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Abstract

As a part of the development process of new transistors, the devices need a
thorough investigation of their reliability. One part of this is the electrical
testing and assessing if they operate in the manners wished for. If this initial
testing proved to be successful, the next step is to determine if the devices
will continue to work properly throughout their specified lifetime. Since this
time span can be several years, the devices can undergo an aging process
by electrical and thermal stressing. The process which does this is called
burn-in. Hereby, the devices will be operated with overvoltage as well as in
over temperature conditions, in order to see, if these conditions will cause
the device to fail. During the course of this thesis, 50 chips, with several
MOSFETs on them have experienced these sorts of tests and the resulting
data was evaluated. Interpreting the data was achieved by having a closer
look on the physics behind the failure mechanisms the devices are prone to
and finding the relevant parameters which indicate, whether or not, a fail was
activated during burn-in. It has been seen, that none of the devices on the
50 chips have failed and that the manufacturing process is therefore optimized
enough, to guarantee reliability of the devices (as far as the gathered data
is concerned). Another thing that has been seen is, that the methods used
to evaluate the data would have successfully screened out any malfunctioning
devices. During the experiments conducted, it was shown, that if the gate
oxide breaks down, the resulting gate leakage current increases by orders of
magnitudes, which would have been screened by the limits applied to the test
data. Therefore it can be assumed, that no such failure had occurred in the
new power MOSFETs of Infineon Technologies and that the methods used to
evaluate the data are working.
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Kurzfassung

Im Rahmen des Entwicklungsprozesses neuer Transistoren miissen die Hal-
bleiterbauteile griindlich auf ihre Zuverléssigkeit untersucht werden. Ein Teil
davon ist die elektrische Priifung und die Beurteilung, ob sie in der gewiin-
schten Weise funktionieren. Wenn diese ersten Tests erfolgreich verlaufen
sind, muss im néchsten Schritt festgestellt werden, ob die Halbleiterbauteile
wahrend ihrer gesamten vorgesehenen Lebensdauer ordnungsgemaéfs funktion-
ieren werden. Da diese Zeitspanne mehrere Jahre betragen kann, konnen
die Halbleiterbauteile durch elektrische und thermische Beanspruchung einem
beschleunigten Alterungsprozess unterzogen werden. Der Prozess, der dies be-
wirkt, wird Burn-in genannt. Dabei werden die Halbleiterbauteile sowohl mit
Uberspannung als auch unter Ubertemperaturbedingungen betrieben, um zu
sehen, ob diese Bedingungen zu einem Ausfall der Halbleiterbauteile fiihren.
Im Rahmen dieser Arbeit wurden 50 Chips, auf denen sich mehrere MOS-
FETs befanden, derartigen Tests unterzogen und die daraus resultierenden
Daten ausgewertet. Die Interpretation der Daten erfolgte durch eine genauere
Betrachtung der Physik hinter den Fehlermechanismen, fiir die die Bauele-
mente anféllig sind und durch die Ermittlung der relevanten Parameter, die
anzeigen, ob ein Ausfall wihrend des Burn-in aktiviert wurde oder nicht. Es
hat sich gezeigt, dass keines der Bauteile auf den 50 Chips ausgefallen ist
und dass der Herstellungsprozess daher ausreichend optimiert ist, um die Zu-
verlassigkeit der Bauteile zu gewéhrleisten (soweit die gesammelten Daten dies
zeigen konnen). Auferdem hat sich gezeigt, dass die zur Auswertung der Daten
verwendeten Methoden erfolgreich alle fehlerhaften Gerédte aussortiert hétten.
Bei den durchgefiihrten Experimenten hat sich gezeigt, dass bei einem Aus-
fall des Gate-Oxids der resultierende Gate-Leckstrom um Grofenordnungen
ansteigt, was von den auf die Testdaten angewandten Limits gescreened worden
ware. Es kann daher davon ausgegangen werden, dass bei den neuen Leistungs-
MOSFETs von Infineon Technologies kein solcher Ausfall aufgetreten ist und
dass die zur Auswertung der Daten verwendeten Methoden funktionieren.
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1 INTRODUCTION

1 Introduction

In the semiconductor industry, developing new devices like transistors is a con-
tinuous journey to improve the technological know-how and device portfolio.
However, when a new device is going to be used on a microchip, initial char-
acterization of the device in order to guarantee its functionality, is one core
aspect of the development process. This characterization is done via electrical
testing. The newest power metal oxide semiconductor field effect transistors
(power MOSFETS) of Infineon Technologies have yet to undergo this develop-
ment phase.

Despite the fact that the device initially is functioning as desired, one major
challenge for manufacturers is reliable operation over a long period of time.
One method to determine the reliability is a thermal burn-in, which simulates
an aging process [I]. By filtering out the devices that change their behaviour
with age in an unwanted way, the company can assure reliability of the devices.
Such unwanted aging effects can occur due to bad design or due to defects in
the device, which were induced during production.

The aim is therefore to optimize the fabrication process of the newly developed
power MOSFETs to a point where the burn-in is not necessary anymore. In
order to complete this task one needs to fully understand the devices, their
limitations and the mechanisms that cause the devices to fail. This thesis aims
to answer a number of questions:

e How do the devices work?

What are the most prominent failure mechanisms present?

How do these mechanisms affect the devices?

How can bad devices be efficiently identified?

How good is the theory of failure mechanisms matching the physically
observed failures?

The way to do this is to conduct a burn-in study in which a certain amount of
devices are initially tested, then they undergo the aging process in a burn-in
oven and then they are tested again to see if and how the device’s characteri-
zation parameters change. The scope of the thesis lies more at the beginning
of the study, including setting up the screening methods and understanding
the behaviour of the devices for the rest of the study instead of the evaluation
of the data of the whole study.
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From here on the thesis will start with chapter two which is about a burn-in
reference device (BIRD). This is the chip the newly developed MOSFETS are
on. In this chapter an overview of the schematics and the layout, as well as
a short introduction about the actual devices that are being tested is given.
To properly understand these new devices, the theory about MOSFETs is
recapitulated and the most important equations to understand their behaviour
are discussed in chapter three. It starts with the MOS capacitor and leads
to the description of a regular lateral MOSFET and what a drain extension
is. Half of the transistors on the BIRD are double diffused power MOSFETSs
(DMOS), so there is also a sub chapter dedicated to them.

Since the main emphasis of the thesis is on the failures that can arise during
the burn-in process and how they are affecting the transistors, a discussion
about the theory behind the failure mechanisms is included in chapter four.
It starts with a brief overview about what burn-in is and why it is mandatory
to fulfill the industry standards. Furthermore it discusses how defects and
failure mechanisms affect the devices during burn-in and how some of the
most probable failure mechanisms in MOSFETs are described theoretically.

In the chapter about the electrical characterization of the BIRD, the test data
before the burn-in will be presented. Is is evaluated in agreement with the
theory of the MOSFETs, in order to derive screening limits for the production.
Only if the devices are within these limits, they pass on to the next step, which
is the burn-in process. The following chapter six presents the burn-in process
itself and the data, to be able to identify any activated defects or design flaws
taken from the devices that have already been burnt and were tested again.
The data is evaluated by using screening methods which rely on the device’s
limitations. The chapter ends with a sub chapter about what happens if those
limits are exceeded. To demonstrate this on the actual transistors, a few of the
chips are exposed to such extreme conditions in the lab, in order to generate
certain failures.

The purposefully generated failure or any eventual failure that was activated
during BI, are examined in the lab, to see what caused the failure and if it
can be traced back to a root cause. The method will include a description
of the failure, a failure analysis and a qualitative assessment of the failure
mechanisms with the theory introduced in chapter four. In the conclusion, the
whole method is shortly summarized, an evaluation of the devices is done and
the limitations of this thesis, as well as an outlook for further investigation is
given.
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2 Burn-in reference device (BIRD)

In order to characterize the newly developed semiconductor devices, it is neces-
sary to test them electrically. The devices, which are mostly power MOSFETs
are integrated in simple circuits on a chip. This chip is called a burn-in ref-
erence device (BIRD) and serves the purpose of making the testing as simple
and direct as possible. A big advantage of the BIRD is that whenever a new
semiconductor device is developed, the underlying layout and architecture of
the chip can be reused with only small adaptations.

In this chapter the BIRD is being examined. At first the schematics are shown
and one can see the semiconductor devices of interest, together with their re-
spective contact pins. From those the advantages of BIRD over other chips
that undergo burn-in can be formulated. Furthermore, the digital part is men-
tioned, followed by a brief discussion about what its functionality and structure
are.

In the second part of this chapter the semiconductor devices are further ex-
plained. They are three MOSFETs, three power MOSFETs and one MOS
capacitor. How to distinguish these devices and what their unique properties
are is also included. After this chapter the structure of the BIRD and why it
is beneficial for testing the devices, as well as what these devices exactly are,
should be established.
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2.1 BIRD schematics

The BIRD has in total 48 contact pins, most of which are connected to the
MOSFETs and the MOS capacitors. To be precise, among the seven devices
there are five n-channel MOSFETs (NMOS), one p-channel MOSFET (PMOS)
and one MOS capacitor (MOScap). Every device is on the chip twice, with
the difference between the two being the different device areas which they are
occupying. The reason for this is that upon being tested and characterized, half
of them are being stressed with a voltage greater than their specified operating
voltage and the other half is not. This allows to investigate if the additional
increase in voltage can activate failures in the respective devices [2]. However,
in some chips it might be the case that the devices can not be stressed directly
during testing. So in order to compare the performance of previously stressed
and unstressed ones during BI, the amount of devices was doubled. The actual
dimensions are determined by industry and company standards, which are of
no particular relevance for the investigations done in this thesis.

Each NMOS has three contacts (enable, gate, drain), the PMOS have four
contacts (enable, gate, drain, source) and the MOScaps each have one gate
contact. This makes a total of 40 contacts for the devices. Seven of the re-
maining eight pins are used for the digital part of the chip. The final contact
is connected to ground. The chip is mounted in a VQFN-48 package to accom-
modate the contacting needs and to have a cost efficient and reliable solution
available.

The NMOS transistors are switched on, when a gate voltage is supplied, as well
as when enable is on high, that means when the enable line is also supplied with
a voltage. Behind the enable line is a Schmitt-trigger and up to three inverter
structures with successive larger transistors attached. The reason behind this is
that the Schmitt-trigger gives a steep voltage ramp up curve and the inverters
increase the power that reaches the large NMOS device under test. Therefore
when a gate voltage is applied without enable being on high, the inverters
prevent the transistor from being switched on and when enable switches to
high, a fast and steep voltage signal reaches the transistor. For the PMOS
enable needs to be on low.

In figure[I] a schematic overview of the structure of the chip is given. It shows
the contact pins which are numbered from 1 to 48. The three pins each NMOS
requires are grouped together and made visible with green and red coloring.
The same for the PMOS and the MOScaps, the pins for the digital part,
however, are marked in blue. From each pin group contact wires lead to the
devices, which are drawn as red and yellow squares, as well as to the digital
part. The two colors the devices are drawn with indicate the two different
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device sizes. Yellow devices are the stressed ones and red are the unstressed
ones. The ground wires are also drawn, leading from each device to the black
square in the center, which is directly connected to pin number 17, the ground

pin.

This figure is only for demonstration purposes, the actual circuitry of the
whole chip is more complicated. It includes electro static discharge (ESD)
structures on every device (it protects them from high voltages coming from
their surroundings) and a digital part, which is also made up of several circuits
and transistors itself. The digital part serves the purpose of storing basic
data like a unique chip-ID. However, these structures and circuits are not
described in further detail, since their design is of no relevance to the electrical
characterization of the new devices. The reason for that is that regarding the
measurement data, these structures are either completely disregarded, like in
the case of the digital part or their effect can be included via a simple factor
that shifts the data, like in the case of the ESD structures. If the latter is the
case, it will be mentioned in the respective section.

At this point it becomes apparent, that due to its design and easy accessibility
of the devices, the BIRD is a good approach to conduct burn-in studies with.
Whenever a failure is detected, the failing part can be easily traced back and
identified because of the chip-ID and because the devices all have their own
contact pins, which would not be the case if they were integrated in larger
circuits.
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Figure 1: Toplevel schematics of the BIRD with numbering of the contacts and
information about which device is contacted by which pin. The blue
highlighted area is the digital part, the red and green framed parts
are the seven devices that are to be investigated.
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2.2 BIRD semiconductor devices

Now that the general layout of the BIRD has been introduced, the focus can be
put on the actual semiconductor devices and some of their physical properties
and differences. Three of the seven devices on the BIRD are conventional
lateral MOSFETSs, three of them are double-diffused MOSFETs (DMOS) and
one of them is a MOS capacitance. However, it has to be remembered, that
all of these devices are on the chip twice.

To further distinguish the devices, the most relevant differences are summa-
rized in the following table [} The parameters, which constitute the difference
between them are:

e Channel type

e Gate oxide (GOX) thickness

e Operating voltage

e Drain extension

The table also contains a designation, which is chosen to be easy to memorize
and distinguish between them.

Regarding the GOX types, definite figures can not be mentioned during this
thesis, in order to protect the intellectual property of Infineon Technologies, but
in general there are three different types in use. They differ only in thickness,
which is normalized as a thickness unit (tu):

e GOXI is 4.42 tu thick

e GOX2 is 0.42 tu thick

e GOX3 is 1tu thick
One tu is a value, normalized to the thickness of GOXS3.
The voltage ranges imply which of the devices are the high voltage power
MOSFETs and which are the lower voltage lateral MOSFETs. Finally some
of the devices have a drain extension and some do not. The drain extension is

a shallow trench isolation (STI) between gate and drain, so that the conduct-
ing channel gets extended and the source-drain voltage can be increased. In
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Body Drain Source

Figure 2: Schematic crosssection of an NDMOS with STI between gate and
drain as drain extension.

figure [2] a schematic cross section of one of the NDMOS transistors with drain
extension can be seen.

Name Channel Type | GOX type | Operating Voltage / (V) ‘ Drain Extension

NCAP n-channel 1 5 no
NMOS-7V n-channel 1 7 no
NMOS-5V n-channel 1 5 no

NMOS-1.5V n-channel 2 1.5 yes
PDMOS-60V p-channel 3 60 yes
NDMOS-60V n-channel 3 60 yes
NDMOS-40V n-channel 3 40 yes

Table 1: Table of the seven new semiconductor devices on the BIRD, includ-
ing information about their channel type, gate oxide type, operating
voltage given in volts (V) and drain extension.

As can be concluded from table [T the PDMOS-60V is a DMOS devices that
operates in a high voltage range of 60 V. It has a drain extension and the 1tu
GOXa3. It is also the only p-channel device on the chip.

By using the information in table [I] accordingly for the remaining devices one
can easily understand their properties and purpose.

Despite the fact that some particular details about the new devices are not
discussed in this thesis, the underlying physical principles remain unchanged.
The following chapter 3 will therefore provide all the necessary information to
understand the device’s functionalities. This is done by first examining a MOS
capacitor, followed by regular lateral MOSFETs with an addition about drain
extensions in MOSFETs and power DMOS.
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3 Metal oxide semiconductor field effect
transistors (MOSFETSs)

The underlying physics and equations, governing MOSFETSs are of great im-
portance, when it comes to understanding the testing of the functionality of
single devices. Especially, when evaluating test data, measured at different
conditions, it is necessary to understand what influences the environmental
conditions, like e.g. temperature, have. When a device fails a test, it is helpful
to have the equation, describing the device that failed the test at hand. There-
fore, not only will the physics of the devices be explained in this chapter, but
also the equations of the most relevant MOSFET parameters will be derived.
The natural first step, of understanding the physics of MOSFETSs, is to anal-
yse the MOS capacitor, because the gate contact in a MOSFET basically is
nothing other than that.
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3.1 MOS capacitor

In one sentence, a MOS capacitor is a metal-oxide-semiconductor device, which
purpose it is to store charge, like a conventional capacitor, but with a variable,
voltage-controlled capacitance.

In its simplest form, a MOS capacitor is depicted in figure [3] Between the
metal contact on top and the semiconductor, is an insulating oxide layer. At
the bottom of the semiconductor, there is also an ohmic contact to ground.

In the following pages, only p-doped MOS capacitors are considered, since the
one MOS capacitor on the BIRD is also a p-doped one and also most of the
transistors are p-doped NMOS devices. Furthermore, the discussion will focus
around what the working principle of such a device is. A detailed derivation
of the capacitance curve will not be done here, since it would be too long and
the BIRD mostly focuses on MOSFETs instead of MOS capacitors. A full
description can be found in [3], which also strongly influenced the following
derivations, formulas and figures.

