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Characterization and SPICE Modeling of High
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Student: Jin-Huei Shao Advisor: Dr. Tahui Wang

Department of Electronics Engineering &
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National Chiao Tung University

Abstract.

Power metal-oxide-semiconductor. field-effect transistors (MOSFETS) have been widely
applied to power electronics owing”to great semiconductor industry. LDMOS (lateral
Double-Diffused MOSFET) is usually the driver component in high voltage integrated
circuits, thanks to its planar structure. Because of the lack of suitable built-in HV model, the
sub-circuit modeling is usually used for the simulation of the power devices. In this thesis, we
propose a method to modeling LDMQOS by sub-circuit method.

First, we engage in the characteristics of LDMOS and MESDRIFT devices which have
an extra contact implant comparing to LDMOS, including the quasi-saturation, impact
ionization mechanism and the comparison between LDMOS and MESDRIFT device. We can

make it clearer that the operation principle and process inside LDMOS while device is under



operation. Then, macro model extraction flow of LDMOS including MOS model which can
be extracted from various test structures and Rp model which can be modeled through Vk
formula derivation in numerical method will be discussed. Finally, self-heating effect will be
investigated by TCAD simulation for temperature profile and by pulsed-gate experiment for
the influence of heat which is dependent on pulse width and power. Two simple models are
also proposed to describe the behavior of SHE.

According to our study, we can conclude that: KPC device has the best match to
LDMOS, so it is chosen to modeling LDMOS with the concept of intrinsic drain voltage, VKk;
using reverse calculated Rp can modify the mismatch between simulation and measurement
of LDMOS at high drain and gate bias; SHE is affected by pulse width and the power applied
to device (the longer pulse width, the larger power, and then the more serious SHE); finally,

SPCIE model of LDMOS considering quasi-saturation is completed.
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Chapter 1

Introduction

The scaling of Complementary Metal-Oxide-Semiconductor (CMOQOS)
technologies has forced the continuous reduction of the power supply voltages in
modern Integrated Circuits (IC). Although hot-carrier effects due to high electric field
can be improved by lowering power supply voltages, devices implemented by these
low-voltage CMOS technologies cannot meet the requirement of system applications
where high-voltage capabilities are needed.

Ever since power MOSFET was first introduced in the 1970’s [1], the technology
of power devices has made impressive progress. The development of power MOSFET
provided a direct link between integrated ‘circuits and power devices. Lateral
double-diffused metal-oxide-semiconductor-(LDMOS) field-effect-transistor is one of
the widely used power MOSFETs in high-voltage applications. It has the advantages
of high performance and process.compatibility ta CMOS technologies and is easy to
integrate with other devices [2], [3], [4]. This allows the development of high-voltage
integrated circuits (HVIC’s) based on LDMOS transistors. Consequently, we will
study the characteristics of LDMOS by simulations and characterization.

There are two board groups of the applications on power device as shown in Fig.
1.1. The first category requires relatively low breakdown voltage (less than 100 volts)
but requires high current handling capability, such as automotive electronics and
switch mode power supplies. The double-diffused MOSFETs (DMOS), the main
object of this study, are also included in this group. The second group lies along
trajectory of increasing breakdown voltage and current handling capability, such as
display drivers and motor control drivers.

Despite the increasing importance of power devices, there is a lack of simple yet

accurate SPICE HV MOS model for advanced HV IC simulation. Nevertheless, we



propose a SPICE sub-circuit method which consists of one MOSFET and one variable
resistance for the simulation of power MOSFET’s |-V characteristics. Many
researches and studies were dedicated to model HVY DMOS taking into account the
specific physics and phenomena associated to the extended drain region architecture,
such as the quasi-saturation mechanisms [5], [6]. Over the last 5 years, some critical
reports on modeling LDMOS by sub-circuit method are summarized in Table 1.1.
There are two kinds of components JFET and resistance added to MOS to model HV
LDMOS. For JFET, its model can only meet the operation regime: Vg <5 V; Vd < 20,
but for resistance, its model can meet the operation regime: Vg<12V; Vd <100V.
Hence, we choose variable resistance to model LDMOS in our sub-circuit method.
This thesis is organized as follows: Chapterl is introduction. Chapter2 provides a
description of LDMOS used in our work and introduces various test structures called
MESDRIFT devices which are designed for modeling LDMQOS. We compare the
characteristics between MESDRIFT) devices and LDMOS and select the best one to
model LDMOS. Chapter3 shows the overall extraction flow in detail and make some
improvements to get more accurate LDMOS model: Then, simple models to describe
self-heating effect of LDMOS are introduced in Chapter4. Finally, we will make a

brief conclusion.
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Chapter 2
Characterization of LDMOS and MESDRIFT

