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ABSTRACT

This work describes fundamental characteristics of LDMOS transistors. In the first part of work
are described properties of LDMOS transistors, the basic parameters and techniques to improve
parameters of transistors. The next section discusses the reliability of LDMOS transistors.
This section describes the safe operating area (SOA), hot carrier injection (HCI) and negative
bias temperature instability (NBTI). The last theoretical section describes models used to
simulate ESD events. The practical part is focused on simulation of the basic parameters
PLDMOS and NLDMOS transistors and comparison of simulated and measured concentration
profiles. Furthermore the thesis deals with simulation of the impact of changes in geometrical
parameters of the PLDMQOS transistor and the impact of these changes on the electrical
parameters. The last part contains TLP simulations which examines electrical properties of
PLDMOS transistor when is used as ESD protection.

KEYWORDS
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ABSTRAKT

Tato prace se zabyva popisem zakladnich vlastnosti LDMOS tranzistori. V prvni Casti
prace jsou rozebrany vlastnosti LDMOS tranzistord, jejich zadkladni parametry a techniky pro
vylepseni parametri téchto tranzistord. V dalsi ¢asti je rozebrana spolehlivost LDMOS tranzis-
tord, tato ¢ast popisuje bezpenou pracovni oblast (SOA), injekci horkych nosi¢d (HCI) a
negativni teplotni stabilitu (NBTI). Posledni teoretickd ¢ast popisuje pouzivané modely pro
simulaci ESD udalosti. Praktickd Cast prace je zaméfena na simulaci zakladnich parametri
PLDMOS a NLDMQOS tranzistor(i, porovnani simulovanych a zméfenych koncentracnich pro-
fild. Dale se prace zabyva simulacemi zmény geometrickych parametri PLDMOS tranzistoru
a vliv téchto zmén na elektrické parametry. Posledni Cast prace tvori TLP simulace, které
zkoumaji elektrické vlastnosti PLDMOS tranzistoru pfi pouziti jako ESD ochrana.
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INTRODUCTION

Many applications require a higher voltage than is the supply voltage of CMOS devices.
Typical voltage ranges are 30 —40 V for display drivers, 70 V for automotive and 100 V for
high voltage telecommunication. Smart Power ICs integrate power components (drivers,
controllers protections, sensors) and every other circuits in the same silicon die. Smart
Power ICs are composed of Bipolar Junction Transistors (Bipolar), Complimentary Metal-
Oxide-Semiconductor Field-Effect Transistors (CMOS), and Double Diffused Metal Oxide
Semiconductor Field-Effect Transistor (DMOS).

The power capability is achieved by using lateral or vertical DMOS transistors in the
basic CMOS process. Lateral MOS (LDMOS) is mostly used as these transistors are
relatively easy to integrate in CMOS process. LDMOS transistors have been developed
with a structure different from conventional CMOS transistors. To reduce Rps,, while
maintaining a high breakdown voltage and high switching speed, the reduced surface fields
(RESURF) technology has been used in high voltage LDMOS transistors. On the other
hand, because LDMOS transistor operate under large drain and gate voltage and higher
temperature, they are prone to hot carrier degeneration and Negative Bias Temperature
Instability.

This work is focused on high-voltage LDMOS transistors which are used in Smart Power
Technology. In theoretical part is described the structure of these transistors and the
basic electrical parameters such as breakdown voltage BVpgs and resistance Rpgon. There
is described the influence of parasitic bipolar transistor and RESURF technique which
allows to achieve higher breakdown voltage. Also is described a Safe Operating Area
(SOA) of transistors and effects of Hot Carrier Injection and Negative Bias Temperature
Instability which affects the reliability and lifetime of MOS transistors. The work also
describes the basic model to simulate ESD events such as Human Body Model (HBM),
Machine Model (MM) and Transmission-Line Pulse (TLP).

The practical part deals with the simulation of the basic electrical parameters (breakdown
voltage BVpss, threshold voltage Vi and resistance Rpgon) of PLDMOS and NLDMOS
devices and comparing simulated concentration profiles with measured profiles by using
the SIMS method.

Further, the practical part is focused on simulating changes of the basic geometric pa-
rameters such as Lg, Lacc, Lsti, Lrov, Lrp, Lepr for PLDMOS transistor and impact
of these changes on the electrical parameters. These simulations are then compared with
measured data.

The last practical part contains the simulation of ESD events using the TLP model and

example of calculating Safe Operating Area.

11
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1 LATERAL DIFFUSED MOSFET

This chapter describes the basic structure of LDMOS transistors, the basic electrical
parameters, influence of the parasitic bipolar transistor and RESURF technique that

allows to an increase breakdown voltage while maintaining a low resistance Rpgop.

1.1 Lateral Diffused NMOSFET

A typical LDMOS (Lateral Diffused MOSFET) is a four terminal device, the terminal are
called Gate, Drain, Source and Body. Fig. 1.1 illustrates the schematic cross section of
LDMOS structure.

Body Source Gate Drain

|
I l

+ n+ STI n+
pwell P ) \

Ndrift

Presurf

P-epi

Fig. 1.1: LDMOS cross section [1]

The NLDMOS has a long, lightly doped n-type drift region between the Drain contact
and the channel of the device. The n-drift region is oriented laterally referenced to silicon
surface [1]. The drift region acts as a voltage variable resistor and creates a voltage drop,
when the transistor is turned on. This voltage drop causes that potential in the drain
region below the gate is less the applied DC bias in order to preserve the integrity of
gate oxide and ensure that hot carrier injection is limited [1]. The region under the gate,
bordered by source and drift region is called the channel region. An appropriate voltage
at the gate terminal produces an inversion layer in channel region. The inversion layer
connects the drain and source terminals by providing a conductive path between them.
Charge carriers flow from source to drain through channel and drift region.

A STI (Shallow Trench Isolation) in the drift region is used to reduce risk of gate oxide
breakdown at high drain voltages [2].

12
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1.2 Current Transport

LDMOS devices behave the same as a standard MOS transistor with regard to transistor
operation. The output characteristics can be characterized as have cutoff, linear and

saturation regime. Current equation for the linear region can be approximated by [1]

o ,U/SCOXW

Ip 7

1
(Vas — Vr) Vbs — §V§S , (1.1)

where I is the drain current, ps is the surface mobility of charge carriers, Cyy is the gate
oxide capacitance per unit area, W is the total gate width, L is the effective gate length,
Vs is the gate voltage, Vi is the threshold voltage and Vpg is the drain voltage. For
small drain voltages, the Vi% term can be dropped from equation. For saturation region

the drain current is given as [1]

_ O W

I
b oL

(Vas — V)2 (1.2)

Due to the graded doping profile within channel, there is an additional electric field in-
duced drift current component which is not present in standard MOSFET [1]. Additional
electric field providing an additional boost to the mobility and g,,.

