Chapter 1

Introduction

From a historical perspective, power semiconductor devices have played an
increasingly important role in the development of power electronic systems over the
last 50 years. From the beginning with the invention of the bipolar transistor in the
late 1940’s to the power MOSFET first introduced commercially in the 1970’s which
is redesigned to LDMOS (lateral double-diffused MOS) for increasing voltage
blocking capability, year by year, we can see the application and operation range are
expanding [1]. The applications for power semiconductor devices are quite diverse as
shown in Fig. 1.1 and Fig. 1.2 [2].

However, an ideal power device :is: capable: of handling high currents and
voltages and switching at a high speed at the same time, but it can’t be satisfied all
three requirements simultaneously. - The LDMQS;-the main object of this study, is
classified as requiring relatively low breakdown voltage (less than 100volts) but high
current handling capability and high speed and usually used in automotive electronics,
switch mode power supplies, and etc. Because of these advantages plus process
compatibility to CMOS technologies [3],[4] , LDMOS transistors is one of the widely
used power MOSFETs in high-voltage (HV) applications now.

Although power devices are getting more popular, the problem of lacking a
simple accurate SPICE HV MOS model for HV IC simulation is more serious. The
most crucial ways of modeling HV MOS are to combine either a nonlinear resistance
[5],[6].[71.[8] or a JFET [9] with a MOSFET. However, most of sub-circuit methods
don’t consider the width/length effects and different temperature and bulk bias

conditions. In our work, we choose a SPICE sub-circuit method consisting of a



MOSFET and a non-linear resistance for the simulation of LDMOS. Our method not
only combines specific physical-based phenomena, such as quasi saturation and the
fringe effect but also takes account of the width/length effect and different
temperature and bulk bias conditions. .

Another important topic is the hot carrier reliability. LDMOS used as a driver is
usually biased at high drain voltage, so the hot-carrier degradation is needed to be
concerned about. The hot-carrier effect not only causes the reduction of the Safe
Operating Area (SOA) but also lets the life time of devices decrease [11]. In our
report, we identify the location of oxide damage and trap types induced after
hot-carrier stress by using three-region charge pumping technique.

This thesis is organized as follows: Chapterl is introduction. Chapter2 indicates
the structure of the LDMOS used throughout this work and analyzes some
characteristics of it. Chapter3 shows'the extraction flow of SPICE LDMOS model. A
novel two stages extraction method 'of LDMOS is'proposed. Several physical-based
parameters are also discussed. Then, the. hot-carrier degradation issue is introduced in

Chapter4. Finally, we will make a brief conclusion.
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Chapter 2
Analysis of LDMOQOS Characteristics

2.1 Introduction

In this chapter, the characteristics of LDMOS including the I-V curve, the
quasi-saturation effect, and the reliability issues are analyzed. First, a schematic view
of LDMOS is provided. Then, the basic I-V curves and the quasi-saturation effect are
illustrated. Finally, the three crucial special issues are investigated. The self-heating
effect and the fringe effect mechanism are discussed and this discussion of
phenomena help us provide an accurate model next in Chapter 3; the hot carrier

induced degradation is also explained.and will be examined it in Chapter 4.

2.2 Basic Structure and 1-V Curve Discussion of LDMOS
2.2.1 LDMOS Basic Structure and I-V.Curve Discussion

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 double diffused n*/P-Body region
forms source and channel, and a threshold voltage adjustment layer should be used to
avoid a laterally varying doping concentration in the channel region. The n™ drift
region extends primarily from the PBODY into drain leading to a voltage drop
between the heavily n* doped drain contact region and the channel of the device.
Higher breakdown voltages are achieved due to the n drift region. For reliability
analysis, source and substrate contacts are separated, but substrate contact is close to
source contact. The oxide region with verified thickness and covers two regions: the
first one is the thin gate oxide above the channel region and a part of the drift region;

the second is thick field oxide above the drift region. The degree of current spread out



across the whole body of the drift region and the gate controlling ability depend on
the thickness of the thick field oxide [12]. The field plates (the portions of the
poly-gate that cross over the drift region) can increase the breakdown voltage because
of reducing field crowding at the edge of depletion layer under the poly-gate.

Some important features of LDMOS transistor are outlined, which are the
effective channel length Lhan, the accumulation length Ly, the field oxide length Ly,
and the drift region length Ly4. The P-Body concentration and n” drift concentration are
also important parameters for deciding Vy, and the operation voltage.