2.1 Introduction

In this chapter, the characteristics of LDMOS including the quasi-saturation
effect and impact ionization are presented and impact ionization mechanism will be
discussed by simulation. For modeling purpose, we also layout various test structures
called “MESDRIFT” which have an extra contact implant in drift region and we will
introduce them in this chapter. First, a schematic view of LDMOS is provided and its
basic I-V curves are illustrated. Then, simulation results about impact ionization are
illustrated. Finally, planar layout and cross section views of MESDRIFT devices are
demonstrated and the comparison between MESDRIFT and LDMOS will be shown to

find out the best match one for modeling.

2.2 Basic Structure and I-\V-.Curve Discussions of LDMQOS
2.2.1 LDMOS Basic Structure
The cross section of N-LDMOS studied in our work is shown in Fig. 2.1. The

whole device is inside a lightly epitaxial layer. The extended drain region under the
field oxide (FOX) consists of an n” drift region and an n-well for on-state resistance
control. The double diffused n"/P-Body region consists of source and channel, a
threshold voltage adjustment layer should be used to avoid a laterally varying doping
concentration in the channel region. In order to measure source substrate current
respectively for advanced reliability analysis, source and substrate are separated. The
existence of n-well is not only to control the on-resistance, but also to increase
breakdown voltage [8], [9]. It is because the n-well lowers the high electric field near
the n" drain diffusion. The field plates (the portions of the poly-gate that cross over

the field oxide) can increase the breakdown voltage because of reducing field



crowding at the edge of depletion layer under the poly-gate.

Some important dimensions of LDMOS transistor are outlined, which are the
effective channel length L,, the additional length of the gate poly overlap gate
extension length, and the drift region length Lp. The P-Body concentration and n’

epitaxial layer concentration are also important parameters.

2.2.2 Basic 1-V Curve Discussions
The LDMOS devices studied in our work have the following feature; threshold

voltage Vi=1.67V, gate oxide thickness t,,=~1000A, field oxide thickness trox=3500A,
channel length L,=3um, and device width W=20pum with device operation region:
Vg=0 ~ 40V, Vd=0 ~ 40V. The measured I-V curves at low gate voltage are shown in
Fig 2.2. The current path is described as follows. During on-state, electrons flow from
the N" source into the channel formediin P-body region under the gate oxide, and
continue to flow through the N-epi drift;fegion and N-well to the N drain. Obviously,
the resistance from channel to drain terminal 1s lager than that from channel to source
terminal. This is an asymmetric. HV. MOS device with respect to source/drain
resistance. From Fig. 2.2, we can'see that at“low gate voltage, impact ionization
current is obvious, so we take some device simulations to find out the changes inside
the device by examining the location of maximum impact ionization generation rate
(IIG). Before that, Fig. 2.3(a) and (b) revel the simulated current flowlines in linear
region and saturation regions. It is observed that in linear region, the current path is
along the Si-Si02 interface within the gate extension region. This differs from the
saturation condition where the current path is far below the Si-SiO2 interface. This is
because the voltage under the Si-SiO2 interface is still large in saturation region. In

contrast, the voltage under the Si-SiO2 interface in linear region is small.
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2.2.2-1 Vd dependence of the maximum impact ionization rate

Several researchers have indicated three different regions within the LDMOS
where significant hot-carrier generation can occur [10], [11]. From Fig 2.4(a), we
have found that when the drain bias is small, the peak electric field is located in the
channel near the source side gate edge. The physical reason for the source peak can be
attributed to the gate edge effect [12], [13].

The “gate edge effect” occurs because the variation of vertical band bending
generates high lateral electric field. The gate edge effect may occur at two positions:
the gate edge near the source side and the gate edge near the drift region side (bird’s
beak). In the former case, high Vg will lead to gate edge effect. In the latter one, low
Vg will cause gate edge effect more seriously. The high electric field near the source
side gate edge or the bird’s beak is the result of gate edge effect.

