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Abstract

The main objective of the thesis is the reliability increase of high voltage (600 V)
power MOSFETS based in the Super Junction concept when they are submitted to the
most extreme conditions in DC/DC converters and Factor Power Correction circuits and
the intrinsic body diode has to handle a big amount of energy in a very short period of
time. The research has been carried out in the framework of a collaboration between
Institut de Microelectronica de Barcelona (IMB-CNM-CSIC) and ON Semiconductor
(Oudenaarde, Bélgica).

The process technology of the new Super Junction power MOSFET transistors
designed in ON Semiconductor (named UItiMOS) has been optimized with the aim of
robustness enhancement, which has to be totally independent of the charge balance in
the device. The transistors are destined to 400 V line applications that require a voltage
capability above 600 V and a minimal on-state resistance to operate at high frequency.
The thesis starts with an introduction to the state of the art of Super Junction transistors,
including a description of the different process technologies used in the commercial
counterparts. Afterwards, the most relevant electrical and technological parameters are
introduced and linked to the electrical characterization of the UItiMOS transistor.

The research is centered in the study of the physics involved in the failure
mechanisms combining TCAD simulations and experimental measurements, from
where it is concluded that a technological solution to increase the energy capability of
UItIMOS transistors is needed, with a wide CB manufacturability window. Different
devices derived from the UItiMOS structure (conventional UMOS transistor, SJ Diodes
and SJ Bipolar transistors) were fabricated in the ON Semiconductor’'s Clean Room and
tested under the same avalanche conditions as UItiMOS transistors. All the results
derived from complementary techniquddn¢lamped Inductive Switchindzmission
Microscopy Thermal Infrared ThermographyTransmission Line PulseTransient
Interferometric Mappingetc.) lead to the same conclusion: the current is focalized at a
certain region of the UItiIMOS transistor, enhancing the activation of the parasitic
bipolar transistor. Two approaches are proposed to increase the energy capability of
UltiMOS transistors and, once its efficiency has been demonstrated, they have been
included on the process technology of the device designed to go into production.
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CHAPTER 1

1.1. Motivation

New application fields such as power electronics in aircrafes very restrictive
in terms of efficiency, compactness, weight and losses. Indeed, active pulse width
modulation (PWM) rectifiers (seeg.1.1) with minimized total harmonic distortion of
the input current and high power factor have to be designed for future electric power
control. Advanced architectures for three-phase/level rectifiers have a reduced power
semiconductor stress, allowing the use of high-efficiency power MOSFETs with a
voltage capability in the 600 V range.
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Fig.1.1. Typical application for 600 V power MOSFETSs: active three-phase/level PWM rectifier.
Adapted from g

Today, the 600 V power MOSFET market is dominated by switching power
mode supplies (SMPS) and LCD-TV applications, although power factor correction
(PFC, seeFig.1.2) and lighting applications also require high-efficiency power
semiconductor switchésThe market distribution for 600 V power MOSFETS is shown
IN Fig.1.2-(a)
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Fig.1.2. Typical application for 600 V power MOSFETs; PFC Boost pre-regulator. Adapted frofn

A high performing — high voltage power MOSFET requires very low conduction
and transient losses. Conduction losses are basically driven by the specific on-state
resistance 9dR),) value but transient losses are determined by several electrical
parameters which mainly depend on the transistor architecture and the process
technology. Moreover, transient losses are dominant in high frequency applications
where the parasitic capacitances of the power MOSFET have to be minimised. In some
particular applications, the performance of the body diode of the power MOSFET
transistor is crucial.

In the late 1990s, a new device concept was introduced to decreas®,the
value of power MOSFETs without degrading the voltage capability: the Super Junction
(SJ) architecture with charge balance in the drift region. The ds#gticeduction to
the 10-30 n2-cn’ range when the SJ concept is implemented favoured the development
of different techniques for the fabrication of 600 V power MOSFETs (multi epitaxial
growth and deep trench etch). Today, different manufacturers as Infineon, Fairchild,
STMicroelectronics, Toshiba and Vishay are already power SJ MOSFET suppliers, with
a great success in the market (segel.2-(b). Although the performance of the first
generations of power SJ MOSFETs are much superior than those of the conventional
VDMOS counterparts, there is still a long way to go in the optimisation of their
performance and robustness.

Fairchild
Adapters Others 17.5%
Others 18.8% 28.7% $230M

37.7% $246M $377M

$495M

Infineon

16.0%
Lighting

16% NEC $210M
$210M 6.1%
$80M  visha
6 5%y Toshiba ST'\Q
LCD TV PFC $é5M 9.9% 15.2%
12.9% 14.6% $130M $200M

169M
$ $192M

Fig.1.2. Market distribution from the point of view of (a) application or (b) manufacturer for high-
efficiency 600 V power SJ MOSFETSs.




CHAPTER1

New base materials are emerging to fabricate power electronic devices, such as
Gallium Nitride (GaN) or Silicon Carbide (SiC). Although SiC JFETs, SiC Schottky
Diodes and GaN HEMTs have been proven to be far superior than Si SJ power
MOSFETS in several electrical parameters, it is still not clear what chances are offered
by SiC and GaN technologies to address the global needs of power switches better
and/or cheaper. Last generation of SJ] MOSFETs have reachedamalue in the
range of 10 r-cn? but thesR,, values of SiC and GaN prototypes are one order of
magnitude lower and will be further reduced in the next decade. Calculations made on
SJ MOSFETs with a cell pitch of 2 pm predict a minimsR, of 1 mQ-cn? by
introducing doping variation along the SJ columns.

The energy stored in the output capacitari€gd(is crucial to determine the
losses in hard switching applications. Power SJ MOSFETs exlifivalues even
lower than those of the SiC JFETs but GaN switches will sure be far better. Charge
stored in the output capacitanc®.4) limits the maximum frequency, specially in
resonant applicationgQ,ss can hardly be improved in SJ MOSFETs but it will be
reduced by a factor of 5 in SiC and GaN.

SWitCh\ o o
VAN VAN
o o
hard switching soft switching hard switching
H['|1-'\.|':-\“1;‘!' E‘ E'!"I!'T."\-" FE;Z&!’"I"- GDH!—;‘!'- F'E:'ﬁ-."lr."- I:lli'-'f.‘-'.‘;'-
Ciade: Vi & & Oppd Qg+ & Qg+

Fig.1.3. Typical switching applications and basic requirements for the switch and the boost diode.
Adapted from 4

Three topologies are usually implemented in switching applications using a
power MOSFET and a boost power diode, each one with specific requirements on the
conduction and transient performance, as showryin3'. SJ MOSFETs with very low
Eoss values are suitable for the hard switching topology with the boost diode
implemented with a SiC Schottky. The topologies where two switches are used will sure
be implemented with SiC and GaN switches in the future since SJ MOSFETSs cannot
compete in terms of very low,Q

Although SIiC and GaN are very promising technologies due to their good
performance, they still have a long way to be able to fill the whole semiconductor
market since they are competing with the Silicon, which is a mature and very good
established base material. Nevertheless, serious improvements have to be done in power

3
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SJ MOSFETs in terms of high frequency operation, where the risk of ringing
oscillations in the gate electrode is not accepted, and robustness performance. The
enhancement of the power SJ MOSFETs robustness performance is mandatory in
applications where voltage spikes coming from the mains can occur due to the
instability of the infrastructures. Indeed, hard switching conditions, such as Unclamped
Inductive Switching (UIS) can also easily destroy the power semiconductor device
when the energy stored in an inductor is directly dumped to the body diode. Today,
power SJ MOSFETs are much more robust than SiC and GaN switches but the
continuous reduction of theR,, value leads to smaller chip size with the subsequent
increased risk of thermal destruction due to current crowding in avalanche conditions.

Voltage spikes can go to 1/3 over the operating voltage. Due to the complex
architecture of power SJ MOSFETs from the manufacturing point of view, small
technological variations during the wafer processing can eventually lead to failures
when the switch operates in hard switching conditions. In this sense, the research
reported in this document is focussed on the robustness enhancement of the ON
Semiconductor 600 V power SJ MOSFET based on the deep trench technology, known
as UltiMOS.




CHAPTER1

1.2. Framework and Thesis Qutline

The robustness enhancement of the UItiMOS transistor, which is the final goal
of this PhD, has been done in the framework of the collaboration between Instituto de
Microelectrénica de Barcelona (IMB-CNM-CSIC) and ON Semiconductor (Oudenaarde,
Belgium). The set-up of the UItiMOS process technology started with the initial test
masks used to define the correct technological parameters for the different fabrication
steps as etch of layers, epitaxial growths, implantations, diffusion times, etsRfhe
value had to be low and independent of technological variations, and this is achieved by
an accurate control of the process technology.

Afterwards, the layout was optimized to enhance the most relevant electrical
parameters, but this first optimization steps are not subject of study on this document.
The edge termination layout was also optimized before starting the PhD research when
the device was process stable but not yet reliable due to the low current capability
performance. The most relevant electrical parameters under study are the voltage and
energy capabilities since th&®, andVry targets were already accomplished. Therefore,
mainly the off-state performance is analysed. Nevertheless, the optimisatigmnaoid
Eas has also impacted the conduction performance with the necessary re-optimisation
work.

The thesis document is structured in 6 chapters and 2 appendices:

* Chapter 1 describes the motivation, framework and outline of the performed
research.

* The basic SJI MOSFET theory is reported in Chapter 2 where the development of
the different SJ architectures and their main requirements are described. A final
comparison of the electrical performance of the commercially available power
SJ MOSFETSs is provided.

» Solid state concepts and tools needed to follow the investigation presented in
this thesis are explained in Chapter 3. The chapter is split into Active area and
Edge Termination regions to better study their electrical performance and to
determine the impact of the technological parameters on each region. Two ways
to determine the CB on the UItIMOS transistor are also presented, although it
could be used on other SJ MOSFET architectures.

« The improvement of the edge termination robustness is studied in Chapter 4. It
concludes with the analysis of the active area electrical performance when the
edge termination is already optimized.




References

* The ruggedness of the active area is reported in Chapter 5. Different power
structures derived from the UItIMOS transistor are simulated and fabricated to
understand the failure mechanisms with the aid of the experimental techniques
described in Appendix B (EMMI, Thermal Mapping, TIM, TLP, etc.).

» Different approaches implemented in commercial SJ MOSFET devices to
improve its robustness of are reported in Chapter 6. Afterwards, two approaches
to improve the robustness of UItiIMOS transistors under the UIS test are
presented. The energy capability improvement is accomplished in both proposed
cases.

* The conclusions of this thesis are finally drawn in Chapter 7 together with the
recommendations for future work.

* The UItiIMOS process technology is detailed in Appendix A.

« Experimental techniques used in the performed research are reported in
Appendix B, including the test set-up. ON Semiconductor cannot perform all the
necessary tests at the Oudenaarde site. Therefore, a brief description on where
each type of measurement was performed is provided.
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CHAPTER 2

Introduction

In this chapter the fundamentals of Power MOSFET are
introduced. One of the most important parameters to optimize
for the design of these devices is YMg-Ro, trade-off. The
principal applications of these devices are discussed in this
section. A new concept is introduced: the Super Junction. The
relation Vpe-Ron can be highly improved, breaking the so-
called Silicon Limit.

2.1. Fundamentals of Power MOSFE'TSs

The power MOSFET njetal-oxide-semiconductor field-effect transiytoras
developed in the 1970s to overcome the intrinsic limitations of power bipolar transistors
(BJT), inherent to the current control process. Thus the necessary base current to
maintain the BJT in the on-state leads to an inefficient energy operation at high
frequency. In fact, the bipolar nature of power BJTs limits their switching speed. Power
MOSFETs are majority carrier devices with positive temperature coefficient and high
switching speed, even at high temperatures in contrast with the power BJT, where

electrons and holes need to be removed during the turn-off p]roh'easidition, power
MOSFETs have a more linear characteristics and better temperature stability with
enhanced performance in linear applications and less complex feedback circuitry.
Finally, the leakage current of power MOSFETs is extremely low (nA) and no
conduction threshold is present, eliminating electrical noise in sensitive AC switching
applications. These devices found applications in power electronic circuits operating at
low voltages (<150 V).

The vertical power MOSFET, known as VDMOSeftical Double Diffused
MOS) transistor, is implemented as n-channel device due to the higher electron mobility.
The charge modulation in the N-type inversion layer created at the Silicon surface is
achieved with a metal plate (gate electro@g,located above the P-type body region
(Pooay in the VDMOS cross section plotteddfy.2.1-(a) and insulated by the gate oxide
from the active Silicon area and by an interlevel oxide from the source electrode. The
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source §) and drain@) electrodes of the power VDMOS transistor are connected to
high doped N-type regions to obtain a good ohmic contact while a low doped N-type
epitaxial region (Np), grown on the N substrate (R, is necessary to reach the
desired blocking voltage capabilityyy). The Boqy region is also contacted to the source
electrode in the third dimension to avoid the eventual activation of the inherent parasitic
NPN bipolar structure When a gate voltage higher than the threshold voltdgg (s
applied, an inversion channel is created at the top of dfagrEgion and electrons can
flow from source to drain, provided a positive drain bias is applied. The power
MOSFET structure includes a body diode with the cathode connected to the drain
contact and the anode to the source contact. This diode can be used as a freewheeling
diode or can be driven in avalanche during operation.

Electric Field

v

Incréasing .

N;pi

(b)

1
=

Fig.2.1. (a) Cross section of a conventional power VDMOS structure and (b) schematic electric field
cut in the same structure as increasing the positive drain bias.

The doping and thickness of théNlayer are determined by tMgy value since
in the off-state G grounded) the depleted region is mainly spread into this layer. As a
consequence, the dy layer properties are responsible for the vertical electric field
profile and avalanche process. A highky value can only be achieved if the doping
concentration and the thickness of thgpyNayer are increased, sustaining more drain
voltage before reaching the critical electric fieket) at the BoayN epi junction’. If the
depleted region reaches theslN a reach-through breakdown will happen with a
trapezoidal electric field shape.

The main concern when a device is chosen for a certain application is the losses
that will be introduced in the circuit by the device: the conduction losses (ruled by the
on-resistance,R,n)) and the switching losses (mainly depending on the capacitive
behaviour of the device). ThB,, value is the added contribution of the channel
resistance, the resistance of the accumulated layer under the gate electrode, the JFET
resistance between adjacent cells and the epitaxial resiStdiize substrate and the
package resistances contribution to the t&alis very low and are not taken into
account. The resistance of thgJNlayer is the most important contribution in the case
of high voltage transistors (approximately 95% in 600 V Power MOSFETS) due to the

8
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necessary thick and low doped:iNlayer to reach high,q values. The relation between
two relevant parameters is usually described by a figure of merit (EOM§ most
important FOM that has to be improved in a power VDMOS transistor is the reduction
of the specific on-state resistans®y,) defined as the product of tiRg, and the active
area of the device (A). Another important FOM for the design of a power VDMOS
transistor is thesR,,-Vyg trade-off described byg.1 (ideal R,n) wherees andp, are the
permittivity the permeability of the silicon, respectively, dhalis the critical electric
field" .The Ry, value increases with thé, value since a thicker and less dopeghiN
layer is needed. TheR,-Vyq trade-off has to be optimised with the aid of 2D TCAD
simulations in real power VDMOS transistors, taking into account the process
technology.

4V 4>

— Eqg.1
gsl‘nE% ( )

Ron_ideal =

The switching losses on a Power MOSFET depend on the inherent capacitances
since they work as energy storage centres. faeCys andCys, are the gate-to-drain,
gate-to-source and drain-to-source capacitances, respectivelyose® However, in
the commercial datasheets the capacitances are labelled asCgputeiverse transfer
(Cis9 and output Cos9 capacitances, according #q.2, Eq.3 andEq.4, respectivelyCoss
for a 600 V VDMOS can be approximated@gs since theCyq value can be neglected
when compared t€qys. Cyq Can be divided in two parts: the capacitance related with the
overlap between the polysilicon gate and the silicon drift region under the gate, and the
capacitance associated to the depletion region under the gate coming frogatNe:R
junction.Cgs is the capacitance derived from the overlap between the gate electrode and
the source and channel regions. This capacitance mainly depends on the geometry of the
device. Finally,Cqys is the capacitance associated with thguMN epi diodé€. Typical
values of the intrinsic capacitances of a 600 V-20 A VDMOS transistorRyitf0.55
Q are provided irFig.2.3 Coss gradually decreases with the applied drain voltaayed
the Css curve exhibits a similar behaviour th@gss but at lower capacitance values. It
IS worth to say that a minimiseQ,ss value leads to a faster depletion and a higher
switching speed. Finally,&is almost constant with the drain voltage.

CGDi | Crss= ng (Ea.9
C'DS
C | Coss= Cust ng (Ea.9

Ciss= Cyst Cgs (Eq.9)

Fig.2.2. MOSFET capacitance equivalent circuit
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Fig.2.3. Typical capacitive behaviour of a power VDMOS transistor (IXFH14N60P, from Infineon).

The Qq accounts for the gate charge that needs to be removed during the turn-on
process of a power MOSFET, and it depends on the total gate ®idtketermines the
gate peak currentg) and the drive lo$sAs expected, the lower tiig, value, the faster
the charges are removed, leading to a lower switching time. Therefore, an optimised
Ron-Qg trade-off is crucial for the conduction and switching losses. The gate architecture
is also a key point for the optimisation of the power MOSFET performance. The
original planar gate was substituted by advanced trench gate designs in the 1990’s, in
almost all the commercial power VDMOS transistors due to the strong increase of the
integration density and the current capabliliffhesR,, can be reduced when a Trench
MOS (UMOS) is used because the channel density is larger if a smaller cell pitch is
used. However, the large trench wall area leads to an increase Qf, tredue, typically
twice of the corresponding planar gate value with the subsequent reduction of the
operating frequency Cross sections of power VDMOS and UMOS transistors are
plotted inFig.2.4, respectively.

=

M| fagon
v Sutnanie

Fig.2.4. Cross sections of power transistors. (a) VDMOS with planar gate and (b) UMOS with
trench gate.

The realV,q value of a power VDMOS is lower than that of its basic cell due to
the high electric field peaks at edge of the active area where the curvature of the
Pooay/Nepi junction is not self-protected, leading to the crowding of the potential lines.

10
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Therefore, the implementation of a robust and area-efficient edge termination is crucial
to achieve reliable operation in the fieldrhe edge termination is basically used to
smooth the electric field from the end of the active area to the edge of the device,
avoiding a premature breakdown in the curvature of thg &iffusion. There are two
ways to implement an efficient edge termination for power VDMOS and UMOS
transistors: floating guard rings or metal field plates, depending on the desired voltage
capability. The metal field plate is typically used in low voltage power MOSFETS
(Vba<50 V) while the floating guard rings are used for medium and high voltage power
MOSFETs. A Field Oxide (FOX) growth is required in both cases to protect the Silicon
surface from high electric field peaks at the metal corners. The floating guard rings are
implemented by implanting several P-type rings, whereas the metal field plate consists
on the enlargement of the source metal over the ‘F@X edge termination combining
floating guard rings and a metal field plate is also feasible.

The main FOMs for a 30V VDMOS and UMOS transistors are presented on
Table 2.1(see definitions ireq. 5-7) '. Notice that in all cases, the performance of UMOS
transistors is better than that of the VDMOS counterparts, sind®tldecrease is more
relevant than th&)y increase. Therefore, nowadays the power MOSFET market is
dominated by the UMOS architectures even if its switching performance is slightly
degraded.

FOM VDMOS (30V) UMOS (30V)
Vee 45V Vgel0V | Vys 45V | V=10V
A 64000 32000 7085 3720
B 30,9 15,5 15,6 8,2
C 303 152 120 63

Table 2.1. Basic FOMs for a 30 V VDMOS and UMOS transistors.

FOM () = 2= (Eq.9
FOM (B) = Ron * Ciss (Ea.9)
FOM (C) = Rop * di (Eq.?)

Power UMOS transistors are basically addressed to low voltage DC/DC

converteré for telecommunication applications and switched mode power supplies
(basically for the Power Factor Correction circl)itépplications for medium voltage

range (150 to 600 V), basically in the automotive industry, were implemented with
power BJTs. However, the limited switching frequency of BJTs due to their bipolar
nature and the need to increase the switching frequency of the systems, lead to the
gradual replacement of the BJTs by power MOSFETs. As an example, a basic Boost
Converter (step-up converter) is showrrin2.5-(a), with a power MOSFET as a switch.