The LDMOS devices used in our work were processed in a 0.18 4um CMOS
technology with a gate oxide thickness of 100nm and a field oxide thickness of
500nm. The lengths of LDMOS devices vary from 1.7 um to 20 um; the widths of
them vary from 3 um to 20 um. The operation voltages are Vg=40V and Vd=40V.
Threshold voltages of LDMOS- devices are around-1.5V. The measured I-V curves
including 1dVg curve at linear region-(Md=0.1V) and IdVd curve at Vg=2, 9.5, 17,

24.5, 32V are shown in Fig. 2.2(a) and Fig. 2.2(h).

2.2.2 Quasi -Saturation Effect

In this section, we discuss a crucial phenomenon in LDMOS called
“quasi-saturation effect”. The quasi saturation effect does not occur in traditional
MOS transistors but appears in power MOSFET devices like LDMOS obviously.
When the gate voltage is sufficiently high, comparing to traditional MOSFETSs, the
increase of saturation currents is relatively small[13]. By measuring the DC
characteristics in our LDMOS transistors, it is clearly shown that the drain current is
limited at high gate voltage in Fig. 2.2(b). The reason for the occurrence of
quasi-saturation effect at high gate voltages is that the conductivity of the channel

region is high, whereas that of the drift region is low due to depletion in it. For further
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increasing drain voltage, the depletion layer widens and the drain current through the
drift region becomes crowded, which leads to velocity saturation in the drift region
[14]. Unlike traditional MOSFET devices, the drain current tends to enter saturation
region because of the pinch-off of the channel at the drain side.

The quasi-saturation effect has been solved by two main approaches. One is by
developing physically based compact models which are efficient and relatively simple
but lack flexibility [14],[15],[16]. The other is by using sub-circuit models. The
sub-circuit model combines external components, such as JFET[9] or variable
resistance [5],[6],[7],[8], with a MOSFET together to form an equivalent circuit of a
true LDMOS. In our study, we use nonlinear resistance controlled by drain and gate to
model the drift region and the macro model extraction method will be demonstrated in

Chapter 3.
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Fig. 2.1 Schematic cross section of NLDMOS device used in our study.
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2.3 Special Issues of LDMOS
2.3.1 Fringe Effect

The fringe effect can be illustrated in Fig. 2.3. In Fig. 2.3, we can see that the
gate area exceeds the channel region, so there are some extra currents which go
through this extension area and make the total drain current increase. This extension
area leads the side effect which can be shown clearly in Fig. 2.4. We find out that
there is an abnormal “two-stage turning on effect” shown in 1dVVg data and the drain
currents increase by different trends in different range of VVg. As shown in the figure,
current is normalized by width ate the same length. In 1dVg curve at Vd=0.1V, the
normalized Id by W=5 umis larger than the normalized 1d by W=20 xzm. Besides the
examination of various widths, we also compare the data of different lengths with the
same width in Fig. 2.5. It demonstrates that the device with short length is influenced
by the fringe effect more seriously.than the longer length. Because the fringe effect
occurs more seriously in small devices; we-will-model the fringe effect by using small

devices later in Chapter 3.

2.3.2 Self-Heating Effect

The current tendency in microelectronic industry is to the down scaling of
electronic components leading to power increase. This means that thermal effects
must be taken into account in the design. It is known that the temperature under the
operation of devices has a considerable influence on reliability and performances,
which can modify and degrade transistor behavior [17],[18].

In Fig. 2.6, we can clearly see the self-heating effect on our LDMOS devices. It
causes a reduction in the mobility of the carriers in the device and hence increases the
on-resistance. This leads to a decrease in current levels of the device and negative

output conductance effect [19]. Moreover, self-heating would induce thermal
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instability which causes thermal runaway finally. The thermal SOA boundary is
defined by the device being thermal runaway [11].

The characterization of the interaction between electrical and thermal effects is
needed to understand and precisely explore the Safe-Operating-Limits (SOA). There
are many reports which estimate of channel and junction temperature to help identify
the self-heating effect and give an accurate model. The most popular approach now is
to model the degradation performance of device by using a voltage pulse system
[20],[21],[22]. The system includes thermal resistance and thermal capacitance to
form a thermal parasitic network of the LDMQOS. In our study, we will examine the
self-heating effect at room temperature and model it by giving an appropriate function

for describing the degree of degradation in Chapter 3.