Metal
¥

<«— |nsulator

Semiconductor

A o
Ohmic contact

Figure 3: Crosssection of a p-doped MOS capacitor in its simplest form.
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3.1.1 Ideal MOS capacitor

A MOS capacitor has to fulfill two criteria in order to be considered ideal:

(1) There can only be charges in the semiconductor and in the metal. This
has to be true for all bias voltages. In other words, there are no oxide charges
and charges in interface traps in the insulator.

(2) There is no charge carrier transport through the insulator.

The band diagram for an unbiased, ideal MOS capacitor looks like in figure [4]
with ¢, and ¢, being the work function of the metal and the Fermi potential
with respect to the valence band, respectively. y is the electron affinity of the
semiconductor and F, the band gap energy. Furthermore, E¢, E;, Ep, By are
the conduction band energy, the Fermi energy for an intrinsic semiconductor,
the Fermi energy and the valence band energy, respectively.

It is furthermore assumed, that the work functions of the metal and the semi-
conductor are the same. That means that the potential difference between
the Fermi potential of the metal and the vacuum level and between the Fermi
potential of the semiconductor and the vacuum level are the same. In real

devices this does not necessarily have to be the case.

Described with the potentials shown in figure [4] this means that:

E
¢ms:¢m_(X+7g_¢p>:O (1)
This also implicates that flat-band condition is reached, when there is no bias

Vacuum level

Metal Insulator p-semiconductor

Figure 4: Band diagram of a p-doped ideal MOS Capacitor, with no bias volt-
age.
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voltage applied to the device. Upon biasing the gate, there are several states
the MOS capacitor can be in, which are related to the surface space-charge at
the semiconductor-insulator interface.

The surface space-charge density is given in units of (C/ Cm2) and is the amount
of charge per area at the surface of the semiconductor, at the interface with the
insulator. It is dependant on the surface potential as well as the electric field.
The working principle of a MOS capacitor can be shown by their relations.

The intrinsic (or midgap) potential F;(x)/q, with respect to the semiconductor
potential at the bulk E;(c0)/q is defined as U, (x):

Uy (z) = — (2)

As can be seen in figure , VU, (0) = Vg, where Wg is the surface voltage. The
potential difference between the Fermi potential and the midgap is ¥p,. The
mode in which the device is in, depends on whether Vg is positive or negative
and if it is greater or smaller than W, which is dependent on the bias voltage.
In figure [5| the p-type semiconductor is biased with a positive voltage, which
causes the bands to bend downwards near the interface and Wg to be larger
than 0.

ays | [ T B

v

Insulator p-semiconductor

Figure 5: Band diagram of a p-type semiconductor. The downward bending
bands are due to a positive bias voltage V' > 0.

The relation between the minority carrier density (electron density), the major-
ity carrier density (hole density) on the semiconductor surface and the voltage
VU, (x) is given by:

12
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(MOSFETS)
np(x) = npo e’ (3)
pp() = ppo e P (4)

where § = ¢/kgT and nyo and ppo are the minority and majority carrier
densities at equilibrium in the bulk of the semiconductor. At the surface of
the semiconductor (z = 0), ¥,(x) in the equations above, becomes Ug.

So the carrier concentration at the semiconductor-insulator interface depends
on the surface potential and therefore on the bias voltage applied to the metal
on top of the MOS capacitor.

The following relations, which correspond to the different states the MOS
capacitor is in, can now be derived:

State Surface voltage | Gate voltage ‘ Electron density
Accumulation Vg <0 V<0 np(0) < nyo
Flat-band Vg =0 V=0 np(0) = nyo
Depletion Up,>W¥g >0 V>0 np(0) > npo
Er at midgap Up, = Vg V>0 np(0) > nyo
Weak inversion | 2¥p, > W¥g > Up, V>0 np(0) > pp(0)

Strong inversion Vg > 2Up, V>0 np(0) > ppo > pp(0)

Table 2: States of the MOS capacitor, with their respective surface potential
relations, gate voltage relations and electron densities.

The three key states the device can be in are (1) accumulation, (2) depletion
and (3) strong inversion. Those three states will be described in more detail,
because they are the key points of how a MOS capacitor and a MOSFET work.
In figure [f] the band diagrams for (1), (2) and (3) are depicted for a p-type
semiconductor.

Accumulation: When biasing the metal on top of the device with a negative

voltage, the potential causes the bands of the semiconductor to bend. For a
negative voltage the bands bend upwards, which, for a p-type semiconductor,
means that the number of majority carriers (holes) at the interface to the
insulator increases. This is because the charge carrier density in the valence
band depends on the energy difference (EFr — Ey) between the Fermi energy
and the valence band. Since the Fermi energy does not bend, an accumulation

13
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of holes is happening. Due to this, charge is stored near the interface and the
capacitance of the device increases.

Depletion: During depletion, the metal is biased with a positive voltage. Since
the semiconductor is assumed to be in flat-band condition when there is no
bias voltage, the bands start to bend downwards after only applying a small
positive voltage. Because the energy difference between the Fermi energy and
the valence band is now increasing, the number of holes is decreasing. At the
same time, the voltage is not large enough to attract many minority carriers
(electrons) yet, therefore the region near the interface lacks of charge carriers
and the capacitance is therefore decreasing.

Strong inversion: If the positive voltage is surpassing W p,, the holes are not
only being pushed from the interface, but electrons are also being attracted. If

the positive voltage is large enough that the number of electrons exceeds the
number of holes near the interface, the device is in inversion. The device is in
strong inversion when the surface potential is twice as high as Up,. Then, the
number of electrons near the interface is larger than the number of holes in
the bulk of the semiconductor. Because of this increase in charge carriers near
the interface, the capacitance of the device rises again, this time, however, due
to the minority carriers.

Er
I W . 5

V>0 0 000 kL

Ep

Figure 6: Band diagrams for an ideal MOS capacitor during accumulation
(left), depletion (center) and inversion (right).

As mentioned above, all of this is linked to the surface space-charge density
(s. Finding a solution for Qg as a function of Wg is crucial for deriving the
capacitance curve of a MOS capacitor. Since the focus of this thesis is not on
MOS capacitors, the long derivation for (Jg is only referred to and not done
here.

So in order to get a complete and thorough derivation of the surface space-
charge density and the capacitance curve of the ideal MOS capacitor, see [3].

14
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3.1.2 Real MOS capacitor

As the previous section was only limited to ideal MOS capacitors, it is useful
to mention what the main differences are to a real MOS capacitor. This is
also quite useful, since it also foreshadows some of the failures that can arise
in real devices.

As already mentioned at the beginning of the last section, there are two criteria
that an ideal MOS capacitor has to fulfill. Real devices, however, can have
charges in the oxide and in interface traps. This enhances charge transport
through the insulator.

Not only do these charges influence the capacitance curve of the device and
therefore, also its performance, but they also enhance an early breakdown
of the insulator material. This is a most unwanted behaviour, because the
charges can then travel freely from the metal through the insulator into the
semiconductor and vice versa.

This mechanism is called a failure mechanism and are described in detail in
chapter 4. However, the mechanisms described there are mainly regarding
MOSFETs. The following pages therefore, are giving an overview of the physics
behind MOSFETs and what parameters are of interest when characterizing
them. This is followed by what types of MOSFETS exist and are then focusing
on the type that is used on the BIRD chip, which is described in more detail.

3.2 Regular lateral MOSFET

Like already mentioned, a MOS capacitor is part of the MOSFET. A cross
section of a MOSFET in its simplest form is given in figure [/, More precisely,
the gate contact of a MOSFET can be view as one. Left and right to the
gate contact are the source and drain contacts, which are on top of an n-
doped region (when assuming a p-doped bulk). This makes a MOSFET a four
teminal device (source, gate, drain and bulk). However, often times the bulk
and the source are connected to each other and held at the same potential.

Upon biasing the gate with a large enough positive voltage, inversion beneath
the gate contact is reached, which connects the n-doped regions beneath source
and drain. Usually they are separated by the p-doped bulk. The inversion
layer forms a conducting channel through which a current flow from source to
drain is possible. When the drain contact is biased with a positive voltage as
well, the electrons start to drift from source to drain, establishing said current
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flow.

The basic working principle of a MOSFET in its most basic form can be seen
in figure [/} On the left hand side the gate of the device is unbiased and on
the right hand side a conduction channel has been formed, because the gate is
biased with a positive voltage.

Vs Ve=0 ? Vo Vs Ve>0 ? Vo
Source Gate Drain Source Gate Drain

N+ N+ N+ N+
X B B
Bulk Bulk
é Gate oxide n-channel (B Gate oxide
Vs Vs

Figure 7: Cross section of a basic MOSFET with zero gate bias on the left and
positive gate bias, together with an inversion channel on the right.

Devices that have a conduction channel which is formed by electrons and have
a p-doped bulk, are called NMOS. On the other hand, when the conduction
channel is formed by holes in an n-doped bulk, it is called a PMOS. When the
gate is unbiased, there can be two cases at hand. One, where the device is
conducting with zero gate bias (normally-on), called depletion-mode and one,
where the device is not conducting with zero gate bias (normally-off), which
is called enhancement-mode. Those two modes exist for both the NMOS and
PMOS. Since the majority of devices on the BIRD are NMOS transistors in
enhancement-mode, the following pages will also focus on those.

Another noteworthy distinction between lateral MOSFETs is that the conduct-
ing channel can be at the surface, at the interface to the insulator or buried
further down in the bulk. The latter one is called buried channel device and
has its own characteristics. The MOSFETs on the BIRD, however, are surface
inversion channel devices, so the buried channel devices will not be discussed
here. Further readings on them can be found in [3].
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Threshold voltage: One important parameter that was not mentioned dur-
ing the discussion of the MOS capacitor, is the threshold voltage V. This is
the voltage at which the MOS capacitor has built up the inversion channel to
such an extent, that the MOSFET can be considered as ’on’.

This voltage is reached, when the electron density in the inversion channel is
as high as the hole density in the bulk of the device. It can be interpreted as
the gate bias beyond the flat-band, just starting to induce an inversion charge
sheet. Written in the potentials of the discussion about the MOS capacitor,
the threshold voltage is:

\/26sqN A2V g,

o (5)

Vp =Vrp + Q\I/Bp -+

VEp corresponds in this formula to the voltage that needs to be applied, in
order to achieve flat-band condition. In the previous discussion about MOS
capacitors, this voltage was zero, which was merely an assumption at the time.
2V g, is the voltage drop across the semiconductor and the oxide layer at strong
inversion. The square root term is the total depletion layer charge.

This is one of the most important quantities when characterizing a MOSFET,
because it also depends on parameters like the acceptor doping N4, the di-
electric material and the oxide thickness. They are included through ¥p, and

Cog-

Using the introduced threshold voltage, the next pages will focus on some
of the device characteristics and important parameters of MOSFETs. To be
precise, the MOSFETSs which will be used for this are lateral surface inversion
n-channel MOSFETSs in enhancement-mode.
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3.2.1 Current-voltage characteristics

One of the most obvious and underlying device characteristics is the current-
voltage characteristic (I-V curve). The following derivation will follow [4] and
hence only the most important steps and formulas will be written in this
thesis.
Because a real MOSFET is a 3-dimensional device, with different charge distri-
butions and electric fields in the x-,y- and z-direction, a complete description of
the device can only be done through numerical simulations. Therefore, a one-
dimensional model will be introduced, which will preserve the main aspects of
the working principle.
The following assumptions are made:

1. An ideal MOS capacitor is used as the gate structure.

2. The drain current consists only of drift current.

3. The electron mobility w, and hence their velocity v, is linear with the
electric field, which is true for low electric fields.

4. The electric field in x-direction is much larger than the electric field y-
direction (along the channel).

Assumption number (2) implies that there are no short or long channel effects
at hand, like sub threshold voltage or channel length modulation.

Assumption number (3) is only valid when the electric field in the channel is
below 3kV /cm, which modern devices normally exceed.

Assumption number (4) is the gradual channel approximation, which can be
applied when the gate length L is large compared to the channel depth.

The first step is to introduce the relation between the channel charge, as a
function of y (the axis along the channel) and the gate voltage.

In inversion, the channel charge is:

Qs = Cox(Vas — Vr — Ve(y)) (6)

with Vg being the voltage between the gate and the source contact and V,(y)
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being the voltage along the channel.
Ve(y) =0 at source (y = 0) (7)
Ve(y) =Vps  at drain, (y = L) (8)

with Vpg being the voltage between source and drain and L being the channel
length.

The current density for the one-dimensional gradual channel approximation is

defined as:

I
I=7= —Qsvd (9)
where vy is the drift velocity of the charge Qg (electrons) and Z is the channel

width. In order to establish a relation between the channel voltage and the
current, one substitutes the drift velocity with:

dv,
vt = —und—f (10)

~—

This results in an expression for the drain current, dependent on the channel
voltage:

dVe(y)

In =
D QS,LLTL dy

Z (11)

This is a first order differential equation. To solve it, ()¢ needs to be substi-
tuted and one needs to integrate over the channel length (from source, y = 0
to drain, y = L).

Using V.(L) = Vpg, the solution to this equation is:

YA®) V
Ip = “"T (VGS —Vp— %) Vs (12)

When increasing the drain voltage, it reaches a point, where the term in the
brackets becomes zero. At this point, the formula for Ip and the used model
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is reaching its limits and another description has to be found for the drain
current. The inversion channel is pinched off at the drain end. This point
defines the saturation voltage Vpg(sat):

Vps(sat) = Vgg — Vr (13)

Linear region: For small Vpg values, the quadratic term in equation is
negligible and the linear term dominates. This part of the drain current is
called the linear regime. At higher voltages the quadratic term dominates, at
which point pinch off is near. For the linear region of the drain current the
following approximation can be used:

YA®
Ip,,, = MR—LOI(VGS —Vr)Vbs (14)

Saturation region: When the channel gets pinched off by the increasing drain
bias, the quadratic term starts taking effect and the current curve enters the
saturation regime. The drain current in saturation is not increasing anymore
and can be calculated by inserting Vpg(sat) into equation [12}

. tnZ Cog

Ip,  =tneer — Vrp)? 1
Dsat 2L (VGS VT) ( 5)

As can be seen, the drain current is now not dependent on the drain voltage,
but only on the gate voltage.

In figure[§|the drain current curve can be seen for several different gate voltages.
Once again, this is the I-V-characteristic of a MOSFET, which fulfills all the
previous assumptions.

The lateral MOSFET, which was described in this chapter, is a good way
to start deriving the most important relations and working principles of such
devices. It is, however, by far not the only MOSFET structure, which is in
application in modern electronics. As already mentioned earlier, even this
simple lateral MOSFET can be an NMOS or PMOS transistor, which can
either be in enhancement or saturation mode.

The following pages will therefore give an overview over some of the most
important types of MOSFET.
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Figure 8: Drain current Ip as a function of the drain to source voltage Vpg for
five different gate voltages Vigg. Clearly visible is the linear range
at the beginning and the saturation region, where the drain current
becomes constant.

3.3 Types of MOSFETs

When speaking of the conventional lateral MOSFET, the various different
types have already been mentioned in chapter 3.2. Of course there are many
ways to combine the different ones. One way is, to build NMOS and PMOS
next to each other. This is called complementary MOSFET (CMOS).

CMOS: In CMOS technology, the PMOS is on top of an n-doped well, which
itself, is inside the p-doped substrate. When this is the primary used block
in the design, one speaks of CMOS architecture. A cross section of one basic
CMOS can be seen in figure 0] CMOS architecture is used in many applica-
tions, especially in digital applications such as memory and logic. One of its
major advantages is the low energy consumption and dissipation. For further
reading on CMOS technology see [5].

The digital part of the BIRD is built with a CMOS architecture too. Further-

more, all the inverters on the enable line of the devices on the BIRD, are just
basic CMOS inverters.
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Figure 9: Cross section of a basic CMOS with a p-doped substrate.

Power MOSFET: If the goal is to switch high voltages (up to kV) and car-
rying more current (beginning with 1A), CMOS and regular lateral MOSFETs
are limited, because of either gate oxide breakdowns, source/drain-body break-
downs or punch through of the two junctions between source and drain. For
high power applications, power MOSFETs are used. Some of the MOSFETSs
on the BIRD are also power MOSFETS, ranging up to 60V. This is more than
what is typically used in CMOS technology, although, it is still at the lower
voltage side of the power MOSFET spectrum.