1.3 Breakdown Voltage and Rpson

BVpgs is the breakdown voltage between drain and source of a LDMOS when the transistor
is turned off. The drain-source breakdown in a LDMOS occurs when the electric field
across the n-drain/n-source exceeds the critical value for avalanche breakdown. When
p/n junction is reversed biased a depletion region extends into each side of the junction
and creates a balance of charge. There are no free majority electrons (n-type) or holes
(p-type) hence they are depleted of mobile carriers. Without these mobile carriers, the
impurity atoms within the silicon lattice present a fixed charge. There fixed charge set
an electric field across the depletion region. If is increased drain-source voltage, depletion
region reveals additional fixed charge resulting in an increase of the electric field [1].
The depletion regions are continuously generated electron-hole pairs which are swept from
the depletion region by the electric field resulting in the leakage currents. If the electric
field exceeds a critical value, the carriers gain sufficient energy, and in the collision with
the lattice atoms generate electron-hole pair [1]. These newly generated carriers repeat
this process and the current increases exponentially for a sufficiently high voltage. This
action is termed avalanche breakdown [1]. The breakdown voltage is dependent on the
dopant level, depth and length of the n-drift region.

The output characteristics can be divided into two main regions: saturation and linear.
The reciprocal of the slope of the current-voltage curve in the linear region is referred to

as Rpson. Rpson 18 an important parameter of the LDMOS transistor and determines the

13



ON Semiconductor @

power density and efficiency. The specific Rpgoy is given as
Rpson = Ron + Racce + Rp + Rs + Rprirr, (1.3)

where Rcp is the resistance of the channel, Racc is the resistance of the overlap area
between the drift region and the gate, Rg is the resistance of the source, Rp is the
resistance of drain and Rpgrpr is the resistance of drift region. Rpgrrer is the largest

resistance because it is lightly doping due to higher breakdown voltage.

1.4 Parasitic Bipolar Transistor

LDMOS structure with parasitic bipolar transistor is shown in fig. 1.2. The emitter is
the n+ source, the base is the body of the structure and the collector is the drain. If
the impact ionization is initiated and avalanche breakdown occurs, there is an increased
concentration of electrons and holes in the drain [3]. The built-in electric field pushes
electrons out of the drain region, and holes are injected into the base of parasitic bipolar
transistor. The potential of the body is increased in the source due to intrinsic body
resistance. When the body potential exceed the threshold to open source-body junction,
more electrons are injected across the channel and into the high field drain region which
creates more holes and electrons due to avalanching [1]. This further increases the for-
ward biasing of the body-source junction and arises positive feedback which leads to the

junction breakdown.

Body Source Gate Drain

—

| S

|
Rs
R Ndrift

Presurf

P-epi

Fig. 1.2: LDMOS cross section with parasitic NPN transistor [4]

Parasitic resistor Rp reduces triggering voltage Vi; and increases discharge current Io
of the device [4]. Increasing resistivity of Rp can be achieved by increasing the Body
to Source contact space. Parasitic resistor Rp effective improves second breakdown cur-

rent Iip of the device [4]. Rp increase in resistance can be achieved by increasing the
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Gate to Drain contact space or by increasing the resistivity of the path current flowing

through.

1.5 Reduced Surface Fields Principle

RESURF (REduced SURface Fields) technique is based on a rapid two dimensional ex-
pansion in the deplete region width with increasing drain bias that keeps the peak electric
field below critical field for impact ionization [1]. This technique allows to achieve very
high values of breakdown voltages while maintaining the low Rpgo,. Fig. 1.3 shows the
structure of a RESURF diode which consists of a lateral p+/n— diode and vertical p—/n—
diode.

: n
*» n t

p epi

Fig. 1.3: RESURF diode [5]

If not used RESURF technique, junction breakdown occurs at the p+/n— junction, as is
shown in fig. 1.4. In the p+ region the depletion region cannot penetrate, resulting into
a high electric field for low voltages.

E E=E

Cc

"

p’ %

Depletion region
W P g

o

Fig. 1.4: RESURF diode — breakdown at the p+/n— junction. [5]

Using the RESURF technique, the doping density of the n— region and its thickness

15
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is adjusted so that the depletion region of vertical diode reaches the surface before the
breakdown limit of the lateral diode appears [5]. This results in a redistribution of the
electric field and reducing the maximum electric field below the critical level, as shown in
fig. 1.5.

E E<E

c

Depletion region
W P g

o

Fig. 1.5: Electric field peaks for the RESURF condition [5]

The maximum electric field appears at the p+/n— junction and at the edge of n+ region.
RESURF condition is dependent on the doping concentration Nep; and the thickness ¢y

of n— layer. An approximate net charge @, of n— layer is given by [6]

Qn = Nepi : tepi- (14)

The breakdown voltage depends on the net charge @), of the n— layer. The optimum @),
is found by assuming that the vertical depletion must reach the surface before the lateral
junction breaks down. The breakdown voltage is also influenced by concentration of the
substrate N, and the distance between n+ and p+ (drift region) [5].

16
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2 SAFE OPERATING AREA

This chapter describes the construction of Safe Operating Area for MOS transistors,
Hot Carrier Injection and Negative Bias Temperature Instability. These two phenomena

adversely affect electrical parameters of MOS transistors and reduce their lifetime.

2.1 Electrical Safe Operating Area

SOA curves define the maximum of drain-source voltage and drain current that guarantees

safe operation. Typical characteristic of the SOA has four borders as shown in fig. 2.1.

2
A R R SRR
N N, N\, .
SN N
Nty M 1. Resistance Limit
! NN 2. Max. Current Limit
< N \"l_ ....... 3. Max. Voltage Limit
~ N .. Max. Power Limit with Time
4
i
| 3
i
e

Vos (V)

Fig. 2.1: Safe operating area diagram 7]

1. Rpson limit-line - gives a linear dependency between Vpg and Ip. The slope of the
line is simply the maximum Rpge, of the MOSFET.

2. Maximum current line - the maximum allowable current the part can tolerate.

3. Maximum power limit-line - maximum allowable power in the part caused by normal
switching mode operation and heat.

4. Breakdown voltage limit-line - on the right hand-side the limit of the SOA is given
by the generally the breakdown voltage.

Parallel lines in area 4 (fig. 2.1) are the maximum drain-source current for different pulse

width, these currents are determined by the transient thermal impedance [7].

2.2 Hot Carrier Injection

Hot carrier damage is one of the important degradation mechanisms for MOSFETs [8].

Hot carriers are particles that attain very high kinetic energy gained by an electric field.