When drain bias reaches satutation, the ¢hannel is pinched-off producing large
electric field near the P-Body-epitaxial junction. as shown in Fig. 2.4(b). After Id is
saturated, almost all the further increase in Vds drops in the drain series resistance
region and does not affect the lateral electric ficld in the channel, but the field in the
drift region increase almost linearly with'Vids'[14]. Hence, for sufficiently high drain

bias, the IIG is located in the drift region, as can be seen in Fig 2.4(c).

2.2.2-2 Vg dependence of the maximum impact ionization rate

In the preceding section, we discuss the Vd dependence of the maximum IIG

location. Nevertheless, the Vg dependence of IIG has already a major concern in

reliability issue [15]. By using device simulation, the correlation between Vg and I11G
is explored.

Fig 2.5 illustrates the simulated results. When Vg increases from 10V to 40V,

the location of maximum IIG moves to the right side gradually. This is due to the

current flowlines we discuss previously. As gate voltage increases, the current path is

close to the Si-SiO2 interface in the gate extension region, and then begins to spread



out near the bird’s beak.

Although the peak electric field is located in the silicon bulk, the critical
position we are more concerned about is the IIG value near the bird’s beak where
electrons will be trapped easily [16]. As Vg increases, the IIG near the bird’s beak is
enhanced expect for Vg=10V. The gate edge effect, as we mentioned above,
accounting for this exception. This result is in correspondence with the experimental

data.

2.2.3 Quasi-saturation effect

In this section, we introduce a unique phenomenon in LDMOS called
“quasi-saturation effect” or “early-saturation effect” which appears at sufficiently high
gate voltages. This effect limits the maximum current at high gate voltage [17], [18].
On measuring the DC characteristics injour LDMOS transistors, it is noticed that the
drain current is limited at high gate voltage as illustrated in Fig. 2.6. Conventional
MOS circuit models are incapable of modeling this éffect [19]. This quasi-saturation
effect is because of the existence of the drift region. The drain current tends to be
saturated not because of the pinch-off of the channel at the drain end, rather because
of the velocity saturation in the drift region for carriers from the channel. Thus, the
drift region can be modeled as a JFET [20], [21]. Other researches also model the
quasi-saturation effect by adding a nonlinear resistance controlled by drain current
through the drift region [22]. In our study, we use nonlinear resistance controlled by
drain and gate voltage to model drift region and the macro model overall extraction

flow of LDMOS will be discussed in Chapter 3.
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Fig. 2.4(b) The location of maximum impact ionization rate (IIG) at

Vd=10V, Vg=10V.
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Fig. 2.4(c) The location of maximum impact ionization rate (IIG) at
Vd=40V, Vg=10V.
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Fig. 2.5 The location of maximum impact ionization rate moves

toward the bird’s beak when Vg is elevated.
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2.3 Structure and I-V Discussions of MESDRIFT Device [23], [24]

In this section, MESDRIFT devices which compared to LDMOS device have an
extra contact implant in gate extension region are introduced. In our study, there are
four kinds of structures about MESDRIFT devices including KL, KP, KPC and KPF.
These four kinds of devices are all design to get intrinsic MOS and drift resistance
data because with them modeling LDMOS can be easier. LDMOS devices have some
unique effects like quasi-saturation effect, so we can not model it by a single built-in
SPICE MOS model. Hence, we use MESDRIFT devices to get information inside
LDMOS which includes the channel region and drift region while device is under
operation. Detail extraction flow of modeling LDMOS by the use of MESDRIFT will
be discussed in chapter3. Cross section, planar layout and I-V curves of KL, KP, KPC

and KPF devices are presented as following.

2.3.1 KL Device

KL device cross section is-shown as Fig. 2.7(a) and its planar layout picture is
shown as Fig. 2.7(b). As mentioned above, MESDRIFT device has an extra contact
implant in gate extension region. For KL device, the contact implant is along with the
device width, so there is a ”line” implant in the middle of gate extension region like
source and drain, and that is the reason we call such a device “KL” MESDRIFT
device. The line implant affects the I-V characteristics of KL device much different
from those of LDMOS device as shown in Fig. 2.7(c). Compared to LDMOS, KL
devices have serious impact ionization occurs at high drain bias and low gate bias

region. Hence, the currents of KL device are much larger than LDMOS device.