There are several different ways of how a power MOSFET can be realized. For
example there are double diffused MOSFETs (DMOS), which can either have
a lateral or a vertical structure. Furthermore, there are v-groved MOSFET

(VMOS) and u-shaped notch MOSFET (UMOS), both of which have a trench
structure. Cross sections of all of these can be found in figure

22



3 METAL OXIDE SEMICONDUCTOR FIELD EFFECT TRANSISTORS
(MOSFETS)

Source Source

[ ] N T ]

P-Base

N-Drift Region

N-Drift Region

Drain Drain

Source

\V4

N-Drift Region

Drain

Ji

Figure 10: Cross section of a DMOS on the top left, a VMOS in the bottom
middle and a UMOS on the top right.[6]

The reason as to why these devices are more resilient against high voltages, and
currents is, that their geometry, together with their doping profile allows such
high power. In chapter 3.4, the DMOS structure and its working principles
will be explained in more detail.

FinFET: One other big family of MOSFET are called FinFETs, which are
non-planar devices. They arose out of the need of scaling the devices down, in
order to build more of them on the same area. One way to do this, is by either
decreasing the channel length or the oxide thickness. This method, however,
only works up to some limit, at which quantum effects (like tunnel current
through the gate oxide) start interfering with the performance of the devices.
As a consequence, a new architecture of MOSFET was thought of, which is
the FinFET. In figure a basic FinFET structure is depicted. The gate is
here covering the channel (the fin) on three sides. Some of the advantages of
FinFETs include a better control over the channel, suppressed short-channel
effects and a faster switching speed. The leakage current problem, caused by
the mentioned tunneling is solved as well. For further reading on FinFETs,

see [7].
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Figure 11: Basic structure of a FInFET.[§]

3.4 Double diffused power MOSFET (DMOS)

As already briefly mentioned in chapter 3.3, the DMOS, which this chapter
focuses on, can be realized in two ways. Once as a lateral DMOS (LDMOS)
and once as a vertical DMOS (VDMOS). A cross section of a VDMOS can be
seen in figure [10] on the top left side. A cross section of an LDMOS can be
seen in figure Since the power MOSFETs on the BIRD are all LDMOS,
the following pages will only focus on them.

Body Drain Source

Channel Reglon

Figure 12: Cross section of an LDMOS.

In contrast to figure [7] (the simple MOSFET), the body contact is not at
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the bottom, but on top of the MOSFET. Furthermore, it is separated from
the drain contact via an STI, in order to prevent a junction breakdown when
biasing the drain contact. The main difference, however, lies within the two
different dopings beneath the gate. While a regular NMOS has only a p-doped
region under the gate oxide, the LDMOS has an n-doped region as well.

This lightly n-doped region is called the drift region, while the p-doped one is
called the channel region. Since the inversion channel will be created in the
p-doped channel region, the device in figure 12| is an NMOS as well.

The drift region is the reason why LDMOSs can be operated with greater volt-
ages than regular MOSFETs. When solving Poisson’s equation for an abrupt
junction, like between the channel region and the drift region, the resulting
electric field has a triangular shape. The slope of this electric field is de-
termined by the doping concentration, where a higher doping concentration
results in a steeper slope. Furthermore, the depletion width is also depend-
ing on the doping concentration, as well as the maximum of the electric field.
Whether the transistor can withstand high voltages or not. depends on the
doping concentration and the semiconductor material. A lower doping concen-
tration results in a higher breakdown voltage, as well as in a wider depletion
width, as can be seen in equation [I6] and [17]

esE?
_ &5c 1
Ve 2¢Np (16)
2Vp
_4VB 1
Wp e (17)

Where Vg is the breakdown voltage of the reverse biased junction, Eo the
critical electric field, eg the dielectric constant of the semiconductor, Np the
donor concentration in the n-doped drift region and Wp the depletion width
of the drift region. [6]

3.4.1 Device characteristics

At the end of chapter 3.2, the current-voltage characteristics of a simple MOS-
FET has been derived. This derivation, however, was made under a few as-
sumptions, which do not necessarily apply for real devices.

In the following pages, the most important effects and characteristics, which
are used and observed in real LDMOS devices are described.
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On resistance: The on resistance (Rpgoy) is one of the most important de-

vice parameters, because it governs the power dissipation. It is the resistance
between source and drain, when the device is considered 'on’.

The resistance of a semiconductor is dependent on its doping concentration.
With increasing doping concentration, the resistance gets lower. This is valid
for p- as well as for n-doping, the resistivity for most of the n-doped semi-
conductors, however, is lower than that of the p-doped ones, since the in-
trinsic electron mobility is higher than the hole mobility. The ideal specific
on-resistance for an n-doped silicon semiconductor is around three times as
low as for a p-doped one, which is the reason why most of the power MOSFET
devices are NMOS. [6]

As there are several different doping regions from drain to source, the total
resistivity of the LDMOS device is a sum of several separate resistances, one
for each doping region, as well as the contact resistances of the source and
drain contact.

RDSon - Rsource + RN—|— + Rch + RD + RN+ + Rdrain (18>

R}, is hereby the resistance of the channel region of the LDMOS, while Rp is
the resistance of the drift region. Rgsource and Rgyqin are the contact resistances
of the source and drain, while Ry, are the resistances of the highly doped n-
regions beneath source and drain.

The channel resistance R, can be calculated by using the approximation for
the drain current in the linear region as shown in equation since most of
the LDMOS devices are operated in the linear region, due to the lower channel
resistance. |9

Vbs Lep

R pr— pr—
o [Dzm Zﬂn,chcow(VGS - VT)

(19)

The drift resistance Rp additionally depends on the doping concentration of
the drift region and the depth of the drift region d. It is then given by:

Lp

Rp=—2___
qpn,pNpZd

(20)

Since these two terms dominate over the other contributors, Ry, Rsource and
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Figure 13: Schematic function of the fall (tf4;) and rise (Zss) time of a MOS-
FET.

Rgrain, the explicit formula for them are not included in this discussion, they
can, however, be found in [6].

The on resistance is, furthermore, also a function of temperature, since quan-
tities like the threshold voltage and the charge carrier mobility depend on the
temperature.[6]

Fall / rise time: The fall time is defined as the time that is necessary, for
the voltage between source and drain while ’off’, to drop by 10 % of itself, to
90,% of itself. This happens after the gate voltage is increased and the device
turns on.

Similarly, is the rise time defined as the time the device needs, for its voltage
between source and drain to increase by 10 % of itself to 90 % again. This
happens after the gate voltage has decreased and the device starts to switch

off.

Figure shows the change of the voltage between source and drain, as a
function of time, together with the associated fall and rise times. As shown
in the figure, the fall and the rise time do not have to be the same, however,
minimizing both is wanted in the industry. This is due to on one hand the
faster switching speed allows for higher switching frequencies and less power
dissipation.
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Power dissipation: The power dissipation is the reason why the switching

speed and the on resistance are of high importance when characterizing power
MOSFETs. High power dissipation heats up the transistor and influences its
performance.

There are two parts that sum up for the total power dissipation:

PDtot = PDresistive + PDswitching (21)

where P Dyesistive 18 the power dissipation due to the on resistance and P Dyitching
is the power dissipation due to the switching performance. [10]

The power dissipation resulting from the on resistance is calculated through
using the equation for power combined with Ohm’s law:

PDresistz've = 112) * RDSon (22>

This is the power that is dissipated in the device during on-state operation,
which increases linearly with the on resistance, which makes a lower on re-
sistance desirable. The power dissipation resulting from the switching perfor-
mances is only taking effect during the brief moments of switching the device

on/off.

Lrise tfall

PDswitching = PDon + PDoff = 9T IpVps + T

IpVps (23)

Where T is the switching period, which is the time between switching the
device and the time where it is off again. That means, that a short fall and rise
time, together with a long switching period, minimizes the power dissipation.
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3.4.2 LDMOS optimization

In order to improve some of the effects and characteristics mentioned above,
the geometry of the device can be altered. Beginning with the doping concen-
tration, the diffusion depth, the channel length and many more. Some of the
most important optimization strategies are discussed in the following pages.
Since there are of course many different ones, a focus is laid on the ones that
have also been used on the transistors on the BIRD.

RESURF method: One aspect that needs to be considered in the design of
an LDMOS, is that there is a trade-off between the breakdown voltage of the
body-drift diode (BVpgs) and the on resistance. The breakdown voltage of

the body-drift diode, is the voltage that needs to be applied, so the junction
between the channel region (which is part of the bulk) and the drift region
breaks down. After that, a current starts flowing between source and drain,
even though no gate voltage is applied.

When designing devices that need to have a large BVpgg, one way to do so
is to make the drift region longer and more lightly doped. This, however,
increases the on resistance of the device and makes the devices larger, both of
which is unwanted. This can be understood, by looking at equation

An alternative way to increase BVpgg, however, is to use the reduced surface
field (RESURF) method, which distributes the space charge region over the
whole drift region. A consequence of this is, that the potential drop occurs
not only at the junction anymore and the maximum electric field gets reduced.
This is realised, by reducing the depth of the drift region. [11] [12]

Using this method, both the doping concentration in the drift region can be
increased and the length can be decreased, which decreases the on resistance
and therefore the energy dissipation. Decreasing the depth of the drift region,
increases the on resistance as well, this effect, however, gets canceled out be
the new doping concentration and channel length.

Gate contact extension: One other alteration of the classical LDMOS, like
fig. that decreases the on resistance as well, is extending the gate contact
further over the drift region. This way, accumulation is achieved at the inter-

face between the drift region and the gate oxide, when the inversion channel
is formed. This increases the free charge carriers in the drift region and intro-
duces a new resistance R4, which contributes to the total on resistance. Ry is
smaller than Rp and reduces the overall resistance, because some percentage
of Rp’s contribution to Rpg,, gets substituted by R4. [13]
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Drain extension: The last optimization that is going to be introduced in this

chapter is the drain extension. As already briefly mentioned in chapter 2.2, the
drain extension is an STT between the gate and the drain contacts. So inside
the drift region, there is isolating SiOs which serves the purpose to extend the
drift path of the electrons and thus increasing the maximum voltage before
breakdown. [14] [15]

Applying all those optimizations to the LDMOS depicted in figure[12], the new
cross section looks like in figure [I4]

Of course, the six different MOSFETSs on the BIRD do not all have the same
cross section and the cross section in figure [14] is a still slightly simplified one,
in order to show the most important features of the actual devices.

Body Drain Source

Figure 14: Cross section of an LDMOS with a gate contact extended into the
drift region, a drain extension and increased drift region doping,
due to the RESURF method.

Closing with this cross section, the discussion about MOSFETs, LDMOS and
what their working principles are, is finished. However, since this thesis is
not only focusing on how these devices work, but also investigates potential
problems, the following chapter is about failure mechanisms.

It starts with industry standards and to which quantities failures can be toler-
ated, which results in an discussion about the early life failure rate. Afterwards,
some specific failure mechanisms and their consequences will be discussed in
detail.
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4 ELFR and Failure mechanisms

After having established the proper working principles for the power devices
on the BIRD, the next step is to describe the most likely mechanisms that can
cause them to fail. As already hinted in chapter 3.1.2, failures occur in real
devices and have been disregarded in the previous discussions about idealized
devices. Before getting to the failures themselves, however, the next few pages
will go deeper into the consequences a high rate of failing devices has. It starts
with what the industry standards are and will then move towards a discussion
about how to mathematically describe the rate by which devices fail and how
to lower this rate in order to fulfill the introduced industry standards.
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4.1 Industry standards

There are several norms and standards, which should be complied, when manu-
facturing semiconductor devices. Especially in the automotive industry, where
the devices on the BIRD will be used in, assuring reliability is crucial, since
malfunctioning devices might, in the extreme case, lead to heavy injuries or
even death.

It is essential for the devices and products that are sold, to comply with the
above mentioned industry reliability standards, which implies which devices
that fail at an early point in their life need to get sorted out, before being
sold.

The standard, which is used at Infineon Technologies (and has been adopted
by most European manufacturers), is the ISO 26262, which is a sector specific
adaptation of the functional safety standard IEC 61508 for automotive electric
or electronic systems. It is a risk based safety standard, where hazardous
situations are assessed and safety measures are defined to avoid and control
failures. Its main goal is to reduce harm to humans and provide an automotive
specific risk based approach to minimize the effects of systematic and random
hardware failures of electric or electronic automotive systems.

One of the key aspects of the ISO 26262 is the automotive safety integrity level
(ASIL) risk level ranking for technical processes, going from ASIL A (highest
allowable risk) to ASIL D (lowest allowable risk). This system ranks various
requirements of components by the levels of allowed risk. The driving factors,
which determine risk, in the way the ISO 26262 defines it, are:

e Frequency of occurrence (F)
e Driver controllability (C)

e Potential severity (S)

Controllability and potential severity are again divided into levels, which rank
from CO (controllable in general) to C3 (difficult to control) and from SO (no
injuries) to S3 (Life-threatening injuries) respectively. While controllability
corresponds to the likelihood that a driver can act to prevent hazard, severity
is an estimate of the harm that can occur in a hazardous situation. The
frequency of occurrence is furthermore determined by the failure rate (\) times
the exposure (F).
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F=\xFE

Exposure is the probability of a human’s exposure to a hazard in terms of
frequency or duration. It gets classified into 5 levels EO (lowest exposure) to
E5 (highest exposure).

The failure rate A is the only thing that can be controlled by engineers and is a
property of the system/component/device. In the context of ASIL ratings, it
is defined as the allowable failure rate, with ASIL D having the lowest allowed
failure rate. Because the failure rate, used in the ISO 26262 mainly focuses
on systems and components, like a battery management chip for electric cars
or the sensor which activates the airbag, it is not directly applicable for the
fabrication process.

Due to these safety standards, provided by the ISO 26262 norm, it is important
for the manufacturing process to be adjusted in a way that allows it to comply.
This starts not only by manufacturing the products, which are sold to the
customer, in a way that they fulfill the standards, but by manufacturing every
component in every integrated circuit in the product, such that this can be
achieved. Therefore, also the semiconductor devices in the ICs, have to have a
low enough failure rate. But what is the failure rate and how can it be lowered,
if it is too high in order to comply to the ISO 262627

4.2 Early life failure rate (ELFR) and burn-in

When manufacturing a large amount of the same product with the same pro-
cess, chances are that some of them are better or worse in certain ways than
others. This is a very general way of expressing the fact, that during most of
the steps of the manufacturing process small deviations from the ideal exist,
which results in some of the products or, in the case of the BIRD, some of the
devices on the chip, to have a better or worse performance than others.

During the lifetime of any large quantity of manufactured device, there are
several phases the product goes through. Because of the mentioned deviations
from the ideal manufacturing process, some of the devices do not work properly
from the start, while others tend to fail later in their life. What all these devices
have in common, is that they fail to work eventually. How long it takes for
them to fail is called the time-to-failure (TF). Naturally, the longer this time
is, the better the reliability of the device.
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At this point it needs to be said, that the following discussion about the
time-to-failure, degradation and failure rates is strongly influenced by [16] and
presented in a condensed version with only the information relevant to the
BIRD burn-in study in it. In [I6] the mathematical derivations are explained
in more detail and some concepts which will be merely mentioned here, are
discussed more thoroughly.

4.2.1 Time-to-failure and degradation

The time-to-failure is reached, when one of the device’s parameters has shifted
by such an amount, that functionality can no longer be guaranteed. In order
to estimate when this time has been reached, it is necessary to model how the
parameters of the device degrade with time. Assuming the device parameter S
under investigation changes monotonically and relatively slowy (this is true for
the MOSFET parameters introduced in chapter 4), a Taylor expansion around
t = 0 can be made:

oS 1 [(0%S 5
_q e e 24
S(t) St_0+(8t>t:0t+2<8t2>t:0t + (24)

By approximating the higher order terms with a power-law exponent m, the
series in equation [24] can be written as:

S = S()(l + AO * tm> (25)

with Ag being a device dependent coefficient. Both parameters, m and Ag are
variables which can be determined by evaluating existing empirical degradation
data. Whether Ag is positive or negative, will lead to a decrease or an increase
of S, respectively. Decrease and increase can both lead to a fail.

Two other time dependent degradation models which are in use, are the ex-
ponential and the logarithmic degradation models. However, they are more
rarely used than the power-law. Closer information on them can be found in
[16].

From equation 25| the time-to-failure can be calculated in terms of the degra-
dation, where it is necessary to define the maximum allowed degradation S.
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When m is equal to zero, which means no degradation at all, TF diverges to

infinity. In figure [I5 a decrease and an increase of an undefined parameter,
as a result of degradation is depicted, together with the maximum allowed
degradation for both decrease (black line at 0.5) and increase (black line at
2). The time-to-failure is indicated in red at the point where the degradation
crosses the maximum or minimum allowed value, respectively. It can be seen
that for higher positive values of Ag, the degradation reaches its critical value
faster and the time-to-failure is shorter than for lower values. The same is true
for lower negative values.