A voltage pulse is applied to the gate of the MOSFET to control the duty cycle and
output voltage. When a positive bias is applied to the gate, the MOSFET turns-on and

11
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the power diode turns-off. On the opposite, when the gate is ramped down to ground the
MOSFET turns-off and the power diode starts conducting. The inductor is charged
when the MOSFET is in the on-state, as shown inl-¥Mecurves plotted irFig.2.5-(b),

while the output voltage comes from the capacitance. Once the MOSFET is turned-off
the output voltage comes from the inductor, whereas the capacitor is charged. The
switching frequency has to be high enough to be sure that the inductor is not completely
discharged at the end of each period with the subsequent output voltage fluctuations.
Typical Vi, andVy,; values in automotive applications are 90 and 400 V, respectively,
what means that the MOSFET has to sustain at least 400 V in the off-state. Therefore,
when the power MOSFET is turned-off, its intrinsic diode has to handle 400 V.
Unexpected transients can appear in real converter application, as device snappy
switching behaviour, voltage spikes, static discharge, and oscilfatighish will make

Vi be greater than 400 V (even 1/3 higher). These transients are voltage or current
changes in a short period of time (100 ns rafigd)ithough these transients do not
occur in every switching cycle during normal circuit operation, as a protection, the
MOSFET has to properly operate in the off-state (when it behaves as a diode).

T T
A 3 (b)
0 t
INPUT Vx OUTPUT -

L= |

;. § N
Vim :: Va O N T VJ ul
. | .0 .
(a) af =5 =i —
a1
5 __"_*,-U\L\
==l ¢

0 T

Fig.2.5. (a) Basic schematic circuit of a Boost converter. (b curves for the Boost converter.

2.2. Enhancing the vertical Power MOSFET: SJ Concept

As already stated, the most important contribution tosiRg value in a power
600 V VDMOS transistor comes from theg]llayer and the series resistance of this
layer increases with thé,q due to the necessary reduction of the doping concentration.
In this sense, the only possible way to integrate power MOSFETs combining a high
voltage capability (> 600 V) and a competitive on-state resistance is using a new device
concept to break the so-called “Silicon Limit” of conventional architectures, which is
proportional toRy,aVes>*. Focused on the improvement of $®-Vyq trade-off, the

Super Junction (SJ) concept was introduced in the late 1980%he key point is to
replace the Ny layer by alternating thin columns of opposite doping, as shown on the

12
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schematic cross-section drawnrig.2.6-(a) When the drain bias is applied, a depletion
layer is simultaneously created under the gate electrodg/KPepi junction) and in the
vertical junction formed by the P/N columns in the drift region, in such a way that a 2D
charge coupling that improves the electric field distribution is fedsibds a
consequence, the §y doping level can be increased and the fiRgh value is
significantly lower than that of the conventional power VDMOS counterpart, breaking
the “Silicon Limit” as shown on theR,-V,g FOM reported orrig.2.6-(b). This graph is
based on the drift region of a SJ power MOSFET as the one drawinzin-(a) with
identical N and P pillars width.

100 ? - - .
S, G, Si Limit
.10 3
g E SJ p=10pum
X
e 1 E
o
@]
E —
~ 01 SJ p=3um
o
% SJp=1pm
001 11l 1 1 I
10 100 (b) 1000

Vg (V)

BE

Fig.2.6. (a) Cross section of a basic SJ structure (half-cell). (Bp-SR,n FOM for SJ power
MOSFETSs for different cell pitch (p).

The electric field in the Silicon volume of SJ devices is determined by the net
charge in both columns (P and N). The ratio between the charges in each column is
defined as the Charge Balance (CB) and it is normally given as a percentagegsee
being Nonc the Phosphorous concentration in the N column aggd. Ehe Boron
concentration in the P column). When the net charge is perfectly compensated between
the columns (Optimum CB condition) a rectangular vertical electric field distribution is
achieved in the P/N columns junction, leading to the higiigstalue. Thevyy value of
the SJ structure strongly depends on the net charge balance, as showurv.iiRositive
or negative CB conditions leads to the bending of the equipotential lines and to the
creation of an electric field peak at bottom or top of the SJ structure, respectively with
the subsequent reduction of thg Value. The fast )4 decrease with a small variation of
the CB condition leads a CB margin for the process sensitivity in the range of 10%. In
this thesis, positive and negative CB conditions account grad Nicn SJ structures,
respectively. A more detailed study on the electrical behaviour of devices with different
CB conditions is reported on Chapter 3.

CB — Peonc—Nconc (%) (Eq.8)

NCOTLC
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Fig.2.7. Schema of th&/,4 dependence on the CB condition.

Going back to the FOM reported ify.2.6-(b), notice that thesRy,-Vpq trade-off
decreases with the value. ThesR,, is reduced since the width of the pillars decreases
with the p value and the doping concentration is increased to maintain the desired
voltage capability The Viqg value is not degraded since the doping concentration of
both pillars can be increased. Therefore, if fhereduction is feasible from the
lithography point of view, a betteaR,-V,q trade-off can be achieved. The new ideal
SRn-Vhg trade-off in the SJ structures is describedehy, whereWy and Wk are the
widths of N and P columns, respectively, afgl is the critical electric field The
improvement of théR,, value is basically due to the modified depletion process as a
consequence of the P column implementation, leading to an almost rectangular
equipotential distribution in the basic cell of the SJ structure

Vba (WN+WP) (£0.9)

R,,._; =
on—ideal SJ £sﬂnE%‘ 2

It was described that the,ss andCiss values decrease with the drain voltage in
the case of a power VDMOS transistor. However, the full depletion of the SJ pillars is
typically achieved at low voltage values (less than 100 V), leading to a sharp decrease
on the capacitance values at low voltage and to a significant improvement of the
switching frequency in comparison with the power VDMOS countelr‘baThe Qq is
also reduced when using a SJ MOSFET instead of a UMOS transistor. A more detailed
study on the capacitive behaviour of SJ MOSFETs for different CB conditions is
reported on section 3.3.2.

2.3. Different SJ-MOSFET structures

The idea of this section is to give a brief description of the different technologies
used to implement power SJ transistors. The first commercial power MOSFET
implemented with the Super Junction concept was called the Codf@isy
Infineon)”. The technological integration of a CoolM&Stransistor requires the
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repeated iteration (5-6 times) of the growth of several microns of N doped epitaxial
layer followed by the subsequent Boron masked implantatiorz.¢), known as multi-
epitaxy/multi-implant (ME/MI) technology. The exact number of iterations depends on
the desired final column depth which will set Mg value. It has to be considered that

the first Boron implant is submitted to the thermal budget of the 5-6 epitaxial growths.
Opposite, the last Boron implant is just submitted to one drive-in process. As a
consequence, different mask windows are mandatory to implement straight vertical
pillars at the end of all the ME/MI steps. This is a Global CB approach, meaning that
the whole silicon active area contributes in the charge balance when the structure is
reversed biased.

B
) TEXIXRL N
M epi

Fig.2.8. Basic schema of the ME/MI technology for the integration of a CoolMJ$ transistor: (a)
N’epi growth, (b) Boron implant and (c) final structure after 5 iterations.

The area of power devices has to be minimized in order to increase the number
of devices per wafer in a production line. There are different ways to reduce the device
area, as implementing a trench gate or increasing the doping concentration of the pillars
to make them thinn&t However, the cell pitch in the case of the ME/MI structure is
limited by the multiepitaxial growth process. When Boron implants are diffused at high
temperature during the epi growth steps, it is necessary to have a minimum pitch to
ensure the correct fabrication of the separated deep P columns. The cell pitch could be
reduced if a lower thermal budget is used. Therefore, less Boron would laterally diffuse
but the number of subsequent epitaxial growths would increase to reach identical
column depth and so the cost of each CoolMO8ansistor. The edge termination of
the CoolMOSM transistor is also implemented with alternating P and N-type columns,
thicker and more spaced than those of the active area, using the same mask sequence. In
this way, the electric field will decrease smoothly in the edge termination region. The
last Boron implant is skipped and a Field Plate is used to enhance the field distribution
on the edge terminatioh A top view of the CoolMOB' SPP02N80C3 transistor is
shown OnFig.2.9—(a)18, with the gate located at the left side and the remaining metal of
the source wire in the middle of the active area. Two P-type pillars are shown in the
image obtained with the Scanning Capacitance Microscopy (SCM) techmigued(

(). The waved shape of the pillar walls gives evidence about how the pillars are
formed: six epitaxial layers are grown with the Boron implant after each growth step.
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(b)

Fig.2.9. (a) Top view and (b) SCM image of the ME/MI technology for the integration of the
CoolMOS™ SPP02N80C3 MOSFET. Adapted from-°.

Another approach to implement a Global CB MOSFET is based on deep
trenches etched on a high doped N-type substrate and filled with a selectively grown P-

type epitaxial layer“’“* (Toshiba, Fuji Electric, Fairchild and Toyota). The resulting

SJ power MOSFET exhibits a lowsR,, value since the N-type pillar is thinner than

that of the CoolIMOS8" counterpart implemented with the ME/MI technique. The main
drawback of the filled deep trench approach is the eventual creation of a void in the
middle of the P-type trench during the epitaxial growth when the trench becomes closed
before the complete fill. This effect can be observed on the SEM images corresponding
to the DTMOS-4 transistor (Toshiba) capturedram.10”. These devices use a trench
gate architecture that contributes to the reduction of the gate charge and the switching
losses. The trench gate is shownFin.2.11, located in between the P-type pillars,
labelled as Poly. The N-type substrate can be seen at the bottom of the trench gate.

Zoom inFig. 2.12

(b)

Fig.2.10. (a) Basic schema of the trench fill technology and (b) SEM cross section of the DTMOS-4
. ) 1
transistor (Toshiba). Adapted from o
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)
agn O
Silicon o

Fig.2.11. SEM cross section showing the trench gate and the top of the pillars for the DTMOS-4

transistor (Toshiba). Adapted from 19

A novel possibility to apply the SJ concept to high voltage MOS transistors is
known as Local CB, meaning that just a region of the structure contributes to the charge
coupling in the silicon volume. The UItIMOS transistor (ON Semiconductor) is a
vertical Local CB device: the first one was presented 10 years, dmd it is not
reported that it ever went in production. The UItiMOS structure is implemented by
etching deep trenches in a lowly doped N-type substrate with the subsequent filling of

the trench with a high doped N and P-type epitaxial Iéff%sr‘ﬁseeﬁg.z.lz) and the final
sealing of the trenches with an oxide plug. Given that thgldlyer basically works as a
mechanical support, the cell pitch can be reduced if compared with the previous Global
CB approach, since only the width of the gate trench needs to be ensured between
adjacent deep trenches, leading to a reduction of the on-state resistance. The SEM
image of the UItiMOS active area (see.2.19 shows the gate trench at the top of the
structure and the void in the middle of the SJ trenches with the oxide plug on top. The
edge termination of the UItIMOS transistor is implemented with the conventional
floating guard rings technique, in contrast with the Global CB SJ power MOSFETSs
where this technique cannot be used due to the high doping concentration of the
epitaxial layer.

o 8 S >

D.

Fig.2.12. Cross section of the UltiMOS structure.
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M~0.18um

K\Airgap

Fig.2.13. SEM image of an UItiMOS transistor. (a) Complete vision of the vertical pillars and (b)

. . 23
zoom in the gate region. Adapted from .

2.4. Main requirements of the SJ MOSFET transistors

This thesis is dedicated to the study of the 20 A SJ power MOSFET transistors
with a voltage capability in the range of 600 V. Nowadays, there are several companies
that have launched their SJ MOSFET into the market. An exhaustive optimisation task
has to be performed in every new power device before becoming a commercial product
to be sure that the electrical performances in the state-of-the-art and superior to the
competitors in some of the most relevant parameters. Moreover, new power devices
have to be competitive on cost and energy efficient in circuit operation. There are
several standard tests to quantitatively compare power MOSFETs when making a
choice for a certain application. As introduced, the SJ power MOSFET transistors are
basically designed to be used in applications such as switched mode power supply
synchronous rectifiers where the internal body diode can be activated when the device
turns off”. Different parameters have to be optimized in a power transistor to
accomplish with the market requirements:

* An optimumRy:-Vpg trade-off minimizes the conduction losses. Rygof a SJ
power MOSFET has to be in the range of 150-25Q ta be commercially
competitive in the 600 V, 20 A market. The,-Vpq values for different
commercial power MOSFETS are plotted-in2.14
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Fig.2.14.Vy+-Ron FOM for commercial SJ power MOSFETS.

 The C; and theC,ss capacitances have a strong impact on the switching time,
thus they need to be minimized. TRy value QustQqya) determines the gate
drive loss and it is extremely dependant on the gate voltagligh-frequency
applications (higher than the standard 100-300 kHz) a low FBWQ, is
required to obtain a high performance transisto®n the other handCyss is
ruled by theCys capacitance as already explained, which basically depends on
the device architecture. Competitive capacitive values for four commercial 600
V and 20 A SJ power MOSFETSs are detaileddhle 2.2. The voltages at which
the measurements are performed are definethiire 2.2 However, Infineon’s
counterpart is rated fd§=25-30 A (PB60R125CP, where the chip area might be
increased, leading to a lowBy, value. The package for all the devices is the
TO-220FP. Notice that the Toshiba counterpart has the I&®ye®Q, value.
Thus, from the point of view of reducing the swithing losses, this device should

be selected.
Toshiba STMicroelectronics Infineon Fairchild
TK20E60U STP26NM60N IPB60R125CP  FCP20N60
Ron (Q) 0.165 0.135 0.125 0.15
Qq (NC) 27 60 53 75
Qus (NC) 16 8.5 12 13.5
Qqa (NC) 11 30 18 36
Ron* Q(MQ nC) 4455 8100 6625 11250
Ciss (PF) 1470 1800 2500 2370
Coss (PF) 3500 115 120 1280
Crss (PF) 150 1.1 - 95

Table 2.2.R,,, Capacitive and charge values for commercial SJ MOSFET.
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Measurement Toshiba STMicroelectronics Infineon Fairchild
voltage TK20E60U STP26NM60N IPB60R125CP FCP20N60
Q 400V 480 V 350V 480 V
C 10V 50V 100V 25V

Table 2.3. Vs at which the capacitance (C) and charge values (Q) listed in Table 2.2 are measured.

The Reverse Recovery characteristics of the internal diode determine the reverse
recovery time T;y) value, quantifying the time to remove the charge during turn-
off and how fast the device can be switched off under extreme conditions
(see Appendix B). Therefore, tlg needs to be as short as possible since no
positive bias can be applied to the gate until the diode is completely turned off,
thus limiting the device operating frequency. The reverse recovery cl@ryje (

to be removed during the diode turn-off has to be also minimized to decrease the
switching time. However, the turn-off behaviour of the intrinsic diode of all the
SJ power MOSFETs is relatively poor when compared with an optimized
equivalent power diode. Since the recovery of the SJ diode has a very steep
di/dt, the occurrence of high frequency and high amplitude recovery oscillations
during transients is more possitileThe comparison of tH&, andQ,, values for
commercial SJ power MOSFETS is provided inle 2.4 From the point of view

of recovering after a high voltage peak, the more robust device is the
STMicroelectronics counterpart.

Toshiba STMicroelectronics Infineon Fairchild
TK20E60U STP26NM60N IPB60R125CP FCP20N60
Tir (NS) 450 370 430 530
Qi (MC) 8.1 5.8 9 10.5
Test 20 A, 20 A, 400V, 20 A,

Set-up | di/dt=100pA/us di/dt=100pA/ps di/dt=100pA/us | di/dt=100uA/us

Table 2.4.T,,, Q, and measurement conditions for diferent commercial SJ power MOSFETS.

The UIS test evaluates tlemergy capability when an inductor is discharged
through the internal body diode of a power MOSFET The body diode is
forced to handle a high voltage during a certain periode of time, which is
translated in a lot of power dissipation requirements. Normal values of
commercial SJ power MOSFET transistors are in the range of 340-600 mJ for a
given area (from commercial datasheets). Values for different commercial
components are detailed imble 2.5 Notice that the Toshiba counterpart is
measured with a fixed inductance value whereas all the other are performed at a
fixed current level, sweeping the inductance. For further details on these tests,
see Appendix B. Notice that, even the Toshiba counterpart would be selected for
the swithing characteristics, thgdvalue is quite low.
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Toshiba STMicroelectronics Infineon Fairchild

TK20E60U STP26NM60N IPB60R125CP FCP20N60
Eas(mJ) 114 610 636 690
Test L=063mH, Vdd=50V, |d=6 A Vdd=50V, Id:5-2 A Vdd=50V,
set-up R,=25Q 1=10 A

Table 2.5.E,s and measurement conditions for diferent commercial SJ power MOSFETSs.

UIS and Reverse Recovery tests are performed under extreme conditions and the
device under test is usually driven to failure. In this sense, both tests provide relevant
information about the device robustness. However, just the UIS test is used in
commercial datasheets to give the amount of energy that the device can handle while the
Reverse recovery is used to quantify the time to recover when the device is submitted to
hard switching conditions.

Concluding, the main commercial SJ power MOSFETs have been presented.
The selection of a particular device is strongly dependent on the requirements of each
application (switching speed, robustness, internal diode behaviour).
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CHAPTER 3

UIaM OS structure

The main part of the experiments, measurements and
simulations reported in this thesis have been performed on
the power SJ UItiIMOS structure. This chapter is basically

conceived to have an insight in the device requirements based
on the application which is designed for, the structure design,
the electrical behaviour, and the available parameters to vary.
The goal is to provide all the necessary information for a

complete understanding of Chapters 4, 5 and 6. The
technology process and the different used experimental
techniques and simulation methods are detailed in Appendix
A and B, respectively.

3.1. UltiMOS target

The UItiMOS structure is a SJ power MOSFET rated to 600 V applications, with
asRynin the range of 20-25 ficn? and a nominal current of 20°AAs a rule of thumb,
a power device designed for a certain voltage application range has to exhibit a higher
voltage capability for a safe operation. In this sense, the target UltiM@&Me is 650
V, although some measured devices and simulated structures during the investigation
reach higherVpy values, in the range of 750-800 V. Thgy value is basically
determined by the doping and the thickness of the SJ trénoheside UItiMOS
manufacturing window is needed to be able to go into the market and to ensure a high
enoughVyg value to get the maximum yield (see schemaign.1). The 650 V needs to
be still guaranteed even if the CB is varied, copping with the possible manufacturability
variation. Therefore, different CB conditions are normally implemented for the different
experiments performed during the UItiMOS optimization. Once the regsikgdralue
is reached, the {.cis fixed in the fabrication process and thg,£is modified to get
the different CB conditions. The variation of thgRis not high enough to modify the
sR,, valug’. From the manufacturing point of view, there are different process steps that
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Device description: Active Area

need to be accurately defined to get the required results, as the SJ trench etch or the
epitaxial growth (Appendix A).
Optimum CB
V A
Nrich Prich

650 V

> CB

CB window

Fig.3.1. A wide CB window has to be defined to have a manufacturable technological process.

3.2. Device description

The development of a new power device starts with the procuring of the main
requirements, as th&R, and theC,; values. These basic parameters are optimised by a
suitable choice of the active area design criteria with the help of TCAD simulations and
clean room experiments. In this chapter the electrical behaviour of the UItIMOS
transistor is explained and the technological requirements for the desired electrical
performance are described. The function of the different layers and the critical
parameters directly impacting the UItiMOS electrical performance (doping
concentrations, junction depths, etc.) has to be studied. If an initial parametric analysis
is performed, the tuning of the critical parameters during the UItiMOS optimization will
be time efficient. The effect of the different parameters on the electrical UltiMOS
performance is analysed separately for the active area and the edge termination due to
the strong impact of the device periphery on its reliability in avalanche conditions.

3.2.1. Active Area

The UItiMOS active area consists on a thick,Nayer, grown on the starting'N
substrate (K..), where deep trenches are etched and P-type epitaxial layers are
grown on the sidewalls of the trenches,(]Nand B layers). These trenches go into
the N'sup layer, as shown imig.3.2, and are sealed with oxide, leaving a void in the
middle. The regions directly contributing to the UItiMOS switching performance are
implemented at the top of the structure: the Ry,ay and Nink diffusions and the gate
trench. A P-type region is present at the top of thg.No connect the RBqy and the
Ppilar regions to do not have a floating& that could introduce instabilities, parasitic
diodes or BJT’s activation, etc. The structure is homogeneous in depth from the bottom
of the gate to the Ny, layer. The shallow Ndiffusion is placed at both sides of the gate
trench top to minimise the on-state resistance and the consumed Silicon area at a given
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CHAPTER 3: UItiMOS structure

current capability. The gy layer is used to implement the MOSFET channel and
mainly determines th¥ry value of the power transistor. Therefore, the channel length
depends on the depth of the,& diffusion. The source metal contacts the shallow N
diffusion but also the Ry diffusion to do not leave this diffusion floating. The drain
contact is placed at the bottom of the structure, on thg, Nayer. A detailed
explanation of the whole technological process to achieve the described structure can be
found in Appendix A.

D

Fig.3.2. Cross-section of UItiMOS active area.

3.2.1.1. Electrical behaviour and role of different regions

The main technological parameters are determined by the electrical requirements,
and the device design needs to be done accordingly. For instance, the gate trench has to
go into the Nk diffusion to avoid an increase on the,s&d \fy values. Moreover, the
Nink Needs also to be deep enough to do not counter dopsg,éjieegion.