2.3.2 KP Device
KP devices also have an N' implant in gate extension region. The implant is a
point implant which locates at the middle of gate extension region. KP device cross

section is shown in Fig. 2.8(a) which is the same with KL device and its planar layout

15



is shown in Fig. 2.8(b) which shows the contact implant is the middle of device width.
I-V comparison between KP and LDMOS device are shown in Fig. 2.8(c). From Fig.
2.8(c), we know that KP device is similar to LDMOS device on DC measuring, but
the K implant still makes some influence on I-V characteristics. At low gate voltage
and high drain voltage region, the current of KP device is a little higher than that of
LDMOS while at high gate voltage region, I-V characteristics have a good match with

those of LDMOS.

2.3.3 KPC Device

Like KP device, KPC device also has an N” implant in gate extension region, but
the implant locates at the channel end (the interface between P-body and N drift
region). KPC device cross section is shown in Fig. 2.8(a) and its planar layout is
shown in Fig. 2.8(b). I-V comparison-between KPC and LDMOS device are shown in
Fig. 2.8(c). From Fig. 2.8(c), we can see that KPC device is very similar to LDMOS
device on DC measuring, because the point implant near channel does not change the
LDMOS structure too much. So we choose KPC device for our modeling of LDMOS

and this will be discussed in chapter 3.

2.3.4 KPF Device
Like KP device, KPF device has a N” implant in gate extension region with the
location at the right side of gate extension region which is close to bird’s beak. Cross
section of KPF device is shown in Fig. 2.9(a) and its planar layout is shown in Fig.
2.9(b). I-V comparison between KPF and LDMOS device is shown in Fig. 2.9(c).
From Fig. 2.9(c), we can see that KPF device is also similar to LDMOS device on DC
measuring, but the point implant does not easy to control due to the FOX, so its [-V

curves are different from those of LDMOS just shown as Fig. 2.9(c).
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Chapter 3
Extraction Flow of Intrinsic MOSFET and

Drain Resistance

3.1 Introduction

An overall macro model extraction flow of LDMOS is illustrated step by step in
this chapter. First, we show our strategy for modeling LDMOS by sub-circuit method
which includes one intrinsic MOS model and one bias dependent resistance. Then, we
find out the intrinsic MOS model from KPC device which is the best match to
LDMOS. To find Rp model, we calculate Rp data from KPC measurement. In order to
get more correct Rp data, we use reverse calculated Rp, data to adjust macro model for
fitting LDMOS. To simply Rp model, we derive.Vk formula to reduce Rp model
parameters. For more convenient and faster MOS model extraction, we use KL device
to get intrinsic MOS data. Finally, simulation and measurement data of MOS, Rp and

macro model of various method combinations are presented and discussed.

3.2 Strategy and Initial Extraction
3.2.1 Sub-circuit method
The built-in MOSFET models in BSIM3v3 are more attuned to the

modeling of low-voltage lateral type MOSFETs such as might be encountered in
integrated circuits than to the modeling of high-voltage power MOSFETs. These
built-in models are not capable of simulating some features of power MOSFET, such
as drain-gate capacitance, body-drain diode, pinch effect between cells, and
quasi-saturation effect, which are essential to the determination of the device response.
In the absence of a suitable built-in model, power MOSFETs are usually simulated by
combining the existing built-in MOSFET model with some extra resistance resistive

elements such that the combination is able to give a more faithful representation of the
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power MOSFETs. In our study, we separate LDMOS into a MOSFET and a drift
region which could be simulated by a bias-dependent resistance on drain and gate
voltage, so acceptable accuracy for the simulation of HV MOS devices can be
obtained by sub-circuit method and the illustration of our concept is shown in Fig.
3.1(a). For ideal case, intrinsic MOS data and Rp data can be obtained directly from
MESDRIFT device by sensing K potential while measuring MESDRIFT device. Then,
we can easily extract MOS model and Rp model by the processed data measured from
MESDRIFT device. Macro model extraction flow is shown in Fig. 3.1(b). In next
Section, we show the detail MOS model extraction and the comparison result between
measured data and MOS model. Section 3.2.2 shows the detail Rp extraction and the
comparison result between measured data and Rp model. Section 3.2.3 shows the

initial macro model result compared to the measured I'V cures of LDMOS.