2.3.3 Hot-Carrier Effect

Hot-carrier effect is one-of the foremost reliability problems in submicron
MOSFET transistor [23]. Since LDMOS transistors are the devices of a choice to
combine standard CMOS process for smaller sizes and lower cost, they face this
reliability issue too. Under the influence of the high lateral fields, electrons or holes in
the channel and pinch-off region can gain sufficient energy such that their energy
distribution becomes much greater than would be expected if they were in equilibrium
with the lattice. The generation of these hot carriers called hot-carrier effect can be the
cause of several reliability problems. The hot carriers can lose their energy via impact
ionization, which results in substrate currents. These substrate currents may initiate
latch-up problem. Besides, if the hot carriers acquire sufficient energy to surmount the
energy barriers or tunnel into the oxide, their passing through the Si-SiO2 interface
can lead to the generation of interface traps and to electron and/or hole trapping in the

oxide. These phenomena will then induce threshold voltage shifts and
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transconductance degradation. In Chapter 4, we will examine the hot-carrier
degradation under non-uniform hot-carrier injection conditions by three-region charge

pumping technique.
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Chapter 3
Spice Model of LDMOS

3.1 Introduction

An overall spice model extraction flow of LDMOS is illustrated step by step in
this chapter. Our strategy shown in Fig. 3.1 considers the characteristics of
quasi-saturation effect, the fringe effect and the self-heating effect and models
LDMOS transistors by sub-circuit method depicted in Fig. 3.2. First, we take account
of the fringe effect and separate drain currents into pure LDMOS drain currents ( 1d)
and fringe MOS drain currents ( If ), thus we can model these two MOS currents
respectively and solve the “two stage turning on effect”. Then, a LDMOS without
influence of the fringe effect is modeled by a MOSFET model and a bias-dependent
series resistance described by an analytic-expression.to represent the characteristic of
I-V data in a LDMOS. This approach Is called “two stages model” because it uses the
characteristic of a LDMOS with “different performances in the low-Vg stage and the
high-Vg stage to form an accurate model. Finally, we improve the simulation result of

two stages model by correcting function of self-heating effect.
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3.2 Two Stages Model
3.2.1 Motivation and Extraction Flow of Two Stages Model

The traditional built-in MOSFET models in BSIM3v3 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. Thus a key bottleneck for the
modeling of LDMOS devices is the non —linear bias-dependence drift resistance
dependent on drain and gate voltages, Rd(\Vd,Vg) combining with the existing built-in
model.

To obtain an accurate model, the concept of “two stages model” is used. We
find that a LDMOS with different performances in a high-Vg stage and a low-Vg
stage. I-V curve of a LDMOS shown in Fig. 3.3'can be separated into two stages. First,
in a low-Vg stage region, I-V data.in.a LDMOS 'is like 1-V data in a MOSFET, so it
can be simulated by using a built-in MOSEET.in BSIM3v3. We prove this assumption
by a MESDRIFT device which is a device with ‘K-point—an N+ implant under gate
extension region, located in the boundary between the channel region and the drift
region depicted in Fig. 3.4; in another word, a MESDRFT is also a LDMOS but has a
K-point additionally. By sensing the voltage of the K-point—Vk, we can observe the
characteristics of the intrinsic MOS data in a MESDRIFT device [7]. The Vk is used
to distinguish between the operation on the intrinsic MOS and the resistance. The
comparison between a KPC device and a LDMOS device is shown in Fig. 3.5 and a
LDMOS is matched perfectly with a KPC device in a low-Vg stage region. Secondly,
in a high-Vg stage, the 1-V characteristic of a LDMOS is not equal to I-V curve in a
MOSFET and the drain currents in the saturation region are reduced because of the
quasi-saturation effect. In other words, power devices operating in high voltage are

controlled by the bias-dependence drift resistance mainly and have the I-V
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Characteristic like a MOSFET in a low-voltage stage region. It is illustrated in Fig.
3.6.

By executing this concept, our extraction flow and sub-circuit picture are
depicted in Fig. 3.7(a) and Fig. 3.7(b). There are four main steps as follows.

The first step is extracted the MOS model from the measured data of a LDMOS
in low-Vg stage. For extracting the MOS model, according to BSIM manual, the
following device data must be measured: (1)Id vs. Vg at Vd=0.1V( in linear region);
(2)1d vs. Vd at different low gate voltages. Except fitting these data, we also need to
check the measured Id vs Vg at Vd=35.2 V (in the saturation region). The data in
low-Vg stage region must be fit accurately because the MOS model is extracted from
a low-Vg stage region. In addition, the simulated data in high-Vg stage region must be
higher than the measured data.'because thislow-Vg MOS model is without
considering the quasi-saturation. effect. With.these data, we can find out an intrinsic
low-VVg MOS model by using BSIMPra software.