8IS, ()

Time (AU)

Figure 15: Degradation of an undefined parameter with respect to time, with
several different values for Ay and m = 1.

Even though A is a device parameter, which depends on the material/ mi-
crostructure, it is not static itself. Amongst others, it can depend on the
mechanical stress, temperature, the applied voltage, the chemical environment
and every combination of them. In the case for the devices on the BIRD chip,
the relevant dependencies, however, are the dependence on voltage and temper-
ature. Therefore Ay becomes the parameter which gets affected by the increase
in temperature during burn-in and by the stressing of half of the devices with
overvoltage:
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Ap = Ao(V,T) (27)

Because of the slight difference of the manufacturing process of each device,
that was mentioned at the beginning of this chapter, the time-to-failure is
not the same for every device. TF itself is distributed with a distribution
function. The one that is used to describe the distribution of TF in semicon-
ductor devices, is the Weibull distribution [16]. Another frequently used one
is the log-normal distribution, it, however, is less practical to work with, when
describing TF for the burn-in of semiconductor devices.

4.2.2 Weibull distribution

The Weibull distribution is often used when describing a failure that is caused
by the degradation of the weakest link or when working with reliability of
systems, where the whole system can stop to work if one part of the systems
fails. This means that when several degradations are present, the TF of the
most prominent one, can best be described by the Weibull distribution. In
the case of semiconductors the dielectric breakdown of the gate oxide is well
described by it, since the whole transistor fails, when a conduction path (at
the weakest link) is established in the gate oxide.

The formula for the probability density function (PDF) of the Weibull distri-
bution is:

0-()O [ Q] e

where t is the time, « is called the scale parameter and [ is called the
Weibull slope. Depending on 3, the shape of the whole density function varies
greatly.

The cumulative distribution function (CDF) can be calculated by integrating
the probability density:

F(t) = /O N = 1 — exp l— (é)ﬂ] (29)

Figure|[l6|is depicting the PDF and CDF of the Weibull distribution for a scale
parameter o« = 1 and several different slope parameters 3.
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Figure 16: PDF and CDF of the Weibull distribution for several different slope
parameters 3 and a scale parameter of o = 1 over time in arbitrary
units (AU).

4.2.3 Failure rate and bathtub curve

Regardless of which PDF or CDF is used for describing the amount of failing
devices over time, the failure rate A can be defined along with them.

To put it into words, the failure rate is the amount by which the number of
good devices is decreasing or by which the number of failures is increasing.
This is in most cases not a linear or constant function of time, but rather
depends on when in their lifetime the devices experience degradation to such
an extent, that a critical point of degradation is met, which will be at the
time-to-failure. It is usually given in units of failures in time (FITs), which are
the number of failures per 109 device-hours.

Over the course of the mathematical derivation of the failure rate, M () will
be the number of good devices over time and M (0) is the initial number of
good devices at time zero. The rate of change of M with respect to time is
given by:

dM
S = —ABM() (30)

where A is the failure rate. This is the important quantity that wants to be
known. Furthermore, one can write the current number of good devices as:

M(t) = M(0)(1 - F(t)) (31)

with F'(¢) being the cumulative density of good devices, which can be described
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by the Weibull distribution, as mentioned earlier.

Combining these the equations yields an expression for the failure rate in terms
of PDF and CDF:

1 dM 1 dF
M) =—3r@ar ~ MO0 = F@) (_M (O)E> (82)
A= 10 (33)

The equation for A, when inserting the expressions for the PDF and CDF of
the Weibull distributions, yields:

A(t) = B (3)5_1 (34)

Figure (17| shows equation [34] for the same slope and scaling parameters as in
figure [I6] It is visible that when 5 = 1, A becomes constant, at the value of
1/a. The higher the scaling parameter, the lower the failure rate. Fora § < 1,
A decreases over time and for a f > 1, X increases. These different failure
rates can be used to model the expected failure rate over the whole lifetime of
a product.
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Figure 17: Failure rate A of the Weibull distribution for several different slope
parameters S and a scale parameter of o = 1 over time in arbitrary
units (AU).

As has been mentioned in this chapter, not all of the devices fail at the same
time. This can also be seen in the failure rates above. In order to describe when
which device will fail, assuming that all of the devices were manufactured with
the same process, one needs to test the devices and observe their time-to-failure
behavior. The failure rate of a device (but also of electrical or mechanical
products in general) will take the form of the so called bathtub curve.

Figure shows an characteristic bathtub curve, with three distinct regions
highlighted in it.

In the beginning there is an initially high failure rate, which decreases over
time. This region can be described by a Weibull failure rate with § < 1
and is called the early life failure rate (ELFR). Towards the end of the life
of the devices, the failure rate rapidly increases again, this region is called
the wear-out region and can be described by a failure rate with § > 1. The
region between those two is called the intrinsic failure region (IFR) and can
be modeled by either a constant failure rate (5 = 1) or as the overlap region
between two failure rate models of the ELFR and the wear-out region, in which
case f ~ 1.

The wear-out region will always be there, the only measure which can be
taken is to shift it to later times and make the slope less steep. Reliability is
therefore only guaranteed until a certain point in time, at which the failure
rate is starting to increase again. During the whole IFR region reliability is
guaranteed to the costumer, since the number of failing devices is low enough
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Figure 18: Characteristic shape of a bathtub curve, modeled with three Weibull
distributions, resulting in three regions with different slope param-
eters.

that the few devices which will fail can be reimbursed, however, the ELFR
is problematic and needs to be lowered before sending out the devices. One
method to do so is the burn-in.

4.2.4 Burn-in

The questions at the end of chapter 4.1 were what the failure rate is and how
it can be lowered. The former one of those two has now been answered, while
the latter one yet has to be.

In order to lower the ELFR, two approaches can be taken. On one hand the
ELFR of the devices can be reduced before sending it to the customer. This
can easily happen by operating the devices prior to selling them. The amount
of time by which they ought to be in operation, until all the ELFR devices have
been sorted out, is given by the device specific bathtub curve, which depends
on the manufacturing process. On the other hand, if a process is optimized and
every step is well known and works as it should, the ELFR can be decreased
without any sorting out of ELFR devices.

Needless to say that the second option is more profitable for the company but
also much more difficult to achieve. Therefore, especially in the beginning of
the manufacturing process, the time-to-failure is being reduced, by operating
the devices. Since the time span, until the IFR is reached, can be quite long
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(in the range of months to years) a method has to be found to reduce this
time. This method is called the burn-in.

During the burn-in the devices get stressed with an increased temperature of
150°C after already being stressed with an overvoltage. The reason for this
is because the time-to-failure depends on the device parameter A, which as
shown in equation [27] depends on the voltage and temperature.

The laws for accelerated degradation are used to describe how to age devices

without operating them for the same amount of time. The used time is then
a product of acceleration factors and the stress time.

tuse = AT * AV * tstress (35>

Here, Ap is the acceleration factor due to temperature and Ay, is the acceler-
ation factor due to voltage [2]. Ar is given by Arrhenius’ law [17]:

—F 1 1
Ap =ex ‘ - 36
8 P [ kp <Tuse Tstress ) ‘| ( )

Where E, is the activation energy of the failure mechanism, which depends

on the material, kp is the Boltzmann constant, with 7Tjs. being the normal
operation temperature and Tstress being the temperature applied during burn-
in.

The voltage acceleration is from the Eyring model (often called linear E model).
Several voltage acceleration models exist, but for higher temperatures, the
Eyring model proved to describe lifetime acceleration the best [1§].

AV = €xp dl (V:etress - Vuse) <37)

ox

~ is called the field acceleration factor, d,, the thickness of the gate oxide
and Vyse and Vgess are once more the voltage used during normal operation
condition and the applied overvoltage, respectively.

Equation [35] to [37] show that the time that the devices need to be in operation
can be shortened, by stressing them, in order to reach the IFR.
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One goal of the burn-in process is to lower the failure rate to such an extent,
that the sold devices comply with the ISO 26262. If the number of devices
which are failing due to the burn-in is low, the process can be considered
as optimized enough, in order to comply with the ISO 26262 standards even
without the burn-in. The burn-in is then not needed anymore. The number
of devices which need to go through the burn-in process and the number of
devices which are allowed to fail afterwards, can be calculated, for the specific
allowed failure rate demanded by the norm. Since these values are statistical
predictions on what future failure rates of certain products/devices will be, this
prediction has a confidence interval. The confidence interval and the specific
number of chips, therefore, vary from company to company and can hence not
be mentioned here

Since the activation energy FE, depends on the specific failure mechanism that
one wants to activate, as well as the materials that have been used, the fol-
lowing pages will take a closer look on several different failure mechanisms.
It starts with the most prominent one, when considering power MOSFETs,
which is the breakdown of the gate oxide.
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4.3 Defects and failure mechanisms

There is a large number of defects, which can occur in semiconductor devices.
Defects can cause failure modes, which can be detected when testing the chip.
The underlying failure mechanism describes the effects defects have on the
device and how the resulting failure mode comes about. However, not every
failure mechanism has a unique failure mode. Several defects can contribute
to one failure mechanism, like for example the breakdown of the gate oxide,
which will be discussed in greater detail than other failure mechanisms, since
it is the most expected one.

4.3.1 Gate oxide breakdown

When discussing the ideal MOS capacitor, two assumptions were made. The
first one stated that there were only charge carriers in the semiconductor and
in the metal, but not in the insulator. However, it was already mentioned
in chapter 3.1.2 that in a real MOS capacitors there are oxide charges in the
insulator, which can cause deviations from the ideal characteristics and also
enhance an early breakdown of the gate oxide.

Oxide charges: Figure 19 shows a cross section through a MOS capacitor (or
the gate of a MOSFET) once more, together with all the different charges,
defects and traps that can be present in the insulator.

Metal
E;; —; -1- + + @+ + S
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X +
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X

Si

Figure 19: Cross section of gate of a MOSFET, with the respective regions
highlighted on the right and (1) the mobile ionic charges, (2) the
oxide trapped charges, (3) the fixed oxide charges and (4) interface
trapped charges. After [3]
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The four different charges that can exist within the insulator are:

e Mobile ionic charges: These are ionized atomic impurities, like Na+ or

K+, but also Li+ or H+. They can move around in the insulating
material and lead to a change in threshold voltage, since they can act as
a permanent bias voltage. Due to an applied field on the outside, they
get accelerated.

e Oxide trapped charges: They stem from defects in the SiO9 which are
initially uncharged, but can hold on to charges, either positive or neg-
ative. They are distributed throughout the oxide, but can increase in

number, when additional charges get trapped or additional defects are
generated.

e Fixed oxide charges: When thermally growing a SiO layer on top of a

pure Si layer, a monolayer of SiO,, is forming between the stoichiometric,
amorphous oxide and the crystalline silicon. The charges are introduced
when the incompletely oxidized silicon is formed with low temperature.
They are immobile charges that only exist in this small layer.

e Interface trapped charges: As already mentioned, during oxidation a

thermally grown, amorphous oxide area is introduced on top of the crys-
talline silicon. At the interface between the non-stoichiometric SiO9 and
the Si, charge traps can be formed due to defects in the Si crystal or
oxidation-induced defects, among other reasons. These traps have states
in the bandgap of the silicon semiconductor. Like the fixed oxide charges,
they are immobile, but can be charged and discharged [19].

The second assumption which was made during the discussion about ideal
MOS capacitors, was that there can be no charge carrier transport through
the insulator. This is also not true for real devices, since there are several
insulator currents, which contribute to the charge carrier transport.

Insulator current: Insulator currents are of importance to the characteristics
of the devices and are also connected to the charge carriers and traps inside

and at the interface of the oxide. As there are yet uncharged traps inside the
oxide and at the semiconductor-oxide interface, such insulator currents can
charge them or even introduce additional charge traps and contribute to the
change in device characteristics.

There are two groups of insulator currents. The electrode-limited conduction

mechanisms and the bulk-limited conduction mechanisms. While the former
one of those depend on the metal-insulator contact and their properties relative
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to each other, the latter one depends on the electrical properties of the insulator
material itself. Statements about the electrical properties like the trap energy
level, trap spacing and trap density can be made via the analysis of the bulk-
limited conduction mechanisms. The two groups have several different types in
them. In the following just a short summary of how the mechanisms work and
what they depend on is given. For more detailed information on the subject
see [20], [3], [21] and [22]

e Flectrode-limited conduction mechanisms

— Direct tunneling: Tunneling is a quantum effect, where the proba-
bility of particles, to be in places they classically could not be in, is
larger than zero. Therefore, in the case of the gate oxide, an elec-
tron in the metal can tunnel through the whole potential barrier of
the oxide and reach the semiconductor. Nevertheless, the potential

barrier has to be narrow enough in order for the probability to be
such high that a significant current can occur. For SiOy gate oxides,
a thickness of less than 3.5 nm is the border below which direct tun-
neling becomes the dominant conduction mechanism. For thicker
oxides, Fowler-Nordheim tunneling becomes the dominant one.

— Fowler-Nordheim tunneling: While during direct tunneling, the elec-
tron experiences the whole potential barrier of the oxide and tun-

nels into the conduction band of the semiconductor, during Fowler-
Nordheim (F-N) tunneling the electron experiences only part of the
potential barrier and tunnels into the conduction band of the insula-
tor. F-N tunneling assumes a triangular potential barrier, which is
forming due to the electric field experienced by the potential barrier.
Both, direct as well as F-N tunneling is therefore voltage dependent
and the larger the applied voltage is, the higher the current flow
through or into the insulator.

— Schottky emission: When electrons receive enough energy, through

thermal activation, to overcome the potential barrier from the metal
to the insulator, this is called Schottky or thermionic emission. The
electrons are then inside the conduction band of the insulator ma-
terial. This effect is strongly temperature dependent and is af-
fected by charge traps inside the insulator material. Only when the
temperature is low enough and Schottky emission is not governing
the conduction, tunneling effects can be measured as the dominant
mechanism.

— Thermionic-field emission: When the electrons are thermally acti-
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vated into higher energies, yet still do not have enough energy to
overcome the potential barrier of the insulator like during Schot-
tky emission, they can tunnel through the reduced barrier with a
higher probability than during pure F-N tunneling. This is called
thermionic-field emission. It is a mixture of thermionic emission and
tunneling, therefore, it is temperature dependent, but also voltage
dependent.

Figure [20|shows the electrode-limited conduction mechanisms which can occur
in real MOS capacitors and MOSFETs.

EFW__’

Direct tunneling Fowler-Nordheim tunneling

5 7Y

Schottky emission Thermionic-field emission

Figure 20: Schematic of different types of electrode-limited insulator currents.
After [20]

e Bulk-limited conduction mechanisms

— Frenkel-Poole emission: When electrons are trapped inside charge

traps in the insulator material, an applied electric field can lower
the coulomb barrier of the trap, making it more probable for the
electron to be thermally excited out of the trap and enter the con-
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duction band of the insulator. As a result, the Frenkel-Poole emis-
sion is most prominent under a combination of high fields and high
temperatures. Due to the thermal activation of the electrons, inside
the insulator, this effect is often called the internal Schottky effect.

— Hopping conduction: If the electrons inside the traps do not have
enough thermal energy to overcome the potential barrier (no Frenkel-

Poole emission) they can still tunnel through it. This way the elec-
trons can tunnel from trap to trap, filling the oxide traps and in-
creasing the density of the oxide trapped charges. Hopping conduc-
tion has an exponentially decreasing dependency on temperature.
This can be explained by the trap energy levels. The trap energy
level is the difference between the edge of the conduction band of the
insulator and the energy level at the bottom of the trap. This value
gets larger with increasing temperature, meaning that at higher
temperature deeper traps get activated, which decrease the tunnel-
ing probability exponentially.

— Ohmic conduction: Even though the band gap in insulating materi-
als is high, there is still a small number of electrons inside the con-

duction band, which makes for a small Ohmic conduction through
the insulator. This conduction mechanism is linearly dependent on
the electric field and can only be observed at very low electric fields.
It also increases with temperature.

Figure [21] shows the bulk-limited conduction mechanisms which can occur in
real MOS capacitors and MOSFETs.