3.2.2 MOS model from KPC

From section 2.3, we know that the [-V characteristics of KPC device have the
best match with those of LDMOS;:sao we choose KPC device to get MOS data and Rp
data for initial extraction. For MOS‘data;-according to BSIM manual, the following
device characteristics must be measured: (1)Ids vs. Vgs at Vds=0.1 volt (deep linear
region); (2)Ids vs. Vds at different gate bias (Vgs) for getting a SPICE MOS model. In
other words, IkVk and 1kVg data are necessary and these data can be obtained by
sensing K potential while measuring the IV of KPC device. Fig. 3.2 shows the
intrinsic MOS I-V including IkVk and IkVg. Because Vk step is not constant (Vk step
does not equal to 0.1V), so we use interpolation to get constant step data. Fig. 3.3
shows the I-V curves after constant step normalization. With these data, we can find
out one intrinsic MOS model by using BSIMPro software. The initial extracted
BSIM3 MOS parameters are shown in Appendix A. (The BSIM3 parameters are listed
in the H-SPICE script.) Fig. 3.4 shows the comparison between intrinsic MOS model

and the measured IkVk.
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3.2.3 Rp model from KPC

Since we have Id, Vg, Vd and Vk data, we can calculate drift resistance with the

following equation:

_vd -Vk
Id

Rd

3.1)

The calculated drift resistance versus Vd at different Vg is shown in Fig. 3.5. It can be
seen that the drift resistance (Rp) increases with drain voltage (Vd) and decreases
with gate bias (Vg). This can be explained by the concept of intrinsic drain voltage
(Vk) that Vk increases with Vd but will tend to reach a saturated small value as Vd
keep increasing for the entire bias domain [25]. The fact that the increasing rate of
voltage drop across the drift region is lager than that of drain current makes the
increase of drift resistance (Rp) with increasing drain voltage (Rp). Besides, Vk also
increases with gate bias (Vg) because Vg raise the surface potential [25], making Rp
decreasing with Vg. For initial extraction, we choose polynomial function to fit Rp.
We make Rp, in the following form:

Rp = (o, +aVy +a Vi +a N ) B+ BN, +BN; +BV;) (3.2)
where o, O, 03, 04, P1, P2, B3, -and P4 are model parameters. By using the drift
resistance Rd (at a given Vg and Vd) calculated above, we are able to determine these
parameters using least square fitting method. We can see that a very good fit is
obtained at high Vg, but under small gate bias some discrepancy between the
measured and simulated data can be seen as shown in Fig. 3.5. This may be caused by
not well enough Rp function form. Combine MOS model and Rp model obtained
above, we get a macro model of LDMOS. Fig. 3.6 shows the comparison between
macro model simulation [-V and measured I-V. We can see that I-V curves match well
at linear region but there is a large difference at saturation region. The discrepancy at
saturation region may probably be caused by MOS model error at high Vd and no
good enough Ry function. The calculated Rp at low Vg may be incorrect at low Vg
because of the contact implant influence. For IdVg cure, we can see oscillation in

macro model. Consequently, we need to do some modification in this method. In next
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section, we will demonstrate how to improve this method.

3.3 Modified Ry Model
3.3.1 Reverse calculated Rd data

Because we still can’t find out one set of intrinsic MOS model parameters to fit
these data which have been eliminated the quasi-saturation effect by measuring KPC
device, we adjust calculated Rp for macro model to fit LDMOS data. The concept
picture is shown in Fig. 3.7. Once we get intrinsic MOS model from KPC
measurement, we can use LDMOS I-V to reverse calculate Rp data. Fig. 3.8(a) shows
reverse calculated Vk characteristics. At high Vg , reverse calculated Rp corresponds
to the measured one from KPC device, but at low Vg reverse calculated Rp, is larger
than measured one. This results from the reducing Rp at low Vg because of the
contact implant. With these data, we can'find eut Rp model parameters by least square
fitting method. Fig. 3.9 shows thé comparison between modified Rp model which is
in polynomial form and reverse calculated Rp data.“We can see that there is a very
good match over the all range: Then, we combine MOS model and modified Rp
model, so we get our modified macro; medel. Fig. 3.10 shows the result which is a

very good fitting with a mean error of less than 5%.

