the praposed intrinsic MOSFET stratsgy
are reporied.

1. Introduction

Main interest for HV Lateral MOSFETs
originates in their applications in automotive
and RF. Acceptable simmlation accuracy of
these devices is obtained by the use of adapted
macro-models based on conventional low-
voltage modules. The main disadvantage of
these macro-models is that they are not
physical and, moreover, not able to take into
account the special phenomena specific to high
voltage operation, which results in a limited
modelling range. Key characteristic of a HV
Lateral MOS transistors are related to the
architecture of the extended drain (or dnift)

quasi-saturation effects. Several works dealt
with the physics involved in the specific
behaviour, 1 quasi-saturation, of these
ransistors [1], [2]. Unfortunately, they were
focused on the analysis and modelling of some
limited rangesfeffects and the overall low- and
high-voltage regimes are rarely discussed and
modelled together The increased difficulty in
physical and accurate analytical modelling are
related to complex 2D effects, specfic to
modem HV device architectures.

2. X- and L-DMOS device architectures
and TCAD

The Alcatel Microelectronics 2T flow builds
up-on a 0.7um CMOS process adding a couple
of extra-masks and implants to provide high-
voltage capabilities ranging from 30V to 100V.
The techmology provides both self-aligned
double-diffizsed DMOS (LDMOS) and drain-
eXtended MOS devices (XDMOS) both with
N- and P-chammels. Only the N-chaunel
architectures are analysed in this paper (fig.1)

Bus. Sor Gane

(2) ®)
Fig. 1 Device cross-sections: (a) X-DMOS and (b)
L-DMOS Inset: location of K-pommt (intrimsic
drain).
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As a preparation to the TCAD sinmlations, the
various process layers were calibrated by
-verifying them with SDMS and SRP profiles.
For the bird’s beak, the faster compress model
comrected with an additional mask biasing to
Justify the spacing was used. A good fit for the
shape is verified using SEM cross sections.

3. Intrinsic drain voltage dependence on
gate and drain potentials: Vi(Vg, Vp)

An original analysis of HV MOS devices
based on the intrinsic drain voltage concept is
proposed i the following. The mtrinsic low-
voltage MOS transistor is delimited by the
source of the HV transistor and the end of
intrinsic nversion chamnel (boundary between
the p-region and the extended drain n-region,
as shown in Figs. 1 a and b). This location is
called the key-point and its potential is denoted
by Vg. Numerical simulated 2D structures
allow to access the vanation of Vx with respect
to Vg and Vp in all regions of HV transistor
operation. In this analysis the self-heating was
not enabled. Fig. 2a presents in a 3D plot the
extracted Vi dependence on Vg and Vp
voltages (Vs and Vg are grounded) for an X-
DMOS structure. I is clearly demonstrated that
V=3.5V up to Vp=20V (an extended analysis
demonstrates that Vx=<5V for Vp<60V). The
Vg value is then used to distinguish befween:
the operation region of the intnnsic MOS and
the voltage drop on the extended drift region.
Figs. 2 b and ¢ depict the detailed Vg-Vp and
Vg-Vg vaniations. It is clear that, in a first
approximation, the Vi potential is expected to
nse up with Vp, which drives the transistor
from linear to saturation (Fig. 2b) and also with
V. which ratses the surface potential (Fig. 2c).
An interesting result is that Vk appears to
decrease with Vg after reaching a maxinnm at
constant Vp (see Fig. 2b). This trend is also
highlighted in Fig. 2b where Vi value reduces
with Vg for gate voltages higher than around
4V. The analysis of the 2D sinmlated structures
shows that this maximum cormresponds to a
pinch-off of depletion regions in the drift (the
cumrent is then forced through a depletion
zone), Fig. 3. A higher Vg avoids this pinch-off
and can even generate a local accumulation or

camier injection in the substrate near drift
region bird’s beak, which explains the Vi
reduction with Vi after reaching the maximum.

Similar dependences are reported in Figs. 4 a
and b for the L-DMOS architecture and also for
vertical devices [3]. The partcularity of L-
DMOS structure is more accentuated Ve~ and
Vp-conirolled  formation of a long
accurmilation channel in the n-region under the
thin oxide_ which impact the equivalent length
of the intrinsic short-channel transistor.

Fig 2 X-DMOS chamme] voltage variation finction
of Vg and Vy: (a) overall 3-D representation, (b) Vi
vs. Vp with Vg as a parameter and (¢) Vi v Vg
with Vp a5 a parameter.
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Fig 3 XDMOS 2D structures with depletion
boundary evohtion vs. Vp at constant Vg{=3V):
depletion pinch-off in the drift for 2V<V,<5V.
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Fig 4. LDMOS key-point characteristics: (a) Vg
v3.Vg with Vp a5 a parameter and (b)) Vi vs. Vp
with Vo a5 a parameter. The reportad characteristics
demonstrate that Vi < 7V in all regimes of
operations, and a Vg-controlled maxinmm occurs.

4. Analysis of saturation mechanisms

4.1 X-DMOS architecture

The output characteristics of the intrinsic and
extrinsic lateral DMOS transistors are reported
in Figs. 5 a and b. The Vg quantitative
investigation at high Vp allows to distinguish
between the following saturation mechanisms,
Fig. 5 b (D at low Vg values (<4V) the
saturation is controlled by the intrinsic channel
pinch-off, (ID for moderate gate voltages
(@V<Vg=<10V) an accunmlation’bulk channel
forms in the drift while the intninsic MOS part
remains in quasi-linear operation (no depleted
region is present in the current path due to the
injection of the electrons in the drift zone) the
current is not fully saturated (quasi-saturation)
and (D) for higher Vg (>10V) camier velocity
saturation occurs in the drift zone while the
intrinsic MOS is in the linear region (quasi-
saturation region).

O g
0.25 ]

a.f U]

@.10

Q.05!

(] T e

026
020

P!

0,15
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6.10,

nosf f

0
)
®
Fig. 5 XDMOS output characteristics: (a) intrinsic
transistor and (b) extrinsic transistor.

4.2 L-DMOS architecture )

The inininsic and extrinsic L-DMOS transistor
oufput characteristics are reported in Figs. 6 a
and b. In regions (I) the saturation mechanism
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15 similar to the one described in the X-DMOS
architecture (intrinsic channel or drift region
pinch-off). In region (). Fig. 6b, the cument
saturates due camier velocity saturation in the
mtrinsic MOS (which has a short-chanmel). As
a result, the (quasi-) saturation current becomes
an almost linear finction of Vg as it can be
seen i Fig. 6b for Vg=7, 8, 9 and 10V. Note
that for increased Vp, velocity saturation or
pinch-off in the drift can also be superposed.
Region I is characterized by an inmmnsic
transistor operating in the quasi-linear region
with an accumulation channel in the drift and a
I-FETéh}:e saturation confrol.

D 40|
035
020
G o2
02D
0%
©0.40)
005

0!