There are also some other bulk-limited conduction mechanisms, which will not
be explained in more detail, because the ones already introduced are enough
to explain the gate oxide breakdown. The three missing conduction mech-
anisms are called space-charge-limited conduction, ionic conduction (coming
from the mobile ionic charges) and grain-boundary-limited conduction. More
information on all of those can be found in [20)].

If those insulator currents interact with the charge traps inside the insulator,
they can charge and discharge the traps and current can flow more easily. If
enough of them are charged, a conducting pathway can be established be-
tween the metal and the semiconductor, through the insulator, which results
in a breakdown of the gate oxide. This is the theory behind the failure mech-
anism of the oxide breakdown. The corresponding failure mode, which can
be detected, is an increase in current at the gate contact in the ’on’ and ’off’
state, as well as an increase in drain current in ’off” state only. This current
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Figure 21: Schematic of different types of bulk-limited insulator currents. Af-
ter [20]

is considered as leakage current when talking about it at an engineering level.
Chapter 5 explains how and at which pins the leakage current can be measured
on the BIRD and what its significance is.

Devices with too many charge traps and defects in the insulator material ex-
perience a breakdown of the gate oxide earlier and therefore contribute to the
ELFR. Naturally, good devices, can experience this too, when coming into
wear-out, however, contributing to the increase in charge traps is an effect
called hot carrier injection (HCI). This effect can not only contribute to an
earlier oxide breakdown, but also to degradations which affect parameters like
the threshold voltage or the on resistance.
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4.3.2 Hot-carrier-injection

HCI is a mechanism more observed in MOSFETS, rather than in MOS capac-
itors, because it requires large electric fields that can accelerate electrons to
high energies. In order to understand the HCI, a short discussion about some
properties of real MOSFETS is necessary.

Properties of real MOSFETs: When plotting the increase of the drain cur-

rent, as a function of the gate to source voltage, the resulting curve, for a fixed
drain voltage is a linear function of the gate voltage, which starts to rise at
Vas = V. This relation can be easily derived when looking at equation [I4]

Real devices, however, have a non-zero drain current already before this con-
dition is met. The reason therefore is, that when the gate bias is just below
the threshold voltage, the device is in weak inversion. That means that there
is not yet a full inversion channel formed, but there is still some current to the
drain region. This current contributes to the drain leakage current when the
device is still in ’off” state.

Another effect which results in deviations from the gradual channel approxima-
tion is happening at higher gate voltages. Even if the gate voltage is increasing,
the drain current will eventually settle at a certain value. This is due to the
fact that the carrier mobility is not independent of the electric field. The
mobility becomes lower at high fields until it settles. An explanation for this
is that the electric field gets significantly higher near the drain region of the
MOSFET. This high field accelerated the electrons to the interface between
the silicon and the gate oxide, where they can excite optical phonons. This
only happens at high enough energies which results in more scattering of the
electrons and a saturation of the drain current.

Figure [22|shows the mentioned effects in real MOSFET devices in a qualitative
way. The blue curve shows the ideal drain current increase, when following
the linear term of the gradual channel approximation. The red, dotted lines
indicate the deviations from the gradual channel approximation due to the
subthreshold current and the mobility decrease. Further readings on these two
effects can be found in 3] and [4].

Chapter 3.2.1 states 4 assumptions about MOSFETs in order to derive the
current-voltage characteristic of the devices. One of them (assumption 3) was
that the electron velocity v, is constant and independent of the electric field,
which is true for low electric fields. As has already been explained, at higher
fields the mobility decreases with the rising electric field. Omne other phe-
nomenon that can happen, is that electrons get accelerated into high energies
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Figure 22: Drain current as a function of the voltage between source and gate.
The blue line is the drain current when using the gradual channel
approximation in the linear regime, while the red dotted lines are
representing the curves behaviour in real devices.

due to a locally high electric field near the drain region of the MOSFET.

As has already been hinted, real devices do not necessarily have low electric
fields and therefore also do not have a constant v, or electron energy. Espe-
cially near the drain region, the electric field of the device increases due to
pinch off. At pinch off, the gradual channel approximation that was used to
derive the drain current, does not apply anymore, due to the violation of the
assumptions.

The part of the channel that is pinched off is fully depleted and the electric
field would diverge, when further using the gradual channel approximation. In
reality it does not diverge, but it does, however, increase in orders of magni-
tude. In order to calculate the electric field at pinch off and in consequence the
correct voltage across the channel and the correct drain current, the channel
length modulation is a model which can be applied. For further reading see

.

During HCI, electrons are accelerated to high energies by the increasing electric
field near the drain region. Two mechanisms can be distinguished. On one
hand the field-driven HCI and on the other hand HCI at low voltages, where
multi-electron effects play a role. The latter one of those is only relevant in
devices with small channel length that are being operated at voltages below
1V, which does not apply for the devices on the BIRD.

Regarding field-driven HCI (which is a single-electron effect), the accelerated
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electron can damage the passivized Si bonds at the Si-SiO9 interface. These
passivized bonds are the SiH bonds which are introduced before the gate oxide
is grown, in order to minimize interface traps due to the lattice mismatch
between the Si and the SiOs.

However, when the hot electron is accelerated to energies greater than the
bonding energy of these bonds (1.5eV [23]), the H atoms get detached and a
dangling bond is left, which acts as an interface traps. As mentioned in 4.3.1,
these interface traps can capture electrons from the insulator currents or the
hot electron can get caught itself. [24]

When additional traps are introduced due to HCI more charges can stick at
the interface, resulting in a 'permanent’ bias voltage. This permanent bias is

the reason why the threshold voltage V};, shifts.

Figure 23] is showing the principles of the HCI mechanism at the drain side of
a basic lateral MOSFET.
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Figure 23: Sketch of the working principles of the HCI mechanism. On the
left, the electrons gain energy due to the increasing electric field in
the pinched off region of the channel. On the right the process of
hot electrons breaking up the SiH bond and the resulting dangling
bonds getting charged is shown. After [25]

The hot electrons can also jump the potential barrier of the Si-SiOs interface
(3.1eV [3]) and contribute either to the gate current (only small compared to
other insulator currents) or introduce additional oxide traps. As explained in
4.3.1 these traps, when charged, can form a breakdown path and lead to the
breakdown of the gate oxide.

Another region where the HCI can effect the device performance is at the STI,
which is used as a drain extension. At the edge of the STI the hot electrons can
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also introduce interface traps at the interface between the STI and the Si in
the drift region. The traps become charged and as more and more of the traps
become charged, an electric field which accelerates the electrons additionally
builds up. This increases impact ionization at the bottom corner of the STI,
which results in an increase in an off state leakage current. As shown in [26] the
leakage current can increase up to three orders of magnitude after an operation
time of only 15 hours, making HCI a contributor to the ELFR once more.

In order to prevent this degradation from happening to such an extent, different
LDMOS with STI drain extension geometries were investigated.

4.3.3 Short of the shallow trench isolation

A similar effect to the breakdown of the gate oxide is a short of the STI. As
has already been introduced in chapter 3.4.2, the STI in power MOSFETs like
the LDMOS, which are on the BIRD, is used as a drain extension in order
to increase the drift region of the device. The other application for the STI
is the isolation between the transistors itself or between the body and the
drain/source contact.

The steps involved in the manufacturing process of the STI include a pho-
tolithography, followed by a chemical etching process in order to make the
trench. Photolithography in the semiconductor business is a process where
light is emitted onto certain parts of a photoresist. This photoresist changes
its chemical properties when hit by light, which makes it possible to dissolve it
in a chemical solution. The parts of the photoresist, which were not exposed
to the light still have the photoresist on them after the developing. It acts
as a shield for the areas underneath, which should not be etched away, since
it is resistant to the etching process. If some of the photoresist has not been
eliminated during the lithography, the chemical etch can not fully etch the
trench in that region. This is called micromasking and can result in a local
thinning of the STT later on [27].

That way, especially when the STI has to withstand large voltages, a break-
down of the STI can occur and electrically connect regions in the device that
should be isolated from each other, for example the gate and the drift regions
of the LDMOS. The failure mechanism in this case would be similar to the
breakdown of the gate oxide, since the STI material is also an insulating di-
electric, resulting in the same failure mode. Reasons for the defect can, for
example, be particles on top of the photomask or directly on the wafer, which
block the light and prevent the photoresist from being developed.
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Figure [24] shows the cross section of the same LDMOS which was shown in
figure [I4], however, a micromasking defect in the STT was added, which thins
out the insulator material locally.

Body Draln Source

Micromasking STI defect

Figure 24: Cross section of an NLDMOS with a defect in the STI due to mi-
cromasking.
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5 Electrical characterization of the BIRD

In the previous chapters, an overview about the BIRD as well as its semicon-
ducting devices was given, along with a dedicated chapter about the theory and
physics of transistors. Chapter four then contained the standards that need to
be met and three failure mechanisms were introduced. Everything, that needs
to be known in order to understand the electrical characterization of the BIRD
has been established. The following chapter focuses on the parameters that
were tested. The discussion will include the reasoning, as well as the order
in which they were tested. This follows a description about methods on how
to evaluate large numbers of electrical data. Understanding these methods,
together with the theory about transistors and applying them to the electrical
parameters that are tested, gives rise to the last part of this chapter, namely,
the production limit setting. The production limits are used for screening out
malfunctioning chips and monitoring the performance of the production line.
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5.1 Electrical parameters and testflow

The way to test the BIRD automatically is by means of a testprogram (TP).
Depending on the tester system and company standards, different program-
ming languages can be used to code the TP. This TP is written in Visual Basic
For Test (VBT), a coding environment embedded in the IG-XL data tool from
the company Teradyne. IG-XL itself is within the Microsoft Excel software.

The TP gives instructions to the tester, a machine, which by contacting the
chip applies currents or voltages to the chip in order to read out and measure
other electrical parameters like current, voltage or resistance.

There are many ways a TP can look like and it always depends on which tester
or programming language is used and what parameters one wants to test in
the chip. The big advantage of the BIRD TP is that, very much like the design
of the chip itself, it is written to be reusable for future burn-in studies as well.
This can however only be realized, when the general layout of the circuits of
the future BIRD chip stays more or less the same. In this case the actual
transistors which are on the BIRD can be different ones and the TP would
still be usable with only minor adjustments.

5.1.1 Electrical parameters

There are a variety of tests that are integrated in the test program. Most
of them are used to ensure proper testing and reading out of the electrical
parameters necessary for characterizing and evaluating the functionality of
the devices on the chip. To get an overview, table [3] provides a list of the
parameters, together with their unit and the electrical quantity that is used
to generate the wanted data. It also contains a column with the category of
the test. This gives information about whether the test is used for ensuring
proper measurement (contact tests) or for measuring the performance of the
devices (parametric tests).

To understand this in more depth, each test is being explained in more detail
in the following paragraphs:

Kelvin: The kelvin test is also called four-point probes method or four-terminal
sensing. To perform the kelvin test, two force and two sense lines need to make
contact with the pins of the chip. The force lines are connected to a DC cur-
rent and the sense lines are connected to a voltmeter. By applying a constant
current via the force line, and measuring the voltage drop on the contacted
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5 ELECTRICAL CHARACTERIZATION OF THE BIRD

Testname ‘ Unit ‘ Quantities applied by tester | Category
Kelvin Q Current Contact
Continuity \Y Voltage /Current Contact
Chip-ID digital Voltage -
Leakage current nA Voltage Parametric
Stress nA Voltage -
Capacitance pF Voltage Parametric
On resistance Q Voltage/Current Parametric
Fall time/rise time (s Voltage Parametric
Delta continuity mV Voltage /Current Contact

Table 3: Electrical parameter whose values are measured, together with their
respective units and physical quantity the tester uses to measure
them. The category column shows which tests are contact test, para-
metric test or neither.

pin via the sense line, the resistance of the pin can be calculated.

If the resistance is small, a good contact has been established and testing can
proceed. A high resistance could indicate that the pin is either not properly
connected or a large voltage drop occurs at the pin, which may harm it. There-
fore a maximum voltage drop is set in the tester above which a relay opens that
prevents additional current to flow through the pin. This is called clamping.
Further reading on the Kelvin test can be found in [28]

Continuity: This test is performed by forward biasing one of the ESD diodes
with a fixed current. The voltage drop on the diode is measured. If the
voltage drop lies within a certain range around the expected value, a good
contact between the device and the tester has been established. Therefore, the
continuity test is also a contact test. For example a bad interfacing between
the device and the test equipment. However, the problem can also lie within
the fabrication process of the chip. For instance a loosely attached or broken
bond wire results in an open circuit, which cannot be detected by the Kelvin
test.
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Chip-ID: These tests store the chip-ID by writing it into the storage in the
digital part of the chip. This happens by applying different voltage signals to
the pins dedicated for the digital part. One part of these tests is to write the
chip-ID into the storage, another one is the read it out again. Once written, the
ID can not be changed, since the digital part includes a one time programmable
(OTP) digital storage. It can, however, always be read. The used OTP is an
eFuse OTP, for further reading on how such an OTP memory works, see [29].

Leakage current: This series of tests measure the leakage current at the gate,

drain and source (if available) pins. A high leakage current, indicates that there
is one or several segments in the current path, which are lower in resistance
than expected. The breakdown of the gate oxide, as discussed in chapter 4.3.1
is one of the events which can increase the leakage current.

Several leakage tests are conducted on each device. On the NMOS for example,
the leakage current is measured when the transistor is on and off. While enable
is on low, which means that the transistor is switched off, the gate and drain
leakages are measured. When switched on, only the gate leakage is measured,
the drain leakage not, since the device is in saturation mode and conducting
anyway. Since the gate leakage is measured in both, on and off states, the
difference between those two can be calculated. This delta value is ideally
zero, since that would mean that during usage, the leakage current is not
increasing.

In order to measure the drain leakage values for instance, a fixed positive
voltage is applied to the gate pin of the NMOS, while the enable line is at
low, so that the transistor is still in the cut-off region. If one applies a positive
voltage to the drain pin, a current can be measured on the drain pin, which
should be as small as possible.

Stress tests: During the stress tests, half of the devices, which have the
stressed device area are being exposed to an overvoltage, specific for each de-
vice. During the stress tests the leakage current is also measured. These tests
were merely implemented to have a test block inside the TP that indicates
the stressing, the data are not being evaluated. Therefore they are neither
parametric nor contact tests.

Leakage current post: After the devices were being stressed, the leakage

current is measured again, to see if the overvoltage stress applied to the devices
affected the leakage, e.g. by damaging the gate oxide of the transistor. The
procedure is the same as for the initial leakage current tests before the stress
was applied.
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Capacitance: This test measures the capacitance of the MOS capacitor. To
do so an AC voltage signal is sent into the device and by measuring the phase
shift of the applied signal, compared to the measured one, the capacitance of

the device is measured. However, since there are several parasitic effects, due
to the other electrical components in front of each device for example, at first a
calibration measurement is done, while the capacitor is switched off. That way
only the parasitic effects are measured. The calculated parasitic capacitance
is then subtracted from the final measurement.

On resistance: The on resistance tests measure the resistance between drain
and source of the transistor when it is in the saturation regime. Therefore at
first the gate voltage is set to a dedicated value and on the enable line the

transistor is switched on. A fixed current will be forced from the drain pin and
the drain voltage will be measured. The on resistance is the voltage between
drain and source divided by the drain current. For a specified gate voltage,
the resistance is known due to simulations, therefore the values are expected
to be close to those simulation values.

Fall /rise time: The fall and rise time are also two parametric values that are
being measured. They are defined as the time the transistor needs, to establish

a desired voltage between drain and source after switching the transistor on/off.
To be specific, the rise time is the time the transistor needs to go from 10 % to
90 % of the desired Vpg. The fall time on the other hand is the time it needs
to go from 90 % back to 10 % again.

trise = t(Vps,90) — t(Vps,i0) (38)
tran = t(Vps.10) — t(Vps,e) (39)

A shorter time is equal to a steeper slope of the voltage curve and also to a
faster switching on/off process. The switching performance of a MOSFET is
an important characteristic, because it also gives information about how much
power is dissipated during switching. The longer the fall/rise time, the more
power is dissipated.

Delta Continuity: At the end of the TP, the continuity tests are performed

again in the exact same way as they were at the beginning of the TP. The
difference between the first and the second continuity test is calculated and
data logged. In the ideal case, the difference is very closely to zero, which means
that the quality of the contact did not change throughout the measurements.
The reason, there might be a shift of voltage in the second continuity test,
relative to the first one is that during the measurements mechanical vibrations
could loosen the contact.
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In general all these tests need to be done at least once on all the devices on the
chip, which results in a TP that has 400-500 tests in total. This was a short
explanation about the most important tests included in the TP. There are
also tests that were not mentioned here, because they are less important when
specifying the devices. They serve the purpose of ensuring and monitoring the
proper execution of the TP.