3.3.2 VK derivation for simplifying Rp

In order to improve Rp model and to eliminate the oscillation in IdVg at low
drain bias, we attempt to derive Rp formula with Vk concept. From equation (3-1), we
know that once we get Vk function, we obtain Rp formula. The overall extraction
flow with reverse calculated Vk concept is shown as Fig 3.11. From Fig 3.8(a), we see
that Vk versus Vd curves at different gate bias and we find that Vk tend to saturate as
Vd reach certain value. The point of Vk saturation indicates that depletion region
increasing with Vd bias covers K implant region, so Vk potential keeps in the same

value. Therefore, we assume Vk have the following function form:
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slope

o
Such a function form has a shape like Fig 3.8(a). Parameters o and slope in equation

V¢ = a - tanh( ‘Vy) (3.3)
(3.3) are function of Vg and we define a as the saturation Vk values and slope as the
slopes of Vk versus Vd curves in linear region. Because Vk has more complicated
mechanism on gate bias than drain bias, we use numerical method to deal with such a
problem. We make that:

a=a -VG*» (3.4)

slope =s, +s, -exp(s; - VG) (3.5
From Fig. 3.8(b) and (c) we can find a and slope values use and we can also
determine these parameters a;, op, S, S, and S3 by statistical regression. Finally, we

have Vk in following form:

[sihsy: exp(s: - VO)] |,

V, =(a, - VG*)-tanh§ - ) (3.6)
Hence, Rp is in the form: (0(1 VG )
Vd — (051 .VG* ) | tanh{[sl 5 Sy CXp(Sj ’ VG)] 'Vd }
Rd = VG ) 3.7)
I (MOS)

where Ip(MOS) means the MOS current at given Vd and Vg. Table. 3.1 shows the
extracted parameters values of Vk formula and Fig. 3.12 shows the comparison
between simulation of Vk formula and reverse calculated Vk data. Fig. 3.13 shows the
comparison between macro model using tanh function and LDMOS measurement

data. The results present excellent match with a mean error of less than 2%.
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3.4 Modified MOS Model from KL Device
3.4.1 MOS model by KL device

Section 3.2 and section 3.2 present an overall extraction flow of LDMOS by
using KPC device. But it’s time-consuming for MOS model extraction because of the
constant step normalization, so we propose another method to get MOS data by using
KL device. Because the K contact area of KPC device is too small so that we can’t
directly apply voltage to K contact. Hence, we use KL device because the K contact
of KL device has large enough contact area to sustain voltage. Then we can directly
apply voltage to the K contact and measure K contact current which indicates that
IkVk and 1kVg data can be directly measured by using KL device. Now it becomes
easier to get MOS data and we can use extractor software to get MOS model. Fig.
3.14 shows the comparison between MOS model and measured data extracted from

KL device. It has a good match.

3.4.2 Reverse calculated Rp-model and macro model by KL device
After MOS model is obtained; we'canuse the method mentioned in section 3.3.1
and 3.3.2 to get Rp model. Fig. 3.15showsVk formula comparison results. We can
see that at high gate bias a very good match is obtained, but at low gate bias some
discrepancy between the measured and simulation of Rp and Vk occur. This may be
caused by the instability of contact line implant. Combine MOS model and Rp model
obtained above and then we get a macro model. The final results are shown as Fig.

3.16.
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Chapter 4
Self-Heating Effect of LDMOS

4.1 Introduction

This chapter reports on the self-heating effect (SHE) [26] characterization of
LDMOS and a simple pulsed-gate experiment is proposed and the influence of pulse
duration are analyzed. SHE results in a reduction of the drain current and the
well-know negative output conductance effect [27]. Some other interesting reports on
SHE characterization and its modeling originate from the SOI MOS devices where
this effect is particularly critical. Despite these efforts, there is a lack of simple yet
efficient model to describe the SHE. The aim of our work is to investigate the impact

of SHE and propose simple models to-illustrate the behavior of SHE in LDMOS.

4.2 Simulation of temperature profile

Temperature profiles inside .LDMOS~devices arising from self-heating are
simulated using TCAD simulator shewn ‘as' Fig. 4.1. Fairly uniform temperature
profiles were found in devices with uniformly doped drift region, which is consistent
with the power dissipation profile inside the device [28]. The heat generated inside
device while operation does not easily disperse due to the field plate, so at FOX (field
oxide) region it has high temperature. Near bird’s beak it has the highest temperature
because of the current crowding. Fig. 4.1 also shows that the higher gate bias gets the
higher temperature. It is because the higher gate bias gets the more current and power.