* 'Threshold voltage (V°x)

OnFig.3.3-(a)the simulatedgtVy is plotted showing &t1=4.5 V, taken at;=250
HA. It can be observed that when the device is switched on at high temperatulge, the
value in the on-state decreases a 50%, leading to a heavy increaseRyf ttadue due
to the decrease in mobility at high temperatures. On the other hand, when the
temperature increases from 25 to 125 °C\thedecreases from 4.5 to 3.7 V, taken at
=250 nA. Therefore, if the device is heated during its normal operation, it will not turn
on provided the gate voltage is relatively high.@m.3-(b) the isothermal simulatdgd-
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Vgs characteristics for differenty values are plotted. Note that whégis higher than 5
V the curves exhibit a slight current increase in the saturation mode.

201 20+
—a—Vg=45V
—a— T=125C 15t ——Vg=5V
15 —e—T=25C —A—Vg=5,5V
2\ I —v—\Vg=6V
- 2 —4—Vg=7V
= 10 S 10¢ —»—Vg=8V
o
5 5
0 0
0 4 6 8 10 0 5 10 15 20
V(V) VeV)

Fig.3.3. Simulated UItIMOS (a)l -V, curves for different temperatures and (b)l4-Vgs curves for different
V, values.

* Specific On-Resistance (s22..)

The Nink diffusion is used to reduce ts&,, value: when the device is in the on-
state, the current flows from the® NMource through the channel created in thg,P
region, the N diffusion and the N-type pillar to the drain contact (sees.4-(a) and
(b)). The sRy, versus thdgy value is plotted irFig.3.5. The sR, value at 10 A is 22
mQ- cnt, taking into account the/ of the deviceNotice that thesR,, strongly increases
when the current is in the range of 20 A (current saturation).

(b)

AbsteCurrentDensity) [A*cm”-2]
30E+05

24E+01
1.9E-03

Fig.3.4. Simulated current flow at the top of the UItiMOS structure in the on-state wheWg=12 V and
V=20 V. (a) Zoom of the top part and (b) half-cell.
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Fig.3.5. (a) Measured UItiMOSSR,-1 4 curve atVg=20 V.

» Charge balance and voltage capability (V%)

As introduced, the UItiMOS transistor is a Trench SJ power MOSFET structure,
based on the Local CB approach where the two pillars (N-P) are the main contributors
to the charge balance when the device is in the off-state. Thecdhtribution on the
CB is in the range of 3.3%, as derived from simulation results. This is translated as a
3.3% addition of majority carriers to the\: for the CB calculation. The depletion
behaviour of the structure depends on the CB condition, but all the structures become
fully depleted at 15-20 V for any CB condition. The complete explanation of the
depletion process at different CB conditions is detailed in section 3.3.2.

The Vpg value is one of the most important parameters on the UItiMOS design
and it is very sensitive to small CB variations. Thereforevijeralue needs to be high
enough to ensure a wide manufacturing window. The isothermal simujatggcurves
for different CB are plotted inig.3.6. The curves are scaled taking into account that the
current is equally distributed in the whole active area. As expected/pihealue is
maximum for the Optimum CBHVys curve, decreasing for both;N and B¢, cases (see
Fig.3.6). The potential lines for differeiys values are plotted ing.3.7. The vertical line
where the potential distribution changes its shape is the interface between the N-P
pillars. See that the lines tend to flatten when\thgncreases. As inferred fromg.3.g,
the potential lines get closer at the top or at the bottom of the structurg.far M,
devices, respectively. Accordingly, one can seedri.ohow the E peak has a different
location depending on the CB condition: at the bottom of the SJ trench fos.theng
at the gate bottom/top of the SJ trench for theg, Mase, following the potential lines
crowding placement. This effect is typical for SJ structures, in exception &f theak
at the bottom of the gate, which is due to the trench gate architecture aig the
crowding in that regiof. Thecreation of arEr peak at the gate bottom can be used to
determine the CB condition, as detailed in section 3.3.1.
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| 10°f
10°¢ E 3500 A
3 —=— Optimum CB I —_:_— grl?(t:i;ﬂum CB
4L —e— Prich !
210 ] —A— Nrich _ 103 L |—&—Nrich 639 A
= @ < [ O
107 - 172 A
f -— 10%F
8 i 50 A
10; - : - : : : |
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Fig.3.6. Isothermal simulated 4V¢s curves of the UItIMOS active area to determine th&\q value for Ny,
Optimum CB and P;, cases at (a) avalanche current level and (b) high current. The curves are scaled by
the whole active area.

ElectresiaticPoianal V]

. TDE+DZ

SEE+DZ
4 2E+02
2AE+02
14E+0Z
OOE+DD

Fig.3.7. Snapshot of potential lines at (a) 100 V, (b) 200 V, (c) 450 V and (d) 570 V for ag, Nevice.
Correspondence with curves in Fig.3.6-(a).

ElectrostaticPatential [V]
. 4.0E+02
3.2E+02
2.4E+02
1.6E+02
B.0E+
0.0E+00

Fig.3.8. Snapshot of potential lines at 400 V for (a)# and (b) Ni, structures. Correspondence with
curves in Fig.3.6-(a).
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Aps(ElectricField) [Vem®-1]

- 2.0E+05

1.6E+05
1.2E+05

l 8.BE+04
. 4.8E+04
1.0E+04

Fig.3.9. Snapshot of the electric field distribution at % 10° A for (a) Py, and (b) Nich. Correspondence
with curves in Fig.3.6-(a).

*  Snapback in avalanche conditions

The device performance at very high current is not relevant since the device will
be already destroyed due to the high current density values. As detailed in Appendix B,
the simulatedy-Vys curves are normally scaled taking into account that the current is
homogeneously distributed in the whole active area, as fdii@ curves inFig.3.6.
The snapback occurs at a current level in the range of 700 A, which is physically
impossible to be achieved. Therefore, if the current is focalized in a small region of the
device, the current density flowing through that region would be even much higher than
de current density at 700°ATherefore, thés-Vgs curve should be rescaled. For instance,
if the current is focalized in the periphery of the device, the curve should be scaled for
the corresponding area and the resultant curve is like the one plottedsim As
derived, the snapback current level is in the range of 1 A when the current is focalized.

10'¢
—e— Prich
0| |—=— Optimum CB
2(\ 10 —a— Nrich
10"t
600 7 900

00 800
V. (V)

Fig.3.10. Isothermal simulated -V curves of an UItIMOS transistor, scaled taking into account that the
current is focalized in the device periphery.
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It is worth to say that a first Negative Differential resistance (NDR) branch is
sometimes present for certain CB conditions (see.11). This effect is induced by
changes on the electric field distribution in the device active area and it can be
destructive if the current cannot be properly re-distributed in the dévidevertheless,
this effect cannot be further studied since simulations are just a qualitative tool to
describe the current distribution on the 2D half-cell of the active area, without taking
into account the 3D nature of the device. Moreover, no measurements can show this
type of behaviour.

—e— Prich
—a— Optimum CB

102 —a— Nrich

10"

<

10™

1%00 700. . 800 900

V (V)

Fig.3.11. Isothermal simulated 4-Vgs curves of the UItIMOS transistor for different CB conditions. All the
curves are scaled by the whole active area.

Snapshots of the electron current density are taken at the current levels where the
last snapback takes place, accordingida.6. As shown irnFig.3.12, above 800 A théy-
Vgs curves go into snapback since the parasitic bipolar transist@P,g)/Nink) is
activated. This snapback effect is independent of the CB condition and it happened
when the potential in thep,R/N" junction reaches th¥y; (built-in potential) value,
forward biasing this junction. Org.3.12the electron current density in the top region of
a half cell of the active area is plotted at different current levels. The gate is at the left
side of each picture and the horizontal line in the middle-bottom of the trench gate
corresponds to thepRy/Niink junction. It can be deducted frony.3.12-(b)to Fig.3.12-(c)
that the main electron current flux moves from tigsPpiiar path to the RVPyoqy/Nepi
path when the total current is increased. The NDR branch starts at 689 A, leading to the
device destruction. The electrical behaviour at low current levels depending on the CB
condition and a detailed bipolar activation study can be found in Chapters 4 and 5.

Fig.3.12. Snapshot of the simulated electron current density at (a) 50 A, (b) 172 A, (c) 689 A and (d) 3000
A
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3.2.1.2. Impact of the main technological parameters

The effect of the main technological parameters on the electrical behaviour of
the UItiIMOS structure is presented in this section. The studied parametsi®akéq
andVry, since they are strongly dependent on the changes in the technological process.
The study is basically performed with TCAD simulations (technological and electrical
simulations) to see how the electrical performance of the device changes both in the
active area and in the periphery/edge termination regions. To know more about how the
TCAD simulations are performed, see Appendix B.

Specific On-Resistance (s2..)

ThesR,, value is used to quantify the conduction losses in a device with certain
area, and it is measuredlgt 10 A when the drain voltage is swept from 0 to 20 V at
Vg=10 V. As already stated, the electrons flow in the on-state regime through,the N
and the Niar regions. Therefore, th&R,, value basically depends on the resistivity of
the two regions (seeig.3.4), decreasing with the total length of the resistive electron
current path. Different parameters can be tuned to optimiseRhevalue: the N
length (layout optimisation), the;\ dose and depth and the,N. For instance, if the
device cell pitchf) is reduced, the Nk region becomes smaller and the required area
for the device with the same current capability decreases, thisR$hgalue can be
decreased. This effect is shownrig.3.13-(b), where differenp values are plotted. On
the other hand, if the f\k region was not present, the current would flow through the N
epi 10 reach the pliar and as a consequence, 8, would be highly increased (see
Fig.3.13-(a) where no Ny is present in the simulated structure). When thg I
implemented, thesR,, value saturates as the implanted dose is increased, as shown in
Fig.3.13 This is because the contribution of thgN\starts to be lower than the influence
of the Nuiar resistance, but the fact that the area remains the same is also important.

The Nepi concentration has no influence on &, since the on-state current
does not flow through that region (see3.14-(a). An increase of the §,.enhances the
SRy value, but an increase of théNthickness degrades the total resistance, as shown
in Fig.3.14-(b) since the depth of the SJ trench also increases to be sure that the bottom of
the trench reaches thé' §, forcing the current to flow through more microns @fiN
Finally, an increase of ., has to be compensated by the corresponding increase of
Peonc to accomplish the CB between pillars and the targeigdsalue. However, the
increase of the doping concentration of the pillars is electrically limited by the creation
of an abrupt junction between thg,Nand Roqy layers.
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N, dose(a.u.)
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Fig.3.13. Simulated dependence of (a) theR,, with the N;, dose and (b) zoom of the saturation of the
SRy, value when increasing the iy, dose. On (b) thesR,, for different pis also plotted.
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Fig.3.14. Simulated dependence of th&R,, with the (a) Neyconcentration and (b) Ny thicknesses for
different N cone

*  Breakdown Voltage (V)

The Vg value is typically measured at 250 YA, once the device is already in the
avalanche regime. ThgMalue depends mainly on the doping and thickness of the N-P
pillars, although there are other parameters with a direct impact, as the N
concentration or the SJ trench depth. Mg value for different CB conditions for
structures and SJ trench depths are plottechin1s There is no difference between the
square and circle curves, since both SJ trench reaches’ thebblrate in both cases.
However, when the SJ trench depth is further decreased it does not reach the N
substrate, an N-type layer €)) remains at the bottom of the SJ trenches and a shift on
the CB curve towards the;} side is present ( triangle curvern.3.15).

The Vpq value decreases when increasing thgdNas shown irrig.3.16-(a) The
epitaxial growth of the N-P pillars has to be accurately processed due to the large
variation of theVyy value when the doping concentration of the pillars is slightly
modified. Furthermore, the J). needs to be high to get a low enowgi®,. Note that
the Vg Value saturates with increasing thg,JNfor Optimum CB structures due to the
creation of a high Epeak in the Mia/Poogyjunction (the junction is too abrupt).
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The Ngpi layer thickness has also a huge impact onMhevalue (see-ig.3.16-
(b)). As expected, th¥hq value increases with the' dyl layer thickness when thecdNc
and Ronc are kept constant. This effect is evident for optimum CB devices but;fer N
and Rcn devices thé/yq value saturates due to the bending of the potential lines at the
top or bottom of the SJ pillars (N and R, respectively). As a consequence, e
value is reached at lower voltage values. On the other hand, no degradation on the
voltage capability is found when modifying thg.Nor the B4y concentration, because
both regions become completely depleted at 10-20 V.

900

Il Decreasing trench depth

800 -

V, V)

600 -

() (b)
500 I I —
0,5 1,0
CB(a.u) D

Fig.3.15. (a) Simulated dependence on the depth of the SJ trenches for different CB conditions. (b) Cross-
section of an active cell with reduced SJ trench depth.
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Fig.3.16. Simulated dependence of thé,y value on (a) Nonc and (b) on Neg thickness, for different CB
conditions. All the other parameters are fixed.

Different Nepi concentrations have been used to simulate the active area of the
UItIMOS structure, extracting the correspondMg value. No variation is expected as
deducted fromrig.3.17-(a) It can be concluded that the e concentration has no
relevant impact on th¥,q value in the active area since the contribution of thg té
the CB is just a 3.3%, as already introduced. Vhevariation for different Rqy, and
Niink doses is plotted inig.3.17-(b) For Rich devices the variation is almost zero since the
Er peak is at the bottom of the structure. On the other hapgldBvices show a spread
on Vg values because tHg: peak is at the top. Since the.Nand the Bygy doping
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levels are modified, small changes on the impact ionization values are forced, thus the
Vg Value slightly varies.

900 )
—=—N_1
erl 800}
8oo} —*— N2
——N_3
epi <700}
< 700f 2
3 =°
> 600 600 Nrich Prich
Nrich Prich \ 500
L/ \Ne . . ®)
-1,0 -0,5 0,0 0,5 1,0 -0,5 0,0 0,5
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Fig.3.17. Simulated dependence of thé, value on (a) the N, concentration and (b) the Bog-Njn doses
for different CB conditions.

* 'Threshold voltage (V°w)

The V14 is measured at 250 uA when the drain and gate electrodes are swept
from O to 10 V. The/ry value is targeted at 3.5-4.5V for the UItiMOS transistor, being
basically determined by the,&dy dose, the gate oxide thickness and the channel length.
As shown inFig.3.18-(a) Vry increases with the Ry, dose, but the N« dose has no
influence on thé/ry value. The channel length mainly depends on the depth ofdfie P
diffusion and it is technologically determined by the gate trench architecture. The gate
trench has to reach theg\ layer and it has to be deep enough to be filled even in the
trench ending, where the contact is placed and the trench is wider. Indeed, the trench has
to be properly planarized on its total length. No study has been carried out on the gate
oxide thickness variation, although it is well known that the thicker the oxide, the higher
the Vry”. Notice in thel4-Vy curves plotted irrFig.3.18-(b) that the Vry value does not
depend on the CB condition.

4. 20+
1 Increasing Nip dose 15! i grri(t:irr]numCB
N s —4— Nrich
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Fig.3.18. Simulated dependence of the (&), on the Ryg, and N, doses and (b) simulated-Vy curves

for different CB conditions.
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3.2.2. Edge termination

Different approaches for the edge termination can be used in a Power SJ
MOSFET (e.qg. pillar terminatidfi or oxide box filled"), although a floating guard-ring
terminatiori”**is preferred in the UItiMOS transistor(see cross sectiorigin.19. As
introduced in Chapter 2, a simple guard-ring edge termination is feasible in the
UItIMOS architecture due to the low d\ concentration and the subsequent hgh
value (the physical explanation is detailed later in this section). Two additional masks
on the process flow (see Appendix A for the fabrication process) are used to grow the
Field Oxide (FOX) and to create the floating ringsngRliffusions). Since these steps
are done at the very beginning of the technological process, the SJ structure is not
affected by the long thermal budget used to grow the FOX and to diffuse the rings. It is
of big relevance to realize that the edge termination structure forms basically a PIiN
diode.

LR X LR L]

Active Area
aodinap jo abp3

o
ngl
D«

Fig.3.19. Cross section of a conventional Floating Guard Ring edge termination structure.

The UItiIMOS edge termination surrounds the active area, starting at the outmost
SJ trench. The I\ and Roqy diffusions of the last active cell are enlarged to reach the
first Ping diffusion (seerig.3.20). The region in between the active area and the edge
termination is defined as periphery since it does not act as active area because there is
no SJ trench, no Nnor gate trench, but it neither has the edge termination function of
smothering the electric field. Theyd Nink diffusions of the last active cell are
connected to a Ry diffusion with higher dose than the, R, diffusion to avoid a
premature breakdown at the curvature of thyM epi junction. This first grounded P-
type diffusion is called Grounded Ring (GR), and has to be grounded to take profit of
the floating ring desigfi. All the other P-type rings are floating with a metal on top to
have a good potential distribution all along the ring area. To confirm the IgweaMe
when no GR is present, a layout with no GR is added to the test mask set (referred to
FET10). The GR is not required in a power diode since the dose implanted on the rings
is the same as the dose implanted in the active area of the device. gfstaffasion
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Device description: Edge Termination

in UItIMOS transistor had the same dose as thgthe V14 value would be higher than

the requirements (sincenidg>Poogy). Therefore, an extra parameter is added to the
UItIMOS structure optimization when a floating ring edge termination is used:;the P
dose, setting the location of the peai active area or edge termination. ThggRlose is

also used to tune the edge termination breakdown voltagg) (Without degrading the
active area characteristics. A detailed study on the performance of the designed floating
ring edge termination can be found in Chapter 4.

5 8 8 S

Active Area ! Periphery ! Edge termination

Fig.3.20. Cross section of the UItiMOS last active cells, periphery and edge termination
3.2.2.1. Electrical behaviour

The physics of a floating ring edge termination @sdd on the uniform lateral
electric field distribution to handle the high voltagE&ach ring takes up part of the
lateral voltage between the source contact (at ground) and the edge of the device, where
the so-called channel stopper is placed, and hence shapes the lateral electric field. The
channel stopper is an’Nliffusion at the very edge of the device and it is normally
implemented by using the same mask as thg br the N layers (highly doped).
Therefore the channel stopper is biased close to the drain voltage (e.g. at 600V) since it
is directly implanted on the N layer. At the same time that tig is being laterally
distributed over the ring termination, a vertical electric field between each P-type ring
and the N drain builds up. The interaction between both electric field distributions will
determine the p4 value of the device.

The number of rings is chosen during the optimization of the edge termination.
The simulated cross-section of the 8 ring edge termination of an UItiMOS structure is
drawn in Fig.3.21-(b) Last microns of the active area are included for the sake of
accuracy. The isothermal and non-isotherlgddys curves of an 8 ring edge termination
are shown irrig.3.21-(a) where thevyq value is in the range of 675 V. On the same plot,
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CHAPTER 3: UItiMOS structure

different measured curves are added to see the accuracy that is reached by TCAD
simulations”.

The evolution of the vertical and latedgt when the current is increased is
plotted inFig.3.22. The vertical kis taken at the GR region, where it is maximal, while
the lateralEr is plotted along the Silicon surface. The latdfalexhibits the typical
peaks located at the right edge of eam@gPln the performed simulations, k10 nA
the device is already in avalanche and both vertical and |&gerade with the current
(seerig.3.29). At higher current levels, the- can be slightly increased, as shown in the
vertical Er cuts onFig.3.22-(b) (from 1x10° to 0.17 A), creating a Positive Differential
Resistance (PDR) branch. On the other hand, the ld&eral not increasing with the
current after the impact ionisation starts, as deductedfrpar2-(a)

If the current is further increased, the charge induced by the impact ionisation

becomes higher than the background doping of the Ihlyerm’l?. Thus, the voltage is
reduced with increasing the current, creating an NDR branch. This phenomenon was
reported for the first time by Ega\}\faAs shown inFig.3.22-(b) (1.3 A), there is a huge
increase of th&r value at the top and bottom of theNayer, while there is a decrease

in the Er value in the whole centre region of this layer. As inferred from the electric
field snapshots shown irFig.3.23 from simulations, the electric field is not
homogeneously distributed at high current level as it happens at lower current levels.
The higher electric field is mainly located in the GR region, where the resistance of the
current path from ground to high voltage is minimal. This effect leads to the well-
known current focalization in that area and the device is destroyedlue the huge
amount of current density. This effect in normally not desired in an edge termination,
where the electric field needs to be homogeneously distributed on the whole edge
termination area to get the highest voltage capability.

[EEY
o
-

——TLP
—e— |sothermal
—— Non-Isothermal
—e— EMMI

= [FET tester

oy

=
<
fiN

!Drain

500 600 700 800

V(V)
Fig.3.21. Simulated (isothermal and non-isothermal) and measured (TLP, EMMI, FET testeif}-
Vgys curves corresponding to an 8 ring edge termination structure. Current levels are marked for
correlation with Eg cuts reported inFig.3.23 and Fig.3.22.
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Fig.3.22. Lateral Er distribution at 10 nA and 1.3 A and vertical Eg distribution at 10 nA, 0.17 A
and 1.3 A for the edge termination with the-V curve reported on Fig.3.22.
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Fig.3.23. Snapshots of the simulated electric field distribution at 10 nA (left) and 1.3 A (right) for an
8 ring edge termination structure.