The second step is to calculate drift resistance with following equation:

_Vd-Vc
Id

Rd

(3.1)

The idea picture is shown in Fig. 3.7(c). Once we get intrinsic low-Vg MOS model
from LDMOS low-Vg stage measurement, we can use LDMOS I-V to calculate Rd
and Vc data in high-Vg stage region. The low-Vg stage region and high-Vg stage
region can use the same low-Vg MOS model in linear region because the I-V
characteristic in a high-\Vg region operating at linear region still perform like 1-V data
in a MOS. Here Vc presents a virtual point that is a voltage of the drain side in an
intrinsic MOS which is one part of a LDMOS.

Thirdly, the most important part is to derive the Rd model precisely. We extract

Rd model by fitting calculated V¢ and the fitting functions are as followed:
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slope -V,

VC :Vcsat . tanh(— (3 2)
csat '
V
(\/g _Vt i ) 'Vdsat (3 3)
Vo, =V, =V,)—4|(V, —V.)2—2. 2 '
= (Vg t) (Vg t) 1+ evs ' (Vg _Vt)n
vy, = YooV (3.4)

e 1+ edsat ) (Vg _Vt)

Deriving concepts and details will be illustrated in section 3.2.2.
Finally, we combine the MOS model with the Rd model to get a macro model
which can describe 1-V data of a LDMOS not only in low-Vg stage but also in

high-Vg stage accurately. The final results will be shown in section 3.2.3 and 3.2.3.

3.2.2 Physical Concepts of Two Stages-Model

The method of fitting calculated-\V/c-is-based on the concept of two stages model
that is shown in Fig. 3.8. In Fig. 3.8; the Id-Vd curve of a LDMOS biasing at high-Vg
stage needs to be modeled by calculating Vcsat of the intrinsic MOS part with the
drain currents of the LDMOS biasing at Vdsat. It is different from the traditional way
of changing mobility to obtain the reduction of drain currents because of the
quasi-saturation effect. Vc can be solved as follows. First of all, according to the
calculated Vc data in Fig. 3.9, we can find the relationship between V¢ and Vd. The
relation can be expressed by the equation (3.2) and the slope term in equation (3.2) is
defined as the slopes of V¢ versus Vd curves in linear region. The value of slope is
close to unity. Then the Vcsat can be calculated in the way of assuming drain currents
of a LDMOS equal to the drain currents of an intrinsic MOS which is embedded in

the same LDMOS. The Vcsat equation can be derived as follows:
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Id (Vg ’Vcsat) = Id (Vg ’Vdsat)

ew ) Cox “Hy o (Vg _Vt _M) 'Vcsat: Vl Cox ’ e '{Vg _Vt _E 'Vdsat}'vdsat
L 2 L 146, -(V, -V,)" 2
\ J Y
Y
Concept 2and 3 Concept 1 (3.5)
V
9 (VQ _Vt - dzsat ) 'Vdsat

9 Vcsat N (\/g _Vt) B (Vg _Vt) - 2 1+ 9\/5 : (Vg _Vt)n (36)

The Vcsat has three important physical concepts illustrated in Table. 3.1. Three
concepts tell why a traditional built-in MOSFET model can’t fit a LDMOS well. The

first concept is the early saturation illustrated in Fig. 3.10(a). We use the parameter

6,

dsat

to describe the shift of the saturation voltage.and extract it from Id-Vd curve. In
a LDMOS, the saturation effect happens earlier than-it of a MOSFET. The second is
the drain resistance existing in-a LDMOS-and. depicted in Fig. 3.10(b). The larger
parameter n presents the larger drain-resistance. The final concept is the velocity
saturation represented by parameter 6,.. The velocity saturation happens in the drift
region and can be shown in Fig. 3.10(c). The drain current doesn’t increase as fast
with Vg as it in a MOSFET. The parameters n and 6, can be extracted from
calculated Vc versus Vg. The coupling of drain resistance and velocity saturation
phenomenon is the cause of early saturation.

However, in the extraction methodology, first of all, we calculate the parameter

Vi by Gm max. method. Then extract 6, first from the IdVd curve like Fig. 3.10(a)

sat
and keep it global in different sizes of devices. Finally, we determine nand &, from
Vc-Vg curve and find that devices with the same width have the same parameter n.