) @
Fig6 LDMOS output characteristics: (a) intrinsic
transistor and (b) extrinsic transistor.

5. Towards a low-voltage MOS modelling
strategy based on the Vk-potential

The presented investigations suggests two main
results: (1) the Vi remains at a low voltage and
its maximum occurs ai low Vg (Vk<3.5V,
V=<4V, for the X-DMOS) and (ii) the drift
zone physical specific phenomena are mirrored
in the Vi voltage and can be modelled by a
controlled V-, Vp- voltage source. The idea to
use a conventional low-voltage MOSFET (like
BSIM3wv3) to tune the charactenistics of the
mtrinsic MOS (with equivalent Ver=Vk-Vs,

combined with an adapted model of a voltage
controlled source appears then natural. In Fig
7. typical fits on the mumerical-simulated data
are presented for the extrinsic X-DMOS
ransistor using a BSIM3v3 model calibrated
on the intrinsic transistor, a drift resistance
(vith Vg voltage drop) and a voltage-controlled
source Vyar. The curves cover all reported
satwation regions. The maximmum error is
reported to be <8% and the average error <5%.
It is vorth noting that one main advantage of
this fitting strategy is that the parameter values
of the intrinsic transistor are all physical.

Vigpppedl. GV a0 DGV 4V o r OLGV R0 GGV Ny
[Thaes o)

Yo )= 10

o

VeV
Fig.7 Extrinsic X-DMOS: sinpmlated oufput .
charactenistics: BSIM (dashed) vs. TCAD (s0lid).
Inset: polynomial voitage-controlled source.

Conclusion

An orniginal, 2D simulation-based analysis of
saturation mechanisms in HV lateral MOS
transistors, based on the intrinsic drain voltage,
Vg. was proposed. It was demonstrate that
saturation mechanism is a sensitive function of
the device architecture. A simple Vx-based
modelling  strategy using a low-voltage
BSIM3v3 transistor module and a polynomial
voltage-controlled source was validated.
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Abstract.-This pzper deals with the investigation of
the LDMOSFET saturation mechanisms via 2D
numerical simulstions and cxperimems. A clear
scparation between the saturation of intrinsic MOS
transistor and complex quasi-saturation mechanisms is
made using the intrinsic drain concept. A modelling
stmtegy for drain current based on the experimental
cxtrection of the drift series fesistance is presenied.
Very good model perfarmances using a BSIM3v3 low-
voliage model combined with the proposed drift
resistance oxtracted values are reported.

I. INTRODUCTION
The interest in accurate modelling of high

voltage transistors has been increased in the

last years due to the compatibility of these
devices with CMOS standard technology.
LDMOS transistors are fast switching
components able to drive high currents for
large biasing voltages. As a result, nowadays
LDMOS devices are largely used. in
automotive and RF applications. An
acceptable simulation accuracy of these
devices can be obtained by the use of adapted
macro-models, based on conventional low-
voltage modules. The limitations of these
macro-models lie in the impossibility of
physical modelling of some special
characteristic phenomena of these devices.
Severnl works dealt with the physics involved
in the specific behaviour. especially quasi-
saturation, of these wansistors [1), [2].
Generally, they were focused on the analysis
and modelling of some limited ranges/cffects
. and the overall low- and high-voltage
regimes are rarcly discusscd and modelled

together. The increased difficulty in physical
and accurate analytical modelling is related to
complex 2D effects, specific to modern HV
device architectures.

IL. LDMOS ARCHITECTURE AND
TCAD

The high voltage devices under investigation
are asymmetrical n-channel self-aligned
double-diffused DMOS (L-DMQOS)
transistors, selected from the I’T technology
of Alcatel Microelectronics, Fig. 1.

Fig. 1. Cross section of the investigoted n-channed LDMOS
transistor.

This technology is based on a 0.7um CMOS
process to which a couple of extra masks and
implants arc added to providc high-voltage
capabilities ranging from 30V to 100V. The
technology provides both  self-aligned
double-diffused DMOS (LDMOS) and drain-
extended MOS devices. Only LDMOS n-
channel devices are studied in this paper.

As a preparation to the TCAD simulations,
the various process layers were calibrated by

0-7803-6666-2/01/$10.00 © 200! IEEE 417
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verifying them with SIMS and SRP profiles.
A good fit for the shape is verified using
SEM cross sections.

IIL INTRINSIC DRAIN VOLTAGE
DEPENDENCE ON GATE AND
DRAIN POTENTIALS.

The intrinsic low-voltage MOS transistor is
delimited by the sourcc of the HV transistor
and the end of intrinsic inversion channel
(boundary between the p-region and the
extended drain n-region, as shown in Fig.1).
This lacation is called the key-point and its
potential is denoted by Vk. Numerically
simulated 2D structures allow to access the
variation of Vy with respect to Vg and Vg in
all rcgions of HV transistor operation, Note
that in this work the self-heating was not
enabled in the numerical simulations and,
consequently, it’s impact on the device
characteristics is not discussed. Fig. 2a
presents in a 3D plot the extracted Vg
.dependence on Vg and Vp voltages (Vs and
Vg are grounded). It is clearly demonstrated
that - Vg<7V for the whole bias domain. The
extracted Vi value is then used to distinguish
between: the aperation region of the intrinsic
MOS and the voltage drop on the extended
drift- region. Figs. 2.b and ¢ depict the
detailéd Vg(Vp) and V(Vg) variations. It is
clear that, in a first approximation, the Vi
potential is expected to rise up with Vp,
which drives the transistor from linear to
. saturation (Fig. 2.b) and also with Vg, which
raises the. surface potential (Fig. 2.c). An
interesting result is that Vi appears to
decrease with Vg after reaching a maximum
at constant Vp (see Fig. 2.c). The analysis of
‘the 2D simulated structures shows that this
maximum corresponds ‘to a pinch-off of
depletion regions in the drift (the current is
then forced through a depletion zone), Fig. 3.
-A higher Vg avoids this pinch-off and can
even generate a local accumulation or carrier
injection in the substrate near drift region
bird’s beak, which explains the Vg reddction
with Vg after reaching the maximum,

The particular characteristic of the LDMOS
transistor is the formation of a long
accumulation channel in the n-region under
the thin oxide, which is Vg- and Vp-
controlled. The accumulation channel can
impact the equivalent length of the intrinsic
transistor (cspecially for short-channels).

o
H
¥
3
8

Ko

] eieasese o

L 2 a ) ] 0 2

v, .
Fig. 2. L-DMOS channel valtage verfation function of Vg
and Vp: a) overall 3-D representeiien, b} Vg vs. Vo with Vg

8% a prrameter and ¢) Vi vs. Vg with Vi as a parameter.