P 6

3.2.2.2. Impact of the main technological parameters

As in all edge termination designs, there are different parameters to tune to get
the maximum voltage capability The spacing between ringé#) and the width\(y})
of each ring have to be optimised to obtain the desired smooth lateral electric field
distribution which leads to the maximuM,y value (seeFig.3.24 for parameter
correspondence). There are two main ways to optimis&thendW, values: varying
the spacing between rings and the width of the rings or keeping both parameters

constant for the whole edge termination aréowever, it is assessed by Briejg?ahat

the optimum design is reached following the second approx. The selected optimized
UItiMOS edge termination is implemented with 8'@pprox.) or 6 (?’ approx.) rings,

using the same silicon area in both cases. The resultMig curves for both structures

with the same Ry dose are plotted inig.3.25 A similar Vg value is reached in both
cases but lower than the ideal value which is extracted from the 1D simulation. As
expected, the 1¥yq value is higher than the 2D one since no junction curvatures are
considered with no potential lines bending and the subsequent reduction/gf ta&ue.

The first measurements and simulations reported on Chapter 4 are performed on the 8
rings edge termination structure to assess that the electrical performance is the same for
both designs. However, the main results on the thesis are extracted from devices with 6
ring edge termination structure.
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Fig.3.25. 1D and 2D simulated 4-V¢s curves. 2D simulations are for PiN diodes with the 6 and 8
rings edge termination structures shown on Fig.3.24.

As already introduced, a GR is needed to do not degradé.halue'. If the
highly doped GR would not beplemented, the gy implant should be used for the rings,
with the subsequent increase of consumed area due to the shallower and lower doped
diffusion in comparison with the;R diffusion. However, the optimization of the edge
termination region does not concern this thesis since the layout was already defined and
optimized. InFig.3.26the cross sections of the structures with and without GR are drawn. The
comparison on th¥yy value for devices in the same wafer with-without GR is provided on
Fig.3.27-(b) where it can be inferred that tMgq value is always higher when the GR is
present. This is because the potential lines are more crowded in the curvature,gf, the P
region when the GR is not present. The Bose has to be tuned to get the highest possible
Via Value on this termination structure. Thus, the dependence dhdivalue on the By

dose is plotted iRig.3.28.
S iS Si
N link

GR No GR
(@) (b)

Fig.3.26. Cross section of a structure (a) with and (b) without GR.

S
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Fig.3.27. (a) Comparison of the measure¥,q values corresponding to a PiN diode with and without
GR at the edge of the active area. (b) Schema of where the measurements are done in the wafer.
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Fig.3.28. Dependence of th¥yy value on the R,y dose.

The peaks of the laterg} distribution are uniform along the rings at the optimal
Ping dose, as shown irg.3.29-(a) leading to the highest voltage capability. On the other
hand, the laterdEr distribution exhibits a peak at the outmost ring for highy Boses
while the peak is at the end of the active area for lgyy #oses. In both cases, the
unbalanced laterdtr first tries to balance with the increase of the avalanche current
level, leading to a more uniform distribution of the electric field over the rings, as
observed irFig.3.29-right. However, before reaching a balanced lat&abistribution,
the vertical electric field collapses and the negative resistance effect takes place (as
shown inFig.3.22-right).

3x10°

3x10° (a) —=— Low Pring Dose " (b)
—e— Optimum Pring Dose e |= N
—— High Pring Dose
2x10° 6
E 2
(&] w
; (i]
4 o1x10°
0 1 1 1 1
0,0 0,2 0,4 0,6 0,8 1,0

X (a.u.)
Fig.3.29. Lateral E¢ distribution at 7 mA for (a) different P,y doses and for (b) a high Ry dose at
different current levels.
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CHAPTER 3: UItiMOS structure

The Nepi thickness has to be also tuned to reach Wiglvalues. If the N layer
is thicker, the verticaEr can be further increased before going into snapback due to the
Egawa effect. The effect of the ) thickness on th¥y,q value of the edge termination
is plotted in Fig.3.30 Note that if the Npi thickness is increased, the electrical
performance of the active area will be affected; increasiny/ghand thesR,, values
(seerig.3.16-(b)andFig.3.14-(b). On the other hand, if the'dy concentration is increased,
the Vg value is reduced to values out of the target. In the active area this would be
translated in a shift in thé,CB curve since majority carriers are introduced. With the
standard Ny doping concentration, the contribution of this region to the CB is just a
3.3%, but if the dose is increased, the percentage will be also increased.

1000

900

Vig (V)

800

0.8 1,0
N, thickness(a.u.)
o]

Fig.3.30. Simulated dependence of thé,q value on the N, thickness and concentration, being the
concentrations Nepil<Nepi2<Nepi3.

3.3. Experimental techniques to determine CB

condition

During the development of the thesis, two techniques to determine the CB value
of a fabricated SJ transistor have been set up. The first technique was discovered while
performing UIS measurements on different CB conditions, using different measurement
systems, located at different sites: when the gate is switched off, one system grounds the
gate but the second system applies -10 V to the gate. Different results\Gy tiakue,
depending on the gate off-state bias, were found for devices that should behave
identically (seerig.3.31) and, as a consequence, a study to dig into the root cause was
performed. The second technique was investigated during the study of the depletion
behaviour of the UItiMOS active area depending on the CB condition and it is based on
the evolution of theC,, curve. As it is shown in section 3.3.2, tGg curve is highly
dependent on the CB condition.
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Fig.3.31. Measured, Vs, Vys curves from a UIS pulse on an Ny, device with the gate going to (a) -
10 V and (b) to 0 V at switch off.

3.3.1. Negative gate voltage effect on the UliMOS
transistors

The experimental data plotted fimy.3.32-(a)is derived from conventiondj-Vgys
curves at differenVys values. Thevpy values are taken at 100 pA wifys values set to
0, -5 and -10 V in the off-state. Note that the voltage capability decreases when a
negative Ys value is applied in the off-state fogdN transistors. On the contrary, thgqsV
value does not show any dependence on the CBifeistPuctures. TCAD simulations
(see Fig.3.32-(b) are performed to be able to find the root cause of the different
behaviour depending on the CB condition. The main difference between the electrical
behaviour for the two structures is that the maximuynstt the bottom of the SJ trench
for the R¢n structure whereas it is at the gate bottom/top of the SJ trench forighe N
case, as it has been already showrndrs.o.

800
a
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< 700t S
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> =" 700
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500~ . — : "
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Fig.3.32. (a) Measured and (b) simulatel,y values at 100 pA in UltiMOS transistors with different
CB conditions for V-0, -5, -10 V.
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The simulatedy-Vgys curves in the off-state for an SJ MOSFET structure are
plotted inFig.3.33 At low avalanche current levels the voltage capability is strongly
influenced by the applied off-state gate voltage. Vhevalue decreases with the gate
voltage from 790 to 660 V when thgs varies from O to —10 V, respectively. At high
avalanche current levelk; & 100 A) theEr peak is at the gate corner region for &gy
value and théy-Vys shape is no longer dependent on the off-state gate conditions. It is
worth to analyse the potential and electric field distribution in the Silicon to understand
the -Vys behaviour.

As shown in Fig.3.34-(a) at low avalanche current regime, the potential
distribution in the vicinity of the trench gate region depends on the apgjiadalue.
The potential lines are crowded at the bottom of the trench gate for négatredues,
at an avalanche current level of 3 A, thus leading to a reduction drpd¢value. The
electric field distribution is also modified by the applied off-state gate voltage, as
depicted inFig.3.34-(b) TheEr peak at the corner of the gate trench increases when the
gate voltage shifts towards negative values in the analyggdstductures, where the
maximumEg values are found at the top of the SJ trench, much closer to the gate trench
than in the R, counterparts.

10* Nricn Structure
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Fig.3.33. Simulated |4-Vys off-state characteristics for an N, device at different Vys values
(indicated in Fig.3.32).
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Fig.3.34. Snapshots on the potential (a) and: (b) distributions for an Ny, device at differentVye
values atl4=3 A. The snapshots are taken at the gate trench corner.
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In the case of R, structures, the maximuig- is located at the bottom of the SJ
trench and, as a consequence, the off-Matealue will not enhance the focalization of
the current at the gate trench corner since the electric field value and the inherent carrier
generation due to impact ionisation are much lower than the corresponding values
obtained at the bottom of the SJ trench. Therefore, more avalanche current is needed to
have a higher value at the trench gate bottom and ¥ige value is independent of the
applied negative gate voltage in thgnPpart of the graph. The relation betwedp
value and CB conditions plotted iy.3.32is in agreement with the explained behaviour
of the E distribution inside the Silicon volume.

Finally, a planar gate SJ transistor has been simulated to corroborate that the
difference in ¥4 values comes from the trench gate architecture. The structure presented
on Fig.3.35-(a)has been simulated with the SDE editor, adding two high doped pillars (P
and N-type), a Ray layer where the channel is formed, and a shalldwdiffusion to
implement the source of the MOSFET. The architecture and the doses of the simulated
device are extracted from a reference CoolM®&irticle’. The Vg value of the
simulated planar gate structure for different CB conditions Wheis swept from O to -

10 is plotted inFig.3.35-(b) TheVyq value does not depend on tig value even when
the devices are j (since the curves are overlapped).
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Fig.3.35. (a) Cross-section of the simulated SJ MOSFET with planar gate. (b) Simulategy values
for different CB conditions when the Vs is negatively swept in a planar gate MOSFET.

It is worth to mention that although thégqy variation effect has been studied,
there is no concern on the SJ MOSFET behaviour in real applications\gnce
always set from 10 V to 0 V, with the eventual negative gate voltage values coming
from switching transients, as observed in Qg curve provided irnFig.3.31-(b) As a
conclusion, the experimentahy values at different/ys conditions are a simple and
direct way to know which is the CB condition of fabricated trench gate SJ MOSFET
transistors, although measurements on other fabricated SJ MOSFETSs should be done to
corroborate this statement.
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3.3.2. Depletion behaviour and Ci-Vi, / Ca-Va. curves

The depletion behaviour of the UItIMOS structure basn analysed from TCAD
simulations for three different CB conditionsic Nichn and Optimum CB. Two main
junctions are depleted when a positive drain bias is applgg/Np« (J1) and P-N pillar
(J2) (seeig.3.39. On the same figurell andl1 corresponds to the depletion width and the
extension of the depletion, respectively, of junction J1 when the device is in the 6ff-state
On the other handl2 andl2 correspond to the same parameters for junction J2. Th€§etal
capacitance can be seen as the addition of the J1 and J2 junction capacitances. Each junction
capacitance value can be deduced fram with the suitabld andd values. In the same
way, Cyqis the capacitance seen from the gate when the drain is positively biased. Thus, the
total capacitance depends on the potential lines crowding at the gate bottom-side.

Ea.1)

Fig.3.36. Cross section of a half cell indicating the main junctions and distances.

Cga andCys exhibit an initial decrease at low applied drain Pi&s 15 V), as shown
in the simulated gVus (left) and Gq-Vas (right) curves plotted ong. 3.37 For the Optimum
CB case, theC4sVys curve exhibits a minimum before reachivig=10 V and the drain
voltage at which th€ys suddenly drops is higher than that of thg,ldnd Rc, counterparts.
This effect is not visible fo€yssince it only depends on the top layers of the structure, not
varying with the CB. The value where t@g; slope is maximal is referred ®gncn and it is
calculated by the maximum value on the f#¥/)*Cys curve(seerig. 3. 35°*. The Gsdrop is
basically due to the expansion of the vertical and horizontal depletion regions infg,the N
layer, as a consequence of the high doped regions. Nevertheless, the expansion of the
depletion region into the B layer depends on the CB between the pillars, as reported later
in this section. The i, device exhibits a drop of th&;s at a loweNs value since the fast
depletion of the P-type pillar makes the depletion region reach the oxide fast€Wae
curve decreases further as the device goes towards a positive CB yglubl@gce that this
drop is in excess of 5 decades for thg €ase.
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Fig. 3.37. Simulated (a)CqsVgs and (b) CyqVgs curves for different CB conditions.
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Fig. 3. 38: Extraction ofVncn from an experimental Cys-Vgys curve. In this caseVpin=8.8 V.

TCAD simulations are performed according to the defined splits for fabrication
tests on UItiIMOS transistors, and the simulation results are compared with the
experimental electrical performance to ensure accurate simulation resuitse shows
the comparison between experimental and simul@g®ys (2) and Cyq-Vys (b) curves
for different CB conditions. It can be observed that the experimental curve shape is very
well replicated by the simulated one. It can be assessed that the measured device has a
CB between 0 and 10% (thus, slightly{p since the measureti-Vgs curve fits in the
middle of the other two curves.
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Fig.3.39. Comparison between experimental and simulated (&ysVqsand (b) CysVgs curves. The x

axes on (b) is in log scale.
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Simulations on the same planar gate SJ MOSFET presentedsias have been
performed to prove that th&,q value increase is not depending on the gate architecture
(trench or planar). Th&y+-Vgs curve is anyway depending on the CB condition,
decreasing th€yq drop as increasing the as shown irFig.3.40 The Cy¢-Vys Curve
(equivalent tdC,;) has been checked on the datasheet of a device with a planar gate (see
Fig.3.41 captured from IPx60R190C6 part from CoolM®™§ and there is a slightly
increase of (s with the \4s value, what means that the selected devicgds P

10_16 " 1 " 1 " 1 " ]
50 100 150 200
Vi, V)

Fig.3.40. SimulatedCysVgscurves for different CB conditions in a planar gate SJ MOSFET.
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|T|f| neon IPxBOR1G0CE

Eilectrical characteristics disgrams
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[ ] 130 na 3 L] 2] L]
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| C=fiVps) Vios=0V: foi MHz

Fig.3.41. Capacitance values for the CoolMOY' C6. Adapted from the IPx60R190C6 datasheet.
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Depletion behaviour

The snapshots presented in this section have been obtained from the capacitive
simulations at th&/ys values where both gand Cyq suddenly drop (between 0 and 20
V). The white lines in the captured snapshots delimit the extension of the depletion
region of the main junctions. Snapshots of the potential distribution as a function of the
drain voltage are also plotted to full understand @y capacitive behaviour for
different CB condition. It is easier to understand the depletion process with the help of
Eg.1 and the capacitive curves analysis, shownrian3.37. From Fig.3.43 Fig.3.44 and
Fig.3.450ne can observe thateaches the maximum value from the very beginning for
both J1 and J2 junctions. Therefore, the drop on the capacitive curves dependslon the
and d2 increase. Once the top of the N-type pillar and thg 8iffusion are already
depleted, the Ny region becomes depleted due to the P-type pillar andythgd®nor
compensation. At high drain voltage values (100 V)Ghevalue is the same for all the
CB conditions since the structure is completely depleted for all of them.
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Fig.3.42. SimulatedCysVys curves for different CB conditions.

The expansion of the depletion process of both P and N-type pillars for the
Optimum CB caseis completely symmetrical, as inferred fromy.3.42 The fully
depletion of the N-type pillar at the region close to thg Niffusion can be observed
when the drain bias reaches the 5-6 V range and both depletion regions merge (see top
of the structure imrig.3.49. If the drain voltage is further increased, the depletion region
reaches the trench oxide in the right edge of the plotted structure. At that voltage, the
drop in the capacitive curves starts. Once the depletion reachesgtheedion, the
depleted area is accelerated as a consequence of théjpdopNing concentration. The
d value in J1 and J2 is already maximal at 25 V, leading to the minimum pdSgible
value.

When the device i, the depleted region does not reach the trench oxide
until a high drain voltage value is applied since more donors are needed to compensate
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the total charge of the P column. It can be envisaged from the snapshots.©fthat

the Nink diffusion and the N column are depleted as the drain potential increases and the
N'epi layer becomes completely depleted before the extension of the depletion region
reaches the trench oxide. As a consequenc&;tharop is not so sharp since the lateral
depletion through the P column is not completed, thus the d value is not maximal.

As in the previous cases, fdkicn devicesthe Roqy region helps to deplete the
Niink diffusion which becomes fully depleted before the N-type pillar starts depleting,
and that is when the vertical depletion betwegfyRnd Nepi also starts. The merging
of the vertical and lateral depletion regions as deducted from4a At that voltage,
with also the depletion getting to the trench oxide, the drop iIC§hes present, since
the maximal d can be taken into account in the top region of fjag N

) wnwundg

Fig.3.44. Depletion in a B, SJ Trench structure. X and Y are not drawn to scale.
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Fig.3.46. Depletion zoom in the gate region in angy, SJ Trench structure. X and Y are not drawn
to scale.
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Fig.3.47. SimulatedCqysVgs curves for different CB conditions.

The potential distribution in the UItiMOS structure has to be taken into account
to study the evolution of th€ysVgs curves. Since different CB condition leads to a very
different shape of th€yq-Vys curves, the snapshots of the potential distribution fgf N
and R, devices are plotted irig.3.48Fig.3.42 The bottom region of the UItiMOS
structure is also plotted due to variations on the potential distribution with the applied
drain bias on that region, for the.fPcase. On the other hand, the bottom of thg N
devices is not plotted since no difference on behaviour was found. The region under the
gate is rapidly depleted at low drain bias, leading to the potential lines spacing.
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The first decrease of th&y, curve is due to the fast depletion on the gate region.
This effect is exactly the same for both:Nand R, CB conditions (see capture at 6 V
in Fig.3.48Fig.3.49. When the device is [\, the potential lines are crowded at the
bottom of the trench gate with increasing the voltage (40-70 V). Therefor&yghe
value does not exhibit a huge decrease (just 1 decade), even at vevysvalues, due
to the crowding of the potential lines close to the garethe case of R, devices, the
potential lines crowd at the bottom of the structure wherVthes increased. Th€yq
Vys Value drops enormously at low drain voltages (0-10 V) since no crowding of the
potential lines is present close to the gate trench. However, at the 30-40 V range, the
crowding of the potential lines at the bottom of the structure starts to increase from the
bottom to the top, leading to an increase of@ygvalue. See that the P-type pillar is
still being depleted at that voltage range. Normally, at very high voltages (600 V), the
Cya would be the same for all the CB conditions.

o

| == i

Fig.3.48. Potential distribution in an N, SJ Trench structure at increasingVgs X and Y are not
drawn to scale.

Bz Iroshatic Pofential V]
EXei il

| e+l

Fig.3.49. Potential distribution in a R, SJ Trench structure at increasingVgs X and Y are not
drawn to scale.
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Capacitance dependence on different parameters

The Cy4sVys simulated curves for different (M at CB=10% are plotted in
Fig.3.50 The capacitance curve shifts to the right when increasing dhe $ince more
potential is needed to deplete the same area in comparison with the IgyecasSe.
The shape of all curves is the same since B also proportionally increased (same
CB for all of them). The experimental and simulatgglc, values as a function of the
Nconc are also plotted imig.3.50 The mismatch between simulated and measugggh
values, depending on thedy, is a direct consequence of the loweggNobtained in the
fabricated transistors. Nevertheless, Yhgc, value increases with the:]Nc and, since
Vpq increases when decreasing thg.N(seerig.3.16), a trade-off between {hc andVpg
has to be set, taking into account that a low,Neads to a higsR,, value. The CB is
set to 10% instead of 0%, since not just the pillars but thgrigion have to be also
depleted, thus more P is needed to contribute in the counter doping.
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Fig.3.50. SimulatedCysVys curves for different Neone (being Nl the lower level and N, 6 the
higher). The squares correspond td/pinen Simulated and measured values for different Ny level
(left axis).

The relation betweeWyinch andVyg is shown inFig.3.51-(a) where the performed
measurements on transistors fabricated with differepi.Bhd CB values are plotted.
From this graph it can be concluded that the Myyc, values lead to high voltage
capability. The evolution 0€4s@25 V, Vpinch and Vg (scaled as/,d/50) over a whole
row in a wafer of UltiMOS transistors is plottedrn.3.51-(b) The wafer was processed
to do not have a uniform CB in the entire surface, corroboratingGh@?25 V is
minimal whenVpy is maximal. It can also be inferred th&fncn is following the Cys
curve since the minimalpMcn corresponds to the maximajqv
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Fig.3.51. (a) Experimental Vyq -Vpinen trade-off for UItiIMOS transistors in the central row of
processed wafers with different None () VoS0, Viinen and Cys@25V for UItIMOS transistors in the
central row of a wafer (right).

34. UltiMOS transistor performance

On this section, a comparison between experimental results obtained with the
most common test techniques for SJ power MOSFETs (ME/MI, Trench fill and
UItIMOS) is provided. It is discussed why the electrical performance is not the same for
all the SJ power MOSFET architectures. The section is divided in two parts: study of
the conduction and switching losses and robustness measured under the UIS and
Reverse Recovery tests.