17
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These energetic carriers can be injected into the oxide to become oxide trapped charge;
they can drift through the oxide and causing gate current [9]. These effects lead to
a shift of the parameters of components (threshold voltage, transconductance, Rpson)-
HCT degradation is more evident in NMOS transistors due to the higher mobility of the

majority charge carriers. The various effects of hot carriers produced are shown in fig. 2.2.

| <«
G)\

8
ﬁ( N,,
XX
. Photon ®
Biased + n
Impact lonization D f \
it
-Substrate
P Isus Photon

ISUB

Fig. 2.2: Various effects produced by hot carriers [9]

The carriers gain their energy due to a high electric field in the drain region. These
particles in the drain cause impact ionization. The generated hot carriers can be injected
into the oxide (Ny), can flow through the oxide (Ig), can generate interface traps (Vj),
can cause substrate current (Isyp), and generate photons [9]. Interface traps and carri-
ers injected into the oxide to cause degradation of the threshold voltage, mobility and
Rpson. Generated photons can propagate in the device, can be absorbed and generate
new electron-hole pair. Substrate current produces a voltage drop in the substrate which
turns on parasitic BJT transistor, as described in Section 1.4.

Degradation induced by the HCI can be described by [10]

AV, = At (2.1)

where AV is the shift of the threshold voltage, A is the material dependent parameter,
t is the stress time and n is the empirically determined exponent, a function of stress
voltage, temperature, and effective transistor channel length.

The time to failure is for NMOS transistor given by [10]

E

TTF = B (Ig) Mewr, (2.2)

where B is the arbitrary scale factor (strong function of proprietary factors, such as

doping profiles, sidewall spacing dimensions), I is the peak gate current during stressing,

18
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M =2—4, Exp is the apparent activation energy (—0,2 to +0,4 €V), k is the Boltzmann’s

constant and 7" is the temperature in kelvins.

2.3 Negative Bias Temperature Instability

One of the most important reliability issue of modern unipolar technology is Negative
Bias Temperature Instability (NBTI) degradation [11]. One of the most prevalent models
proposed to explain NBTT mechanism is the Reaction-Diffusion (R-D) model [12] as shown
in fig 2.3.

Poly Oxide Silicon
H = Si

H = Si
He——— O+ i

¢H/O“ Si

<—H, H = Si
XO_- N

H = Si

Fig. 2.3: Representation of RD model [12]

This model explains the physics of the degeneracy of the PMOS device, within terms of
different sub-processes including the bond breaking process and generation of interface
traps. The fig. 2.4 shows the breaking of hydrogen bonds silicon (Si-H) at the Si—SiOs

interface which occurs when the negative gate voltage is applied.

- e———>
H.
+{:O o *o
Si-®ee % g; Si-® @e)® g
Si Si
Hole Capure Dissociation

Fig. 2.4: Hole tunneling, capture and dissociation of Si-H bonds and subsequent diffusion
of hydrogen [13]

The broken bond silicon (Si—) acts as interface traps that are responsible for higher

threshold voltage and lower current drain. The generation of the interface traps is caused

19
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by the dissociation of Si—H bonds in the Si—SiO, interface and subsequent diffusion of
released hydrogen species away from the interface which leaves interface traps [13]. Holes
from the inverse layer tunnel into the oxide and interact with Si—H bonds. The holes get
captured and take away one electron from the Si—H bonds. The weakened Si—H bonds are
then broken by thermal excitation [14]. The released hydrogen species either diffuse away
from the Si—SiO, interface and leave behind Si— or react back with Si— and form Si—H.
The H atoms released from the Si—H bonds can contribute to three sub-processes [13]:

« diffusion toward the gate,

e connection to another H atom to produce Hs,

o recovery of the broken bonds.
NBTT is usually observed only in PMOS devices and it seems that it is negligible for
NMOS because interface traps can cause a positive or negative charge at the interface.
Interface traps easy exchange charge (electrons or holes) with the substrate and introduce
a positive or negative charge at the interface [13]. The net charge in interface traps in
NMOS device is negative (positive gate voltage) and positive in PMOS device (negative
voltage on the gate). The charge trapped in traps in the oxide is in NMOS and PMOS
transistors mostly positive. Oxide charge can consist of various entities (mobile charge,
oxide trapped charge and fixed charge), but oxide charge is not well understood [12].
Interface charge and oxide charge is positive charge for PMOS and negligible for NMOS.
There are types of NBTI stress, it can be DC or AC stress. After removing the NBTI
stress a fraction of interface traps self-anneal, leading to a partial removal of the threshold
voltage shift [13]. The removal of the threshold voltage shift can be observed when the
device is stressed pulsed waveforms, these conditions are called AC test. For DC stress,
when the device is permanently stressed, the degradation rate is lower compared with AC
stress [13]. The rate of degradation in AC stress conditions depends on the duty cycle of
the applied signal.
To measure the effect of NBTI used the following configuration: source, drain and sub-
strate are grounded, while the gate is negatively biased. Temperature range for the test is
between 100°C and 200°C. Evaluates the shift of the threshold voltage after the test [10]

AV, = Aoe?iTAeBVGSeWDSt" (2.3)

where AV} is the shift of the threshold voltage, Ay is the pre-factor dependent on the gate
oxide process, F, is the apparent activation energy (eV), k is the Boltzmann’s constant,
T is the application channel temperature (K), Vs is the application gate voltage, § is
the measured gate voltage sensitivity, v is the measured drain voltage sensitivity, Vg is

the application drain voltage and n is the measured time exponent.
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3 ELECTROSTATIC DISCHARGE

When a charged object gets close to another object with different electrostatic poten-
tials, charge transfer occurs. This process is called electrostatic discharge - ESD. When
a charged person touches with a grounded circuit, current can reach values on the order
of amperes for tens of nanoseconds. There are many ESD test models for describing the

stress under actual working conditions.

3.1 Human Body Model

To determine the effectiveness of the protection circuit in an integrated circuit is pri-
marily used HBM testing. This HBM pulse is intended to simulate the human body
contact with the device which can occur during normal usage. The HBM is today the
most widely used model in the microelectronics industry [15]. HBM attempts to simulate
what happens when a pre-charged person begins to discharge by touching a conductive
component lead. The equivalent HBM circuit includes the resistor (R = 1500 ), the
capacitor (C' = 100 pF), the serial inductor (Ls = 8 pH) and the parasitic capacitance of
the resistor (Cs = 1.5 pF). The equivalent RLC circuit of HBM with parasitic elements
is shown in fig. 3.1.

Parasitic

c «— elements
S

/
:< R=1,5kQ

Veso Device Under
— ——C=100pF DUT | Test

Ls

Fig. 3.1: HBM equivalent circuit [15]

ESD event can be simulated as a current source with the current waveform shown in the
fig. 3.2 due to the large series resistance in the HBM model. The current peak is typically
1,2 — 1,48 A for 2 kV HBM ESD stress, the rise time is 2 — 10 ns and the decay time
is 130 — 170 ns [15]. Capacitance and resistance can be in real conditions differ from the
values of the model. As a result, the real ESD waveform can be different from the HMB

model.
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decay time constant = 130-170 ns

Current (A)

~

Tr=2t0 10 ns

.
>

Time (ns)

Fig. 3.2: Current waveform of HBM ESD event [15]

3.2 Machine Model

The Machine Model (MM) is similar to the Human Body Model and equivalent circuit
includes the resistor (R = 1500 2), the inductor (Ls = 750 nH) and the capacitance
(C' = 200 pF) as shown in 3.3.