IV. ANALYSIS OF SATURATION
MECHANISMS

Simulated output characteristics of the
intrinsic ‘and extrinsic lateral DMOS

418
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wransistors arc reported in Figs. 3 a and b. The
‘quantitative investigation of Vg at high Vp
allows to distinguish between the following
saturation mechanisms, Fig. 3.b. At low Vg
values (<4V) the sawration is controlled by
the intrinsic channel pinch-off (region I);
then, when Vg is incrcased, the cument

saturates due to carrier velocity saturation in .

the intrinsic MOS (region IT). As a result, the
(quasi-) saturation current becomes an almost
linear function of Vg as it can be seen in Fig.
3b for Vg=7, 8, 9 and 10V. Note that, for
increased Vp, velocity saturation or pinch-off
in the drift can also be superposed. Region 111
is characterized by an intrinsic transistor
operating in the quasi-linear region with an
accumulation channel in the drift and a J-FET
like saturation control.

Fig.3. LDMOS (L=t [1m) cutput charatteristics: a) intrinsic
transistor 2nd &) extrinsic transistor. Region | — intrinsic
MOS pinch-off. 1l - intrinsic MOS carrier- vedocity
saturatien, 1[I - drift velocity samination.

V. DRAIN RESISTANCE
EXTRACTION METHOD

The previous analysis demonstrates that Vi is
very useful to capture some LDMOS physical

phenomena. However, in practice, this
voltage is not accessible for measurements. In

-the following, we propose a method, which

decals with the extraction of the drift serics
resistance, Rp. The value of this resistance is
useful for both the accurate modelling of
I(Vg, Vp) characteristics and for evatuation
of Vi(=Vp- Rolp). The proposed Rp(Vg. Vo)
cxtraction mcthod consists in two main
successive steps. First the drain resistance at
low drain voltage, Ry, with the gate bias as a
parameter, is cvaluated. Asymmetric Rg and
Rp series resistances are expected to
differently impact the related gate and drain
de-bias if the extrinsic transistor is measured
successively in forward (i.c. normal) and
reversed (source and drain interchanged)
configurations, Fig. 4.2 and b. An identical
constant drain current is injected in forward
and reversed configuration while recording
the Vpeand Vp, drain voltages as functions of
Var and Vg, respectively. As a consequence,
supposing Rs<<Rp, the drain series resistance
is then calculated based on the difference
between the gate voltages which ‘ensurce in
forward and reverse modes identical extrinsic
drain voltages, Vp=Vp,, with the MOS
transistor in quasi-lincar operation:

Ve: - Var

R,cR,~-R=———%& __Gr___
B T 1+ dV, /dV,)

I 5}
i

1

Rs

1—| e} Vi

it
| g
i

chr
——

P~ T
a)

Fig. 4. Experimental setup: a) forward and b) reversed
sousce and drain, measurements dedicated © Rpy, extrection,

The sccond step is the adaptation of Otten’s
method [3] to evaluate thc drain resistance
derivative with respect to the drain voltage
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dRp/dVp at constant gate volisgc. Finally, the
drain series resistances is evaluated as:
Vo
R
Rp(Vp, Vg) = Rpo(0, Vg ) + Iavn avy (2)
[ ¢}

For the extraction procedure, an experimental
reconstruction of the quantitative derivative
dRp/dVp was proposed, by the use of a
variable resistor in the drain of thc LDMOS
transistor. With the cxtrinsic (measurcd)
output conductance given by [4]:

4 _1484(Rp +Rp ) +(2 +8.. )R, 3
B4 = - 7 3)
, 2.(1~815/8Vg)
where superscript ‘i’ applies for the intrinsic
transistor (sec Fig. 4), it follows that the slope
of dga™/dRpnas versus Rpaq plot can be used
for the dRp/dVp, extraction according 10:
dR, 1-0g.'/oRp,,
dv, T,

A very good agrcement between the
numcerical simulation, and experimental
results using our method, is demonstrated in
terms of both Rp(Ve,Vp) and its derivative,
dRp/dVyp (cven for the particular dependence
reported at very low Vp) (Fig.5).

" 12000

V=V
Em
gomo
<
00
0 —-
0 3 0 13 x
oW

Fig. 5. Drift resistance, Rp=Rdrift, versus drain voltage, Vo
(circles - measure, triangles - TCAD simulziaq).

An important remark is that all specific
physical effects, located in the drift zone,
affect the MOS intrinsic bias, if the current
continuity cquation is fulfilled. It follows
that, the quasi-saturation phenomena for
LDMOS device can be modelled using an
adapted BSIM3v3 model for the intrinsic
MOS device and a scalable resistance for the

420

drift zone (Fig. 5). It is worth noting that
every (VG, VD) couple has a comrespondent
Rdnft=Rp value. Thus, for every data point
of ID(VD) characteristics a separate
simulation has to be rn. Despite this time
consuming process, a very good fit can be -
obtained between the TCAD characteristics
and BSIM3v3 adapted model (Fig. 6).

2

Flz. 6. LDMOS output characteristies: solid line - TCAD
simutatien, circles ~ BSIMIWVS with experimentally extructed
Rp, tnangles - BSIM3v3 model with Ry from numerical
simuletioa.

VI. CONCLUSION
A ncw concept, the intrinsic drain voltage,
was proposed for high voltage MOSFETs. An
extraction method for the drift resistance was
presented and the resulis were compared with
TCAD simulations. The method is useful for
the development of analytical models for

" voltage-controlled series resistances in HV

MOSFETs since it allows their pure
experimental cvaluation. Its usefulness for
the investigation of (quasi-) saluration
mechanisms has been demonstrated.
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Abstract

A simple, fast and accurate characterisation method
dedicated to the evaluation of bias-dependen: drift
resistance of the HV MOS mawsistors is presented. The
procedure relies on a novel test design structure thar
gives direct information about the impact qof the drift zone
on the overall HV MOSFET characteristics. Intrinsic
(MOS channel) and exwrincic (including drift region)
characteristics, obtained by adapted measurements. are
used for parameter exmaction and pipsical effects
identification. For the first time the varigtion of the drift
resistance from room temperaturs up 1o 150°C is
extracted. Very good performance when combining a
BSIAM3V3 low voltage model with a drift resistance quasi-
enpirical model iz reported.

1. Introduction

High-Voltage MOSFETs are key components for
swart power, RF and automotive integrated circuits. The
most versatile HV architectwre i5 the Extended Dramn
MOSFET (XDMOS) and ane of its most eritical issues is
the on-resistance, R Major advances in the design and
modelling of theze devices are related to the zocwate
evaluation of thelr bias-dependent drift sevies rez@stance,
Rain. critically dependent on the design of the extended
dram region, which impacts the HV performance.
Especially, the quantitative comparizon of K., with the
drift resistance, Raga, 15 valuable insight for HV dezgn.
Mareover, Ryiq bizs-dependence on drain, V;, and gate
voltaze, Va, appears to be the origin of the so-called
quas-saturation phenomena that were subject of many
reparts, physical analysis and confroversy last years [1-3).

2. ;\':ovel Test Structure

We report a new, universal test structure, called
MESDRIFT, and the associated characterization that are
able to accm'zxaly provide the bias-dependent dnft zenies
resistance without amy pricr information zbout the
detziled technological architecture of the drain extension.