5.1.2 Testflow

Now that the tests have been introduced and explained, it is necessary to
mention that these tests are run more than once. Before assembling the chip,
which means before cutting the wafer, gluing the chips inside of their packages
and bonding them, the TP tests the whole wafer one time (that means over
every chip) at an environment temperature of 150°C. This process is called
front end wafer testing, with the front end (FE) being everything that happens
before assembly. After assembly the chips get to back end (BE) testing, where
they are again tested. This time, however, at -43°C which is called cold
insertion and afterwards again at 150°C which is called hot insertion. Testing
at different temperatures has advantages for screening and activating failures,
since some effects can only be detected at a certain temperature range. [30]
All the insertions, together with their respective tests are called the testflow.
Also the order in which the tests are performed on each device are included in
the testflow. An overview of this can be seen in figure 25| The different colors
of the tests indicate different purposes. The green tests are contacting tests,
whereas the orange tests are parametric tests. Blue is the capacitance test of
the MOS capacitor, which is also a parametric test and the pink ones are the
tests necessary for storing and reading the chip-ID.
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Front End Back End

Chip-ID Prog Chip-ID Read Chip-ID Read
Chip-ID Read

Figure 25: Testflow of each BIRD, before the burn-in starts.

One can also see that there are slight differences in the tests that are performed
between FE and BE. This has to do with the different device sizes which
were mentioned in chapter 2. The electrical stress that is applied on half of
the devices is only applied during FE wafer testing. Therefore, the TP is
slightly longer, since the leakage current is measured once before and once
after stressing the devices. Also the Chip-ID Prog tests are not included in BE
anymore, because the chip-ID is only written in FE, when the chips are still
on the wafer. In BE, the tests performed during the hot and cold insertion are
the same ones.
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5.2 Basics for electrical data evaluation

Besides giving an overview of the tests that are being done on the BIRD and
what they measure, it is important to mention that during the course of a BI
study more than 100.000 chips are being tested several times. It is expected
of the arising data to behave in a way that statistical processes can describe
it. One important distribution which can be applied to the data is the normal
distribution.

Normal distribution and cumulative distribution function

The measured data is often times normally distributed, following the Gaussian
probability density:

v )2
el = Lo (<200 (a0

Furthermore, the cumulative distribution function of the Gaussian probability
density is given by the integral:

x Y
F(x):\/;?/_ooexp (—%)dt (41)

This integral can be solved by substitution, which leads to the expression:

F(z) = % <1 +erf <%)) (42)

with er f(z) being the Gaussian errorfuction:

2 v 2
erf(e) = — e " dr
= ﬁ/o

In[26/on the left side, the gaussian cumulative distribution function is depicted.
If the y-Axis is rescaled to represent quantile probabilities, the sigmoid shaped
curve of the cumulative distribution function becomes a straight line, which
has multiple advantages during the evaluation of the data. If there are a lot of
tests, which should ideally all be normally distributed, it is much easier to see
deviations from desired distribution if it is represented as a straight line.
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Standard normal distribution Cumulative distribution function — quantile scale
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Figure 26: Gaussian cumulative distribution function with a linear scale on the
left and with a quantile scale y-axis on the right. Example data is
a simulated normal distribution with 4 =5 and o = 1.

While the plot on the left has a linear y-axis, the y-axis of the right plot
is scaled logarithmically, centered around 0.5. The slight deviations from the
perfect normal distribution towards the upper and lower end of the distribution
is better visible in the right plot, which is why this representation is chosen.
The data used, was generated with the MATLAB normrnd function and is not
from a real measurement.

The measurement data, gathered by the TP is only normally distributed, when
every component that contributes to the measurement and to the manufactur-
ing process is also normally distributed. If there is, for example, a systematic
effect that shifts the upper end of the distribution to higher values, it is caused
by a distinct mechanism. Often times this mechanism is not investigated, be-
cause the data still is close enough to an ideal normal distribution or is not in
danger of violating any specifications. Sometimes, however, when the mech-
anism is of interest, the shape of the distributions can help to determine the
origin of the unwanted mechanism.

Two quantities of general data distributions, which determine the shape of
them, are for example the skewness and the kurtosis. The skewness measured
how assymetrical the distribution is and the kurtosis measures if the distribu-
tion is heavy or lightly tailed.

Those two quantities also have mathematical definitions. For the skewness it
is the adjusted Fisher-Pearson coefficient:

N
g — V NN(]X 2— 1) Zi_l(yig— #)3 (43)

No

N is here the number of data points and Y; the data itself. The first fraction
is the sample size adjustment. It approaches 1, as N gets large.
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If the data is normally distributed, the skewness is zero. When the data is
skewed to the left, S is negative, if the data is skewed to the right, S is
positive. [31]

The kurtosis of a data distribution is given by the expression:

N
K = Zi—lj(v};f[ b (44)

The normal distribution has a K of 3. Because of this, the following definition
is often used:

N
K= Zi—ljiff —_ © g (45)

In this case, a positive K means a heavily tailed distribution and a negative
K means a lightly tailed distribution. [32]

One other thing that can appear in real measurement data, is a double dis-
tribution. This is given when one subset of the data is normally distributed
around a different mean value than the other subset. Of course there can also
be more than two subsets, in that case it would be multi distributed data.

In figure [27] four histograms of 12000 MATLAB generated data samples are
plotted. On the top left of each plot, the mean values, standard deviations,
the skewness factor S and the kurtosis factor K are found. The MATLAB
function pearsrnd was used to generate the sample data.

One can see what effects the different values for skewness and kurotsis have
on the data distributions. The data on the top left is standard normally
distributed, on the top right the data is skewed to the left. The bottom left
data has a high kurtosis and the bottom right data consists of two normally
distributed datasets with different mean values.
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Figure 27: Histograms of 12000 data samples with different values for p, o, S
and K.

Upon rescaling the y-axis, the quantile representation of the cumulative dis-
tribution function is plotted in figure [29] again with the same data as in the
previous plots. The effects of skewness, kurtosis and double distributions in
this data representation are clearly visible.
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Figure 28: Cumulative distribution functions with linear y-scales of 12000 data
samples with different values for u, o, S and K.
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Figure 29: Cumulative distribution functions with quantile y-scales of 12000
data samples with different values for u, o, S and K.
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6 0 approach:

Now that it is established that the data should be normally distributed, what
deviations exist and that we use the quantile representation of the cumulative
distribution function, it needs to be clarified on how to assess, if measured
data is "good" or "bad". One way to do this, is to introduce limits between
which the measured data should lie. But how are the limits chosen, since the
data is normally distributed, and there is a finite probability that a value can
lie far off the mean value?

For BIRD the so called 6 o-approach was used. In general, six sigma is a
whole management system which aims for process optimization.|?] In the case
of BIRD, the quality of the manufacturing process is improved, by identifying
the causes of defects and minimizing variability. Here, a six sigma process is
one in which 99.99966% of all opportunities to produce some feature of a part,
are statistically expected to be free of defects. Therefore, one can introduce
limits that fulfill the 6 o criterion. In other words, 6 ¢ is used as a statistical
tool during the BIRD BI study.

The underlying statistics of a 6 ¢ process is that it corresponds to a specific
defects per million opportunities (DPMO) value. The DPMO is defined as:

TND’s
DPMO = ———— .1
O =+ xpoys * 1000000,

where TND’s stands for the total number of defects found in a sample, N is the
sample size and NDQO’s is the number of defect opportunities per unit in the
sample. This is directly linked to the a percentage of devices without defects.
For a 6 o process the DPMO value is 3.4. In a project like the BIRD, which is
not a product with costumer specifications, the DPMO is the limiting factor
of which limits to apply.

However, one needs to consider, that for every measured, normally distributed
quantity, a long term shift of 1.5 is assumed, which means that the mean
value of the distribution shifts with +1.50. The amount of the shift is an
industry standard, which was observed in several processes over the years, by
many companies. Process deterioration and many subtle performance changes
in the production, which are too hard to control and monitor, are the cause
for the +1.5 ¢ drift. This shift naturally results in a higher amount of devices
overstepping the 60 limit. Therefore it is necessary, to take it into account
upon initially setting the limits.
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Cpik and C), process capability indexes:

The process capability indexes (Cpx and C)) are a statistical method of mea-
suring the ability to produce an output within specification limits. The set of
limits used here are ensuring 6 o, even including the 1.5 ¢ drift. The formula
for the €, is:

USL - LSL
Cp=——"— 46
P o (46)
and the formula for the C)f is:
USL — — LSL
Cpi = min M, a (47)

30 30

USL stands for upper specification limit and LSL stands for lower specification
limit. As can be seen from the mathematical expressions, the C), takes the
whole range between the specification limit and divides it by the 6. On the
other hand the Cpk takes either the range between USL and the mean value
or between LSL and the mean value and divides it by only 30. The smaller
one between these two is the Cpi. The difference between these two indexes
is when which should be applied.Now depending on which type of data and
limits is at hand, either the one or the other is better applied. If the data is not
expected to be centered between the specification limits, the Cpx is of greater
use, because the C), overestimates the process capability. It is also sensitive
to mean value drifts. These expressions for the Cpx and C), are only valid if
the data is normally distributed, for other distributions the expressions can be
found in the DIN ISO 22514-2 norm.

With the introduction of the C),x and C,, there is now a direct link between
the limits and the 6 o approach. In order to find the appropriate limits for
the tests in the TP, one can look in table 4] One has to search for the row
with the wanted DPMO and sigma level. The wanted DPMO for the BIRD
is 3.4, which corresponds to a 6 ¢ level, which further corresponds to a long
term Cpi of 1.5. Together with the equation for the Cpk, the limits can now
be calculated for each test.

This method, however is only appropriate, if there are no specification limits
at hand. Otherwise the limits are fixed and the process has to be optimized

until a Cpi of 1.5 is reached.

When the limits for the individual tests are implemented, every chip, which
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Sigma level | DPMO ‘ with defect ‘ without defect ‘ Short term Cp;, | Long term Cy ‘

1 691462 68% 32% 0.33 -0.17
2 308538 31% 69% 067 0.17
3 66807 6.7% 93.3% 1.00 0.5

4 6210 0.62% 99.38% 1.33 0.83
5 233 0.023% 99.977% 1.67 1.17
6 3.4 0.00034% 99.99966% 2.00 1.5

7 0.019 0.0000019% 99.9999981% 2.33 1.83

Table 4: Relation between sigma, DPMO, parts with and without defects, as
well as their respective long and short term C values.

violates these limits is taken out of the process line. This is called screening.

5.3 BIRD electrical data evaluation

After establishing what is tested and how to assess the measured data, the
last step is to combine those two. At first a certain amount of BIRD chips
are tested with the use of the TP. They experience the testflow as presented
in figure 25l The measured data from each test is plotted using the quantile
representation of the cumulative distribution function, in order to assess if
the data is normally distributed. If that is the case, limits can be introduced
which satisfy the 6 o criteria. Non normally distributed test data, needs to be
assessed as to whether it is a problem or not. The tests which are the most
interesting to characterize the new transistors on the BIRD, are the parametric
tests, namely leakage current, on resistance and rise/fall time.

Before the actual BI study begins, several BIRD chips are tested with the BE
TP, in order to check a first set of data in advance. This way, potential TP
bugs can be detected and corrected. Another benefit is that an initial frame
of reference regarding the mean value and the standard deviation of the data
taken by each test can be established. 99 BIRD chips were tested twice, first in
a hot insertion (150°C), then in a cold insertion (-43°C), during this initial step.
The devices on these chips did not undergo FE testing, so no malfunctioning
devices have been screened yet.

Since there are several hundred tests in the TP and plotting each distribution

would defeat the purpose of this chapter, just a small collection of representa-
tive data has been chosen for the following plots.
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Rise time NDMOS-60V: In figure on the left hand side, the two rise
times of the NDMOS-60V device are depicted. The data for both BE insertions
have been plotted in the quantile representation of the cumulative distribution
function. The values have been normalized to the highest occurring rise time
of the hot insertion.

This is an example of nicely normally distributed data of a parametric test,
during both insertions. The limits (USL & LSL) are calculated by using a long
term Cy of 1.5, which corresponds to a DPMO of 3.4 and a sigma level of 6,
as discussed in chapter 5.2. One can see, that there are no limit violations in
both data sets.

The rest of the rise and fall time measurements yielded similar results, with
no limit violations and normally distributed data.

Kelvin test NDMOS-40V: On the right hand side of figure 30| the measure-
ment results of both insertion of the kelvin measurements of the NDMOS-40V
have been depicted. The values were again normalized to the maximum value
of the hot insertion. This is an example of non ideally distributed data, since,
especially the hot insertion is tailing towards higher values.

The shift between hot and cold due to temperature is an anticipated effect,
since the resistance of a conductor rises with temperature. The kelvin tests,
however, do not have separate limits for the hot and the cold insertion. As a
matter of fact, all kelvin tests have a LSL of 0.1 2 and a USL of 1.52 2, which
is just below the clamping voltage mentioned in the test description in chapter
5.1.

The reason for these limits, which do not have a Cpx of 1.5, is that outliers
in the kelvin measurements are not necessarily a reason for screening the chip.
Because the kelvin resistance is a contact measurement, as long as the contact
is made, the measurement can be done normally, even if certain pins might be
higher in resistance.
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Figure 30: Rise time of the NDMOS-60V and the kelvin test resistance of the
NDMOS-40V for both insertions. While the left plot show normally
distributed data, the data on the right is tailing towards higher
values.

On resistance NMOS-1.5V: Another parametric test is the on resistance
measurement of the NMOS-1.5V, for which the data is shown in figure [31]
Clearly visible in the left plot, during the hot insertion, is the outlier which
gets successfully screened by the USL. The limits have been calculated with a
long term C)k of 1.5 once more.

During the cold insertion the outlier is not visible anymore, since it was
screened during the hot insertion. Since this is also data from a parametric
test, which is affected by temperature differences, the hot and cold insertions
have different limits again. The reason for the shift to lower resistances, due to
lower temperature is also a known effect already described in chapter 3.4.1.

Apart from the outlier during the hot insertion, the data is normally distributed
and does not have a high skewness or kurtosis. At this point it is to mention,
that since these were the first devices that have been tested, in order to check
the TP and to introduce the first set of limits. There was no root cause
investigation of the one outlier device. Why this particular device failed the
test is therefore not known.
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Figure 31: On resistance measurement of the NMOS-1.5V for both insertions.
Clearly visible in the left plot is the outlier which gets screened by
the USL.

Several additional measurement data for other tests and its distributions are
depicted in the appendix. Showing them in this chapter, however, would not
help to understand the method of electrical data evaluation and are therefore
not included here.

Now that the method of electrical data evaluation has been introduced and
verified at actual test data, the next chapter focuses on the burn-in process
and the evaluation of the data that is gathered throughout it.
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6 Burn-in process and data analysis

As mentioned several times throughout the thesis already, burn-in is a process
during which the investigated devices are stressed by high temperature (150°C)
for several hours, even up to days, in order to simulate an ageing process. This
ageing has the purpose of activating failure mechanisms that would usually
only take effect later in the lifetime of the product. Some of those failure
mechanisms and a description of the ELFR can be found in chapter 4. The
following pages will focus on the data that was acquired by burning 50 BIRD
chips for 48 hours and calculating the resulting drift of parameter values of the
tests introduced in chapter 5. This drift will give information on whether any
fails have been activated or not.
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6.1 Burn-in process

The testflow as depicted in figure [25] is not the complete testflow which every
BIRD experiences. Additionally to it, the burn-in and a post burn-in electrical
measurement are included after the initial testing.

The full testflow of the BIRD is depicted in figure 32 As can be seen, the
burn-in is followed by a hot and a cold insertion. That way, two sets of BE
data are gathered, one pre burn-in dataset, for initial screening and one post
burn-in dataset.

Bluntly said, the main goal of the burn-in process is to get rid of itself. That
is because once enough chips have gone through the burn-in process and no
failure mechanisms get activated, the time, each chip spends in the burn-in
oven, can be reduced. This is called the burn-in reduction, which eventually
leads to fully skip the burn-in process all together. The technology is then
considered burn-in free.

Pre BI Post BI
Kelvin Kelvin
Continuity Continuity
Chip-ID Read Chip-ID Read

Delta Delta
Continuity Continuity

Figure 32: Full testflow of the BIRD, before the burn-in time reduction.