L. =750 nH
A B e VaVa
Veso Device Under
—— —— C=200pF DUT | Test

Fig. 3.3: MM Model scheme [15]

This model is intended to simulate ESD events that can occur in the industry. Lower
impedance and higher capacity leads to much higher current density during MM dis-
charge. Typical voltage values for MM model are from 100 V to 500 V [15]. An important
parameter is the inductance value which controls the rise time of the current waveform.
MM can be modeled as a voltage source because series resistance is very low. The com-
parison of HBM and MM current waveforms are shown in fig. 3.4. In real conditions the

main problem is with non-zero resistance tester.
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) 2000V HBM
\ /" \ .

/ \

>
\_/Time (ns)

Current (A)

Fig. 3.4: Current waveform of MM ESD event [15]

3.3 Transmission-line Pulse Testing

TLP uses a rectangular test pulse or a square test pulse to simulate ESD events. A typical
value of the rise time is 2 — 10 ns and typical pulse width is 100 ns [15]. The rise time is
similar as in the HBM model because different rise time can cause differences in device
failure. The typical current waveform for TLP and HBM model is shown in fig. 3.5. TLP

waveform does not represent any real ESD event, it is only a tool used by designers to
analyse ESD protection circuit.

/HBM

/TLP Pulse

Current (A)

Time (ns)

Fig. 3.5: TLP pulse [15]

To create a TLP waveform is used a high-voltage source with the transmission line.
Schematic of a constant-current TLP tester is shown in fig. 3.6. A 50 €) resistor pro-
vides a known load for transmission line. Resistor in series with the DUT converts the
voltage from the transmission line to a constant current which is injected into the DUT.
This type of TLP tester can produce a current of 10 A [15].

A TLP tester must built an -V curve through numerous sets of measurements. This

curve represents measurements of voltage across the device and the current through the
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Voltage
Transmission 450 Q -500 Q probe
line V to | coverter Oscilloscope
00
_|_ High voltage 500 1L} oo
—T~ DC source Current o0
probe (O ®)

Fig. 3.6: Schematic of a constant/current TLP tester [15]

device by averaging data for same length time. For each point on the curve TLP tester
applies a pulse to a device that is not powered.

3.4 Snapback Devices

The typical current-voltage characteristic of this type of protection is shown in fig. 3.7.

IDrain
A

Ve, lp)

(Vh, In)

Vi1, l1)

—— —————— >
VDrain

Fig. 3.7: 1/V curve of the snapback device [15]

Protection closes on threshold voltage V;;. Then moves to the negative differential re-
sistance with a holding voltage V4,. At the same time creates a low resistance discharge
channel which removes ESD current. The holding voltage must provide appropriate vol-
tage drop to minimize power dissipation. This is a big advantage over protections with
a simple current-voltage characteristic where is larger power dissipation. The holding
voltage should not be lower than the operating voltage of the circuit. At higher currents
occurs thermal breakdown illustrated by Viy voltage, this value determines the level of
ESD protection.
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4 APPLICATION OF HIGH VOLTAGE DEVICES

This chapter describes application of high-voltage devices as Lateral Diffused MOS tran-

sistor, bipolar transistor and high-voltage diode in Smart Power Technology.

4.1 Lateral Diffused MOSFET

Lateral diffused MOS transistors are commonly used as output driver in the Smart Power
Technologies. When compared with the bipolar transistor had LDMOS many advanta-
geous as high-input impedance, easy to paralleling, higher gain, thermal stability (negative
temperature coefficient) and high switching speed [16]. LDMOS transistor is often used
as switch in switching power supply circuits, display drivers, communication circuits, DC
a DC transform, fast switch transform, audio amplification, analog switches, high-speed
core driver, motor control, automotive electronics, energy efficient lighting, induction
heating, RF communications and other fields. LDMOS is also used as ESD protection
circuit. Typical ESD protection with LDMOS is shown in fig. 4.1.

Pad
L 2
N1
65V / \
N1
65V / \
N1
6,5V LDMOS
W= 2400 ym
L=1um

Fig. 4.1: Typical ESD protection with LDMOS [15]

LDMOS transistor is triggered by string of Zener diodes. Zener clamp is used to prevent
the launch of parasitic bipolar transistor when ESD pulse appears at Drain electrode of
LDMOS transistor. Under ESD pulse, LDMOS operates as a saturated MOSFET and
a lower drain clamp voltage should result in better ESD performance. To improve ESD
properties of this protection can be inserted a 10 k2 resistor between the gate of LDMOS

transistor and ground [15].
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4.2 Bipolar Transistor

Bipolar transistor is commonly used in band gap reference. Band gap structures are
used to generate temperature independent reference voltage in Smart Power Technology.
Voltage reference has been used in many application as LDO regulator, comparator, D/A
and A/D converters and RF circuits [17]. The principle to achieve temperature inde-
pendent voltage is that the thermal voltage Vi, with a positive temperature coefficient
compensates the voltage of emitter-base junction Vg which has a negative temperature
coefficient. Bipolar transistor is used in a band gap reference because it has a wide range
of conditions and manufacturing processes where is temperature coefficient approximately
constant —2 mVK~! .

Bipolar transistor is also used in other applications as current mirrors, amplifiers, active

loads and cascodes.

4.3 High Voltage Diode

High voltage diodes are used for general use and also are used as ESD protection. Typical

static ESD protection circuit with double diodes for a pad is shown in Fig. 4.2.

VDD

I T

ESD
C!amp PAD ® Internal
Circuit Circuit

Fig. 4.2: Typical ESD protection with high voltage diode [18]

Protection is triggered when diodes are reverse biased during ESD events. Diode D, is
therefore triggered for ESD event which is positive to Vgg supply and diode D,, is triggered
for ESD stress which is negative to Vpp supply [18].
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5 TCAD SIMULATION

This section describes the simulation results of LDMOS devices in TCAD simulation
program. Simulation of changes in geometrical parameters were calculated in SPROCESS
program that simulates the complete manufacturing process of the device. Electrical

parameters of devices were obtained using the program SDEVICE.

5.1 Device structure

The structure of components is simulated using the SPROCESS and electrical tests are
simulated using sDEVICE. PLDMOS layout and simulation domain is shown in fig. 5.1.

[ v
B[ [ m2
- nresurf4s

[ | pfd
-:l presrf45
B | pditds
IS
&

bevdd

pl
|:| ta3
Bl | o

o~

Simulation domain

Fig. 5.1: PLDMOS layout and simulation domain

The 2D device structures of 45 V p-type LDMOS device is illustrated in fig. 5.2. The
cross-section consists of the P4+ substrate, n-type epitaxial layer with NBL layer and
p-type epitaxial layer in which the device is created. Detailed views of the created devices
are shown in fig. 5.3. PLDMOS device consists of Pdrift45, Nresurf45, and Nwell layers,
and NLDMOS device consists of Ndrift45, Presurf45 and Pwell layers.
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Fig. 5.2: 2D cross section
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Fig. 5.3: Device structures of 45 V LDMOS
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5.2 Breakdown voltage

The breakdown voltage of the devices is simulated using SDEVICE. With the gate turned
off, the drain voltage is ramped up until breakdown occurs. The breakdown characteristics
are plotted in fig. 5.4 and fig. 5.5, BVpgg = 61 V for the NLDMOS and BVpgs = —58,3 V
for the PLDMOS. The current limit is set to 1 nA. The measured breakdown voltage is
58 V for the NLDMOS and —58 V for the PLDMOS. Measured and simulated values of

breakdown voltage are in good agreement.