3.4.1. Conduction and Switching Losses

o  Conduction losses

The Vpe-Ron FOM for power transistors implemented with the different
technologies described in Chapter 2, including the UItiMOS transistor are plotted in
Fig.3.53, where transistors rated at a current range of 16 to 23 A are included, with the
corresponding range d®,, values due to the different active area. g of the
UltiIMOS transistor exhibits the loweR%, value since the cell pitch is not limited by the
process technology and a thin high doped N-type pillar can be implemented. The
Infineon transistor withr,, =0.165Q is rated to 23 A. However, th&, value would be
in the range of 0.22 for a device rated at 20 A. On the other hand,SMedevice is
rated at 20 A, with &, value of 0.132, very close to the UItiMOS transistor since the
trench fill technique is used to implement the SJ MOSFET.
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Fig.3.52. VyeRon FOM for commercial SJ power MOSFETs. Adapted from the commercial
datasheet.

* Switching losses

As introduced, theQy and Qqq (gate-drain charge) relevant parameters when
designing power MOSFETSs for high frequenéy{ MHz) applications. A low gate
charge value improves the switching performance but degrades the di/dt control at turn-
off (seereverse recovely’. The simulated/ys-Qq curve for an UItIMOS transistor at
[.=9.5 A andVys=480 V is plotted inFig. 3.53-(a) The Qqgq corresponds t€ss, which
depends on the applidls value and has a direct impact on the switching characteristics.
Due to the fast depletion of the UItiMOS transistor, @g curve exhibits a drop at a
drain voltage in the range of 10 V (see. 3.53-(b). On the other hand, th&,ssis also
required to be minimal since the energy stored in the output capacitance is dissipated in
the device every turn-on process.
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Fig.3.53. (a) SimulatedVysQgfor an UItIMOS transistor with 14 = 9.5 A, T2= 25 °C and/q=480V (right).
(b) Typical experimental behaviour of UItiMOS capacitances.

1
Vds (V)

The Qq evolution withVys for the UItiMOS, the ME/MI and the Trench filled SJ
MOSFETSs is plotted orig.3.54-(a) The curves corresponding to the Trench fill and
UlItiMOS are similar due to the gate trench architecture. On the other hand, the ME/MI
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counterpart has a planar gateesulting in a higheQqq value. The comparison of the

Ciss curves for the UItiMOS and the Trench fill SJ MOSFET is plottedidrs.54-(b)

Notice that the capacitance decreases at lower drain voltage in the UltiMOS case. This
is basically due to the use of a low doping concentration of thg layer and the
presence of the oxide inside the SJ trenches, which allows a fast depletion of the device
active area. Conversely, the Trench fill SJ MOSFET needs a higher doping
concentration (higher than théshlayer concentration) in the N-type pillar to get a low

Ron, leading to slower device depletion and higher capacitive values, as inferred from
the Toshiba values reportediimle 2.2
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Fig.3.54. (a) Qq evolution for the three SJ MOSFET architectures with } = 9.5 A, T2= 25 °C and
V4=480V. (b) G evolution for UItiMOS and Trench filled SJ MOSFETS.

Parameters On Semiconductor UItiMOS)

Ron () 0.12
Qg (nC) 41
Qgs (NC) 9.4
Qga (NC) 14

Ron- Qg (MQ2NC) 4920
Ciss (pF) 1860-1949
Coss(PF) 247-358
Ciss(pF) 1.9-34

Table.3.1. Capacitive and charge values for UItiMOS, where the capacitances are measured at 25 V
and the charge at 480 V. For the values of commercial SJ MOSFETSs refer to Table.2.2.

It can be concluded that the smaller Bg- Qg or Ryn-Qga FOM, the better the
switching performance since the total losses will be lower. FrorR#€, FOM point
of view, the Toshiba transistor is the best (see.56), with a similar performance than
the UItiIMOS counterpart. ThBon: (EontEor) FOM, whereE,, and Eo are the energy
dissipated during the turn-on and the turn-off process, respectively, is a useful to
determine the switching performance of a given power transistor. The meksyaed
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Eott values at different switching frequencies for UlItiMOS transistors are plotted in
Fig.3.57. Measures are performed at 300 V (as detailed in appendix B) and compared
with other commercial SJ MOSFETs (being UltIMOS=XCB, Fairchild=FCP,
Infineon=IPA and STMicroelectronics= STF). It can be observed that he |&emtd

Eot values are reached in the UItiMOS case, in accordance with the excellent
performance of the UItiIMOS transistor presentedrin3.56 A similar switching
behaviour can be achieved by the Toshiba counterpart (but no data is available).
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OToshiba-DT2
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0 100 200 300 400
Ron (MQ)

Fig. 3. 55:Q-Ron FOM for the UltiIMOS transistor and different commercial SJ MOSFET.

—HB— FCPF22N60NT

& i v —6— IPAGOR190C6
0 107 —— STF23N MEIND
—+— XCBT5F09

Eon (uJ)
m
Eon (uJ)

—B— FCPF22N6ONT
10F —o— IPABOR190CE
—— STF23NMBOND
—=— XCBT5F09 . . . . i . .
" 200 prm 70 250 200 =0 20 50 100 150 200 250 300 350 200
frequency (kHz)

frequency (kHz)

Fig. 3. 56: (a)Eqn and (b) Eqgr evolution with the frequency at 300 V, whergs=4 A, Vg=12 V andRg=10Q.
Courtesy of KUL.

3.4.2. Robustness

Different destructive mechanisms can be found in real operating conditions,
when the power MOSFET is driven to the limits of its safe operating area: thermal
breakdown, dynamic avalanche, overvoltage and the parasitic bipolar actitafios
thermal breakdown happens when the device temperature is high enough to
dramatically increase th (intrinsic carrier density) value. The intrinsic temperature
(Tin) is defined as the value whareequals the background doping of thg,Nayer (Np
in Fig.3.57) and its dependence on tNg value is plotted irFig.3.57. Assuming that the
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Vg Value increases with the temperature, the region where the avalanche takes place
will move to the coolest part of the power transistor. Afterwards, whemtiereached,

the current filamentation and the subsequent device thermal destruction will occur
provided a cooling mechanism is implemented®n the other hand, the avalanche
destruction (overvoltage) concerns the failures when a spike voltage due to stray
inductance or the current from a load in switching operation exceeds the drain rated
voltage”. A robust power MOSFET with high avalanche capability needs the
breakdown to occur in the Silicon volurfie Another condition to avoid these failures

is that negative differential resistance (NDR) branches have to be avoided

GO0

10% 10" 10 10" 10 10"
Mp[em-3)

Fig. 3. 57: Evolution ofT;, versus background doping concentration. Adapted froffy.

Two robustness tests are usually aplied to power MOSFETS: reverse recovery
and UIS. The first is used to determine if a device can handle a fast switching under
extreme conditions and it is described with (time that the device needs to recover
from the current peak) and the Charge to be removed before switching the device on
again). Te reverse recovery is performed to ensure a good performance when a transient
event takes place. The UIS test quantifies the energy that the device can handle. The
results of both tests are normally detailed in the first page of the datasheet of a power
MOSFET, hinting on their importance.

*  Reverse recovery

Thel(t) curve for a Reverse Recovery test performed in an UItiMOS transistor is
plotted in Fig.3.59-(a) (test conditions detailed in Appendix B),where tiieand t2
correspond to the fall time and the rise time, respectively. The total time2)(is
knownT,”. Thelgrrmis the peak reverse current to be handled by the transistor during a
reverse recovery test. The waveforms of the reverse recovery process for UltiMOS,
ME/MI and Trench filed SJ MOSFETs are plotted finy.3.59-(by The UItIMOS
transistor exhibits the lowdgrryvalue and the shortetl time in comparison with the
other SJ MOSFET counterparts. However, the UltiM@Sime is slightly higher than
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the Trench fill SJ MOSFET due to the lowgp\ concentration. Anyway, the ME/MI
technology leads to a high, value (545 ns) in comparison with tfg values obtained

for the trench fill SJ MOSFET (380 ns) and UItiMOS transistor (378 ns). Note that the
Qr is lower in the UItiIMOS, again due to thé;)concentration (seeable.3.2 for the
exact values). Normally, a steepdfdt is not desired since it implies hard switching.
The introduction of an N-type buffer layer can be used to have softer recovery
characteristics?’. However, this leads to a slower switching performance with an
increased t2.

20 th |t 20 UltiMOS
101 10 L ME/MI
— TrenchFill
< of e B .
- ST
-lO r _§ -
20 |
20+
30 |
-30r IRRM 40
500 0 500 1000 -500-400-300-200-100 0 100 200 300 400 500 600
t(ns) Trr (ns)

Fig.3.58. Measured reverse recovery for (a) UItiMOS and (b) for three different techniques, &=20A,
di/dt=100 A/ps andVys=480 V.

On Semiconductor UItiMOS)
T (NS) 378
Qr (UC) 3.6
I rem (A) 35.7

Table.3.2. T,;, Q; and Ilgrry for UltiIMOS. For the values of commercial SJ] MOSFETs refer to
Table.2.4.

*  Unclamped Inductive Switching

The UIS test consists on the discharge of the energy stored in an inductor
directly on the power transistor in the off-state. An typledicurve during an UIS test
for an UItIMOS transistor is plotted ing.3.52 Notice that when the discharge of the
inductor through the internal diode starts (current starts to decrease), the voltage
increases up to a value even higher tharMevalue due to self-heating effeGtsvhile
the current is still high. At that moment, the power dissipated through the device can be
in the range of 6-7 kW (depends on the UIS circuit set-up). With such high power
values, if the current is not properly distributed in the whole area of the device, a
thermal destruction will occur. It is worth to say that, due to the low dodiayeFG,
Tin is in the range of 200°C for an UltiMOS transistor.
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t(us)

Fig.3.59. Measured UIS-V curves for an UItiIMOS transistor, with [4=2 A, L=10mH andVy=50 V.

The results of the UIS test performed on the first UItiMOS transistors at wafer
level with different CB conditions are plotted mg.3.6a The spread on the CB
conditions is needed to ensure a good robustness for a wide enough CB window. The
plotted Vg and Eas values are average data for 150 devices per wafer. The voltage
capability obtained in the first UltiMOS layout was 550 V, with a maximum at 570 V
for the optimum CB value. However, to get into the target Mhevalue needs to be
higher than 650 V. The energy capability was in the range of 400-450 mJfor P
devices, and it decreases to almost zero for Optimum CB aggd cNunterparts.
Although the UIS test performed onPdevices exhibited an energy capability upon
the minimum required value (350 mJ), it should be further increased to have enough
margin to ensure the targeted value in all the fabricated devices. On the other hand, the
robustness for the Optimum andicNCB conditions had to be definitely improved.
Thus, the cause of the low current capability for a quite significant CB range needs
to be found and the maximum Es value must be increased.
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Fig.3.60. Measuredv,qand Exs average data for different CB conditions
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CHAPTER 4

Edge Termination study

The edge termination of UItiMOS transistors is studied in
detail in this section since failures were located in that region
for certain CB condition. It is demonstrated that the
avalanche process location and avalanche voltage can be
varied with tuning different technological parameters of the
implementation process of the transistors. Different
measurement techniques and TCAD simulations are used to
investigate the cause of failures on the edge termination
region. Finally, a more robust termination is optimized for the
UItIMOS transistors and the updated electrical performance
for the optimized are presented.

4.1. Introduction

The failure spots captured on the first fabricated UItiMOS transistors during the
UIS test were all located in the edge termination/periphery regionsi{see (a) where
the corner of the GR is blown up due to the heating effect. Therefore, a detailed analysis
and optimisation of this region has to be performed to enhance the robustness of the
UltiMOS transistor.

A first study to confirm the breakdown location was done using a neydese
value (PringDosel), which is lower than the reference PringDose?2 value. Different CB
conditions are implemented with the PringDosel and the comparison \&fyinerage
values is shown irFig.4.1-(b). The maximumVyg value for the RyDose2 transistors is
found at a more R, CB value than for the PringDosel, as indicated with the lines
corresponding to the expected trend. These results clearly indicate that although the
avalanche starts in the periphery of the device, there is a slight interaction between the
implantation dose of the edge termination rings and the CB condition of each UltiMOS

transistor. The voltage capability of the edge termination has to be significantly
increased to shift the initial avalanche point to the active area, avoiding a premature

device failure at the corners of the edge termination. In fact, the active area is larger
than the edge termination area, leading to a much higher energy capability when the
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device is driven to avalanche. In this sense, the use of a thiGkdajer or an increase

of its doping concentration will provide a higher voltage capability of the edge
termination region. However, the electrical performance of the active area will change if
a different Nep; layer is used. For instance, a thickégNvould increase theR,, value,

as it has been studied in Chapter 3 (see.15-(b). A second option to optimize the

edge termination structure is the correct choice of thgd®se to reach the higheiy

value. This was the selected option since it did not require any change in the active area
properties, as detailed in section 4.3.
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Fig.4.1. (a) Failure spot in the edge termination region. (b) Measured,, average value for different
Ping doses and different CB condition. The expected trend of théy, is indicated with the dashed
lines.

The optimization of the main electrical characteristics of an UltiMOS transistor
is difficult to be achieved by correlating experimental data/gnsR,, capacitances,
etc. since a lot of geometrical and technological parameters are influencing these values.
As a consequence, it was decided to implement a simple planar diode without the deep
SJ trench to study the edge termination region Kgee?). Almost all the critical steps
used in the standard UItiMOS process technology are not performed. The fabrication
process starts with the d§ growth and the Termination Module followed by thgqf
and Nnx implants. All steps until the Contacts Module are skipped, according to the
process flow described in Appendix A. Contact, Metallization and Passivation Modules
remain the same.
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Fig.4.2. Cross section of the last microns of the e area, periphery and edge-termination of a

planar diode

The fabricated device has two main regions that can be seen as two PiN diodes
connected in parallel: the diode inherent to the periphery/edge termination, surrounding

64



CHAPTER 4: Edge Termination study

the active area and formed by thgdPNep/N*suplayers, and the diode of the active area,
which is constituted by the,Ry/Nin/N ep/Nsu layers. The avalanche will never start
simultaneously in the RyNepi and RBog/Nink junctions since different doping
concentration and depths are used to implement thg &nd Rng diffusions. The
architecture of the two PiN diodes leads to the possibility to force the breakdown to take
place in one of two regions: periphery or edge termination. The device cannot break in
the active area since thg.R/Niink junction is completely flat (ideal 1D breakdown) and

its Vg value will always be higher than that of the junction curvature at the periphery
region. As a consequence, tBevalue in the periphery will always be higher than that

of the active area due to the equipotential lines crowding at the junction cufvature
Therefore, the avalanche process can start in the corners of the active area (due to the
curvature of the RBaq/Nink junction) or in the periphery/edge termination area,
depending on the f value. Small variations can make the avalanche fluctuate from
one region to the other.

4.2. Breakdown location: Active area or Edge Termination

Two different N, doses have been considered for this study, bejnd fN;ink2,
while all the other parameters are kept constant in the fabricated planar diodes. The
simulatedl-V curves of the two planar diodes with differentNdoses are plotted in
Fig.4.3-(a)and theEr snapshots at different current levels for the simulated structures are
plotted inFig.4.4. The simulations are scaled to the area of the corners of the structure
since the EMMI images performed on a planar diode show that this is the region where
the avalanche starts (see).4.3-(b). When a low Ny value is used (N«l), the
avalanche process starts in the last ring of the edge termination, but it becomes higher in
the GR when the current is increased since the current will flow from ground to the high
voltage (drain) through the shortest and less resistive path. On the other hand, when a
high Ninx value is considered (2), the avalanche process starts in the edge of the
active area since th¥,q value of the active aredAQAM,y) is lower than that of the
termination TVhg) (red curve irrig.4.3). At a certain current level, the impact ionisation
in the active area rises as a consequence of the generated heat. Therefotéd),the
value becomes higher than th¥&,4 one, leading to the shift of the avalanche location
from the active area to the periphery, as shown onEthenapshots performed at
1.5x10° A to 5x10° A. Thel-V curves for the two Ny values merge when the vertical
Er in the GR region dominates, as it can be deduced from the snapshot taken at 1.3 A.
However, the NDR branch is differently induced, depending on ghedsdse, when the
current is further increased. The active area takes the current for,tRechlse, whereas
for the Ninkl case the current remains in the periphery, as inferred on the snapshots
taken at 5.3 A. As a consequence, the two curves are slightly different at high
current levels when the NDR is present. It is worth to notice that for thé& base the
electric field at low current is laterally distributed along the whole edge termination
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width, but also a vertical electric field is created at the same time in the GR region. On
the opposite, when 2 is used, the edge termination has lower electric field values
than those of the active area at high current, meaning that the edge termination does not
play any role when a high;j is used.
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Fig.4.3. (a) Simulatedl-V curves for different N;,x dose values in an 8 ring edge termination
structure, being Niw1<N;x2. (b) EMMI image taken at 1;=5 mA on a planar diode shows the
avalanche at the cornerslto |5 in the I-V curve indicate the current levels at which the snapshots
of Fig.4.4 are taken.

TR .

Lateral

Fig.4.4.Er snapshots for an 8 ring edge termination structure with (a) N¢1 and (b) N2, taken at
different |4 1.5x10°, 5x10°, 6.4x107, 1.6x10" and 1.3 A (top to bottom for both Ny doses).
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EMMI measurements have been performed on fabricated diodes with the 8 ring
edge termination to corroborate the dependence of the avalanche location grcthe N
dose. The EMMI images at different current levels for devices Adilhq < TVog (Niink2)
are shown irrig.4.5. The avalanche process clearly starts in the corner of the active area
and the GR takes the current when A#,4 value becomes higher than the,q one.
Conversely to the simulation results, the last shift of the current to the active area is not
visible since the real device will be destroyed since, at that current level, the NDR
branch on thé-V characteristic is already present. On the other hand, the low current
image for the device implemented with,AL shows the avalanche in the outer part of
the last ring of the edge termination while at higher current the maximum avalanche is
in the GR (se€ig.4.6). These results are in good agreement with the TCAD simulations.

Fig.4.5. EMMI images of an 8 ring edge termination tbde with TVpy> AAV,q(Njink2). The current
levels are (a) 8, (b) 18, (c) 24 and (d) 32 mA.

Fig.4.6. EMMI pictures for an 8 ring termination with TV,q> AAVyq (N;inc 1), taken at (a) 13 pA and
(b) 2 mA.

To find the cause of the failures in the edge termination (see section 4.3),
simulations and measurements are performed usipgl Mlose to be sure that the
critical Er is located out of the active area. One could conclude that ugipg fdr the
final UItiMOS transistor would force the impact ionisation to start in the active area,
thus solving the problem. Unfortunately, this is not true since the impact ionisation
starts at the edge of the active area, in the curvature oftéJNy junction and the
current is not properly distributed in the active area. Furthermore, the addition of the SJ

trenches to the planar diode changes the electric field distribution in the active area
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4.3. Failures in the Edge Termination

Once the Nk value is already set in the planar diode to ensure the location of
the initial avalanche point in the edge termination, Ttkig; value has to be increased to
enhance the robustness of the final device. It has been reported in the literature that the
design of the edge of the active area can influence on the destruction current limit of the

PiN diodé. Anyhow, the R,y dose has a direct effect on tWgy value and its tuning

does not require any layout variation. Thus different wafers of planar diodes were
processed with different;R doses, while all other parameters are kept constant.7

shows the measured and simulatggle¥olution as a function of,iR dose together with

the failure rate. The failure rate is an optimum FOM to correlate the robustness of the
structure with the current level that the device can handle, which is calculated based on
the device failures at 100 pA (during tig test). This is a preliminary test at very low
current, but the real device needs to handle much higher currents during the required
UIS test. In our case, 14 devices identically processed on gacspht are measured to
determine the failure rate. A high failure rate indicates that most of the structures were
not able to handle large avalanche current values. The simulated values are plotted on
the same graph to be able to validate the behaviour from the reported simulations. A
Ping dose in the range of 10 a.u. exhibits a high failure rate buVgheeaches its
maximum at that dose, as expected from the simuMggdalues. Unfortunately, the
highestVpg values were not statistically measured since most of the devices had already
failed at the current level used to sense the voltage capability.
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Fig.4.7. Simulated and measured dependence of thMgy value on the R, dose. Measured values
correspond to theV,q average. Failure rate is based on thé,y measurements.