If a technology is burn-in free, it means that the manufacturing process of
the devices is optimized to such an extent, that extrinsic failure mechanisms,
which can get activated by over-temperature, are so rare, that reliability is
assured, even without burn-in.

Even though the devices do not need to undergo the thermal burn-in anymore,
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they are still being stressed with over-voltage at the stress tests during FE.
Since these test are also included in order to activate extrinsic failure mecha-
nisms, they contribute to the reduction of the ELFR and to assure reliability.
The difference, however, is that those stress tests can be done in a few mil-
liseconds, in contrast to the burn-in, which initially takes two days.

During the whole BIRD burn-in study, the goal is to show that the technology
can be burn-in free, because the stressing with over-voltage is enough to screen
the devices with extrinsic failure mechanisms.

Another aspect of the BIRD burn-in study is to see if the methodology is
working. Until this point, the technology, which is used for building the chips
that are sold, are undergoing the burn-in when they are implemented in the
product already. That means that the burn-in study is, at this point in time,
something that is being conducted as part of the development process of a new
product, whenever new technology is used. The BIRD method is a different
one. Since it is not a product, but a chip purely designed for conducting burn-
in studies, hopes are that in the future, every technology is reaching burn-in
free status though a BIRD. This has the potential to save a lot of money,
because of the large reusability of the TP and the data analysis methods as
well as the knowledge that was gathered during this BIRD burn-in study.

6.2 Burn-in data evaluation

As established, there are one insertion of FE and several insertions of BE data
available for the electrical characterization of the devices. When speaking
about post burn-in data, the data from the BE insertions after the burn-in is

meant. The difference between the post and the pre burn-in data is called the
drift.

The drift is calculated from two sets of measured electrical data by the following
formula:

post — pre

drift = 100 (48)

pre

This is the relative drift in percentage, which gets calculated for each test.
Post hereby stands for the data gathered during the measurements after the
burn-in and pre for the data gather before the burn-in. Since there is a chip-ID,
the drift can be calculated for each single chip. In the ideal case, when there
are no defects in the devices, the measured parameters yield the exact same
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results after the BI, as they did before the BI. When calculating the difference
of those, the ideal drift value is zero for each device and test.

When plotting the data in the same way as explained in chapter 5.2, the result-
ing distribution looks like a straight, vertical line at zero. In real measurement
data, there are slight deviations from the ideal case, caused by noise during
measurements for example. This results in drift data that, in the best case is
normally distributed around zero, with only a small standard deviation (this
is from now on called ’good’ drift data). Any deviations from this best case
needs to be assessed, whether it is a problem or not.

The advantage of this method is that measurement data of different parameters
can be evaluated by one set of common limits. This makes the evaluation
faster and easier to understand for people who also might not have the most
experience with statistical data evaluation.

One common deviation from good drift data, is that a systematic drift of the
whole distribution has occurred due to the burn-in. If this drift is within
+20 %, it is acceptable. If it is outside those limits, it needs to be assessed
via a root cause analysis and if the tested parameter is supposed to drift that
much.

In the case of a single outlier device, violating the limits, it is likely that the
BI activated an intrinsic failure mechanism and the device gets screened from
further testing. These devices will be analysed in more detail afterwards, in
order to assess what failure mechanism was triggered.

Another common deviation is due to the way, the burn-in data is calculated.
When the initial value is closer to zero than the measurement uncertainty and
the post burn-in data shifted a little, the drift in percent can be very high,
even though the pre burn-in data lies within the limits. This downside to
calculating the relative drift in percent is well known and needs to be taken
into consideration, when evaluating the data, by looking at the absolute values
of the measurement data.

In figure [33] the burn-in data of the rise time of the NDMOS-60V can be seen.
It is an example of low drift, well distributed data. The mean value of the
drift of the hot insertion was (—0.45+0.02) % and the mean value of the drift
of the cold insertion was (0.71+0.02) %, where the uncertainty is given by the
standard error of the mean (SEM).
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Figure 33: Drift of the rise time of the NDMOS-60V between before and after
the 48h BI in %.

Many burn-in data, especially from the parametric tests, look like this, which is
why, depicting all those similar looking distributions is refrained from. Instead,
table [5[ shows the mean drift of each test group, together with their standard
error and the number of fails that are occurring due to violating the 420 %

drift limits.

‘ Insertion ‘ Testname Average drift (%) ‘ SEM (%) ‘ Limit violations
Kelvin 1.6 7.9 278
Continuity 2.9 0.3 2
Hot (150°C) | Leakage current -12.6 1.0 120
On resistance -1.5 0.9 0
Fall time/rise time -1.0 0.5 0
Kelvin -13.6 9.0 678
Continuity 0.3 0.1 0
Cold (-43°C) | Leakage current -5.9 4.3 133
On resistance 1.3 2.9 0
Fall time/rise time -0.3 0.2 0

Table 5: Average burn-in drift for the relevant test groups, together with their
standard error of the mean and the number of drift limit violations

during hot and cold insertions.

Not all tests have been included in table 5] Besides tests like the chip-ID
and the stress tests, for which a burn-in drift is not possible/meaningful to
calculate, also the delta continuity tests are not included. This is because the
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data used for the delta continuity tests are already the difference between two
continuity tests itself. Calculating the drift of data, which for pre as well as
post burn-in, lie close to zero, easily results in very high drifts. These drift
values, like mentioned above, are not representative of bad burn-in results.
They can be from measurement uncertainties or noise and are well within the
drift limits when viewed in absolute values instead of percentages.

The results in table [5] are depicted as boxplots in figure [35 As already known,
the Kelvin measurements are contact tests which are expected to have different
values for every time a contact is made. The limit violations, as well as the
drifts of these tests are not meaningful for the assessment of burn-in failures,
since as long as the post burn-in contact resistance is below the clamping limit,
the test passed, regardless to what the value was before the burn-in. Because
of this, the Kelvin test data was not included in the boxplot.

In figure [34] a single boxplot is depicted. The main elements to a boxplot are
the box in the middle, which contains 50 % of the data. The line inside the
box represents the median, with left and right to it, being 25 % of the data
each. On both sides, outside the box, are the so called antennas. They reach
to the highest value inside a 1.5 - IQR interval subtracted from the 25 % value
and added to the 75% value. IQR stands for interquantile range and is the
value range between the upper and lower box limit values.

IQR

Lowest value within Higest value within
25% - 1.5*1QR 75+ 1.5"IQR

25% Median 75%

Figure 34: Demonstrative boxplot.

In figure , one can clearly see that the continuity, on resistance and fall /rise
time have a low mean drift of below +5 %, while the leakage current has a
higher mean drift as well as a greater range. Especially the data from the cold
insertion oversteps the -20 % limit and has by far the greatest range of all the
tests.

The reason for this lies again in the low values of the leakage current. Because
the leakage current is especially low at low temperatures, the measured values
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are often times close to zero in the pre burn-in insertion. The shift is within
the measurement uncertainty and needs to be looked at in absolute values.

Boxplots of drift data mean values
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Figure 35: Boxplots for the mean values of each test in the categories in table
(without Kelvin) for the hot and cold insertion.

Due to the mentioned measurement uncertainty and the general setup depen-
dency of the leakage current tests, all the limit violations in table [5] can be
explained. These tests also have large standard deviations in comparison to
other parametric tests. An actual activated latent defect would increase the
absolute value of the leakage current, by orders of magnitude. The resulting
outlier would not only be caught by the drift limits, but also by the limits of
the measurement data. This was never the case in the data gathered here.

A representative plot for the leakage current drift data can be seen in figure
B6] On the left side is the pre and post burn-in data distribution for the cold
insertion, whereas on the right side the respective relative drift of those two
is depicted. The leakage current after the burn-in is decreasing for nearly
every device according to this data, which is highly unlikely. Much more
likely is that due to the very low currents, measurement uncertainty and setup
differences are primarily responsible for the high drift and the decrease in
leakage current.

It is clearly visible, that even though there are drifts of nearly +20% and -
65 %, no failure was activated during BI, because the post burn-in data do not
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show any outliers. This is the case for all other drift limit violations during

the leakage current tests as well.
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Figure 36: Drain leakage current test data of the NDMOS-60V during the cold
insertion before and after 48h burn-in on the left and the resulting
drift in percent on the right.

Regarding the rest of the parametric tests, there were no limit violations and
the mean drifts, as well as their standard deviations were in a low range, as

was shown in figure

After assessing all the burn-in data for 50 devices and examining every distri-
bution carefully, no valid fails were found. The technology is therefore showing
promising first results. Since, however, this thesis aims to assess whether real
device defects can be found with the help of the TP and the burn-in method-
ology, this promising result is not enough. The next chapter focuses on the
limitation of the devices and under which circumstances they would have failed.
In this final chapter the goal is to simulate conditions under which a valid fail-
ure would have occurred and to what extent the electrical test result would
have differed from the data shown so far.
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7 Burn-in failure root cause identification

Since there were no real burn-in failures found in the 50 BIRD chips that
were stressed and tested, several of them were modified in order to simulate
conditions that would have resulted in a failure at some point during the burn-
in. This can be done in the failure analysis (FA) laboratory. Most of the times
the FA laboratory is used to analyse devices which have already been sent to
the customer, that have failed or malfunctioned during field application or to
analyse devices that failed during some kind of verification process (like the
burn-in). It can, however, also be used to modify good devices, such that
they show different characteristics than before. A couple of such modifications
were thought of, however, not all of them proved to be working. All of them
included a focused ion beam (FIB) modification at or under the surface of
the chip, which made it necessary to remove the top of the package and the
protective top layer of the chip first.
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7.1 Gate oxide breakdown

The first goal was to stress the devices on the BIRD with such a high voltage,
that the gate oxide breaks down. However, applying a large overvoltage to
the transistors proved to be quite difficult, because of the ESD structures and
all of the inverter structures on the gate and on the enable line, which shield
the device under test from those voltage spikes. Therefore, a modification was
done on the NDMOS-60V using a FIB.

7.1.1 Focused ion beam (FIB)

FIB is a general method of cutting through or depositing small structures with
the means of a (mostly) metallic ion source. This method is not only used in
the semiconductor industry and research, but also, among others, in material
science, biology and geology.

A usual FIB instrument consists of a vacuum system, a liquid metal ion source,
an ion column, some detectors and a gas delivery system. The vacuum system
provides vacuum conditions around the sample and the ion source/column in
order to avoid particles or gas molecules to decrease the mean free path of the
ions and scatter them. The liquid metal ion source provides the ions, which
are used to modify the sample. As the name indicates, metal is molten and
the liquid then coats the ion column, which is usually made out of tungsten.
Often times the liquid metal is gallium, but it can also be other metals. At
the tip of the ion column, the liquid metal then forms a sharp cone (called a
Taylor cone) due to the applied electric field between the ion column and an
extraction electrode. The ions are released from this tip by the electric field
and get condensed by a system of electromagnetic lenses.

In order to deposit different metals on the surface of the sample, a gas deliv-
ery system can introduce a tungsten or platinum gas for example. Through
ion beam induced deposition (IBID), the organometallic precursor gas (the
gas containing the metal) gets decomposed only where the ion beam hits the
surface and the metal deposits.

It is also not unusual to include a scanning electron microscope (SEM) or other
detectors, like secondary electron detectors, in the same instrument, in order

to take images during and after the FIB modification.

Figure [37 shows the principle of the liquid metal ion source, forming the Taylor
cone on the tip of the tungsten ion column.
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Figure 37: Schematics of the ion beam generation system of a FIB setup.

This was only a brief summary of the working principle of a FIB setup. For
more detailed information see [33].

In the scope of this thesis two techniques were used to prepare the samples.
Once, a FIB was used to make a precise cut through layers of the chip, which
makes it possible to sever structures from each other or to examine cross
sections of vertical structures. The other technique is the ion-beam-induced
deposition (IBID) mentioned above.

7.1.2 Sample modification

In order to sever the connection between the gate contact of the NDMOS-60V
and the gate/enable line, which leads to the contact pins of the chip, a FIB
cut was made. The cut severed the metal lines connecting the ESD structure
and inverters from the gate contact of the transistor. A cross section of the
modification can be seen in figure with the mentioned FIB cut being the
trench on the left side, closer to the gate/enable pin.

Since the contact pins were now disconnected from the gate as well, a new
contact needed to be placed. To realize this, another FIB cut was made, this
time, however, closer to the gate contact, above the metal line, which was
formerly used to connect the gate to the pins. By cutting down into the metal
and filling the hole up with tungsten, a new vertical connection to the surface
of the chip was established. Afterwards, a tungsten cross was placed on the
surface of the chip, in order to better contact the gate from above. The filling
up of the hole and the placing of the cross was done using IBID.
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Figure 38: Cross section of the FIB modification for the oxide breakdown. Two
FIB cuts were made and one of them was filled up with tungsten,
with an additional measuring cross on top, in order to better contact
it.

Figure shows the initial FIB cut, together with the second cut and the
tungsten cross.

Figure 39: SEM image of the FIB cut on the left, with the tungsten cross on the
right. The second FIB cut, which contains the vertical connection
to the copper metal line, is visible inside the red box.

Afterwards, the Tungsten cross was contacted by a probing needle, while the
drain contact and ground (which is connected to every source contact of each
transistor on the BIRD) were contacted via the measuring board.

A picture of this setup is included in figure 40} Above the prober table, which
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contained the board with the device under test in it, is a microscope, in order
to adjust the needle and the device properly.

=

Figure 40: Setup of the prober table, used for contacting the measuring cross
with the micro needle, in order to measure the gate oxide breakdown
of the NDMOS-60V. On the left the whole probing station is visi-
ble, with the microscope, and the probing table. On the top right
a closeup of the (green) measuring board is depicted and on the
bottom right, a close up of the (black) chip socket for the VQFN-48
package and the probing needle is visible.
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7.1.3 Measurement procedure

The first measurement performed on the device was to ramp the gate voltage
and measure the drain current, until the saturation current was met. After-
wards, the gate and the drain leakage were measured. The third measurement
included to ramp the gate voltage even further, until the oxide breakdown.
After the breakdown, the gate and drain leakage were measured again.

Several measurements at ambient temperature were performed on this device,
in the following order:

1. The drain voltage on pin 9 was set to 0.05 V. The gate voltage, contacted
with the needle was ramped from 0.0V to 2.5V and the drain current
was measured.

2. The drain leakage current was measured, while the gate, contacted with
the needle, was biased with 5.0 V and drain on pin 9 was at 0.0 V. After-
wards the gate leakage current was measured, while the gate, contacted
with the needle, was unbiased and the drain voltage on pin 9 was 2.5'V.

3. The drain voltage on pin 9 was set to 0.05 V. The gate voltage, contacted
with the needle, was ramped from 2.5V until the oxide breakdown, while
both, the drain and the gate current were measured.

4. Measurement 2 was repeated.

7.1.4 Measurement results and discussion

The measurement results from the drain current measurement can be seen in
figure It is visible that a good contact was established with the needle and
that the measured drain current as a function of the gate to source voltage
is as described in chapter 4.3.2. and figure 22| The subthreshold swing and
the extrapolated threshold voltage are magnified in the plot on the bottom
right.
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Figure 41: Drain current data of the NDMOS-60V as a function of the gate to
source voltage. A zoom to the subthreshold region is included on
the bottom right, with the red line being a linear fit of the data in
the region where the gradual channel approximation is valid. On
the top right a zoom into the maximum voltage region, where the
drain current starts dropping is shown.

The threshold voltage for this device lies at Vp = 0.815V. The maximum
drain current is reached at 5.2V and stays constant at Ip, = 16.41 mA until
6.0V are reached. The inversion channel is in pinch off in that state, which
means that the additional voltage is increasing the electric field, but not the
drain current anymore. After that, the drain current starts to slowly decrease.
This can be explained by the self heating of the device during operation. As
mentioned in chapter 3.4.1, the on resistance rises with increasing temperature
and therefore the drain current decreases. The slight decrease in drain current
can be seen in figure 1] on the top right.

At this point the leakage currents at the source and drain contact with the
mentioned conditions above were measured. The results of this measurement
can be seen in table [

Next, the gate current was measured, as a function of the gate voltage. Even
though the gate current should be zero, because of the insulating gate oxide,
there is still a remaining gate leakage current, that is caused by the insulator

conduction mechanisms, introduced in chapter 4.3.1.