Breakdown voltage of the NLDMOS

1E-09

1E-10 + .

1E-11 -

1E-12 -

Io (& um)

1E-13 3

1E-14

1E-15 A
0] 10 20 30 40 50 60 70

Vos (V)

Fig. 5.4: Simulated breakdown voltage of the NLDMOS

Breakdown voltage of the PLDMOS
Vs (V]
-60 -50 -40 -30 -20 -10 0
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-1E-15

-1E-14

-1E-13

-1E-12 F
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-1E-11

-1E-10

p0s -
Fig. 5.5: Simulated breakdown voltage of the PLDMOS

Fig. 5.6 shows the current flow under breakdown conditions and fig. 5.7 shows the distri-

bution of impact ionization under breakdown conditions.
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Fig. 5.6: Total current density under breakdown conditions
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Fig. 5.7: Impact ionization under breakdown conditions

The breakdown of the complementary LDMOS occurs at the bottom of the drift region

at the Drain contact. Also, punch through of the channel does not occur in this design.
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5.3 Threshold voltage

The threshold voltage is extracted by setting the drain voltage to 0,1 V and then the
gate voltage is ramped up until conduction current is observed. The threshold voltage is
extrapolated from I - V; curve at point of maximum g,,. From this value is subsequently
subtracted term %VDS. Fig. 5.8 shows the threshold voltage for the NLDMOS device and
fig. 5.9 shows the threshold voltage for the NLDMOS device.

Threshold voltage of NLDMOS
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Fig. 5.8: Simulated threshold voltage of the NLDMOS

Threshold voltage of the PLDMOS
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Fig. 5.9: Simulated threshold voltage of the PLDMOS

The threshold voltage is Vr = 0,76 V for the NLDMOS device and Vi = —0,78 V for
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the PLDMOS device. The measured threshold voltage is 0,77 V for the NLDMOS and
-0,75 V for the PLDMOS. Measured and simulated values of threshold voltage are in good
agreement for both PLD and NLD device.

5.4 Saturation regime and Rpg,,

The output characteristics of the NLDMOS and PLDMOS devices were simulated with
different gate voltages and are illustrated in fig. 5.10 and fig. 5.11. The maximum gate
voltages are 3,3 V for the NLDMOS and -3,3 V for the PLDMOS.

Qutput characteristic of NLDMOS
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Fig. 5.10: Simulated output characteristics of the NLDMOS

Qutput characteristic of PLDMOS
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Fig. 5.11: Simulated output characteristics of the PLDMOS

Fig. 5.12 shows the current flow in the saturation regime and fig. 5.13 shows the distri-
bution of the electric field in the structure.

The current flows from the drain contact through the drift region and the channel to the
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Fig. 5.12: Total current density in the saturation regime
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Fig. 5.13: Electric field in the saturation regime
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source contact. Part of the current also flows into the body contact, typically about 5 %
of the total current. The maximum electric field in the saturation regime is at the corner
of STT isolation at the drain contact.
R, can be extracted from the output characteristics for the maximum gate voltage in
the linear regime.
Rpsen is given by

Rpson = RonNgW Ly, 1072 (5.1)

where R, is the measured on-state resistance (£2), N, is the number of gate polysilicon
strips specified for the device layout, W is the gate width specified for the device layout
(um) and Ly, is the distance between center line of a body contact and the center line of
the nearest drain contact (um) and the unit of Rpge, is m§2 mm?.

Simulated on-resistance is 56,9 m{) mm? for the NLDMOS and 135 mQ mm? for the
PLDMOS. The measured Rpgon is 49 mQ mm? for the NLDMOS and 132,1 mQ mm? for

the PLDMOS. Measured and simulated values are in good agreement.

5.5 Concentration profile

This section deals with the comparison of simulated concentration profiles and profiles

measured by SIMS (Secondary Ton Mass Spectrometry). Doping concentration across
PLDMOS drain region is shown in fig. 5.14.

Doping profile at the drain for PLDMOS
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Fig. 5.14: Doping concentration across PLDMOS drain region

PVDD and Pdrift45 layers are shifted about 0,18 um to lower depth, PIMP layer accu-
rately reproduces the measured profile and Nresurf45 layer is slightly shifted to greater
depth. The doping concentration of each layer is consistent with measured data.

Doping concentration across PLDMOS body region is shown in fig. 5.15.
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Doping profile at the body for PLDMOS
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Fig. 5.15: Doping concentration across PLDMOS body region

Nwell+Nresurf layer copies data from SIMS to the depth 3 pm, then measured and simu-
lated profile is very different. Boron concentration corresponds to measured data. NIMP
layer has a lower concentration at the surface. Doping concentration across the Ndrift45
and Presurf4 region for the NLDMOS is shown in fig. 5.16.

Doping concentration across the Ndrift45 and
Presurf45 region for the NLDMOS
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Fig. 5.16: Doping concentration across the Ndrift45 and Presurf45 region for the NLD-
MOS

All three simulated concentration profiles are shifted about 0,2 pum to a greater depth,
the doping concentration of layers NDRIFT45 and Presurf45 corresponds to measured
data. Doping concentration of arsenic achieves lower levels at the surface.
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5.6 Sensitivity to geometrical parameters

Lateral devices are sensitive to changes in geometrical parameters in general. The level of
variability is given by manufacturing process, especially by photolithography. This chap-
ter describes simulation of changes of geometrical parameters and their impact on basic
electrical parameters of PLDMOS transistor. The geometrical parameters of PLDMOS

transistor are shown in fig. 5.17.

LPOV LFP

Fig. 5.17: PLDMOS geometry

Distance Lg defines gate length, Lgp; determines the distance between Nwell and Pdrift
layer, Lacc defines length of accumulation, Lgp; determines STI length, Lpoy defines
polysilicon overlap of STI and Lgp defines length of field plate. Dependence of threshold
voltage on change of geometrical parameters is shown in appendix A and dependence of

the basic electrical parameters on Lpoy and Lpp parameters is shown in appendix B.