Hence more heat is generated inside device which contributes to higher temperature.
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4.3 Measurement Set-up and Experiment Result

Various pulsed measurements aimed to access the HV and SOI MOSFET
characteristics without SHE have been reported in previous works [27]. In general,
such measurement set-up requires a dedicated and expensive configuration since this
can not be achieved with semiconductor parameter analyzers (where integration time
exceeds 80us and much faster pulses are requested to avoid SHE). Herewith, we have
used a simple yet efficient test configuration able to measure the characteristics of the
HV devices without SHE (Fig. 4.2) and investigate SHE as function of the pulse
duration and the power. A pulse generator is used to turn on and off the transistor by
applying a square signal on the gate. The drain is biased by a high voltage generator.
One OP amplifier and resistor are used in parallel. The minus input of OP amplifier is
connected to the source of the transistor while the plus input is ground to make sure
the source of the transistor virtual geound. A digital memory oscilloscope that triggers
the signal applied on the gate is used for monitoring the voltage variations on the
output of the OP amplifier.

The proposed measurement setup relies on the on-off transitions of the HV
transistor. The oscilloscope triggers the'rising edge of the gate signal (the driving
signal), while the output of the OP amplifier is synchronously monitored on the other
channel. The output voltage is recorded as function of time by the oscilloscope. A
typical response of the transistor is presented in Fig. 4.3. The .drain current is simply

calculated by:

Vo
R

Id (4.1)

We can see that drain current decreases with the increasing of pulse width.
Because the longer the channel turns on, the more heat it generates, mobility hence is
affected due to the high temperature. Such a result leads to the decreasing of drain
current. Fig. 4.4 shows the IdVd comparison measured between by pulse generator
and by HP4155C. When the gate bias is higher, then the SHE gets more serious

because of the more heat generated. For different width and length, we find that SHE
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is the most serious on device which has the shortest length and widest width as shown

in Fig. 4.5. This results from the high current density.

4.4 Simple Time Model and Simple Power Model

In order to derive simple models to describe the SHE, we investigate the drain
current degradation as measurement time (heating time) on Vd dependence and on Vg
dependence as shown in Fig. 4.6(a), Fig. 4.7(a) in linear scale and Fig. 4.6(b), Fig.

4.7(b) in log scale, and we can find that Id degradation has the trend:

Ald

y = In( ) (4.3)
Ilems
X = In(t) @)
where y means the slope and  means the:intercept. Therefore, we have the following
result:
ld(t) = 1d,,, -[1+e”t!] (4.5)

where Id;o, means the measured drain’ current for 10 ms pulse width. Fig. 4.8 shows
the comparison between the model derived above and the measured data and Table.
4.1 shows the values of model parameters.

For power model, we investigate the drain current degradation dependence
on power. Fig. 4.9 shows the power dependence of SHE. We know that SHE is
directly dependent on the power dissipated by the device [29], [30], and the more the
power dissipated the SHE gets more serious. From Fig. 4.9 we find it the following

form:

Ald__g.p. (4.6)

IleOms

Idm =1d, g - [1+6- 1,0 -VA] 4.7)
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where 6=0.1275 and Id;oom means the measured drain current for 100 ms pulse width.
Fig. 4.10 shows the comparison between simple power model and the measured data.
From Fig. 4.8 and Fig. 4.10, we have excellent match with the measurement data.

With these models, we can predict the values without SHE for advanced investigation.
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Vg/Vd ¥ b

40/40 -0.613 -10.861
40/30 -0.5894 -10.861
40/20 -0.5649 -10.861
40/10 -0.5333 -10.861

Table. 4.1 Simple time model parameters used above.
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Chapter 5

Conclusion and Future Work

According to all the investigation, we can get some conclusion. In chapter2,
lateral double diffused MOSFET (LDMOS) has been characterized including
quasi-saturation effect and the current flowlines and the impact ionization location by
TCAD 2D simulation. Various test structures of MESDRIFT devices are also
discussed with respect to the 1-V characteristics influence by different contact implant
location and implant area. Here, we propose two ways to find MOS model from KPC
and KL devices, respectively. KPC device has the best match |-V characteristics to
LDMOS while KL device has the advantage to extract MOS data easily.

In chapter3, LDMOS macro model overall:extraction flow is presented in detail.
Such a model is developed by -adding 'a-veltage controlled resistance to a standard
BSIM3 MOSFET model. In order to reduce mismatch of macro model at high gate
bias due to the contact implant, we. use-reverse calculated Rp to modify the error. For
more physical Rp model, we derive*VK formula to reduce Rp model parameter
numbers. For time-saving purpose, we use KL device to extract MOS model.
Combining MOS model and Rp model, we have a macro model and such a macro
model can exactly describe the I-V characteristics of LDMOS with a mean error of
less than 2%.