Thus we call parameter n is a semi-global parameter, and the parameter 6, is a

binning parameter which can be adjusted with different sizes of devices.
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Table. 3.1 Three physical concepts of Vcsat.

Concept& Presenting character | Equation

Extracting order | Parameter
1 | Early Saturation | 6, global

. _ (Vg _Vt)
dsat —
1+ edsat ) (Vg _Vt)
2 | Drainresistance | n \arious
with L 1= Ho
n
1+ evs ’ (\/g _Vt)

3 | Velocity 0, binning

Saturation 1 Ko

T144,-(V, V)"
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3.2.3 Single size Modeling Result

First, we would show the simulation results of LDMOS with big and small
sizes (W=20 um/L=20 gm & W=3 gm/L=3 um) in Fig. 3.11 and Fig. 3.12 under
normal operation (Temperature=25'C, Vb=0V). We can see the fitting result is good in
the linear region and the simulated drain currents in the saturation region are deducted
successfully and precisely by adding Rd model. Second, the simulation results of
devices operated at Vb=-4V and Vb=0V are shown in Fig. 3.13. The results are still
good at Vb=-4V so our model is suitable for different bulk voltages. Finally, the
operation environment temperature is also considered. Idsat vs. T is shown in Fig.
3.14 and the higher temperature causes less saturation current.

The MOS model and Rd model include Vg, Vd, Vb, T dependence in a single
size macro model. There are some parameters that can describe adjustment of Vb and
temperature in a MOS model and be exiracted with-BSIMPro software. Besides, Rd
model has four crucial parametets (Vi, 6, ,0,,1)° which have Vg, Vd, Vb and T
dependence. These dependences relate to parameters and are summarized in Table. 3.2.
We extract parameters Viand 6, by linear functions with Vb=0, -4V and T=25,125"C.

So results in Fig. 3.14 are not perfect matched at T=-40°C. But the error is bearable.
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Table. 3.2 Modeling dependence related to parameters.

Dependence Equation Related
Parameter

Vd vV Vcsat

Vc =Vcsat 'tanh( < )
csat

Vg V nl H sal ) HVS 1V

v, v, g o) Vo . t
tsai_(vg_ t)_ (\/g_ t) - m

Vb Vi (Vb’ T ) = Vtslope (r) Vb +Vtoffset (T ) Vtslope ’Vtoffset
OVS(VD, T) = OVS 0 (T) VD + OVS g, (T) OVS gope + VS e

T Vtslope (T) :VtslopeZ T +Vts|ope1 Vtslopel ’Vtslopez
Vtoffset (T) :Vtoffset2 T +Vtoffsetl Vtoffsetl ’Vtoffset2
evsslope (T) = Hvsslopez T rt; evsslopel evsslopel ! 9V53|0p92
gvsoffset (T) ¥ evsoffsetz T gvsoffsetl HVSOﬁSEH’ HVSOHSHZ
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3.2.4 Universal Modeling Result
The diagram of the whole sizes of LDMOS devices is shown in Fig.3.15. We
want to extract a universal macro model so bin the MOS models and the Rd models of
these four sizes respectively. The strategy is shown clearly in Fig. 3.16. By using
BSIMPro software, a universal MOS model can be generated by binning four corner
sizes MOS models. However, the extraction of a universal Rd model is more

complicated. There are four parameters needed to be concerned. 6,,, is a global

sat
parameter so is the same in every size of device. The parameter n is semi-global
parameter so we bin two parameter n in two different lengths by the following

equation:

L (3.7)
A universal parameter V, formula and a universal-parameter ¢, function can be

derived from four V; and 6, of cornersize models,-expressed as follows:

VeV, T, LW )=Vt (T.LW)-Vb+Vt . (T,LJV)
T t
4 r?fope - T slope" (L w ) I+ rxfopel([" H?)
T T
stfo eB stfo e stfo e D
vt L, 3 ? ? ? \
stopet Lo WI= Vhstopaa + =1 Wiln  lneW 1n
st!o o F stio alF st!o eH
vt L. vt i l l
stops2 (L W)= Voper + =) Wiln e 1n
It It It ’
L offsetf offsefC affsefD
e In " W 1n " IaeW 1n