5.6.1 Simulation of L change impact

Original value of Lg distance is 0,6 um and evaluated window in range from 0,4 um to
0,8 pum. Simulation of breakdown voltage dependence on L distance and comparison
with measured data is shown in fig. 5.18.
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Fig. 5.18: Simulation and measured data of BVpgg dependence on Lq distance

Minimum simulated value of breakdown voltage is —58,98 V and maximal value is —59,18 V|
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breakdown voltage is higher than target value. This parameter is insignificantly depen-
dent on Lg distance. Electrical breakdown occurs at the bottom of drift region and change
of gate length does not influences breakdown voltage. Simulated data are shifted about
3 V to measured data towards the higher values. This difference is cause due to specific
physical model we used for simulation of electrical breakdown. Simulation of Rpge, resis-

tance and comparison with measured data is shown in fig. 5.19.
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Fig. 5.19: Simulation and measured data of Rpg,, dependence on L distance

The minimum simulated value of resistance Rpgon is 126,45 mQmm? and maximal value
is 156,45 mOmm?, values of Rpso, are within the allowed range. Resistance Rpgon is
linearly increases with higher L distances due to increasing the resistivity of the current
path flowing through the Nwell region. Simulated data are about 8 mQmm? higher than

measured data and also slope of simulated curve is lower than measured.

5.6.2 Simulation of Lg1; change impact

Length of Shallow Trench Isolation Lgry is in original design 1,7 pm and evaluation win-
dow in range from 1,5 pm to 1,9 pm. Simulation of breakdown dependence on Lgry

distance and comparison with measured data is shown in fig. 5.20.
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Fig. 5.20: Simulation and measured data of BVpgs dependence on Lgy; distance

Minimal simulated value of breakdown voltage is —58,4 V and maximal value is —59,34 V|

37



ON Semiconductor @

breakdown voltage is higher than target value. This parameter is increased with STI
length. Simulated and measured data have the same slope, but simulated breakdown
voltages are about 3 V higher than measured. Simulation of Rpg,, resistance and com-

parison with measured data is shown in fig. 5.21.
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Fig. 5.21: Simulation and measured data of Rpg., dependence on Lgry distance

Minimal value of resistance Rpgen is 133,35 mQmm? and maximal value is 147,1 mQmm?,
values of Rpge, are within the allowed range. Resistivity is linearly increases with STI
length due to increasing the resistivity of the current path flowing through the Pdrift
region. Measured data has lower slope. Measured and simulated data are identical for

LSTI = 1, SMm

5.6.3 Simulation of Lcc change impact

Original length of accumulation region is 0,4 pm and evaluation window in range from
0,2 um to 0,6 pm. Simulation of breakdown dependence on Lac¢ distance and comparison

with measured data is shown in fig. 5.22.
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Fig. 5.22: Simulation and measured data of BVpgs dependence on Lacc distance

Simulated values of breakdown voltage correspond to the measured data for length of Lacc

in range from 0,2 pum to 0,4 pum, for higher values we can observe discrepancy between
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simulation and measurement. Fig. 5.23 shows total current density under breakdown

condition for Lacc = 0,5 pm and Lacc = 0,6 pum.
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ZE-04
1.7E-08
1.4E-12

:  ——— 1.2E-16
4 m—— T PR e .
1.0E-20

oII‘QIIIX[u‘rn]aIl O‘I‘Zl“ﬁ[urln]t:
(a) LACC = 0, 5 pm (b) LACC = 0,6 pm

Fig. 5.23: Total current density under breakdown condition for different Lacc

In normal conditions the majority of current flows to the Nresurf underneath of Drain
contact as shown in fig. 5.5. For length of Lacc = 0,5 pm the most of current flows
around STT isolation to the Nwell region and only small part of current flows to the
Nresurf. For Lycc = 0,6 um whole current flows to the Nwell region. Fig. 5.24 shows the
distribution of impact ionization under breakdown condition for lengths Lycc = 0,5 pm
and Lacc = 0,6 pm.

Irmpactionization

[mm”-3s-1]

E, P8 G.OE+ZZ
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8.5E+20

. ZAE+20
5.0E+19

0 2 X [um] 4 0 2 X um] 4

(a) LACC = 0,5 pm (b) LACC = 076 pum

Fig. 5.24: Impact ionization under breakdown conditions for different Lacc

Electrical breakdown for lengths of accumulation region 0,5 pm and 0,6 pm occurs at the

left corner of STT isolation. In original structure electrical breakdown occurs at the bottom
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of Pdrift region underneath of Drain contact. Shift of breakdown from the Pdrift-Nresurf
junction to the edge of STI causes lower simulated breakdown voltage in this structure.
Relocation of electrical breakdown is caused by change of charge balance which was not
seen on the wafer for mentioned evaluation window.

Simulation of Rpg,, resistance and comparison with measured data is shown in fig. 5.25.

Resistance RDson dependence on Lacc distance
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Fig. 5.25: Simulation and measured data of Rpg,, dependence on Lacc distance

Minimal value of Rpsoy, resistance is 137,3 mQmm? and maximal value is 158,92 mQmm?,
values of Rpso, are within the allowed range. Resistance decreases with lower Lacc
because part of the dose is lost in the mask during implantation. For higher value of
Lacc the greater part of dose gets into the silicon and thus resistivity decreases. Measured
and simulated data have the same shape, maximum difference is 8 mQmm? for distance

LACC = 0,4 1T

5.6.4 Simulation of Lgp; change impact

Original distance between Nwell and Pdrift layer is 0,4 um and evaluated window in range
from 0,2 pm to 0,6 um. Simulation of breakdown voltage dependence on Lgp; distance

and comparison with measured data is shown in fig. 5.26.

Breakdown voltage BVDss dependence on LEpidistance
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Fig. 5.26: Simulation and measured data of BVpgg dependence on Lgp; distance
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Minimal simulated value of breakdown voltage is —58,9 V and maximal value is —59,09 V,
breakdown voltage is higher than target value. Impact of Lgp; change is negligible. The
difference between simulated and measured data is approximately 3 V. Simulation of

Rpson resistance and comparison with measured data is shown in fig. 5.27.

Resistance RDson dependence on Lepidistance
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Fig. 5.27: Simulation and measured data of Rps,, dependence on Lgp; distance

2 and maximal value is

Minimal simulated value of resistance Rpge, is 141,3 mQmm
145,21 mOmm?, values of Rpgon are within the allowed range. Minimal value of Rpgey is
for distance 0,4 pum. For lower values compensation impurity between Nwell and Pdrift
layers increases what leads to Rpgon increase. For higher distance the Rpg,, is also higher
due to increasing of resistivity of the current path flowing through the Pdrift and Nwell
regions. The difference between simulated and measured data is about 6 mQmm? in

average.

5.7 Electrostatic Discharge Simulation

Electrostatic discharge was simulated by using TLP model and TLP pulse was modeled

using a current source whose parameters are shown in tab. 5.1.

Tab. 5.1: The properties of TLP pulse in the simulation

Parameter Value
TRISE 10 ns
ThoLp 100 ns
TrALL 80 ns
Itip —1,5 mA

Electrodes Body and Source were connected to ground in this test, Drain electrode was
connected to a current source which simulates the TLP pulse and Gate electrode was

biased in range from 0 V to —3,3 V. If Gate electrode is connected to ground then this
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configuration is called ggMOS (grounded gate MOS). Simulated 1/V characteristic of
PLDMOS transistor for different gate voltages during ESD events is shown in fig. 5.28.