SF. Frére
R Gillon
J. Rhayem

Alcatel Microelectronics, Westerring 15,
Oudenaarde, Belgium

The proposed MESDRIFT structure (designed by Alcatel
Microelectronies) 15 depited in Fig. 1: it simoply
reproduces the 100V n-chamne] extended drain X-DMOS
device architectire in a dedicated test structure, with the
key difference that a zmall contact is smartly engmeered
in the drift region, near the end of the MOS channel This
conizct 15 dedicated to probe the minnsic drain voltage,
Vi, without any significant mopact on the electrical
characteistics.

Va VAU Vo

O

i

LMOSFET | | &riftrecisumce |
Fig. 1 MESDRIFT structwre: cross section and
measurercant setup.

3. Experiment
3.1 Validation of the test structure

In order to validate the MESDRIFT structure, its
transfer and output characteristics were measwed and
compared with identical meazurements performed on the
ariginal device (fig.2). Although, the breakdown of the
MESDRIFT structure shifts down in companson with the
ariginal ane (due to the n' implant in the proximity of the
metalhogical pn junction) the meammed characteristics
present no significant change for low and medium drain
voltage values. Consequently, the dnft region with drain
and source biased can be observed for the whole analogue
voltage domain.
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Fiz 2 Comparison between MESDRIFT (dached) and
real device (zolid) a} transfer characteristics, I-Vgs; b)
output characteristics, In-Vps.

3.2 Measurement of the intrinsic channel and
drift region characteristics

The most inteyesting feature of this test device is the
ability of measuring both intrinsic MOS characteristics
and extrinsic hizh-voltage device charactensties. Fig. 3
(3) shows the companison of the Ip-Vy characteristics of
the intrinsic and extrinsic devices at same low drain
voltage; the lower g,, of the extrinsic device i5 explained
by the effect of the series comected Rain. Based on the
difference between the coefficients of mobility reduction
with the transverse feld in intrinsic and extrinsic
channels, the series bias dependent Ry given in Fig. 3b,

15 calculated using the expression [4):
R = e&‘-" "~ Vglm
“n T W/DC oM, |

were Ogeq and €y are the extrinsic and intrinsic mobility
reduction coefficients with transverse electrical field
respectively, o is the low-field mobility and C,, the
oxide capacitance [F/erd’).

However, this extraction is limited to low drain
voltage (linear operation) and is tire consuming since the
intrmsic I-V; needs a constant V.

150 255"

intrinzlc MOSFET

(sw)“8

a.
25
0
- 15}
2
E
=
e 10}
ser ~renna,
o N
g 2 4 [ [ 10 1+
VaiV)
b

Fig. 3 a) Intrinsic and extrinsic X-DMOS Ip-Vo and g
Vg at identical drain-to-source volfage: Vi, =50mV and
Vi=50mV, respectively. b) Extracted Ran vs. Vg at low
Vp (=50mV).

The V, dependence an the XDMOS gate and drain
biazes is shown in Fig 4a Bias dependemt resistance
Rue(Vo. Vi), 5 calculated based on the dnft voltage
drop, (Vp-Vi), at a given injected drain cuovent. In.

For the first time, the experimental Ry variation with
the device bias is detailed over full operation range (see
Fig. 4b, T=25°C). The reported two-decade variation of
Ra can be explained by the depletion region extension
according to the gate and drain voltage control (Fig. 5).
The formation of an accunmlation layer at high Vg
contributes also mgnificanily to the reported Ryin
variation. Bazed on Vi, by mmnerical simmlation it was
pozsible to distinguish quasi-safuration reflecting JFET-
like modulation in the dnft or carrier velocity saturation
(at high Vg) without saturation of the mtrinsic chamnel
[5]. Experiments conducted on MESDRIFT have
confirmed these quasi-satation mechanizms. Moreover,
as shown later, it can be used for development of new
mﬁal»' i .
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Fig 4 Experimental data obtained with MESDRIFT: a)
Vi vs. Vp with Vg as parameter. b) Ry va. Vp with Vg
and T as parameters.
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Fiz 5 2D mummencal simmulation of deplehon region
extension i the drift when Vp is increased, at constant

Vos(=3V). Depletion pinch-of is
4V<Vp<5V

obtained for

Fiz. 6 shows one useful analysis supported by
MESDRIFT: the ratio between Ryyp and R, CR4+Rapn)
in XDMOS operation is depicted versus Vp at constant
Ve Ifappearthatinmlogne operation, R,;, dominates
(or, at lest is comparable with) R and it’s key for
modelling to a2ccurately describe the mfrinzic chanmel.
When Vg andlor Vp are slightly increased (>5V), Rua
starts to be dorunated by the Ry and for Vg4V and
Vp>5V, the Re, contribution i5 less than 30% of R

In order to characterize the X-DMOS DC behaviow
over extended temperature range (25°C wp to 150°C),
while monitoring the evolution of the main parameters of
the intrinsic MOSFET (teshold voltage, mobility,
subthrezhold swing, etc) we have alzo extracted Raia vs.
temperature (Fig. 4b) and found that the temperature (up
to 150°C) does not impact significantly the Renn/Res ratio
(Fig. 6b).

RewiReRee )N)

Ren(RarRui(N

Fig. 6 a) RaywRy V3. Vp with Vg as a parameter, at
T=25°C. b) RRia v=. Vg with Vg and T as parameters.

4. Model Calibration and Performances

A simple two-step procedure has been established to
build a model using the mformation provided by
MESDRIFT structre. First, the BSIM3V3 model
parameters are cabibrated with the mfringic transfer and
output characteristics. Dnft  resistance  varnation,
experimentally revealed by MEASDRIFT, i5 then used to
tune an empirical expression for the simulation of the
drift resistance: )

Ry =Rypo + Alnfexp(B-V, +C)+1]
were Rpo resistance and A, B, C coefficients are function
of Vg. The detalled modelling exprezsion is elsewhere
[6]-

By combining theze two modules the characteristics
of the global device are simulated. The results are
compared with the measwed data for the overall voltage
domain (Fig. 7 and 8). Very good agreement results are
obtained from subthereshold rezion up to medium gate
voltages (Fig. 7 a and b). The cwrent is slightly
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overestimated for high gate voltages. One immportant
aspect concemns the ability to smulate the
transeonductance and, especially its peak value. Results
i fig 7¢, reveal remarkable match between measurement
and sinmlation in termys of g,. Very good model accuracy
(max er.<20%) was obtained also for quazi-saturation,
which is highlightad on the output characteristics of X-
DMOS (Fig. 8).