Vfoﬂseﬁ’ i VfoﬂseiG T VfoﬂseiH

V't L,ow)= Tt +
affser2 ( ) offsetE n W 1ln neW 1n
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(T.L.V)

QVL '(I Tb, T, L, Ifr ) = HVL rsgopg (T~ L? II, ) ’ I 7) + 81}‘ ro]j%et
t f

OV = Hv%ﬁeﬁ(ﬂ, w)-T + HTVSOJ%QH(L, w)

VS = OVs o (Low)- T+ 6vs, o (Lw)
Gvs Gvs Ovs
61','5'530‘991 (I ‘W): HV'S'Sgopg_,q + slopeB + -sfopeC + sIoAf;eD
/11 Wln eV 112
OV gomer  OVSgume  OVSman
Gvs L,w)= Bvs + = = i
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/11 W ln [LrelV 112
vz vy vz
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agst2 { ) olfsetk in W 1n n W 1ln

In chapter3.2.3, we just consider a single size model with temperature and bulk
bias dependence related to parameter:Vt-and«¢,. . Now as shown above, length and
width dependence is also taken account.

Finally, we combine a wuniversal .MOS model and a universal Rd model to
generate a universal macro model-for every size-and different conditions of LDMOS.
Certainly, to examine the validity of this universal macro model is needed, so we
simulate data of a device with a central size of W/L= 3 gm/5 um shown in Fig. 3.17.
The measured and simulated data still match with each other precisely. We also check
the data of Idsat versus length and lIdsat versus temperature shown in Fig. 3.18. and
Fig.3.19. We can see that the device with longer length has lower drain currents and
high temperature causes currents decrease. These results follow a basic physical
theory. Therefore we can say faithfully that we have obtained a universal macro

model for different sizes and operation conditions successfully.
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3.3 Fringe Effect Model of LDMOS

The fringe effect has influence on our LDMOS devices because of the side
effect which generate extra fringe currents. Our modeling strategy is to extract fringe
currents (If) from LDMOS before applying sub-circuit modeling method and model
them as a fringe MOS. The schematic picture is depicted in Fig.3.20. First, two
LDMOS devices with the same length but different widths (W1&W2) are needed.

Their normalized drain currents by width can be expressed as follows:

hok _ 1o (W), 1e (3.10)

Wl Wl Wl

ItOt |Wz _ ID(\NZ) +I_f

W, W, W, (3.11)

Then, we assume that If which go through these two devices are the same and the
normalized drain currents by W1.& W2 are equal.too. Thus, If can be solved by the

following equation:

I, (W,) _ 1, (W,) I ___WZ'(Itot lWl)_W1°(|tot |W2) (3.12)
Wl W2 |::> f (\NZ _Wl)

If versus Vg curve is shown in Fig. 3.21. We can see that I1f-\VVg characteristic is
similar to the performance of a MOSFET. So we can use two MOS in parallel to
model the fringe effect shown in Fig. 3.2. Fig.3.22 shows the comparison between

measured data and simulation results.

3.4 Self-Heating Effect Model of LDMOS

The self-heating effect leads to a decrease in current levels of the device and
negative output conductance effect. We use the equation to describe the reduction of
drain current operating at high voltage [24]. The electrical and thermal couple effect is

taken into consideration. The equation is as follows:
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The illustration is shown in Fig. 3.23. Higher drain voltage causes more
decrease in currents because of the self-heating effect. Fig. 3.24 shows the simulation

results compared by measured data.
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Fig. 3.13(a) Comparison between simulated and measured Idlin-Vg &
Idsat-Vg. (W=20 1z m/L=20 1z m)

Fig. 3.13(b) Comparison between simulated and measured Idlin-Vg &
Idsat-VQ.(W=3 ;. m/L=1.7 zm)
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Chapter 4
Characterization of Various Hot-Carrier

Degradation Modes

4.1 Introduction

Recently, the LDMOS has been widely utilized in today’s high-voltage and
high-current circuits, from the standard 12V automotive battery to 100V plasma
display panel drivers. A severe reliability issue of such devices is hot-carrier injection
and trapping in the Si/SiO; interface [25-28]. The profiling of oxide degradation
region and trap creation behavior, however, is rarely studied [29].

In this chapter, we demonstrate a novel three-region charge pumping (CP)
technique to identify hot carriet stresspinduced oxide damage in a LDMOS. By
comparing the pre-stress and post-stress charge pumping current in each region, we
can locate oxide damage area. and corresponding interface traps spread. A
two-dimensional device simulation ‘also. supports our results to identify impact
ionization generation (IIG) region in the device.