Drain current vs Drain voltage under ESD pulse
0,0 hﬁ
o //—

g
? —ps= OV
E
=

0.9 —ps = -13

—WEs =35

1s j PuintwhenTmax e;ceed 700K
-80 -0 -40 =20 0
Vos (V)

Fig. 5.28: Simualted I/V characteristic of PLDMOS transistor for different gate voltages
under ESD pulse

In this figure are shows points of maximal currents before the temperature exceeds 700 K.
This temperature determines when the transistor is destroyed. Maximal current of PLD-
MOS transistor is in range from —1,32 mA/um to —1,35 mA/um and for higher gate
voltage this current decreases. Simulated 1/V curves doesn’t show snapback due to small
influence of parasitic bipolar transistor. The gate voltage doesn’t affect threshold voltage
Vi1 and is constant about -66 V over gate bias. Despite these shortcomings, transistor
is sufficiently robust with maximum current above 1 mA/um. The time dependence of

maximal temperature in the device as function of drain voltage is shown in fig. 5.29.

Drain voltage and Max temperature under ESD pulse
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Fig. 5.29: Drain voltage and Max temperature under ESD stress
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Maximal drain voltage during ESD stress exceeds value —95 V at time of 175 ns. The
temperature in the model rises from an initial value 297 K and reach maximal value about
1200 K at time 135 ns and then decreases to 630 K when the ESD event ends. Gate vol-
tage has no impact on maximal drain voltage, only affects the peak value of maximal
temperature in the model. Temperature distribution in PLDMOS transistor after ESD

event is shown in fig. 5.30.

LatticeTemperature [K]

. 5.3E+02

57E+02
BOE+02
4.3E+07
36E+02
30E+07

o 2 % [um] 4

Fig. 5.30: Temperature distribution in PLDMOS after ESD stress for Vg =0V

The highest temperature in PLDMOS transistor during ESD event is at Drain electrode.
This region is a critical part of the structure where the damage occurs. Simulation of
temperature distribution is highly dependent on boundary conditions especially on the

size of thermal resistances.
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6 CALCULATION OF SAVE OPERATING AREA

For the calculation of Safe Operating Area are used accelerated life tests when the compo-
nent is stressed by higher voltages than the maximum operating voltage. Test conditions
for 45 V PLDMOS transistor are shown in tab. 6.1.

Tab. 6.1: Test condition for calculation of SOA

Parameter Values

Temperature ¥ (°C) 30; 100; 150; 200

Gate voltage Vs (V) || —=3,6; —4,2; —4,8; —5,4

Drain voltage Vpg (V) || —45; —35; 0

Stress time ¢ (s) 100; 133,35; 177,83; 237,14; 316,23; 421,70;
562.34; 749,89; 1000; 1333,52; 1778,28; 2371,37,;
3162,28; 4216,97; 5623,41; 7498,94; 10000

For the PLDMOS transistor is a major degenerative mechanism Negative Bias Tempera-
ture Instability, therefore to calculate Safe Operating Area of PLDMOS transistor is used

model describing NBTI degeneration. The model is used from the standard JEDEC122E
as described in chapter 2.3.

AV, = Aoe%eﬁvcsewmt" (6.1)

The activation energy is calculated from the equation

1
k 9
K1 + 273, 15)

Ean = (6.2)
where k is the Boltzmann’s constant, q is the unit electronic charge and ¢ is the tem-
perature. The degradation rate is the highest for voltage Vpg = 0 V (the worst case) so
for calculation of SOA is selected this voltage. For this reason, the model is simplificated
because the term e/'s falls out of the model (e°Ps = 1). Degradation model is thus in

the form
E
AV, = Age 7t eVasyn, (6.3)

By logging equation (6.3) we get model into regression format

In(AVy) =1In(A) + Ve + %ﬁ‘ + nln(t), (6.4)

where f3 is the slope due to Vs, Eaa the slope due to =, n the slope due to In(t), and In(A)
the intercept. Now it is possible from measured data by using Excel Analysis ToolPak
extract coefficients in the model. In Excel choice Data Analysis and select Regression.

For Input Y Range select In(AVy) data, the X range will be Fxa, In(t) and Vg data.
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The model parameters are in ANOVA table in the column Coefficients. Regression gives

In A for obtaining the A parameter is used formula
A=A, (6.5)

Extracted parameters of degradation model for 45 V PLDMOS transistor are described
in tab. 6.2.

Tab. 6.2: Extracted parameters for 45 V PLDMOS transistor

A Eaa B n
0,611819 | —0,27423 | —0,58497 | 0,226348

Lifetime of transistor is given by [10]

AV >_ (6.6)

TTE = (E—

Aoe_ﬁ%"A eBVas

For change of threshold voltage about 10% (max. allowed) and substituting the extracted
parameters into the equation 6.6 we can graphically display the lifetime of the transistor

for different gate voltages and temperatures as shown in fig. 6.1

Vas (V)

Temperature (*C)

D] o | oo [esseens | R

Fig. 6.1: Lifetime in years of Vip-Extrapolated Parameter for 45 V PLDMOS transistor,
Vps =0V

Lifetime of 45 V PLDMOS transistor in fig. 6.1 is expressed in years. For industry sector
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%Change Vit (DC use Conditions for Vds=0V)

Temperature Profile
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Fig. 6.2: Percent change over use profiles
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(¥ = 135°C) is guaranteed lifetime 10 years for Vog = —2,6 V or less. Change of threshold

voltage for industrial and automotive sector shows fig. 6.2.

For industry sector is shift of Vi calculated for temperature 135°C and for expected

lifetime 10 years. For automotive sector threshold voltage change is calculated by using

the temperature cycles which stress the component at a certain temperature for a defined

time. Stress of the components takes place in the temperature range from —40°C to

200°C, as shown in fig. 6.3. Expected lifetime for automotive sector is calculated as total

accelerated time over used profiles, in this case the lifetime is 8,28 years for PLDMOS

transistor. Guaranteed change of threshold voltage is less than 10 % for Vgs = —2,6 V or

less for industry and automotive sector.

Goals T)Range (*C) |Cumulative Lifetime
Stretch 175to 200 |100 hrs |
Thresheold 150to 175 |1000 hrs |
Threshold 125to 150 |10000 hrs
Threshold 100to 125 |10000 hrs
Threshold 50 to 100 | 40000 hrs
Threshold -40to 50 |40000 hrs

Fig. 6.3: Automotive temperature use profile
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7 CONCLUSION

The present work deals with the basic properties of LDMOS transistors. The theoretical
part describes the structure of the LDMOS transistor, RESURF principle to increase the
breakdown voltage and the effect of the parasitic bipolar transistor. Further is described
the Safe Operating Area, hot carrier degradation and Negative Bias Temperature Insta-
bility. The last theoretical chapter describes the models used to simulate ESD events.