Diode structures with different;Ry dose have been simulated to investigate the
cause of the high failure rate for certain values. The simulatéaurves for three
different Riny dose values are plotted mg.4.6 where the corresponding snapback
current (snap Vvalues are pointed with an arrow. Notice that H\é curve with the
highestVyq value (optimal R,y dose) corresponds to the lowégt, value, leading to a
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reduction of the diode robustness. However, a non-optimg@ dbse leads to a
reduction of the voltage capability but to a much highgg value, in correlation with
experimental results shown irg.4.7. All the I-V curves are overlapped after the
snapback since the maximum impact ionisation moves to the GR region at high current
levels in all the cases. The lateral electric field distribution is uniform along the edge
termination at the optimal,R dose value, as shown iiny.4.9-(a) leading to the highest
voltage capability at the cost of a premature snapback effect. As introduced in Chapter 3,
the Isnap Value is due to the Egawa effect when thg;Noncentration becomes lower
than the charge induced by the avalanche prfl)c@ls the other hand, the lateral
electric field distribution exhibits a peak at the last ring of the edge termination for
higher R,q doses while the peak is at the periphery for lawy Boses. In both cases, the
lateral electric field distribution becomes more balanced with the increase of the
avalanche current level, leading to a more uniform distribution over the rings, as shown
in Fig.4.9-(b). Therefore, thé-V curves for the non-optimal cases show a PDR branch at
certain current level, before the last NDR branch. Anyway, in the non-optimal cases, the
vertical electric field collapses and the negative resistance effect takes place before
reaching a balanced lateral electric field distribution (see 23-(b).
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Fig.4.8. Simulated-V curves for different P,y doses.
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Fig.4.9. (a) Lateral electric field distribution at 7 mA for different P,y doses. (b) Lateral electric
field distribution for the high P,y dose at different current levels.
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In conclusion, a robust guard-ring edge termination structure can be achieved by
optimising the trade-off between the voltage capability and the snapback current level.
The maximum Y value is reached at the optimumfdose, but a sharp decrease in the
shapback current is found due to the Egawa effect in the edge termination area. As a
consequence, devices with optimal;g dose are not robustAs deducted fromig.4.g,
the snapback current level can be increased by almost 4 decades when apdeseP
is used. Thus, a robust edge termination can be implemented by using a non-optimal
Ping dose or by postponing the NDR branch (making the Egawa effect happen at higher
current levels). A method to postpone the NDR branch could be to increaséghe N
concentration as shown ig.4.10 In this sense, thkns, would increase with the B
concentration since more charge to be depleted would be available iRdhaydr and
the Egawa effect would happen at a higher current level. HoweveNtheould
become too low for the device requirements since as echincentration increases,
the \fq decreases.
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Fig.4.10. Dependence of th¥pg and | 5,4 0N the Neg doping concentration

4.4. How to avoid early failures in the edge termination:
postpone the NDR branch

The early failure due to the low robustness of the edge termination needs to be
solved by optimising the PiN diode of the edge terminatigAg(f e,/N*). The PIiN
diode of the active area is not relevant since the UItiMOS active area will be formed by
the SJ pillars and, as a consequence, the off-state behaviour of the active area will not be
based on the PIN diode approach (a triangular electric field distribution due to the
avalanche of the IN«/Poody junction). A rectangular vertical electric field distribution
will be created in the UItiIMOS transistor with a higher voltage capability than the
simple PiN diode.

The two main approaches to postpone the NDR branch to higher current levels
are suggested in the literature to increase the robustness of planar high voltage diodes.
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CHAPTER 4: Edge Termination study

Assuming that the Egawa effect is the reason of the device failures at low current levels,
a way to postpone the electric field collapse needs to be introduced. Chen proposed
Boron islands implanted at the bottom of th‘@pil‘ﬂlegion5 (seerig.4.11-(a). The blocking
capability it is no longer determined by the doping concentration but by the free carriers.
Boron islands are implemented to inject as many holes as necessary to compensate the
free electrons, which is the basics of the CIBH (controlled injection of backside holes)
method. As for the process flow, a few microns of the,Nayer are grown on the

N*sup followed by a photolithography step to locally implant the Boron. Then, the rest of
the Nepi layer is grown. The diffusion of the Boron islands is carried out during the high
temperature epitaxial layer growth step. On the other hand, Lutz suggested an
intermediate N-type buffer @N) layer to be grown in between thésly and the N

Iayers7, as shown irrig.4.11-(b) In a PiN diode, th&r peak is located at the’JN/N*sub
interface but, when thep layer is introduced, thEr peak is shifted to the Ny/Npus
interface. Therefore, the- can be further increased due to the charge introduced by the
Npuit layer. In® there are 3D electrical field snapshots taken from the simulation of an
edge termination structure, showing the different behaviour with or withgutdyer.
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Fig.4.11. Schematic concepts on Planar PiN diodes from literature, being (a) CIBH and (b),/N
layer.

The floating Boron islands are not compatible with the process technology of the
UItiIMOS transistor. Therefore, anpld layer is introduced in the planar diode under
study to be able to assess the good performance of the PIiN diode inherent to the

UltiMOS edge termination The Nbuff layer is easy to be introduced in the UltiMOS
process flow (see cross sectiorrin4.19). An extra epitaxial layer growth is required in
between the N, and the Ny layers, which can be done at the same process step as the
N'epi growth (additional time and different doping concentration) with no additional
mask and reduced extra cost. The simulat®dcurves for the termination with and
without N, layer are plotted irrig.4.13 which are scaled to the perimeter of the
structure, since the device is supposed to have the highest impact ionisation in that
region. The difference in the structures is the differegy; Myer characteristics. The' N

epi Of the structure without f\ is different than the one used in combination with the
Nput layer. As a consequence, highéyy value is reached without s layer. The
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How to avoid early failures in the edge termination

vertical electric field distributions taken at the edge of the GR (corresponding to the cut
in Fig.4.19) at different current levels are plottedrin.4.14 As shown from 6.38%0 to
1.67x10" A in Fig.4.13 thel-V curve shows a PDR branch for the PiN diodes withs N
layer, because the vertical electric field penetrates into this layeFi(see4-(b). The

NDR is present at high current levels even if thggNayer is introduced but thigap

value increases 5 decades (more visible if the axis dftheurves is plotted in linear
scale). Theshaplevels are indicated by the arrows in the same plot for botburkes.
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Fig.4.12. Cross-section of the edge of the active area, periphery and beginning of the edge
termination for the studied planar diode (a) without and (b) with N,y layer.
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Fig.4.13. Simulated isothermal-V curves showing the effect of an Ny layer for identical P;,y dose.
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Fig.4.14. Vertical electric field distributions at different current levels indicated in Fig.4.13, at A
and B locations according to Fig.4.12, (a) withouNpys layer and (b) with Npy¢ layer.
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The Ny layerlayer is optimized to be able to get a higky, with no changes
on the Ngp; doping concentration to not degrade the voltage capability-(see0). The
thickness and the doping concentration of thg;Myer layer have been tuned by using
TCAD simulations and the results are shownrin4.15 Three different W« layer
concentrations were used to perform the study. The numbers in percentage denote the
fraction of the Ny« layer thickness versus the complete,MNpi thickness. The total
thickness (Nepi + Nourr) is kept constant in all cases since the final structure has to have
the same electrical performance and no degradation oERpeor Vpq values are
accepted (to be able to use the same SJ trench depth in all cases). As spotted from
Fig.4.15 the Vpq value decreases when increasing thg:Mayer thickness, because the
N’epi thickness is decreased and thgitoncentration is in all cases higher than that of
the Nepi layer. On the other hand, thg,, value increases with thepld concentration,

since more current is needed to completely deplete the Iab/er7. When the Ny

thickness is decreased, neither Yiggnor thelsnap values are depending anymore on the
Npuit dose since the B\ layer depletes faster in all cases.
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Fig.4.15. Simulatedlsn,, versus edge terminationVyg for three different Ny, concentrations. The
percentages in the figure denote the N,/Ny.« layer ratio.

The improvement on the failure current when thggNayer is introduced is
corroborated with the TLP measurements performed on the planar diode structure with
and without Ny layer, as shown inig.4.16-(a) The failure current for the device with
Nput layer is considerably high, in the range of 6 A, and an NDR branch is visible in the
I-V curve in the range of 4-5 A (Egawa effect), but the device failure is postponed by
the Ny layer. In the conventional PiN diode structure withoygsNayer almost no
current is handled by the device when measured under TLP test. When the device fails
at a current level in the range of the TLP noise, one can see the load of the liné on the
V curves (see Appendix B). All the PiN diodes with,MNayer were able to handle the
100 pA of theVp,g measurement set-up without failing since the implemeniggddese
was not the optimum one but 50% lower. The UIS test was performed on these devices
(20 per split) and the results are reportediint.16-(b) In this case, Ngl and Nyx2
account for two M.w/N'epi layer thicknesses. Auge increase on UIS current capability
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due to the PDR branch is obtained in all the devices with yer, not failing until

they are stressed at 10-11 A. On the other hand, devices withgutaixer, can handle

just 1-2 A. The difference between the TLP and UIS results can be attributed to the
power limitation of the TLP system (Appendix B). Finally, simulations performed on
the structure with Ny layer show that theR dose can be increased to reach a higher
Vg Value with the same B doping concentration and thickness when compared with
the structure without N« layer. Anyhow, if the optimum Ry dose is reached, early
failures in the edge termination would be induced again due to the Egawa effect. The
chosen edge termination parameters are those which §igevalue in the range of 750

V with a snapback current in the range of 9-10 A. These values are comparable with
those obtained in the structures with,Nlayer measured under TLP and reported in
Fig.4.16-(a) The Nygl case of the UIS measurements plottediin:.16-(b) provides a

high enoughvyq value to accomplish the required specifications and albigivalue to

avoid premature failures in the edge termination area.
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Fig.4.16. (a) TLP measurements on devices with and withoM, layer at the optimum Ry,4 dose.

A and B denote two different measured devices with the same characteristics. (b) Measured UIS
data showing the boost in avalanche energy capability with the introduction of any\: layer. For
devices with N layer, two different N'gp/Npyi thicknesses are used (1 and Nyyi2).
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Fig.4.17. Simulated dependence of thé, on the Rj,y dose for planar diodes with and without Ny
layer.

As a conclusionit is proven that the early failure is due to the non-robust
edge termination. An optimized edge termination has been designed for the
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UltiMOS transistor, introducing an Ny layer. Anyhow, it is necessary to see how
the active area behaves after the introduction of the [Byer.

4.5. UltiMOS after edge termination optimization

The robustness of the UItiMOS transistor was checked through UIS test once the
Npust layer was introduced (see cross sectioriint.18-(a). The measurefas andVpg
values for different CB conditions are shownFin.4.18-(b), where it can be observed
how the UIS capability is still low for a wide range of CB conditions (Optimum CB and
Niich). The voltage capability when the CB condition of the UItiMOS transistor is close
to the optimum is in the range of 750 V, higher than the value obtained witggut N
layer. In fact, the CB window where th&q value remains almost constant is wide
(arrow inFig.4.18-(b), compared with the typicl,¢-CB curve of a SJ transistor where
the \bq values reach a maximum, and rapidly decrease at both sides of the Optimum CB.
The maximum energy capability fordg UItiMOS transistors is now in the range of 700
mJ (limited by the system), 300 mJ higher than the UIS capability of the initial
measurements performed on UItiMOS transistors withgut Idyer reported irrig.3.63
It is worth to mention that thEas value remains low at the;N side of theEasCB
curve, even when thé,q value is already decreasing (see circleiin.18-(b). A slight
increase of the measurégds value for UItiMOS transistors with a highyN value can
be inferred inFig.4.18-(b) being an indicator of the prominent increase ofEERevalue
with the Nicn condition, although devices with highid\ values were not processed on
this first study.
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Fig.4.18. (a) Cross section of the UltiMOS active areal/periphery/edge termination with the, M
layer for the enhancement of the edge termination robustness. (b) Measurdyy and E,s average
values for different CB conditions on the improved UItiMOS transistors with N layer.

As already stated, the reverse recovery test is a complementary way to determine
the robustness of a power MOSFET. In this sense, the test was performed on Optimum
CB UItiMOS transistors to check the weak points of the layout, using as hard switching
conditions I4= 20 A and di/dt= 200 A/us. The image after the failure is provided in
Fig.4.19 Note that the failure spot is in the corner of the device, but further analysis is
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UItiM OS after edge termination optimization

needed to determine the exact location since the failure signature is too big to take
premature conclusions; the failure could even be in the active area region.

Fig.4.19. Failure spot after a T, test, located in the corner of the edge termination region.

The increase of the UIS capability in.PUItIMOS transistors clearly shows that
the performance of the active area is also affected by the adgdelayér. Therefore, a
detailed analysis of the electrical performance of UltiMOS transistors whengpthe N
layer is introduced has to be done before keep on the study of the failure causes.

« Effect of the N« layer on the electrical performance of the Active Area

Thelg-Vgs curves for UItiIMOS transistors with different CB conditionsigNand
Pricn), Without and with Ny« layer are plotted irig.4.20-(a)andFig.4.20-(b), respectively.
See that, as in the edge termination structure, the introduction of,ghéaier induces
a PDR branch before the structure goes into the final NDR branch and the subsequent
device failure. The final NDR branch appears independently of thg Myer
implementation due to the activation of the parasitic bipolar (a more detailed
explanation can be found in section 5.2).
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Fig.4.20. Simulated! +-Vg4s curves for Ny, Optimum CB and P, UItIMOS transistors (a) without
and (b) with N layer.

From the performed simulations, it can be learned that the electrical performance
of UItiIMOS transistors with Optimum CB condition is a combination of the electrical
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performance of Ny and Re, counterparts. The electric field distribution snapshots
taken at %10’ A for the three different CB conditions are showrrin4.21. The Eg

peak for Nich and Ren cases is at the top and bottom of the SJ pillars, respectively. In
the case of Optimum CB transistors, thepeak appears simultaneously at the top and
bottom of the SJ pillars. The vertical electric field cuts plotteddn.22 are taken in the
middle of the SJ trench, in between the PN pillars for UItiMOS structures with and
without Nyyilayer (Nich and Rcn CB conditions). In all cases, there is@Bnpeak at the

top of the structure caused by the P-type implant performed to conneckdthe P
diffusion and the P-pillar layer, which is further studied in Chapter 6. The Optimum CB
case is not plotted since it is very difficult to achieve a perfect CB between the pillars
and the vertical electric field distribution has to be perfectly flat. Thereforegqhe
always balanced at the top or at the bottom of the structure.

Optimurn
Nrich CB Prich

Fig.4.21. SimulatedEgr distribution for (a) N, (b) Optimum CB and (c) Ri, devices taken at
3x107 A.

As already stated in Chapter 3, the final NDR branch in the UItiMOS structures
without Nyyi layer is induced by the activation of the parasitic bipolar transistor. It is
worth to remind that intermediate NDR branches can occur when the current is re-
distributed in the structure. A decrease of the electric field in the middle of ¢he N
layer can be observed at high current levels (from 10 to 200 A). On the other hand,
when the Ny« layer is introduced, the electric field exhibits also a drop in the middle of
the Nepi layer at high current levels, but it can be further increased due to the depletion
of the Ny layer, less doped than the'dy, inducing the PDR branch. The simulated
electric field cuts corroborate the- peak at the bottom of thB,., structures, as
expected from the SJ theé?yThe small NDR branch exhibited in th@Vgys curves
corresponding to R, structures Kig.4.20) is a direct consequence of the electric field
increase at the bottom of the SJ trench before the |&lyer is depleted and the current
can be distributed over the bottom of the active area region. Thus, a NDR is induced
when the drain current is increased, before the electric field penetrates intg,¢he N
layer. The simulated electric field cuts at different current levelblfgy structures with
and without N layer show thdeg peak at the top of the structure. When a decrease of
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the electric field appears in the middle of thg,Nayer, the maximum impact ionisation
region moves from the top to the bottom of the structure. Thus, a PDR branchgn the
Vgs curve is possible due to the penetration of the electric field intodixdayer.
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Fig.4.22. Vertical Er distributions at different current levels according to Fig.4.20 at the active area

of a P,y UItIMOS transistor (a) without and (b) with N, UItiIMOS transistor (c) without and (d)
with N putt |ayer.

SR. and V' of the device with an Nu«layer

As expected, the on-state characteristics of the UItiMOS transistor are affected
by the addition of the ¢ layer. ThesR,, value increases with the SJ trench depth.
When the Ny layer is added, the bottom of the SJ trench reaches dkenstead of
penetrating directly into the N, (See cross section ing.4.29. As a consequence, the
sRy, value will increase since the doping concentration of thg Myer is lower than
that of the Ns,» The measuredR,, values at different current levels for UItiMOS
transistors with and withoutgy; layer are plotted irig.4.24-(a) The reportedR,, data
is obtained at wafer level. TheR,, value measured on packaged devices with proper
metals and soldering procedure at the back side of the device and several wires bonded
on the drain pads is slightly decreased. The on-state performance could be enhanced by
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increasing the doping concentration or decreasing the thickness ofpihdaler.
However, the W layer characteristics are already fixed by the optimization of the edge
termination. The smal#iR,, increase is the cost to be paid in order to have a robust edge
termination. The ¥, value does not depend on thgMNayer, as shown in the simulated
l4-Vg curves inFig.4.24-(b) TheVry value basically depends on the doping concentration
and depth of thedgyy diffusion.
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Fig.4.23. Cross section of the active area of an UItiMOS transistor (a) with and (b) withoutyl\
layer.
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Fig.4.24. (a) MeasuredR,, values at different current levels and (b) simulatedy-V, curves, for the
UltiIMOS transistors with and without N layer.

The averageé/,q and failure current during the UIS test values at different CB
conditions are plotted inig.4.25 for UItIMOS transistors with and withoutpl layer.
The structure with Mg layer has some extra microns to increase \thevalue by
regulating the electric field distribution at the bottom of the SJ trench. Moreover, the N
epi dose is slightly lower than in the structure withoytNayer, further increasing the
Vpq Value. The shift of th¥q in both cases indicated that the amount of charges on the
Nepi for the structure without f\ layer is larger than the amount of charges of thg N
plus the Ny« layer in the structure with thepl layer. Thus, more P-type charges are
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needed in the epitaxial NIP grown in the structure withayt Myer to be in the [,
side of the CB window. It can be inferred that, unfortunately, the miniEagwalue is
not increased for Optimum CB devices even when the [Blyer is introduced.
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Fig.4.25. Comparison of measured/yq and Exs values under the UIS test values at different CB
conditions for the enhanced UItiMOS transistors with and without N layer.

4.6. Conclusions

The spot location of the failures after UIS tests lead to the improvement of the
edge termination robustness with the introduction of thgx Nayer. The edge
termination robustness has been improved as demonstrated by simulation and
experimental results on planar diodes. New measurements were performed on UltiMOS
transistors with the Ny layer optimized for enhancing tHes, value and the UIS
capability of the edge termination. The results showed an improvement in the case of
Pich transistors (with a doubl&as value) but the energy capability is still low for
Optimum CB and N, counterparts. Therefore, a further investigation is needed taking
into account the electric field distribution inside the active area. In the next chapters, the
structures under study always include thgxNayer optimized to enhance thga}value
of the edge termination.
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CHAPTER 5

Active Area study

The active area of the UItiMOS transistors is studied in depth
to comprehend the current distribution over the device when
a UIS test is performed. The aim of the work is to know
which is the weakest region of the device, to avoid premature
failures for a certain CB condition. Different structures
derived from the UItiMOS are studied to understand the
failures due to the parasitic bipolar activation, which depends
on the CB condition.

d5.1. Introduction

Although the robustness of the P UItIMOS transistors is slightly improved
with the addition of the MNs layer optimized for the edge termination, as showndn.
25, a further improvement is needed to have the wide enough CB manufacturability
window to go into the market. The failure spot of an UItiMOS transistor with lidyer
(Fig.4. 19 is located in the corner of the active area. On the contrary, the failure spot was
placed in the edge termination when thgNayer was not yet introduced into the
structure €ig.4. 1). Thus, the periphery of the active area, the interface between the PiN
diode of the edge termination and the active area SJ trenches, has to be carefully
analysed to design a reliable UItiMOS transistor since the electric field distribution
changes in that region from a 2D (edge termination PiN diode) to a 3D nature (the SJ
structure). The layout of the structure has also been carefully checked, taking into
account the possible activation of the parasitic bipolar transistor at certain regions of the
structure. In the following subsections, the activation of the parasitic bipolar transistor is
described and the different basic structures derived from the UItiMOS architecture are
analysed, showing the electric field distribution over the active area and its impact on
the device robustness. The different structures and the aim of their study are:

* UMOS (section 5.3.1):
0 Current distribution.
o Bipolar transistor activation
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o Gate impact.
» SJ Diode (section 1.1.1):
o Differences on electrical behaviour for different CB conditions.
o Current distribution.
* SJ Diode with gate (section 1.1.1):
o Differences on electrical behaviour for different CB conditions.
o Current distribution.
o Gate impact.
» SJ Bipolar (section 5.3.3):
o Differences on electrical behaviour for different CB conditions.
o Bipolar transistor activation.
o Current distribution.
o Impact of technological process steps on the parasitic bipolar transistor
activation.

9.2. Parasitic Bipolar Transistor activation

The introduction of the Mg layer in the UItiMOS structure causes a PDR
branch in thdy-Vys curve at a drain current in the range of 100 A, as deducted from
simulations. The basic effect is that the electric field distribution does not depend
anymore on the CB condition at high current levels andl#\&s curves of all the
implemented UItiMOS structures merge at that current range-(gee). At very high
current levels (600 A) the activation of the parasitic vertical bipolar transistor structure
defined by the N source (Emitter)/ Bay (Base)/Nnk/N epi (Collector) induces the final
and destructive snapback in theVys curve (see schematic ig.5.2). However, the
parasitic bipolar transistor activates at much lower current level whenpthdaler is
not implemented (10 A) (see difference on khg, value in the simulatety-Vys curves
from Fig.5.7). It is assumed in both cases that the whole active area is conducting the
avalanche current as derived from the different thermal mappings.