An investigation of Self-heating effect (SHE) in LDMOS based on pulsed
measurements is discussed in chapter4. It has been shown that pulse width and power
are important parameters to define free-SHE measurements conditions. Two simple
models are proposed and validated to describe the behavior of SHE in LDMOS.

For more complete macro mode, different geometry must be used for the
extraction of the BSIM3 parameters, e.g. one large size device and two sets of

smaller-sized devices should be taken into account. This will significant improve the
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accuracy of parameter extraction but it will raise the difficulty in the meantime.

Besides, SHE should also be taken into account in macro model.
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Appendix A The intrinsic MOS model parameters extracted from

.MODEL N NMOS (
+Imin = 1e-006

+wmax = 1e-006

+capmod =3
+stimod =0
+vfbflag =0

+wref =1e 020

+XW =0

+Id =0

+lwlc =0
+wwilc =0
+wint =0

+Idif =0

+lIn =1

+ww =0

+lwl =0
+xpart =1

+k2 =-0.0186
+nlx =0
+dvti2 =0
+dvti2w =0
+nfactor =1
+cdscd =0

+ua =1.6476433e-009
+ngate =0
+prwg =0
+rdsw =50

KPC device.

Imax = 1e-006
version =3.2
ngsmod =0
paramchk=10

hspver =2000.2

tref =25

Imit =1

lic =0

wlc =0

tox =1.22e-007
lint =0

Il =0

wlin =1

Iwn =1

wwl =0

vthO =1.2945087
k3 =0

dvt0 =0

dvtiow =0

nch =1.67e 016
cdsc =0

cit =0

ub = 5.0552204e-019
Xj =1.7e-006
prwb =0

a0 =05
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level =49

wmin = 1e-006

mobmod =1

binunit =1

binflag =0

Iref =1e 020

Xl =0

wmlt =1

Iwc =0

wwc =0

toxm = 1.22e-007
hdif =

wi =

Iw =

wwn =

cgbo =

k1 =0.53

k3b =

dvtl =

dvtlw =

voff =-0.10794781
cdscb =0

uo =0.066779793
uc =1.05e-010
w0 =0

wr =1

ags =-0.76648995



+al =0
+bl =0
+dwg =0
+beta0 =30

+pdiblc2 = 0.53719751

+pvag = 0.063358652

+delta =0.01
+dsub =0

+clc = 1e-007
+cgdl =0

+acde =1

+voffcv =0

+kt2 =0.022
+ubl =-7.61e-018
+at = 33000

+noib = 50000

+af =1
+gdsnoi =1
+jsw =0

+cjsw  =5e-010

+rd =0
+rsc =0
+calcacm=0
+ptc =0
+cj =0
+tpb =0
+sa0 = 1e-006
+kvth0 =0
+pkvth0 =0

a2 =1

vsat = 158800

dwb =0

pclm =4.7180775e-012
pdiblcb =0

pscbel =4.24e 008

eta0 =0

elm =5

cle =0.6
cgsl =0
moin =15

ktl =0

ute =-15
ucl =-5.6e-011
noimod =1

noic =-1.4e-012
ef =

rsh =

Cj =0.0005
mjsw =0.33
rdc =

xti =

nj =

tt =

tcjsw =

tpbsw =

sb0 = 1e-006
Ikvth0 =
llodvth =0

60

b0 =0

keta =-0.047
alpha0 =0

pdiblcl =0.4326837
drout =0

pscbe2 =0

etab =0

alphal =0

ckappa =0.6

vibcv  =-1

noff =1

ktll =0

ual =4.31e-009
prt =0

noia =1e 020
em = 41000000
kf =0

is =0.0001

mj =05

pb =

rs =

acm =12

pbsw =0.8

ijth =0.1
tcjswg =0

tpbswg =0

wlod =0

wkvth0 =0
wlodvth =0



+stk2 =0
+ku0 =0
+pku0 =0
+kvsat =0

lodk2 =1
IkuO =0
llodku0 =0
stetaO =0
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lodeta0 =1

wkuO =0
wlodku0 =0
tku0 =0)
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