Note that the model has been tuned on experimental
data that are zubject to self-heating (especially for high
Vb); even better results are expected when tming the drift
model on pulsed measwements. It tums out that the
simultanecus yet separate calibration of the intnnsic
MOSFET and the dift region appears to be a unique way
to accurately model the XDMOS and its temperature
dependence, with physical values of electrical parameters.

wexy
.60
o W
-
A5 Pl
-
s A vs
[} -
1500 ~
o
=
1643 >
b

Fig. 7 Transfer charzcteristics: dashed kine — measured
data; solid line — BSIM3V3 with variable resistor a)
1{Vg); b) log In(Vo): €) 2n(Va)

limA)

Vg OV

Y& 2°C, 75°C und 125°C

© Memuro gty
— BN - Roritt

0 0 2D [ [
Vo(V)
Fig. 8 XDMOS output characteriztics: dashed — meammed
data; solid — BSTM3V3 with variable resistor

Conclusion

A new experimental test structure MESDRIFT and the
related characterisation method that provide access to the
drift resistance as finction of gate and drain bias are
proposed. The method 'is simple, accurate and universal
as it 15 independent on the dnft architecture of the
mvestigated HV MOSFET. The use of MESDRIFT
provides inmrediate results for Rein in contrast with all
existing extraction procedures, which are tme-consuming
and need extra computation. Very zccurate modelling is
obtained with a low voitage BSIM 3V3 for intrmsic MOS
transistor and an empirical expression for the dnft
resiztance, calibrated on MESDRIFT characteristics.
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This paper reports for the first time on the extension of the EKV compact model for High-
Voltage (HV) MOSFETs. A continuous expression is derived for the drift bias-dependent
resistance of DMOS transistors and then validated in different operation regions (in linear
and saturation regimes). When combined with EKV, the proposed new drift model provides
very accurate DC modeling including quasi-saturation.

1. Introduction

Analytical modeling of high voitage lateral DMOS transistors has been still subject to particular
interest, due to their compatibility with planar CMOS technologies as well as their versatility for
automotive and RF applications. Many researches and studies were dedicated to model HV DMOS taking
into account the specific physics and phenomena associated to the extended drain region architecture, such
as the quasi-saturation mechanisms [1, 2].

2.  Test Structure for Model Validation

The investigated HV test structure is an n-channel non self-aligned drain-extended DMOS (X-
DMOS) transistor; fabricated with the 0.7um CMOS process I’T technology of Alcatel Microelectronics
(Fig. 1 a). Such architecture delivers a drain capability up to100V.

Recently, we have reported on the interest in monitoring the intrinsic drain voltage of HV DMOS
transistors [3]. The proposed model needs, for full validation, access to measure this key potential (V). In
order to experimentally measure Vi in such devices, some of the structures were designed with a small »’-
implant added at the end of the intrinsic drain location, of the intrinsic drain location, called K-contact [4].
The n"contact is engineered in a way that does not alter the global characteristics of the test structures
compared with the original devices.

3. Extended Drift Region Modeling

The interest in modeling the bias-dependent drift resistance, Rp(Vg,Vp), comes from the fact that
most of the complex 2D phenomena in HV DMOS transistors, like quasi-saturation, are dictated by the
drift region architecture. Using a HP4156 parameter analyzer, the K-contact potential (V) was monitored
with the high impedance voltmeter, while varying the V and V in all regimes of transistor operations.

x.:nmml Wit "’" f—’
ywwwf""”

Channel region

Ret = (Vo -V } /1o (k2)

P-SUBSTRAT

Vo)

@ (b)

Figs. 1. (a) lllustration of the n-channel X-DMOS test structure and the added n*-implant location (K-
contact); (b) Ro(Vp,Va,T) characteristics of nchannel X-DMOS test structure: experiment (symbols)
compared with quasi-empirical expression, (solid line, eq. 2) for various temperatures.
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The bias-dependent drift resistance was extracted according to:
Rp =Ryin=(Vp- Vi) /Ip (1)

A continuous quasi-empirical mathematical expression is proposed to model the extracted drift
resistance [S]:

N [}
r , , 2 , T [‘“Vn‘"]
Ry (Vy, Ve T) = 1+~ Infe ®Varbotvo-va’savers) 4 1)].[ T )
D ( n G ) (rDO (‘YVG + l ) n (e ) To

where rpn. 7p1, ¥ Bin B &, 6 and & are room temperature (T,) model parameters, while m and » include
the temperature dependence. Fig. 1 b, illustrates the typical accuracy that can be achieved with the new
proposed expression (eq. 2), compared with experimentally extracted Rp(Ve, Vp, T).

4.  Transistor Modeling Approach with EKV

‘The inspection of the K-contact potential demonstrates that the Vi potential of the HV X-DMOS
transistor remains at low voltages (<10V), independent on the applied voltage on the drain (Vs < Vpsar).
This was predicted by numerical simulations, with the intrinsic drain voltage concept proposed in [3].
Thus, the intrinsic MOS channel can be modeled as a low-Voltage MOSFET. In our modeling approach
with the EKV compact model, the subscripts “K™ and “D” denote respectively any quantities associated to
the “intrinsic” and “exirinsic” drain of the device (e.g. Vi and Vp).

According to the EKV model (long-channel approximation) (6], the normalized drain current (i) can
be expressed as the difference between the forward (if) and reverse (i,) current: ’

i= 1/l = i, =i A3)
where: | i S Aswy —Dsw 4)

and [, =2 n C,, u,U? (W/L). is the specific EKV current. In terms of potentials {7], g« is given by:
1
sy =~ (((VP —Visy )/ZU: )‘5 l“(‘ 9 sixy )) &)

where Vp, the pinch-off voltage, is defined as: V, =[V, - V,,|/n(V, ).

The charge expression (5) is valid from weak to strong inversion regions and has an implicit form.
Thus it can only be solved numerically. In the case when only strong inversion is considered, eq (5)canbe
simplified by neglecting the logarithmic term: o

o, == (Ve — Ve 2U)) (6)
With this late simplified expression, eq (4) becomes:
i = (Vs - Vo, J2U,)* + (v, - Vg, )20, @)
where Vy is the intrinsic potential and as defined in EKV, n(V,)=1+ y/ Zm , is the slope factor

and y:,lz q€.€, N, /cm is the body or substrate factor. Combining eq (1), (2), (3), (4) and (6), with Vg=
0V, the drain current can be simply formulated as:

Lot (( Vv, )’+( Ve )_(v,,—v,,+ IuRu('VD.VG‘)]1+(V,—V,,+IDRD(V,,,VG)JJ ®)
D 0

2U, 2U, 20, 2U,

In saturation (i.e. for V> V,), the reverse current, i,, becomes negligible compared to the forward
current, iy, and the drain current simply reduces to the forward term [6]:

e (23]
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One can observe that eq (8) has the form of a 2™ order polynomial, f(py)=a-l Dz +b-1,+c
where a, b and c are constant terms for each combination of applied extrinsic voltages, and thus, can be
analytically solved. .