Three stress modes (max. Ib stress(A), Vg~1/2Vd stress(B), and max. Ig stress
(CO)) are investigated. The Ig-Vg and Ib-Vg curve of n-LDMOS are shown in Fig. 4.1.
For each stress mode, the three-region CP method is used to measure the charge type
(Njtor Qox) and growth characteristics. Subthreshold swing and linear drain current

(Idlin) are measured to monitor device degradation

4.2 Three-Region Charge Pumping Technique
The experimental set-up of three-region charge pumping technique is

illustrated in Fig. 4.2 [30]. The gate of the MOSFET is connected to a pulse generator
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which gives periodic pulses with a fixed Vg, and varying Vg while source is grounded
and drain is left floating. When the gate pulses drive the channel repetitively in
inversion and in accumulation, a recombination process occurs at the interface of
Si/Si0, from the channel to drift region. We show the generation/recombination
process of charge pumping energy band diagram in Fig. 4.3. I is the electron trapping
current from source and drain, occurring primarily in the inversion part of the pulse. I,
is the electron emission current and electrons start to drift back to source and drain,
dominant during the falling pulse edge. I3 is the hole trapping current and the trapped
electrons are recombined by bulk hole carriers, dominant during the accumulation part
of the pulse. 14 is the hole emission current, dominant during the rising edge of the
pulse. The net current to the substrate is then given by I3-14 which is also equal to I;-1,.
This net substrate current is generated directly.proportional to the interface trap
density, the transistor gate area,.and the frequency of the gate pulses shown as
follows:

I, = fQ,, = fqWLN, 4.1
This current above is called the charge pumping current and it is a direct measure of
the average interface trap density.

In our work, we use the device with width of 20 umand length of 3 um. Fig.
4.4(a) shows the device cross-section which is divided into three regions. Region (I) is
the channel region. Regions (II) and (III) are accumulation region and field oxide
region. The device has a threshold voltage Vt=1.5V and its flatband voltage
distribution in the three regions is illustrated in Fig. 4.4(a). The CP waveform pattern
is illustrated in Fig. 4.4(b) with a fixed V=12V and varying V. For the 100nm thick
gate oxide, we can switch Vg from +3.6V to -40V with a sufficiently small gate
tunneling current. In this way, all of the three regions in the device can be probed. The

measurement frequency is 200kHz. Typical CP measurement result is shown in Fig.
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4.5. The charge pumping current (Icp) exhibits three stages, corresponding to the
three regions of a n-LDMOS respectively. By measuring the change of Icp in each

stage, we are able to separate Ny and Qox generation in each region of the device.

4.3 Various Hot Carrier Degradation Modes
4.3.1 Max. Ib Stress (Mode A)

When max. Ib stress voltage is applied, it means that the device operates under
that maximum lateral electric field condition. Fig. 4.6 shows the Icp in a fresh device
before and after 1400 sec. max. Ib stress (@Vg/Vd =8V/50V). The post-stress Icp of
the first stage is nearly the same as the pre-stress one, indicating that region (I) oxide
is not damaged by the stress. The post-stress Icp in stage 2, however, exhibits an
upward shift while the flat band voltage keeps the same (no rightward shift in the Icp).
This feature implies Nj; generation 'in regron (1) but no Q. creation. Since Nj is
distributed in region (II), subthresholdswing ‘is not affected. In addition, Idlin

degradation is not observed eithef.

4.3.2 Vg~Vd/2 Stress (Mode B)

The Icp result after mode B stress (@Vg/Vd =30V/50V) is shown in Fig. 4.7.
Unlike max. Ib stress mode, a distinct flat-band voltage shift in region (II) is noticed,
which is manifested by a rightward shift of the Icp in stage 2. An arrow is drawn in
Fig. 4.7 to indicate the flat-band voltage shift (A VFB). The rightward shift of the Icp
is caused by negative Q,x creation in region (II). The negative Q.x generation rather
than Nj; generation in Vg~Vd/2 stress mode can be realized due to a reduced substrate
current, as compared to max. Ib stress mode. The Q,x generation rate is characterized
in Fig. 4.8(a). Because of negative Qox creation, the resistance beneath the bird’s beak

increases. At a large Vg, region (I) resistance is relatively small and the resistance in
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the bird’s beak region has a larger effect. Thus, Idlin degradation measured at Vg/Vd

=40V/0.1V is observed (Fig. 4.8(b)).