To assess that the final snapback is due to the activation of the parasitic bipolar
transistor, simulations with the source contact split into two independent contacts for
Poody and N diffusions are performed. The body and source simulated currents as a
function of the drain current for the three different CB conditions are plotted. .

The simulation is performed to qualitative describe the bipolar activation. The drain
voltage is set to 0.5 V and the body electrode is swept from 0 to 0.5 V, emulating a
source of electrons on theoR, layer, close to the Ndiffusion, that will activate the
parasitic bipolar transistor. Notice that fy.5.3 there is a slope change in the body
current at a certain current level. This change is a hint of the non-negligible current that
flows through the source contact, meaning that the bipolar transistor is activated.
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Afterwards, the source current (bipolar emitter) overcomes the base current (bipolar
base), corroborating the activation of the parasitic bipolar at high current levels

—=&— Prich .
—e—Optimum CB|  +*" 7~ il
102 . Nl’iCh ...... ..
10™ -
< PDR induced by

the Ny layer

)

600 70 800 900

Fig.5.1. Simulatedl 4-Vgs curves for Nic,, Optimum CB and P;¢, UItiIMOS basic cell structures. The
curves are scaled by the total active area.

Fig.5.2. Cross section of the parasitic BJT inherent to the UItiMOS structure, formed by the N
source/ Rogy /Niink/N'epilayers.
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Fig.5.3. Body (o) and Source [sourcd CUrrents as a function of the drain current level.

The parasitic bipolar activation does not depend on the CB condition of the
UItIMOS structure (thépogylds andlsourcelds curves with different CB are overlapped).
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Parasitic Bipolar Transistor Activation

In order to determine how prone to the parasitic bipolar transistor activation inherent to
the UItIMOS transistor is, and how its activation can be avoided, different basic
structures are analysed. It is important to remind that the drain current values used in the
previous sections are directly derived from th&/ys simulated curves, assuming that

the whole active area is carrying the current. A drain current of 100 A will never be
possible since the device would be already destroyed, even assuming a conduction in
the whole active area (see Chapter 3). However, when the current focalization is present,
the simulated current levels decrease and become in accordance with the experimental
results, as detailed in the next section.

9.3.  Basic structures analysis

The first implemented structure is the conventional trench power MOS transistor
(UMOS transistor) using the same technological process steps as in the UItiMOS
transistor, except the formation of the SJ trenches. The resulting structure is similar to
the planar diode described in section 4.1 with the inclusion of the trench gate arid the N
source diffusion. The current distribution over the device and the activation of the
parasitic bipolar transistor inherent to the UMOS structure are investigated. The electric
field distribution in the active area and in the edge termination is identical with a
triangular shape of the vertical electric field, being its maximum located at the top of the
structure. The second studied structure includes the SJ pillars but not the gate trench nor
the N source diffusion (seeig.5.4-(a). The resultingSJ Diodeis used to determine
how the current distribution changes in the device when the SJ pillars are added. Since
no N’ diffusion is implemented, there is no possible bipolar transistor activation in the
SJ Diode. Finally, the Ndiffusion is added to the SJ Diode to emulat®JaBipolar
transistor (seerig.5.4-(b), and the current distribution over the device is again
investigated. From this structure, the parasitic bipolar transistor activation is easily
studied by tuning the technological parameters at the top of the structure.

AutomaticVpq measurements and the failure current during the UISIigsa( a
wafer level are first performed in all the fabricated basic structures. Experimental results
are compared with the simulated values to be sure that the electrical behaviour of the
basic structures can be properly described with TCAD simulations. Thermal Mapping is
performed during the UIS test on the different basic structures to monitor the current
distribution of the structure. EMMI images are also taken in all the studied structures to
confirm the maximum impact ionisation location in each case. TIM measurements are
performed on UItiMOS transistors to see the activation region of the devices under TLP
pulses and prove the assessments derived from the analysis of the UMOS, SJ Diode and
SJ Bipolar structures. Finally EMMI, thermal mapping and TLP measurements are also
performed on the UItiIMOS transistors with different CB conditions to confirm the
statements on the electrical behaviour derived from the previous studied structures.
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Thus, a large amount of experimental results are used to analyse the cause of the low
current capability for certain CB conditions.

S S S o S 8 008 o

Fig.5.4. Cross sections of (a) SJ Diode and (b) SJ Bipolar transistor.

3.3.1. Trench MOSFET (UMOS)

As introduced, the UMOS transistor is similar to the planar diode studied in
section 4.1, with the addition of the shallow Bburce diffusion and the trench gate
steps in the technological process (see schematit.ié-(a). The investigation on
UMOS transistors is performed due to the similar electric field distributiongin N
UltiMOS and UMOS transistors with thg: peak located at the top of the structure: at
the top of the SJ trench and at the corner of the gate trenchfdIMOS transistors
and at the top of I, and in the gate trench corner for UMOS transistors. Thus, the
fabricated UMOS transistors are used to check if the device weakness comes from the
gate architecture, since the gate trench causes an electric field crowding at the trench
bottom corners as confirmed from previous experiments (section 3.3.1). Moreover, the
UMOS structure can also be used to investigate if the parasitic vertical bipolar transistor
(N*/Pyoay/Niink/N epi layers) is activated at low current values.

The simulated isothermaj-Vys curve for an UMOS transistor is plotted in

Fig.5.5 The automatically measured,qy values at different current levels and the
isothermal simulatedy-Vys curve of the edge termination are also plotted in the same
figure. Note that the simulategVys curve of the UMOS active area is very close to the
measured/yq values at different current levels. From the behaviour of both isothermal
l4-Vgs curves, it can be inferred that the avalanche process starts in the active area of the
device and, in the range of 20-30 A, the current shifts to the edge termination due to the
presence of the NDR branch induced by the Egawa effect in that region. This behaviour
can be demonstrated by TCAD simulations but no experiments have been performed at
such high current range due to the power limitation of the measurement systems. No
self-heating is considered on this structure since the simulations are 2D and it do not
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properly emulate the real device due to the complexity of the current distribution on a
3D structure. Thus, the thermal impedance cannot be easily modelled on the studied
structures.

10%f
o]
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Fig.5.5. Simulated|4Vys curves for the active area of the UMOS structure, a guard-ring edge
termination and measuredV,q for an UMOS transistor. The simulated active area curves are scaled
to the active area and the edge termination curves to the periphery area.

The vertical electric field at different current levels taken at the CC’ cut of the
active area (indicated ing.5.6-(a), are plotted irrig.5.6-(b). Notice that theéer peak is
located in the Rgqy/Nink junction, showing a triangular shape close to that region as
expected in any vertical power MOSF]E'However, in the Ny layer the electric field
has a rectangular shape since there is no variation of the dopant type or doping
concentration. The automatitqy andEas measurements performed along a wafer row
are plotted irrig.5.7-(b) to show the good uniformity across the wafer. The avevgge
value is 680 V and thEas obtained from the UIS test is in all cases 780 mJ, which is
the limit of the UIS measurement set-up. Mg values are constant along the row on
the different measured devices, even slight variations in the range of 5-10 V are
captured, which can be induced by small variations on a specific technological process.
The potential lines in the corners of the active area will crowd differently, leading to
these small variations in thgWalue.

The UIS test current can homogeneously spread thrthegwhole active area of
the device, as shown on the thermal mapping performed during a discharge of 8 A
current pulse (seeg.5.8-(a). It is evidenced that the temperature is not higher than 45°C,
which is quite low for the amount of power that has to be dissipated in the device (in the
range of 5.5 kW). The thermal mapping is taken at 150AuS5.6-(b), when the

temperature is maximal
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Fig.5.6. (a) Cross section of the active area-periphery regions. (b) Vertic&: distributions at
different current levels, taken at the CC’ cut (-1 and O corresponds to the top and bottom of the
structure, respectively).
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Fig.5.7. (a) Schematic of a wafer to indicate where measurements are performed. (b) Measuvggd
and E,s average values along a UMOS wafer row for a single avalanche UIS test, done with a fixed
inductor of 10 mH.
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Fig.5.8. (a) Thermal mapping under the UIS pulse on an UMOS transistor and (b) correspondirig
V curves during the UIS test. Courtesy of Unina.

From the electron current density snapshots taken at different current levels for
the UMOS structurer(g.5.9), it is demonstrated that an NDR branch is forced by the
parasitic bipolar transistor activation (see current density=2000 A, when the NDR
is already present). Anyhow, the edge termination would take the current before the
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bipolar activation starts as deduced froms5.5. The shift of the current flow is due to

the heating of the active area at high current levels leading to a higher impact ionisation
at the termination region at certain current level, since this region is cooler than the
active area. This effect is only possible since bgtiys curves merge at a certain
current level.

Electron current density (A/cin |

1.483e+02

3.200e-04

| 703le-10

1.531e-15

3.333e-21

7.288e-27

Fig.5.9. Simulated electron current density at different current levels in an UMOS structure.
Current levels are (a) 7.3e-8, (b) 1e-7, (c) 17.43 and (d) 2000 A.

Finally, the UMOS structure has been simulated for different off-state gate
voltages. This study is done to assess that the trench gate bottom is responsible for the
dependence of th¥,q value on the gate bias. The obtained off-stglé;s curves are
plotted inFig.5.10 showing the decrease V4 values as the gate bias becomes more
negative, as already observed in UItiIMOS transistors (section 3.3.1). The same
reasoning can be followed here: the negative gate voltage makes the potential lines
crowd at the bottom corner of the trench gate a lower drain voltage values than the one
needed to cause the avalanche on tig/Roay junction.

—a—\/g=0V
_ 10"} —e—Vg=-5V
< —=—\g=-10V

400 V (V) 600 800

Fig.5.10. Simulated -V curves for an UMOS transistor with Vg ranging from 0 to -10 V.

It can be concluded from the study of the UMOS transistors that the inherent
parasitic bipolar does not trigger at low current levels since the applied current is
perfectly distributed through the whole active area. At higher current levels the parasitic
bipolar transistor is not activated since the higher impact ionisation is then located at the
edge termination region. Therefore, the analysed devices hanilleah-12 A when a
10 mH inductor is used. Nevertheless, the electric field crowding at the trench gate
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bottom could affect the electric field distribution over the UMOS active area, leading to
a voltage capability degradation when variations on the potential distribution are present
on the structureFinally, it is important to remember that the vati@lectric field
distribution will change completely when the SJ trenches are implemented. Thus, SJ
Diodes and SJ Bipolars are studied to go deeper in the electric field behaviour
depending on the CB condition.

3.3.2. SJ Diode

SJ Diodes are fabricated with the same process flow as the UItiMOS transistor
skipping the gate module and the shallowsdurce implant (seeg.5.19). The source
electrode is then directly connected to thgyRliffusion, which is the anode of the SJ
Diode. A P-type high doped implant is performed after the contact opening to ensure a
good ohmic contatt When a positive bias is applied to the drain electrode (cathode of
the SJ Diode), the SJ structure becomes completely depleted at 15-20 V. The study
starts with the failure location analysis and the interpretation of the results from the
thermal mapping measurements under UIS tests for different CB conditions, to
determine the current distribution over the device. The final goal is to identify which are

the weakest regions of the device in an avalanche p?’ocess

S S, S o

N buffer

D.
Fig.5.11. Cross section of SJ Diode structure.

The failure signature on SJ Diodes is typically located at the edge of the active
area/periphery regions as observed infhe.12-(a)image, instead of being located at
the edge-termination corner as for the first studied SJ UItiMOS transistorsi). The
measured averagé,q andlas (using a 10 mH inductor) values in SJ Diode structures
with different CB conditions are plotted ig.5.12-(b) As for the UItiMOS transistors,
the breakdown voltage depends on the CB condition, reaching the maximum value for
the Optimum CB case, and decreasing for b@th &d Nicn counterparts. As exposed,
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the las value is in the 9-10 A range when the CB condition gets close to the Optimum
CB value. On the contrary, unbalanced samples can sustain more than 12 A, which is
the limit of the UIS system.

[—m— Measured V,
| —&— Measured |, (b) | 14
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Fig.5.12. (a) Failure on the corner of the active area for a fabricated SJ Diode. (b) Experimentgly
and | 55 values for different CB conditions. Plotted values correspond to the average value of 1150
devices.

IR Thermography Mapping has been performed on SJ Diodes with different CB
conditions to monitor the current distribution during an UIS test. The voltage-current
evolution for an 8 A UIS test is plotted fny.5.13-(b), Fig.5.13-(dandFig.5.13-(f). Nych and
Pich SJ Diodes have lowaf,q at t=0 than the Optimum CB counterpart (as detailed in
Table 5.1). The comparison at t=0 is done because heating at the beginning of the
avalanche process can be disregarded. A calibration process has to be done after the
thermal mapping to extract the maximum temperatiigg,\ value in the device The
temperature distribution iRig.5.13-(a), Fig.5.13-(cand Fig.5.13-(e)is an indicator of the
current spreading through the SJ Diode. All the thermal mappings are take aixthe

corresponding to the maximum avalanche voltage during the UIS test

For Nich and Rcn SJ Diodes the heat generated during an UIS pulse spreads
across the active area (see.5.13-(a)andFig.5.13-(e) respectively). The homogeneous
current distribution in the whole active area fQg,P5J Diodes is due to the avalanche

located at the bottom of the SJ piIFaré:onverser, the maximum impact ionisation is
located at the top of R\, structures but, the current spreading in the active area is more
difficult due to the SJ trench distribution on the device layout and the airgap into the SJ
trenches. Hence, higher avalanche current will flow near the corners ofi.gfBN

Diode, where the potential lines are crowded and the current cannot easily spread inside
the active area. It is worth to remember that this is not an optimum design for a
conventional power diode. Notice that the maximum temperature for the meastyed N
and Rc, SJ Diodes is 70 and 47 °C, respectively (see 5.1).

SJ Diodes with Optimum CB exhibit current focalisation in the periphery region,
surrounding all the active aread(5.13 (b)), with Tnax=170°C at 8 A, very close to the
Tin value of the used B, layer. The EMMI image of an Optimum CB SJ Diode
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reported inFig.5.14 confirms the current focalisation in the periphery region. The Failure
Analysis (FA) of an Optimum CB SJ Diode (failing in the periphery) is presented in
Fig.5.15-(a) An image of the failure spot of an Optimum CB SJ Diode, obtained by lock-
in thermograph@ is shown inFig.5.15-(b) hinting to the current focalization on the
device periphery. It has been proven in previous works that the avalanche capability is

strongly depending on the initial impact ionization location
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Fig.5.13. Thermal mappings during UIS pulses for (a) N, (¢) Optimum CB and (e) R¢, SJ Diodes.
Mappings extracted at maximum temperature during the UIS pulse with the initial current fixed at
8 A. Corresponding I-V waveforms during UIS pulses for (b) Nen, (d) Optimum CB and (f) Bich
devices. Courtesy of Unina.
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CB (%) | V(t=0) (V) Tmax @ 8A (°C)
Nrich -10 700 70
Optimum CB 0 820 170
Prich 8 750 a7

Table 5.1. V(t=0) and maximum temperature Tnax) values for the different CB conditions under
the 8 A UIS test, according to Fig.5.13.

Fig.5.14. EMMI image of an Optimal CB SJ Diode, showing the periphery activation at 780 V-1.2
mA (using 5x lens and a 20 sec exposure).

a Termination=—""

Failure spot

\ >

Fig.5.15. (a) FA on an Optimum CB SJ Diode, showinte failure at the periphery. (b) Failure spot
obtained by lock-in thermography, courtesy of Unina.

2D TCAD simulations of the core cell are performed fagNOptimum CB and
Picn SJ Diodes, and the correspondigg/qs curves are plotted inig.5.16-lefi, together
with anl-V curve of the edge-termination/periphery structure simulated in section 4.4.
All the curves are scaled according to the activated area derived from the thermal
measurements reported fiy.5.13 taking into account the whole active area (fgenN
and Rcn) or just the periphery region (Optimum CB). The Optimum CB SJ Diode
exhibits aVpq value higher than the one corresponding to the peripheryi(sees-(a).
A snapshot of the simulated electric field on the periphery region is capturacins-
(b). As inferred, the peak is located at the edge of the active area, called periphery in this
work and where the &y diffusion stops, in concordance with the experimental EMMI
and thermal mapping results providedrin.s.13andFig.5.14 respectively. This means
that when the CB is Optimum, the avalanche is dominated by the periphery instead of
being ruled by the SJ trenches in the active area, as depicted in the schematicin
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Thus, the current cannot be homogeneously distributed as required to be able to reach a
high energy capability during an UIS t8es®ptimum CB SJ Diodes can just handle the

sameExs value as the edge termination with the optimized buffer, studied on section 4.4
(seerig.4.16).
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Fig.5.16 (a) Simulated isothermal -V curves for the active area of the SJ Diode with different CB
conditions and for the periphery region. (b) Snapshot of the simulated electric field in the periphery
region, showing theEg peak in the edge of the active area.
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Fig.5.17. TheVyq value in the periphery region is lower than theVyy value of the SJ structure when
the CB is close to the Optimum.

To finish the study of the current focalization in the periphery of the SJ Diodes,
the simulation results are compared with TLP measurements for different CB conditions.
The simulated-Vys curves for the three possible caseg.(NPic, and Optimum CB
governed by avalanche in the periphery region) are plottedginis-(a) The early
failure for the Optimum CB case is explained by considering that the periphery region,
which dominates the avalanche process in the case of Optimum CB SJ Diodes, exhibits
a lower lsnap Value than that of thef and Nicn cases. This lowsnap Value is again
related with the PiN diode effécin the edge of the active area. Tiggp value for an
Optimum CB SJ Diode can be observed in the Td-Fys curve plotted irFig.5.18-(b)

The measurements show no failure, but no higher current capability was possible due to
the power limitation of the system. Contrary, no NDR is visible neither on simulated
nor measurety-Vys curves for the R, and Nich cases.

The simulatedVpg and Ispep values for different CB conditions for the edge
termination and periphery regions are plottediifs.19 together with the experimental
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Basic structure analysis: SJ Diode

UIS test results to demonstrate the good agreement with the performed automatic
measurements. The measurgg@walues {ig.5.19-(a) are topped off by the simulatedqV

value of the device periphery, indicating that the voltage capability of the SJ Diode is
finally limited by this region. The experimentals drop on the Optimum CB devices
coincides with the simulateds,s, current of the periphery Fig.5.19-(b). The
experimentalsnap results are topped off at 12 A due to the UIS test set-up. Accordingly,
the maximum simulateld,ap values are set at 12 A for comparison purposes, despite the
currents were much higher. Therefore, the failure presented.in2can be explained

by the current focalization on the periphery region of the SJ Diode.
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Fig.5.18. (a) Simulated isothermal -V curves for the edge termination and periphery regions and
for Nicn and Ricn SJ Diodes. The scaling is done by the periphery area for the periphery case and by
the active area for the R, and N, cases. (b) Experimental o-V4s curves obtained with the TLP
system SJ Diodes.
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Fig.5.19. (a) Measured/,q and (b) I o5 average values for the SJ Diodes with different CB conditions.
The simulated Vy,q and Ispsp Values for Riecn and Ny, CB SJ diodes are also plotted in (a) and (b),
respectively. The simulated .4, in the active area is topped off at 12 A to compare one to one with
the measured values.

Taking advantage of the study on SJ Diodes, few wafers were implemented with
the same process steps as the SJ Diode adding the gate trench. The aim is to
demonstrate if the gate trench has any effect on the device robustness skicpethle
for Nich UItIMOS transistors is created at the top of the SJ trench and at the corner of
the gate trench. Thé,q andEas average values for SJ Diodes with and without trench
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gate and different CB conditions are plotted-ins.20 The energy capabilities for;M

SJ Diodes are slightly lower (see circlerin.5.20 since theEr peak is also created at

the gate trench region, which makes the device fail at lower current levels. This effect is
due to the focalization of the avalanche current in the periphery of the devicEad'he
value is increased again as the voltage capability of the SJ Diodes decreases, since the
avalanche is located in the whole active area and the maximum impact ionisation will be
always at the top of the SJ trench for an6J Diode. Conversely, thg peak is at the

bottom of the SJ trench for,fR devices, thus the gate trench does not cause any
variation on the SJ Diode electrical performances.
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Fig.5.20.Exs and V,q average values for SJ Diodes with (SJD+G) and without (SJD) trench gate and
different CB conditions. The average is taken from 655 devices per wafer, whereas each wafer has a
different CB condition.

Summarising, the earlier failure observed in Optimum CB SJ diodes is linked to
the high local current density in the periphery region. Since the Optimum CB devices
are forced at a current level where 1ge/4s curve exhibits the NDR branch, current
focalisation arises and failure may be triggered since no equalization mechanisms

(electrical or thermal) can spread the current in a wider devicé. dréws also been
verified by 2D TCAD simulations and IR Thermography measurements that the current
focalisation is the cause of failure. The gate trench slightly worsens the UIS current
capability for Nich SJ Diodes since the electric field is located at the top of the structure.