S. Model Validation on Silicon

Measurements have been carried out on a long-channel transistor (n-channel X-DMOS, L, = 4 um),
in order to fulfill the EKV long-channel approximation. Figs. 2, show measured standard DC
characteristics performed at room temperature and fitted with proposed drain current expressions, eq (8)
and (9). Very good fitting can be observed, especially in the analogue region, where the self-heating is not
excessively pronounced (i.e. Vp and Vg up to 30V and 10V respectively).
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Figs. 2. Measured and calculated extrinsic (a) Ip-Vyp, (b) gds-Vp, (¢) Ip-V and (d) gm-V characteristics
on a standard n-channel X-DMOS test device (no K-contact) at room temperature.

6. Global Modeling Strategy

The proposed strategy relies essentially on the simplified expression of the drain current, eq (8),
which has the advantage to be an explicit expression and only depends on external biasing voltages Vs, Vp
and Vg. First, we show that with the simplified eq (8) one can deduce the bias-dependent drift resistance
based on the drain current, Ip. Figs. 3 a and b demonstrate, as expected, that the simplified g expression
doest not impact the model accuracy in strong inversion. Based on eq (8), the drift resistance is calculated
as the solution of a 2™ order polynomial equation:

Ro(Vg, Vb, T) = fTVp, Ve(Vq), Ip] ' (10)
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Figs. 3. Modeled drain current: (a) output and (b) transfer characteristics using complete vs. simplified
gsw) expressions, eq (5) and (6) respectively; (c) Rp(Vg,Vp) characteristics: analytically extracted,
according to eq (10), vs. Measured on device at room temperature.
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By considering Ip in eq (10) a measured quantity (i.e. output characteristics), eq (8) can be re-
formulated in a polynomial form, F(R,) = AR,?+ BR, +C, where 4, B and C depend on known quantities
(i.e. Vg, Vp and measured Ip). Through this polynomial expression, the bias-dependent drift resistance,
Rp, can be analytically solved. Good agreements, between experimentally measured and analytically
extracted Rp (Vg, Vp) characteristics are illustrated in Fig. 3 ¢, confirming the validity of our approach.

In order to extend the drain current model to moderate and weak inversion, eq. (5) is finally used
instead of eq. (6).

The modeling is sequenced as following: (i) perform standard extrinsic I-V measurements of the HV
DMOS transistor; (ii) extraction of the low-field mobility, po, and threshold voltage, V1o, parameters with
a dedicated method [8]; (iii) calculation of Rp (Vg, Vp) characteristics in strong inversion using the
measured Ip according to eq (10); (iv) fit with the drift expression, eq (2), the calculated drift-resistance in
(iii); (v) optimization of the set of deduced Vo, Mo and drift parameters to fit the desired DC measured
characteristics over all regions of operations.

Even if one could rise the drawback of an empirical mathematical formulation of the drift region, it
should be mentioned that the proposed strategy has some essential advantages: (i) can be applied to any
asymmetric MOSFET with any bias-dependent drift series resistance (an appropriate selection of the
mathematical function for Rp(Vp, V) is however needed), (ii) a special test device (i.e. with a K-contact)
is no longer needed, (iii) easy extraction of low field mobility and threshold voltage and (iv) needs only
few [p-Vp measures at various Vg to extract and fit the empirical drift parameters.

7. Conclusion

An extension of the compact EKV model dedicated to HV DMOS devices is proposed based on the
separated modeling of the drift resistance, specific to HV MOSFETs. It is shown that EKV modeling
eliminates the need of a dedicated test structure to experimentally allow access to the intrinsic drain
voltage, Vy.

A simple modeling and parameter extraction strategy dedicated to HV Lateral DMOS transistors
with bias-dependent drain series resistance, is presented. This methodology requires only a few of basic
measurements on standard devices. The good agreement between simulations and measurement results
open the field to further developments, such as including the high electrical field-effects and temperature
dependence.
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ELECTRICAL CHARACTERIZATION AND MODELLING OF HIGH-VOLTAGE MOSFE‘I’S WITH MESDRIFT
C. Anghel', N. Hefyene', Z. EKihal', S. Frere?, R. Gillon?, M. Tack?, AM. Ioneseu M.J. Declercq'
B. Bakeroot®, M. Vermandel® and J. Doutreloigne®
‘'Swiss Federal Institute of Tedmology Lausanne Electronics Laboratory, Switzerland
?Alcatel Microelectronics, Oudemaarde, Belgium, *ELIS-TFCG/IMEC, University of Gent, Beigium