4.3.3 Max. Ig Stress

When a device is under max. Ig stress condition, it means that the device
operates under the maximum vertical electric field condition. Fig. 4.9(a) shows the
Icp result after max. Ig stress (@Vg/Vd=50V/50V) for 1000 seconds. The
two-dimensional device simulation reveals that the IIG region splits into two parts
(Fig. 4.9(b)); one is in the channel (region (I)) and the other is underneath the bird’s
beak. Two different stress induced oxide degradation mechanisms are observed; one
is Nj; generation in region (I) and the other is negative Qox creation in region (II).
These two trap creation processes are reflected by an upward shift of the first stage
Icp denoted by Alcpl in Fig. 4.9(a) and by a rightward shift of the second stage Icp
(A VFB2 in Fig. 4.9(a)). In contrast to- max..Ib-stress' mode, N;; generation mechanism
is observed in region (I) rather tham.in region (II), which results in an apparent
subthreshold swing degradation (Fig. 4.10) in max. Ig stress mode. In addition, Qx>
creation results in a more serious Idlin degradation (Fig. 4.11) in max. Ig stress mode
than in Vg~Vd/2 stress mode. Note that the Idlin degradation resulting from Qox
creation in region (II) should be more apparent at a larger measurement Vg, as
explained above. The Nj; and Qox» growth rate in stress mode C are shown in Fig.
4.12 and Fig. 4.13, respectively. The Idlin degradation rate is shown in Fig.4.14. The
larger Qox2 growth rate in mode C is attributed to a larger stress gate current (or a
higher stress gate voltage). As a result, stress mode C has the worst Idlin degradation.

4.3.4 Result and Discussion
The LDMOS degradation behavior and trap properties in the three stress modes

are summarized in Table 1. Max. Ig stress results in the worst hot carrier degradation,
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which is attributed to Nj; generation in the channel and Q,x generation in the bird’s
beak region. Besides, max. Ib stress leads Nj; generation in the accumulation region
and thus subthreshold swing degradation is not observed. We successfully identified

the trap location and property in various stress modes.

Table. 4.1 Summary of trap property and device performance degradations in
various stress modes.

de A B C
Trap Location Region Region Region | Region
(1) (ID (ID) (D
Trap Property Ni Qox Qox Njy
Device Degradation N/A Litin Litin Liubihreshold
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Fig. 4.7 Charge pumping result before and after 1400 sec. mode B stress. The
shift of flat-band voltage implied the increase of oxide charge in
accumulation region.
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Fig. 4.9 (a) Charge pumping result before and after 1000 sec. mode C stress.

Upward shift in region (I) indicated the interface trap generation in
channel region and rightward shift in region (II) implied the oxide
charge creation in accumulation region. (b) Simulation of impact
ionization generation (IIG) distribution in stress mode C. Two 1IG
regions are found.
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Fig. 4.11 The linear drain current before and after mode C stress. The drain
current degradation is mode significant at a larger Vg and is due to
oxide charge creation in accumulation region.
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Chapter 5

Conclusion

According to all the investigation, we can get some conclusion. In Chapter2,
lateral double diffused MOSFET (LDMOS) has been characterized including of
quasi-saturation effect and three important reliability issues. By analyzing these
phenomena, we get familiar with the characteristics of LDMOS and develop a SPICE
macro model next.

In Chapter 3, we form a concrete SPICE macro model of LDMOS. First, we
model the fringe effect by giving a MOS model (FMQOS) to describe the extra fringe
currents. After deducing the effect of fringe currents, we generate a sub-circuit model
for LDMOS. This model consists .of ‘a voltage controlled resistance (RD) and an
intrinsic MOS. By using the idea of the two stages concept, an intrinsic MOS model
can be extracted by fitting measured |-V data in low-Vg stage region. Then, in
high-Vg stage region, quasi-saturation effect-appears and we model it by reverse
calculating a virtual V¢ with the intrinsic MOS model and measured I-V data and
describing Rd model as a analytical expression. Finally, we bin the Rd models and
intrinsic MOS models from four corner size models respectively to get a universal
macro model suitable for every size and operation condition of LDMOS.

In Chapter 4, we discuss the reliability issue of LDMOS. By using the
three-region charge pumping technique, the damage properties and location by
stressing in different modes can be identified. Max. Ig stress condition results in most
serious hot-carrier degradation, which is due to negative oxide charge occurs in bird’s

beak region.
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