The practical part deals with the simulation of the basic parameters (threshold voltage,
breakdown voltage and Rpgon) of NLDMOS and PLDMOS transistors. Simulated data are
compared with measured data, values are similar as described in tab. 7.1. The breakdown
of the simulated structures occurs at the bottom of the drift region. Next part compares
the simulated concentration profiles with measured profiles. Simulated and measured
concentration profiles are very similar, except small difference in Nwell+Nresurf layer.

Additional calibration was not needed due to small differences in electrical data.

Tab. 7.1: Simulated and measured parameters of 45 V LDMOS devices

Parameter Simulation | Measurement

Vi (V) -0,78 -0,75
PLDMOS | BVpss (V) -58,3 -58

Rpson (M mm?) 135 132,1

Ve (V) 0,76 0,77
NLDMOS | BVpgs (V) 61 58

Rpson (M mm?) 56,9 49

The next section was focused on evaluation of sensitivity of PLDMOS transistor to
changes of its geometrical parameters. Simulated values are compared with measured
data. Change of Lg parameter affects the resistance Rpgon, higher value of this distance
increases resistance. The breakdown voltage of the transistor is not affected. The optimal
value for this parameter is 0,5 um, the original size of this distance is 0,6 pgm. This change
of Lg distance reduces channel resistance and also reduces the threshold voltage of the
transistor. Change of Lgp; distance affects the breakdown voltage and resistance Rpgon,
these parameters increase with increasing Lgr; distance. Original distance of 1,7 um
seems to be optimal with respect to the breakdown voltage and resistance Rpson. Lgp1
parameter affects only Rpgo, resistance and optimum size is original value of 0,4 pm
when the value is minimal. Parameters Lpoy and Lyp have no effect on the basic electri-
cal parameters. Thus we keep the initial values of these parameters Lpoy = 0,5 pm and
Lrp = 0,4 pm. Last geometrical parameter Lacc affects Rpson resistance and breakdown

voltage. Rpson resistance decreases and the breakdown voltage increases with increasing
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size of this parameter. For this parameter we observed discrepancy between simulation
and measurement due to inaccurate model. Measured values of basic electrical parameters
are slightly different from the measured data but the shape of curves is the same. These
differences are due to the models used in the simulation and due to the difference between
real and simulated concentration profile of PLDMOS transistor. Although, the process
team is comfortable with current targets of geometrical parameters in term of process

variability, our proposal is summarized in tab. 7.2.

Tab. 7.2: Proposed changes of geometrical parameters

Parameter || Original | Proposed
Lg (pm) 0,6 0,5
Lgrr (um) 1,7 1,7
Lgpr (ppm) 0,4 0,4
Lpoy (pm) 0,5 0,5
Lgp (pm) 0,4 0,4
Lacc (pum) 0,4 0,5

The next part deals with the TLP simulation where PLDMOS transistor is used as ESD
protection. The maximal current for different gate voltage is in range from —1,32 mA /um
to —1,35 mA/um than destruction of the transistor occurs (maximal temperature exceeds
700 K). The maximal current decreases for higher gate voltages. Unfortunately, we didn’t
get DOE wafers out from the Fab on time, so we can not compare it with the real data.
We plan to do it out of this thesis.

Last section describes calculation of Safe Operating Area of PLDMOS transistor. The
calculation is based on the standard JEDEC122E and major degenerative mechanism
for PMOS transistors is Negative Bias Temperature Instability. Guaranteed change of
threshold voltage is less than 10 % for Vgs = —2,6 V or less for industry and automotive
sector. It was accepted by designers and not additional optimization is required.

Technology is in qualification process and should be released this year.
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LIST OF SYMBOLS, PHYSICAL CONSTANTS AND
ABBREVIATIONS

A material parameter (—)

C capacitance (F)

Cs parasitic capacitance (F)
Cox gate oxide capacitance per unit area (Fm™2)
E electric field (Vm™1)

Ean activation energy (eV)

Ec critical electric field (Vm™1)
Jm transconductance (S)

Ig gate current (A)

Ip drain current (A)

Isup substrate current (A)

k Boltzmann constant (JK™1)
L gate length (um)

Lace  length of accumulation (pum)

Lgpr distance between Nwell and Pdrift layer (um)
Lg gate length (um)

Ly distance between center line of a body contact and the center line of the

nearest drain contact (um)
Lpoy  poly overlap of STI (um)
Ls Inductance (H)

Larr Shallow Trench Isolation length (pm)

n empirically determined exponent (—)
Nepi doping concentration of n— layer (cm™3)
Ny number of gate poly strips (—)
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Gn
Racc
Ry
Rp
Rpson
RpRrrpr
Rcn
Rg

t

T

tepi
Vb

VBE
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interface-traps density per area (cm™?)
oxide-trapped-charge density per area (cm™?)
net charge of n— layer (cm™?)

resistance of the overlap area between the drift region and the gate (m mm?)
resistance of base (m{) mm?)

resistance of drain (m§2 mm?)

(m mm?)

resistance of drift region (m{2 mm?)
resistance of channel (m{2 mm?)

resistance of source (m{2 mm?)

time (s)

absolute temperature (T)

thickness of n—epi layer (pm)

drain voltage (V)

base-emitter voltage (V)

drain-source voltage (V)

gate voltage (V)

threshold voltage (V)

threshold voltage of ESD protection (V)
thermal breakdown voltage (V)

thermal voltage (V)

gate width (pm)

surface mobility of charge carriers (cm?V—!s™1)
scale factor (V1)

scale factor (V1)

temperature (°C)
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A THRESHOLD VOLTAGE DEPENDENCE ON
GEOMETRICAL PARAMETERS

Threshold voltage VT dependence on LG distance
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Fig. A.1: Simulation and measured data of Vi dependence on L distance

Threshold voltage V1 dependence on Lsti distance

-0,62

-0,66

-0,7

FIFENEEEEEE Y

-0,78

vT (V)

*  Measurement

== "Simulation

-0,82

-0,86
1,45 155 165 1,75 1,85 185
LTI (um)

Fig. A.2: Simulation and measured data of Vi dependence on Lgt distance
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Fig. A.3: Simulation and measured data of Vi dependence on Lacc distance
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Threshold voltage Vr dependence on Leridistance

-0,62

-0,66

-0,7

o BB bk

- *  Measurement
-0,78

L == "Simulation

-0,82

-0,86
015 025 035 045 055 0,65

Lept (um)

Fig. A.4: Simulation and measured data of V1 dependence on Lgp; distance
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Fig. A.5: Simulation and measured data of Vi dependence on Lgp distance
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Fig. A.6: Simulation and measured data of Vi dependence on Lpoy distance
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BVpss AND Rpsoyn DEPENDENCE ON Lpoy AND
Lyp

Breakdown voltage BVDss dependence on Lrov distance
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Fig. B.1: Simulation and measured data of BVpsg dependence on Lpoy distance
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Fig. B.3: Simulation and measured data of BVpgs dependence on Lpp distance
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Resistance RDson dependence on Lrp distance
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