Abstract
This work reports on a new test structure, called MESDRIFT, which essentially allows the sep ir igation of the intrinsic ch ! and drift
regions of any type of asymmetric high-voltage (HV) DMOS transistor, without altering the overall device characteristics. Its usefulness in terms of
electrical characterization and device modelhng, mcludmg (i) static characteristics (analysis of quasi-saturation phenomena), (i) temperature
dependence, (iii) self-heating, (iv) bias-d 1ce (AC regime) and (v) hot carriers, is demonstrated.
Introduction - With high-voltage (HV) MOSFETs as key components for smart power, RF and automotive, the most versatie HV MOSFET
architecture is still the Lateral HV MOSFET (DMOS) [1-5]. Among the most critical issues for accurate desagn modeliing and simulation are the bias-
dependent characteristics of the drift region and their impact on the overall transistor behaviour. E: ially, the bias-d drift 8
(origin of quasi-saturation phenomena) and the Cgs and Cgp capacitances appear to be source of crucial interest for modellmg and characterization.
This paper addresses the modelling and electrical characterization of any generic DMOS device via use of a dedicated structure, calied MESDRIFT.
it is shown that MESDRIFT can provide extremely usefu! inf ion about temp influence, self-heating and hot-carrier stress, which are
major concems for DMOS transistors in terms of the identification of the Safe Operation Area (SOA). Both 2D numerica! simulations and experiments
are correlated to draw and support key conclusions.
MESDRIFT: device, DC experiments and numerical simulations - The MESDRIFT structure and the DC measurement set-up are depicted in Fig.
1. MESDRIFT simply reproduces the architecture of a HV n-channe! extended drain transistor (called X-DMOS, fabricated in 0.7ym CMOS, with
100V capability, addressed in detail in this work), with the key difference that a small contact is smartly engineered in the drift region, near the end of
the MOS channel. Similar structures have been fabricated for more conventional L-DMOS architectures. This K (key) contact is designed for probing
the intrinsic drain voltage, V« (at the end of the intrinsic channel), without significant impact on the electrical characteristics of the overall HV MOS
device. As demonstrated in Fig. 2, this is successfully achieved when the device width, W, is much larger than the size of the K-probe contact:
W>>W,. Fig. 3 (a) depicts the Ip-Vg characteristics of the intrinsic and extrinsic MOS devices at same equivalent drain voltage (Vp=Vx) that captures
the effect of the drift bias-dependent series resistance, Ra=, on DC characteristics. At low drain voltage and uniquely based on the difference
between the coefficients of mobility reduction with the transverse field in intrinsic and extrinsic channels, the Ras is deduced, Fig. 3 (b). For extended
anaiysas over all operauon range (including quasi-saturation), the Vx dependence on external Vg and Vo, is presented in Fig. 4. The overall Rum{Vs,
Vo). given in Fig. 8 is extracted based on the drift voltage drop, Vax=V/-Vk at a given injected drain current, /p. Thus, for the first time, the
experimental Rqn variation with the device bias is experimentally accessible over full operation range and its two-decade reported variation is
explained by the drift depletion control by Vs and Vp, and by the formation of an accumulation layer under the extension of the thin oxide. Numerical
simulation (Fig. 6) has been used to extensively validate the results obtained with MESDRIFT: very good qualitative agreements are obtained and
some quantitative higher Vx for fabricated MESDRIFT corresponds to a non-zero distance between the K-contact and the end of the intrinsic
channel. Based on Vi mvesngahon of X-DMOS, we have distinguished quasi-saturation (see Fig. 7) reflecting JFET-ike modulation in the drift
(region Il of Fig. 7) or carrier velocity saturation (region Ill of Fig. 7) without saturation of the intrinsic channel, and, identified precisely the pinch-off
points of depletion in the drift (Fig. 8). Similarly, the physics of L-DMOS quasi-saturation has been clarified. Fig. 9 shows an criginal finding provided
by MESDRIFT: the balance between Ram and Ron. It appears that in analogue operatuon (low Vo and Vg), R 8nd Remn are comparable, while when
Ve and/or V;, increase (>5V), Roq is dominated by Remw. This enlightens how critical is the accuracy needed on Ram extraction and/or modelting for HV
DMOS devices.
DMOS p ire d d with MESDRIFT - The MESDRIFT behavior has been investigated from 25°C up to 150°C, by monitoring the
evolution of key paramelers of the intrinsic MOSFET (threshold voltage, low field mob:lny subthreshold swing, etc.), Figs. 10 and 11. Typical
signatures of DMOS transistors in terms of the temperature coefficients of mobility, n = -2, (see Fig. 11) have been calculated. Rum vs. temperature
at various bias is reported in Fig. 12. Itis found that influence of the temperature in terms of Raw/Raon is ot very critical, Fig. 13. We demonstrate that
by a simultaneous yet separate calibration of the intrinsic MOSFET excellent accuracy compared to any other approach can be obtained to model
the temperature dependence of DMOS characteristics.
Quasi-analytical DC modelling and calibration with MESDRIFT - it is worth mentioning that MESDRIFT enables the simplest yet efficient
extension of low-voitage MOS advanced models for HV device simulation. With a low voitage BSIM3v3 model, calibrated on intrinsic channel
characteristics revealed by MESDRIFT, connected in series with a bias-dependent resistor the values of which are provided by MESDRIFT, high
accuracy in DC modelling (<10% max error in Ip, Ry, and <15% in (transjconductance, Figs. 14 and 15) are obtained over a wide range of
temperature, with physical values of the model parameters. Quasi-analytical detailed expressions Ram can be then developed [4], validated and
improved with MESDRIFT, for more advanced and accurate simulation.
Bias-d d i modelling with MESDRIFT - Excellent news with MESDRIFT for AC modetiling and simulations is that the Vi voltage
can be explouted in order to analytically describe the particular dependence of Cgs and Cgp capacitances associated with DMOS transistors. The
MESDRIFT small signal equivalent circuit is given in Fig. 16. Numerical simulations of capacitances and S-parameters measurements have been
carried out for cross validations (Fig. 17) and modelling of the specific peaks observed in Cgs characteristics of DMOS devices.
Self h - r i on of transients and self-heating in DMOS transistors with MESDRIFT are briefly presented in Fig. 18 and
Fig. 18. Both Vo(t) and V(1) transients after abruptly switching Ve, are recorded and compared in order to identify best conditions for pulsed
measurements in order to provide characteristics free of self-heating and separately evaluate self-heating in intrinsic channel and drift region. For our
DMOS devices, it is found that a pulse duration, Tusue. less than 10us acceptably eliminates the self heating. Fig. 19.
Hot carrier investigations with MESDRIFT - One of the most valuable insights offered by MESDRIFT concern the hot carrier degradation of HV
MOSFETs. In Figs. 20 and 21 it.is shown how one can distinguish between drift region and intrinsic channel degradations with MESDRIFT. By
comparing stress impact with: (i) high Vi, high Vp and (ii) high Vb, maximum of body current, ls, we have validated with MESDRIFT that in DMOS
transistors the degradation can be assisted by both efectron and/or hole injection, like recently claimed in [5]. By comparing resuits of Fig. 20 and
Fig. 21, one can observe that Rum is increased (Fig. 20) or decreased (Fig. 21) depending of the type of the stress. Furthermore, MESDRIFT
highlights that stress at /ar,. results in more degradation of the intrinsic channel, compared with stress at Vigme. Finally, it should be noted that such
detailed analysis of hot carrier degradation is almost impossible conventionally (compare only 4Ron in Figs. 20 and 21) without help of MESDRIFT.
Conclusion

" In conclusion, the proposed new MESDRIFT structure fully supports new DC and AC characterization methods that are simple, accurate and
universal, because independent on the drift architecture of any asymmetrical HV MOSFETs. New insights into the HV device physics are provxded
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Fig. 1 Cross section of MESDRIFT test structure and Fig. 2 Typical output characteristics, lps vs. Vps, of X-DMOS (solid) and
associated HP4158 measurement set-up. K-contact (n+ MESDRIFT (symbol) (both with W=40um): very good agreement is
type) is designed in the drift region (close to pn junction) and observed (including quasi-saturation region) demonstrating that the K-
its width, W, is negligible compared to DMOS width, W. contact does not significantly change the HV MOSFET characteristics.
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Fig. 3 a) Intrinsic and extrinsic Ip-Vg and gn-Vg at Vks=Vps=50mV, measured Fig. 4 Intrinsic drain (key) voltage, V, vs. V; with Vg as
with MESDRIFT mirroring X-DMOS, b) Extracted Ram at low Vp (=50mV). parameter, experimentally revealed by MESDRIFT.
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Fig. 7 Output characteristics of X-DMOS: Fig. 8 Cross section of X-DMOS with Fig. 9 Raa/Rn as function of X-DMOS bias:
different saturation mechanisms are identified depletion region limits corresponding to Ran dominates R. if Vp and/or Vg bias
in regions (I), (Il) and (ll) with the help of bias of regions (f). (li), (I} from Fig. 4 increase (where Roume < Rew): experimental
intrinsic drain voltage, V. (numerical simulation). data from MESDRIFT (X-DMOS).
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Fig. 16 Small signal equivalent schematic
for AC modelling of X- and L-DMOS
transistors, that exploits Vx to deduce the
values of Cgs and Cgp capacitances (Lo is
drift region length under the field plate)
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Fig. 17 Cgs-Vas with Vp as parameter. The
specific DMOS signature is the peak at given
Vos (increasing with Vps) that can be
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Fig. 18 Dynamic behaviour of MESDRIFT
(X-DMOS) highlighted by a simple pulsed
measurement set-up designed to study self-
heating in HV MOSFETs: Vp and Vi time
constants are different.
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Fig. 20 Specific degradations of Rs, Rya,
Ren induced by hot carrier measurements
conducted on MESDRIFT with V=100V and

V=12V: ARa0>0, Run and R, are similarly

degraded.