Several insulator conduction mechanisms can be ruled out as the leading one
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measurement | Ip, . Ig,...

pre breakdown | 2.8nA | 0.1 nA
post breakdown | 100 pA | 100 pA

Table 6: Leakage current measurements before and after the oxide breakdown.
The current measured at the post breakdown measurement was the
compliance current. No higher current was measured, in order to
protect the prober needle.

from the start, due to the thickness of the gate oxide and the temperature range
at which the measurement was done. Because direct tunneling is negligible for
gate oxides thicker than 3.5 nm, which is true for the 1 tu thick GOX3, (see
table, it can already be ruled out. Schottky emission can be ruled out as well,
since the increase in insulator current was strongly depending on the electric
field and Schottky emission is dominated by thermal activation. Therefore
also thermionic-field emission can be neglected, since it also requires higher
thermal energies. Because of the exponential nature of the increase in gate
leakage current, ohmic conduction can be ruled out, since this mechanism has
a linear dependence on the electric field.

The remaining conduction mechanisms are the F-N tunneling, F-P emission
and hopping conduction, for which the formulas are given below:

Jrn = ¢V exp ! 2m*Td(q
EN = 16m2hopd? 3hqV

op)"? (49)

—q(pr — \/qV/dme;eq (50)

1%
Jpp = quNc—exp

d kgT
qaV E
Jhopp = qanvexp ldkBT — kBO%] (51)

In those the current density J is given in terms of the electron charge ¢, the
electric field V', the thickness of the oxide d, the Schottky barrier height ¢p, the
tunneling effective mass m7,, Planks constant h, the electron mobility in the
insulator u, the density of states in the conduction band Ng, the trap energy
level ¢, the temperature 7', Boltzmann’s constant kg, the mean hopping
distance a, the electron concentration in the conduction band of the insulator
n, the frequency of thermal vibration of electrons at trap sites v and the
activation energy of the traps F,.
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The measurement data of the gate current as a function of the gate voltage
can be seen in figure [42]

Ig (1A)

4.5 5 55 6 6.5 7 7.5 8
VGS (V)

Figure 42: Gate leakage current measurement data as a function of gate volt-
age. The red line is a fit according to equation 49, which is the
theoretical expression for the F-N tunneling.

When trying to fit the measured data with the three formulas for the con-
duction mechanisms, the theoretical curve for the F-N tunneling fits the data.
The values, used for the Schottky barrier height ¢p was 3.1eV and the value
for the effective tunneling mass m/, was taken as 0.5 - mo, after [34].

Trying to fit the measurement data with the theoretical curves of the F-P
emission and hopping conduction, proved to be difficult, since several parame-
ters, like ¢, a, v and E, were unknown and could have only been determined
through additional experiments which could only be conducted through the
use of various other experiments. Using different literature sources, of deter-
mining these parameters would have created great uncertainties. Because of
this circumstance and because the data is already well fit by the F-N tunneling
curve, it was refrained from fitting the remaining two conduction mechanisms
to the measurement data and F-N tunneling was accepted to be the leading
conduction mechanism.

For further thoughts on how to determine the unknown parameters in equation
(50) and (51), see chapter 8.
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The deviation of the measurement data from the theoretical F-N curve at
high voltages is due to the breakdown of the oxide. Above 7.3V the leakage
current is not considered to be due to F-N tunneling anymore, but rather due
to a short of the gate oxide. A conduction path through the insulator was
established, which causes the gate current to not follow the theoretical path
of F-N tunneling anymore.

Measurement four then yielded the following result: Ip, , = 100 A at the
drain contact and Ig,,,, = 100 pA. It is assumed that the actual value of the
drain and gate leakage currents is even higher, however, in order to protect
the thin needle of the prober from melting, due to too high current densities,
compliance was set to 100 uA. Table [6] shows these results together with the
results of measurement 2.

Comparing the gate leakage current from before the oxide breakdown, to after
the oxide breakdown, an increase of 1-10% was observed, while for the drain
leakage current an increase of around 3 - 10* was observed. The left hand
side of figure [43| shows the gate leakage test data for the cold insertion before
(1~ 5.5nm) and after (= 7.0 vm) the burn-in for the NDMOS-60V, where
is the mean value of the distributions in this case. All measurement values are
below 10 nm during this measurement. Comparing the values for the post burn-
in measurement, to the values of the I¢,_,, for the pre breakdown measurement,
one can see that the values, are about a factor of 70 higher. This is explained
by the parasitic leakage currents from the measurement equipment and the
circuit of the enable line, which were not present in the measurement of table
ol

When comparing the post burn-in data of the left plot in figure 3] to the post
breakdown Ig,,,, measurement, however, one can see that the increase in gate
leakage current is still in the order of 1.5-10%. This big increase in gate leakage
current, upon gate oxide breakdown, is clearly visible in the data distribution
as well. The right hand side of figure [43] shows the same data as the left
hand side, except for one data point, where the post burn-in measurement
was substituted with the post breakdown gate leakage current of the device

modified with the FIB.
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Figure 43: Gate leakage current test data of the NDMOS-60V during the cold
insertion before and after 48h burn-in on the left side. On the right
side, the same data was plotted, except that the post burn-in drain
leakage data of one device was substituted with the post breakdown

16, data from table [0]

Similar looking plots would result when substituting the post breakdown drain
leakage current with its respective data point in figure [36] It is clearly visible
that when the gate oxide breaks down, after the burn-in, the device(s) have
a leakage current, which is of orders of magnitudes higher than the intact
ones. This result reassures, that during the burn-in of the 50 devices, which
were shown in chapter 6, no valid burn-in failures have been observed, even
though, several tests showed relative drift data which were outside the limits.
Furthermore, it shows that the Cpx = 1.5 limits, which were introduced in
chapter 5.3, detect and screen out such failures as well.
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7.2 Source to drain short

In order to introduce a second mechanism which can be activated during the
burn-in, a short between the drain and the source has been decided upon. This
can happen, during the fabrication process of the copper metallization. The
most used process for contacting the transistors and fabricating the copper
connections between them, is called the dual-damascene process. [35]

Dual-damascene process: In its most basic form, the dual-damascene pro-

cess consists of four process steps. During the first step, trenches are be-
ing etched inside of the silicon dioxide, through the use of photoresists, as
described in chapter 4.3.3. These trenches then get coated with a diffusion
barrier, which serves the purpose of preventing the copper to diffuse into the
oxide. Afterwards, the copper gets deposited into the trenches, followed by
a chemical-mechanical planarization (CMP), where the surface gets polished
and the excess copper is removed. If the etching of the trenches, for example,
is not optimized properly, it can happen that the two metals which should not
be connected, are connected by the deposited copper. Additionally to that,
residues from the CMP can leave traces of copper between the metal lines,
which can result in line to line leakage or shorts. This can happen, between
the source and the drain contact of the MOSFET for example.

Upon stressing the device, with a high drain voltage, this parasitic, ohmic
connection can be destroyed, because the high current density melts the metal.
Before stressing the device with the overvoltage, the gate leakage current is
therefore high, however, decreases at the second leakage current measurement,
after the stress voltage was applied (see chapter 5.1.1). When calculating the
delta of the pre and post overvoltage stress leakage current measurements, this
decrease can be seen and screened by the test limits.

Since no such failure was observed in the 50 BIRD chips that were stressed,
this failure had to be artificially introduced as well.
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7.2.1 Sample modification

For this experiment, three different BIRD chips have been modified with the
FIB. The technique which was used, was the IBID, which was also used to
deposit the tungsten cross in the previous modifications. A connection between
the source and the drain contact of the NMOS-1.5V was introduced, using
platinum. Figure [44] shows a SEM image of one of these modifications.

Figure 44: SEM image of the IBID modification of one of the samples. Plat-
inum was deposited in order to establish a conductive connection
between the source (left copper) and the drain (right copper).

By depositing different amounts of platinum, different resistances can be achieved.
The dimensions of the depositions were chosen such, that the introduced resis-
tance would cause a leakage current close to the upper test limit of the drain
leakage current tests. The devices that were used for this, were initially at the
lower end of the distribution, because the goal was to see a maximum drift of
the drain leakage current between before and after the platinum connection
was molten.
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samplename | length (um) ‘ width (um) ‘ height (um) ‘ resistance ({2) ‘

smpl 1 60 1 1 1200
smpl 2 60 0.8 0.7 2140
smpl 3 60 0.8 0.7 2140

Table 7: Dimensions of the deposited Platinum together with the resistances
that wanted to be achieved.

In table[7|the chosen dimensions of the deposited platinum lines can be seen, as
well as the resistances which were theoretically achieved, due to the dimensions
of the deposition.

7.2.2 Measurement procedure

The measurements that were performed were the same for all the devices:

1. The drain voltage on pin 23 was increased manually from 0V until the
measured current at the drain contact showed a significant drop, while
gate (pin 24) and enable (pin 25) were kept at 0 V. Source was connected
to the global ground contact of the chip.

2. The drain voltage was increased manually from 0V again, after the cur-
rent drop had occurred, until the maximum voltage of the first measure-
ment, whilst the drain current was measured again. Gate, enable and
source were the same as before.
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7.2.3 Measurement results and discussion

The measurement data of all three devices is shown in figure [45]

12 | . .

—#— smpl 1, meas 1
—+8— smpl 1, meas 2
10 k smpl 2, meas 1
=& smpl 2, meas 2
—#— smpl 3, meas 1
—+=— smpl 3, meas 2

Iy (mA)

0 0.5 1 1.5 2 2.5
Vo (V)

Figure 45: Drain current measurement as a function of drain voltage for the
three modified samples. The point shaped data points are the first
measurement, while the square shaped data points are the second
measurement, after the current drop occurred.

The first thing that can be seen, is the high drain leakage current that was
measured for all three samples. For the first sample, the maximum leakage
current was 12mA, which was reached at 2V. Before the drain voltage could
have been increased again, the current dropped significantly to 1.06 mA. The

maximum current of the second measurement on smpl 1 was then only 1.06 mA
at 2.0V.

Before and after the measurements, microscope pictures of the modification
were taken at the probing station. The goal was to visually inspect them for
eventual burn marks, after the current drop occurred. Figure [6] shows the
modification which was shown in figure [44] but through an optical microscope.
On the left hand side is a picture from before the measurements, while on the
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right hand side is the same modification after the measurements. One can
see that the modification melted in the area which was highlighted by the red
box. The current drop, which occurred on all three samples, was due to this
melting.

Figure 46: Picture through an optical microscope of the source drain short
FIB modification of the NMOS-1.5V before (left) and after (right)
the leakage current measurements. Inside the red box, one can see
the part of the platinum connection which melted due to the high
current densities.

Another thing that is visible, is that the maximum drain voltage that was
measured is below 2.5V, which is less than half of the operating drain voltage
for this device (5.0 V).

The fact that relatively high currents were reached at not even half of the
operating voltage, indicates, that the desired resistance was not reached during
the deposition process. From the plotted graphs, one can see the initial ohmic
increase in drain current with voltage, which is expected, since the introduced
platinum acts as a parasitic ohmic resistance. At higher voltages the current
starts to increase even faster, which can be explained by the melting of the
metal. The slope of the linear range of the measured data is one over the actual
resistance which the current experienced, as according to Ohm’s law. Table
8] shows the highest measured drain current at both measurements, together
with the respective drain voltage, as well as the calculated resistance prior to
the current drop, for each sample.

As suspected, the resistances of the deposited platinum lines were not nearly as
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sample name ‘ Ip,,., (mA) ‘ Ip,..., (mA) ‘ VDoew (V) ‘ R (22) ‘
smpl 1 12.0 1.06 2.0 260
smpl 2 10.0 1.03 2.4 331
smpl 3 10.2 1.03 2.3 329

Table 8: Maximum drain current values for each sample and measurement,
together with their respective drain voltage and resulting resistance.

high as intended. This results in a melting of the platinum at voltages below
the operating and stress voltage and in drain leakage current values which
would be screened out anyways.

One reason which could explain this discrepancy between the expected and
the actual resistance values for the platinum deposition is that platinum IBIDs
can cause contamination in the vicinity of the main deposition area. This can
alter the electrical properties of the deposition, as well as the whole device
quite drastically, as can be seen in [36].

Because the actual resistance values did not match the values that were planned,
no further investigations regarding this failure were done, since there was also
no time and resources left to redo the modifications within the scope of this
thesis. For future modifications that intend to introduce a resistance, this way
of doing it is not recommended, since the risk of contamination is quite high.
Note, that if the deposition had produced the wanted resistances, it would
have still been necessary to reference the current capacity of platinum (the
maximal current density until melting occurs) to the one of copper, since the
CMP residues would have also been copper.

As can be seen in this chapter, not all experiments and modifications were
successful, it was, however, successful to prove that no real burn-in failures
due to oxide breakdown were observed after the 48h burn-in of the 50 devices.
This then, marks the end of the main parts of this master’s thesis, with only
the conclusion and outlook being left. As the name already indicates, the next
and final chapter summarizes the findings of all the previous chapters into a
few compact pages and also gives a glimpse into the future proceedings of the

BIRD burn-in study.

96



8 CONCLUSION

8 Conclusion

Over the past 7 chapters of this thesis, a burn-in reference device (BIRD) and
its purposes has been introduced (see chapter 1 and 2). The goal of the thesis
was to show, how with the help of burn-in, early life failure mechanisms could
be detected in the new (power) MOSFETS of Infineon Technologies.

To achieve this goal, different kind of failure mechanisms and what influence
they have on the performance of the devices and further, their reliability, have
been given (see chapter 4.3 - 4.5). It is important to ensure reliability of the
manufactured devices, in order to comply with all the industry standards and
norms, like the ISO26262, which regulates the functional safety standards for
the automotive industry (see chapter 4.1 and 4.2).

The most prominent failure mechanism was the breakdown of the gate oxide,
which results in a complete failure of the devices functionality to act as a
voltage regulated current switch. Eventually every device will experience such
a failure (if no other failure is activated first). However, depending on the
quality of the gate oxide, it happens sooner for those with low quality gate
oxides or later with high quality ones (see chapter 4.3). In order to screen out
the devices which have a low quality gate oxide, the devices are stressed. This
stressing is called the burn-in and is realised through increased environmental
temperature, while they are being operated (see chapter 6.1).

The increased temperature, similar to the voltage stressing, which is happening
during FE testing of the devices, is accelerating the degradation of the devices.
50 BIRD chips underwent the 48 hour long burn-in, in order to investigate if
any of the devices experienced a degradation high enough to fail after the
burn-in.

To assess, whether a devices fails due to the burn-in or not, all the devices
were tested three times before the burn-in and twice after the burn-in. These
tests included parametric tests like the on resistance, the fall and rise time or
the leakage current of the devices (see chapter 5.1).

By using statistical methods and introducing limits, which screen out malfunc-
tioning devices prior to experiencing the burn-in, it was assured, that all the
devices were working properly (see chapter 5.2). After the burn-in, the test
data post burn-in was compared to the test data pre burn-in, by again using
statistical methods. It was found that no defects were activated, which would
have resulted in a failure. This is a great first result, as it shows that according
to the sample size of 50 BIRD chips, the manufacturing process is dependable
enough to produce reliable devices (see chapter 6.2).
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However, in order to be sure, that the theory of the described failure mecha-
nisms was correct and the limits which are used to screen out devices which
are effected, by the breakdown of the gate oxide are appropriate, some devices
were modified, using a focused ion beam (FIB). The measurement results of
the gate oxide breakdown could reproduce the theoretical predictions of the
failure mechanism. Fowler-Nordheim tunneling was found to be the leading
insulator conduction mechanism, before the breakdown of the gate oxide, due
to reaching the critical field happened. The measured leakage current of the
device was several orders of magnitude higher than the leakage current of the
intact ones and would have been screened out successfully by the limits, if a
gate oxide breakdown had occurred during the burn-in (see chapter 7.1).

Another experiment was to introduce a short between source and drain of the
devices by using IBID. This ought to simulate a fabrication failure, at which
metalic residues remain after the CMP process step, which can lead to an
increased leakage current between source and drain. The experiment failed,
because the deposited platinum, which acted as an ohmic resistor, did not
have the intended resistance. This was probably due to a high contamination
around the deposited material, which lowered the resistance, resulting in a
high leakage current. Such devices would have been screened out before the
burn-in process, without ever activating the defect (see chapter 7.2).

At this point, also a short outlook into what can and will be done next is given
in the following sentences. Since the burn-in of the 50 devices that have been
tested during this thesis, yielded excellent results, with no devices failing, the
whole burn-in study will be conducted next. Over 100000 BIRD chips will be
produced and experience the same testflow as shown in figure 321 If enough
devices pass the burn-in without failure, the manufacturing process of the
these devices can be regarded as so optimized, that it is not necessary to stress
them with a burn-in anymore. Afterwards, the devices will only be stressed by
overvoltage during FE testing, which is much faster and therefore cheaper.
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