Fig. 21 Specific degradations of Rx, Ran,
Ra induced by hot carrier measurements
conducted on MESDRIFT with V=98V and
Ve=4.5V (at max lwe): 4Rum<0, Ro is
significantly more degraded than in Fig. 20.
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Bias-dependent drift resistance modeling for accurate DC and AC simulation of asymmetric HV-MOSFET

N. Hefycne!, E. Vesticl?, S. Frere?, C. Anghel’, A.M. loncscu’, and R. Gillon?
'Swiss Federal Institute of Technology Lausanne, Switzerland
Alcatel Microlectronics, Oudenaarde, Belgium

High Voltage (HV) Latcral MOSFETSs are extremely interesting for automotive and RF applications requiring more accurate
analytical models for advanced IC design and simulation. A key bottleneck for the modeling of LDMOS devices is the bias-
dependence of their drift resistance, Ry(Vp, V). This dependence is specific to the architecture of extended drain region,
particularly enginecred to provide increased breakdown voltages. Specific phenomena dictated by the drift region like quasi-
saturation [1] (the origins of which are related to JFET-like 2-D depletion region modulation, carrier velocity saturation, etc) are
reflected in the bias evolution of the drift resistance and thus, very difficult to be captured in an analytical compact model.

This work reports on the modeling, 2D-numcrical simulation and experimentally extracted Rp(Vp, V), based on a new
dedicated test structure that provides unique access fo measure the intrinsic MOSFET drain-voltage [2], Vk. Two Lateral HV
MOSFET architectures are investigated: the first one is self-aligned n-channcl LDMOS and, the second one, a drain-extended n-
channel (XDMOS), both with up to 100V breakdown voltage capability. Figs. | a and b show the 2-D cross-section of the
investigated architectures and the corresponding intrinsic drain-voltage locations (K-point). In order to cxtract and model the Rp
evolution with the external biases Vp and Vy;, first, 2-D numerical simulation was carried out. DC characteristics were simulated
with ATLAS and used to extract Rp(Vg,Vp) in a straightforward manner, based on the intrinsic drain-voltage value that provides
the calculation of the variable drift voltage drop at each Vp: Ry = Rpgq = (Vp - Vi Vlp.

The new test structures have been designed and fubricated by Alcatel Microelectronics to directly monitor the Vi potential
and confirm the intrinsic drain-voltage concept usefulness. It consists in a HV device architecture with an extra n+ small contact
(K-contact) added at the end of the intrinsic channcl, Fig. 2 a and b. The K-contact dimensions are much smaller than the
transistor width, aiming to minimize its impact on the overall transistor characteristics. With the proposcd design, we report
differences less than 10% in all regimes of operation between the original HV devices and the test structures with K-contact.

A measurcment setup based on a HP4156 parameter analyzer has been used to measure the test structures: while varying the
bias of the DMOS transistor in all operation regimes, we have monitored with a high impedance voltmeter the potential of the K-
contact. Based on the experimentally monitored evolution of Vg with Vp and Vg, Rp(Vp, Vi) has been extracted and the results
are reported together with'the numerically simulated drift resistance in Fig. 3. At low Vg, a depleted area is formed in the drift
zone, below the gate oxide or the bird’s beak, depending on the Vi, values, which results in an increased cquivalent resistance for
this part of the drift zone. By increasing the V¢ voltage, due to the combined effects of the accumulation and carrier injection
phenomena, this depleted arca could disappear. Consequently the cquivalent resistance decreases. An unusual behavior is
reported for low Vp values (less than 1V), when Rp decreases (Fig. 3). This trend is related to the change of the conduction
mechanism from surface into volume, resulting in an equivalent mobility increasc. When extracting Rp from the test devices, this
phenomenon cannot be observed (sce Fig. 2 a) due to the location and lateral dimensions of the n” implant. It is observed that
experimental curves correctly follow the predictions of numerical simulations, which confirms the validity of the Vi concept.

The following continuous mathematical, quasi-empirical expression has been deduced for the drift resistance:

aoes) (ws)
Ry(Vy.Ve.T) = (rw + (le:»|+ |)ln (ew.\vbmb-(s,», bivas) l){%) m
where, rpg. 1, Y. By, Bos 8z, 8, and & are room temperature model parameters, while m and n are parameters for the temperature
dependence of Ry, Fig. 4 shows that with this approach R model accuracy is better than §15% for the max error, and, better than
4% for the mean ervor, over all regimes of operation, including quasi-saturation. Fig. 5 reports the good fitting accuracy (<25%
for max error, including quasi-saturation) achieved by combining a BSIM3v3 core model, calibrated on intrinsic channel
characteristics, in series with the proposed bias-dependent R, model, calibrated on data measured on the new test structure.

A final key original finding is that Vi voltage can be used in order to properly model the HV DMOS bias-dependent
capacitances, Cgs and Cgp. Based on the DMOS small-signal AC circuit reported by [3], including the possibility to relate Cgs
and Cgp to V, drift and channel resistances, rg and 14, respectively, we have derived the following analytical expressions:

"
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These models need both Vie(Ve, Vi) and its derivatives, in all regions of operations, which is uniquely achicvable by the use

of the new proposed test structure. Typical results, able to describe the untypical peaks observed in the DMOS capacitances

(related to the evolution of the drift depleted regions. onset of quasi-saturation and lateral doping profiles [4]) are reported in Fig.
6. S-paramcter measurcments (including pad de-embedding) have becn used in order to validate the model predictions.

In conclusion, we demonstrated the usefulness of the intrinsic drain-voltage concept for accurate DC (bias-dependent Rp) and

AC modeling (bias-dependent Cgs and Cgp) of HV asymmetric DMOS architectures, based on measurements carried out on a

new dedicated structure and fully confirmed by 2-D numerical simulations.
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Fig. 1. Cross section of: (a) n-channel LDMOS and (b) n-channel XDMOS architectures. Inset: K-point location.
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Fig. 2. (a) Cross-sectional view of the new test structure with n” implant located ar the K-point and
measurement configuration used to monitor the intrinsic drain potential, Vy. (b) Top view of the same structure.
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Fig.5. Comparison berween measured (symbols) Fig.6. Measured CgstCep (circles) and modeled
and modeled (solid line) output characteristics of X- Cgs (solid lines) characteristics of a n-XDMOS
DMOS. The {"OdEI uses a core BSIM3v3 for architecture. Inset: DMOS small-signal equivalent
intrinsic MOSFET, in series with Rp(Vp V ¢) model. circuit used for the Cgs calculations based on Vy,
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