~ ¢

3.3.3. SJ Bipolar transistor

The SJ Bipolar transistor is implemented by following the same process steps as
the UItIMOS transistor (detailed in appendix A), skipping the Gate Module (see cross
section inFig.5.21-(a). The shallow N diffusion is included in the structure to study if
the parasitic bipolar transistor triggers at low current level, leading to the premature
failure in the case of slightly i, and Optimum CB UItiMOS transistors. As concluded
from the measuredhs values for SJ Bipolar transistor with different CB conditions
plotted in Fig.5.21-(b) the decrease of the energy capability as a function of the CB
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Basic structure analysis: SJ Bipolar

condition follows a similar tendency as the one observed in SJ Diodes. However, the
Eas value of SJ Bipolar transistors is much lower (lower than 100 mJ) than that of SJ
Diode counterparts (420 mJ), using a 10 mH inductor for the UIS test.
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Fig.5.21. (a) Cross section of the SJ Bipolar transistor. (b) Comparison of the measurdg, and Exs
values for SJ Diodes and SJ Bipolar transistorwith different CB conditions. The plotted values are
the average of 300 measured devices per split.

This difference in the experimentBjs values can be explained in terms of the
location of the impact ionisation process. The maximum electric fieldidndevices is
found at the top of the structure and, as a consequence, the parasitic bipolar transistor
can be activated provided thg.f/N" junction reaches th¥y,; value due to the hole
flow under the shallow Ndiffusion. On the other hand, the avalanche procesgcin P
devices starts at the bottom of the structure, thus holes are not forced anymore to flow
under the N diffusion, creating the necessary voltage drop along i,y junction
to activate the parasitic bipolar transistor. This effect could explain the dependence of
the energy capability with the CB condition. To confirm these statements, a first study
Is done to determine the region where the avalanche takes place, comparing the results
with the ones obtained in SJ Diodes. Afterwards, the possibility to activate the parasitic
bipolar transistor is studied by tuning thgdpand shallow N diffusion properties.

The SJ Bipolar transistor has been measured under the same conditions as for the
SJ Diodes reported in section 1.1.1 to see if the focalization also occurs in the periphery
of the active area. The thermal mappings are taken at different current levels although
the reported thermal images correspond always to the last measurement where the
device survived the UIS test. The last captured thermal mapping for an optimum CB SJ
Bipolar transistor, shown inig.5.22-(a) was taken before driving it into failure at 1.7 A.
The current distribution is the same as for the Optimum CB SJ Diodes. The current is
mainly flowing through the device periphery at the maximum avalanche driven voltage
(seeFig.5.22-(b) and theTmaxis only 34 °C, hinting the low current that is flowing
through that region. Remember that on SJ Diodes the temperature was rising until 170
°C for the Optimum CB case. Therefore, not only focalization is occurring on the
periphery but another event makes the device to fail in that region. It is assumed from
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the EMMI measurements performed on a SJ Bipolar transistor with Optimum CB
condition that the highest impact ionisation is also located at the periphery of the active
area (seeig.5.23-(a). The failure signature from the lock-in thermography is located at
the same periphery region (seg.5.23-(b). TLP measurements performed op,Rand
Optimum CB SJ Bipolar transistors are plottediins.24 Notice that the Optimum CB
device is failing before reaching 2 A. On the other hanpg, devices can handle 11 A

with no failure.
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Fig.5.22. (a)Thermal mapping under an UIS pulse in an Optimum CB SJ Bipolar transistor, and (b)
corresponding I-V waveforms during the UIS pulse. The snapshot is extracted at the maximum
temperature during the 1.7A UIS pulse. Courtesy of Unina.

Fig.5.23. (a) Failure analysis of an Optimum CB SJ Bipolar transistor, showing the failure at the
periphery. (b) Failure spot obtained by lock-in thermography, courtesy of Unina.
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Fig.5.24. TLP measurements performed on SJ Bipolar transistors with different CB conditions.

-~ o 0 . . T ° —~ .
o.4. Parasitic bipolar gain on UltiMOS transistors

The Gummel plot is a very useful tool to analyse the activation of the inherent
bipolar transistor on a MOSFET device, which reflects the emitter-base (source-body)
junction properties. The gain is defined as the ratio of the absolute collector current to
the base currenh{=I//1p), and it is plotted on the y axis, while the collector-emitter
voltage (V) is kept constant. The gain measures the proportion of electrons that are
able to diffuse to the base and reach the colléct@n the x axig. or J. are plotted in
logarithmic scale, but in the performed study thes preferred since the activation
depends on the current forced by the avalanche in the MOSFET. The higher the gain,
the easier is the bipolar transistor activation, thus the lower gain is preferred in the
parasitic bipolar transistor inherent to the UltiMOS structure. Ideally, the gain should be
loss than 1 to minimise the parasitic bipolar activation risk. The simulated Gummel
confirm that theh value is independent of the CB condition, as showrgin.26 with
all the curves overlapped. However, the |@&ys values obtained for certain CB
conditions in SJ bipolar transistors submitted to the UIS test indicate that the parasitic
bipolar activation strongly depends on the impact ionisation location. On the other hand,
the hye value is highly dependent on thg,g and N implanted doses: the value can
be reduced if the Jgsy dose is decreased and thé ddse is increased, as inferred from
the Gummel plots irFig.5.26 (a)and (b), respectively. However, if the,&y and N
implanted doses that give the minimum gain are selected leading to leywestie, the
Vry and thesRy, values would be increased, as inferreddne 5.2 The increase of the
Npitar-Nepi cOncentration leads also to a decrease on the gain of the parasitic BJT

transistor. However, it would lead in a voltage capability decféase
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Fig.5.25. Simulated dependence of the current gain on the collector current for different CB
condition (being CB1<CB2<CB3).

N* Vi (V) SRy, (MQ) Maximum hy,
1 3.07 141 94.8
2 3.14 141.1 24.7
3 3.23 141.8 2.47
Poody, | Vrn (V) SRon (MQY) Maximum he
1 3.08 141 94.74
2 3.91 149.7 57.23
3 4.20 150 45.64

Table 5.2.V4, Ron and maximum hg for different N* and Phody doses, being 1<2<3.
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Fig.5.26. Simulated dependence of the current gaimg{) on the collector current (a) for different
Ppody doses (being Pb1<Pb2<Pb3) and (b) different'Mloses (being Np1<Np2).

The impact of the Bqy diffusion on the parasitic bipolar transistor activation of
is studied by tuning thepRy dopant and dose and measuring the voltage and energy
capabilities during the UIS test. The results on the UltiIMOS transistors with different
Poody doses are plotted ing.5.27. There are two different,Ry dopants (Boron and Bf
For each dopant type there are two different doses, bgiagd Elose lower thanyBu2
dose. The correspondence for measured devices and doses/dopants are described in
Table 5.2 When the Ry dose is decreased the base resistance of the bipolar transistor
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Parasitic bipolar gain on UltiMOS transistors

increases and it is harder to be activated. As a consequence, the failure current under the
UIS test shows a slight increase when highggyRloses are used (cases 1 and 3) for

both dopant types.

Dopant | Py dose = Eas at Opt. CB(mJ)
STD Boron 1 0
Case 1| Boron 2 150
Case 2 BF, 1 0
Case 3 BF, 2 0

Table 5.3. Correspondence of the gy, dopants and doses with the measurements plotted in Fig.5.27,

and principal simulated on-state characteristics for the Boron cases.
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Fig.5.27. MeasuredV,q and E,s average values for different CB conditions as a function of the
selected B,qy dopants and doses. The plotted values are the average of 50 measured devices.

Finally, the shallow N dose has been also tuned, using a lower dose than the
reference one to decrease the gain of the parasitic bipolar transistor without degrading
the V14 value. Note how the energy capability improves when the loweloNe is used
(Fig.5.29). Therefore, a lower concentration is not feasible for the shallodiffiision to
reduce the dvalue.

The activation of the parasitic bipolar transistor has been proven in this section
by the implementation of UItiMOS transistors with differegtsPand N implantation
doping conditions. These transistors have a smbileas predicted from simulations,
thus the activation is more difficult. The activation of the parasitic bipolar transistor
happens at the edges of the active area (as deduced from the EMMI and the thermal
mapping results), since the avalanche process starts at the periphery for a wide range of
CB conditions. Moreover, th&r peak for N¢, devices is located at the top of the
structure, which in combination with the current focalization at the periphery, leads to
the parasitic bipolar transistor activation. When the device is even migietine E-
peak is also at the top of the structure, but the current is not focalized at the periphery,
thus the bipolar cannot be activated at low current levels.
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Until now, the parasitic bipolar transistor formed by tHéPyay/Niink layers has
been analysed. However, the UItiMOS structure has another parasitic bipolar transistor,
formed by the IWPbod/Pring/Nepi, as detailed imig.5.29 The Ry diffusion located at the
edges of the device may enhance the parasitic bipolar activation since the base
resistance in that region will be higher (larger current path). Therefore, less current is
needed to activate the parasitic bipolar in that area. However, no study has been
performed on this bipolar since the necessary layout variations were not implemented at
the time of the mask set fabrication. Moreover, 3D simulations were not feasible due to
the amount of computing resources needed.
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Fig.5.28. MeasuredV,q and Exs average values for different CB conditions as a function of the
selected N dose.
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Fig.5.29. (a) Cross section of the edge of the active area and periphery regions showing the parasitic
bipolar formed by the N/Pyoqy/Pring/Nepi layers. (b) Top view of the layout to see where X1-X2 cross
section is done.
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D.9. UItiM O transistor behaviour

The Vg and theEas average values for UItIMOS transistors with different CB
conditions are plotted iRig.5.30-(a) to remind that devices with lo®as values are in
the range of the Optimum CB condition. TheéVgs TLP curves are plotted ing.5.30-
(b), where Ncnl denotes an i, device and Rnl and B2 denote a slightly R, and
heavily Ricn devices, respectively. It can be observed thatthevalue for the Ryl
(775 V) and for the Rn2 (594 V) are lower than that for the optimum CB condition
(787). The current capability is determined by the CB condition, decreasing from 10 A
(Nrich case) to 3 A (Optimum CB case). However, the current capabilityfgk B high
(11 A although its ¥ value is very close to the Optimum CB case.
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Fig.5.30. (a) Experimental V,q and Eas average values under the UIS test for different CB
conditions. (b) TLP on UItiIMOS transistors with different CB conditions.

The thermal mapping performed on UltiIMOS transistors with different CB
conditions and their respectiveV curves during the UIS pulse are plotted-in5.31.
All the captures are taken at 1 A lower than the failugevalue. The thermal mapping
is taken at the maximum avalanche voltage inlt¥iecurve. As observed ing.5.31-(a)
UlItIMOS transistors with Optimum CB condition exhibit current focalization in the
periphery region. A failure on the edge of the active area after the UIS test is shown in
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Fig.5.32. Conversely, the current is spread over the active area fgraBd N
counterparts, as shown ig.5.31-(c)and (e). The las value indicated in the thermal
images corresponds to the one obtained in the On Semiconductor facilities. However,
thelasvalue of the UIS tedtV curves corresponding to the Optimum CB transistor is 6

A (Fig.5.31-(b). This is because the gate was switched from 15 to -15 in the UIS test set-
up of the University of Naples (where the thermal mapping were performed), leading to
the undesired crowding of the potential lines at the bottom of the trench gate. As a
consequence, the current is distributed at the trench gate bottom over the whole device,
being more homogeneously distributed that if focalization in the periphery occurs,
leading to a higher current capability.

J -

Fig.5.31. Thermal mapping of (a) M., under and 11 A UIS test, (b) Optimum CB and (c) Ry SJ
UltIMOS transistors. Courtesy of Unina. Indicated I,s values correspond to measurements
performed in the On Semiconductor facilities.
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Fig.5.32. Failure on an Optimum CB UIltiMOS transistor after an UIS test.

The thermal mapping for aif device under a 13 A pulse is shownrins.33
with Trnha= 180°C before the thermal destructidpdx corresponds to the,value of the
UItIMOS transistor). Therefore, UItiMOS transistors have a limitation on the current
capability given by the temperature increase when a high current pulse is applied.
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Fig.5.33. (a) Thermal mapping and (b) I-V curves during the UIS pulse for a,g, device under a 12
A UIS test. Courtesy of Unina.

The temperature along the device during a 4 A TLP pulse for an Optimum CB
UItiIMOS transistor is plotted irrig.5.34 with the temperature peaks located at the
periphery region. TIM measures performed oni@ BItiIMOS transistor are plotted in
Fig.5.35 also performed under TLP stress. The measurements are taken in the active
area/periphery/edge termination region and in the middle of the active area, referred as
X1|X2 and X2|X3 in the layout provided ig.5.34-(b) (distances are not scaled). The
TIM technique provides the phase shift distribution along a device, for different the
pulse lengths. The negative values in the phase shift correspond to locations where the
contacts are placed since the laser beam cannot be reflected in the regions where the
conduction is high. Observe that the current is distributed over the active area and not
over the terminationr(y.5.35-(a), since the phase shift is zero at the edge termination
region. However, the phase shift increases in the active area with the length of the
applied current pulse, meaning that more current density is flowing through the device
active arear(g.5.35-(b).
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Fig.5.34. (a) Temperature distribution along an Optimum CB UItiMOS transistor on the DD’ cut
shown in the (b) UltiMOS layout. Courtesy of TUV.
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Fig.5.35. TIM measures for different 4 A TLP pulse lengths, on a8, UltiMOS transistor (a) at the
edge of the active area and (b) at the center of the active area. Courtesy of TUV.

Simulated and experimental results lead to the conclusion that the poor
robustness for certain CB conditions comes from the higher voltage capability of the
active area compared to the edge termination one. The avalanche process starts at the
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edge termination at a voltage of 750 V (section 4.4), leading to current focalization in
that area. Notice the UltiMOS,q4 value taken at 100 pA is lower than 750 V for any
CB condition, as derived from the experimental data plotted-idrs.30-(a) The
simulatedly-Vys curves of UItiIMOS transistors for different CB conditions, taking into
account that all the active area is conducting, are plottedgin.s6-(a) However,
different scaling is considered iny.5.36-(b)y, depending on the conducting area observed
in the corresponding thermal mappings. On these figures, Opt-1, Opt-2 and Opt-3 are
referred as negative CB conditions;{J, whereas Opt+1, Opt+2 and Opt+3 are used
for the positive CB conditions {). The +1 denotes a slightly CB variation, increasing
when going to +2 and 3. Therefore the electrical performance of UltiMOS transistors
depending on the CB condition is:

* In the case of R, transistors, as the Op+1, Op+2 and Op+3 cases plotted in
Fig.5.36 the current is homogeneously distributed over the whole active area, as
predicted by the thermal mappings. The higl values (even for the slightil®
devices) are due to the location of impact ionisation at the bottom of the SJ
trenches. As a consequence, the current can be properly spread and the
focalization at the edge of the active area/periphery is avoided. In the case where
the TWug value is lower than thédAMW,y the self-heating on the termination
decreases the impact ionisation process in that region, with the subsequent
voltage capability increase with the avalanche current. Thereforewhbée
active area is taken into account for theMys scaling for all Re, devices.

« When the transistors areidN and AAV,g < TV,g as the Op-3 case plotted in
Fig.5.36 the current focalization problem is avoided. From the thermal mapping
images it can be deducted that the whole active area is conducting, although the
edges show a slightly higher current density due to the difficult current spread
over the device (airgap inside the SJ trenches). However, as an approximation,
the whole active area is taken into account for th&/Js scaling.

* Finally, when the transistors are Optimum CB or slightiy,Nas in the Opt CB,
Op-1 and Op-2 cases plottedrin.5.36 the -Vys curves have to be scaled by the
periphery of the active area but just consideringt¢ipeand bottom regions of
the active area layout(see thermal mappings for Optimum CB condition). The
sides parallel to the SJ trenches are not taken into account (low current density
in the thermal mappings) since no transistor is formed on the last SJ trench of
the active area. When the scaling is introduced, the NDR corresponding to the
parasitic bipolar activation occurs at much lower current tan thatf@roN Rich
CB conditions (seeig.5.36).
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Fig.5.36. Simulated isothermally-Vys curves for the UItIMOS active area with different CB
conditions, n (a) scaled by the whole active area and (b) scaled by the area where the current is
distribute.

3.6. Summary and conclusions

The robustness of the UItiIMOS transistors depends on the CB condition, as it
has been demonstrated through the current capability study performed on different
structures (SJ diode, UMOS transistor and SJ Bipolar). The energy capability is low for
Optimum CB and My UItiIMOS transistors. When the gate is not implemented, creating
a SJ Bipolar transistor, the energy capability remains low, as reportediaz. On the
other hand, when the shallow” Nmplant is skipped (implementing a SJ Diode) the
energy capability is significantly improved for the Optimum CB ang, Monditions.

The study on SJ Diodes and SJ Bipolar transistors has demonstrated that the energy
capability decrease depends on the peak location. Measurements have been
performed on UItIMOS transistors with different CB conditions to confirm the
assessments derived from the SJ Diode and SJ Bipolar in sections 1.1.1 and 5.3.3 show
that the current flows in the periphery region for the SJ Diode, SJ Bipolar and UltiMOS
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transistor (see comparisonfify.5.39. However, the current capability decreases from 9
A (SJ Diode) to 1.7-2 A (SJ Bipolar and UItiMOS transistor).
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Fig.5.37. MeasuredVyy and Eps values under the UIS test for SJ MOSFET, SJ Diode and SJ
Bipolar transistors with different CB conditions.

Fig.5.38. Thermal mappings on a (a) SJ Diode, (b) a SJ Bipolar transistor and (c) an UltiMOS
transistor with Optimum CB condition, captured at the maximum V4 value during the UIS pulse.
The I 55 values are taken from the measurements in the On Semiconductors facilities. Courtesy of
Unina.

As a conclusion, the early failure for UItiMOS transistors withc.sNand
Optimum CB conditions has been provenh® caused by the triggering of the
parasitic bipolar transistor, enhanced by the current focalization on the
periphery/edge of the active area regionN;., devices are prone to the bipolar
transistor activation because the impact ionisation is located at the top of the structure,
while for Ricn devices it is located at the bottom, far enough of t3g/Riink junction.
Therefore, different proposals to enhance the UItIMOS transistor robustness are
presented on next chapter.
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CHAPTERG

Robustness enhancement of UltiMOS

Two ways to improve the robustness of the UItiMOS devices
are studied in this chapter, based in the electric field
engineering to avoid or postpone the NDR branch in the |-V
characteristics of the transistor for certain CB conditions. The
first approach demonstrates that the interaction between the
active area and the edge termination is crucial to handle high
current levels. The second technique creates a PDR branch in
the active area to sustain high avalanche current.

6.1. Introduction

It has been demonstrated in Chapter 5 that the edge termination region exhibits a
lower avalanche voltage capability than the active area for certain CB conditions,
leading to current focalization and device failure. Therefore, the energy capability of
these particular transistors has to be enhanced to obtain a wide enough
manufacturability window. In this sense, a new structure needs to be defined without
degrading the target values of the main electrical characterist&®®,a¥%pg, Vru, Trr OF
Qg. Minimum variations on the process technology and no layout modification or new
mask introduction are desirable.

This chapter is divided into three main sections:

* The study of the electrical interaction between the active area and the edge
termination.

* The investigation on two different ways to enhance the robustness of the
UItiIMOS transistors.

« The definition of a final UItiMOS structure with all the electrical requirements
fulfilled.
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6.2. Interaction between Active Area and Edge
Termination

The goal of this section is to understand why the current redistribution is not
possible in UItiIMOS transistors with certain CB conditions, leading to device failure at
low current range. To this purpose, Optimum CB (with low energy capability) @apd P
(high energy capability) UItiMOS transistors are studied in detail to analyse the current
distribution at different current levels, under different electrical stress conditions. The
performance of both UItiMOS structures is compared to investigate how the current
distribution should be in the Optimum CB case. The interaction between the active area
and the edge termination regions is studied in each case by comparing simulated and
experimental results.

Optimum CB condition

The simulated and measured results for an Optimum CB UItiMOS transistor in
the off-state are plotted ig.6.1. This figure includes thi-Vys isothermal simulations
for the active area and the isothermal and non-isothdrviaimulations for the edge
termination. The edge terminatid¥V curves are scaled assuming that the current is
mainly distributed in the corners, as concluded from the PiN diodes studied on Chapter
4. If self-heating in the edge termination is considered, the voltage starts to increase at
certain current level (around 20 mA, red line~in6.1) due to the lattice scattering that
the temperature increase carries. Therefore, a higher electric field is needed to have the
same current flowing through the device. Converselyl#Wgs curve for the active area
Is scaled approximately with the half of the periphery region, as was deducted from the
thermal mappings reported ing.6.3. The first NDR on thdg-Vys active area curve is
due to small variations of the electric field distribution (as described in Chapter 3).
Nevertheless, 2D simulation results cannot be directly used to describe the real
behaviour since the UItiMOS structure is very complex and 3D simulations should be
used to provide a more accurate and qualitative results (see Appendix B). The automatic
measurements plotted imy.6.1 show that theg-Vys curve for a real UItIMOS transistor
(750 V) has a/yq value close to the simulatdd/,q value (721 V). Automatic and TLP
measurements exhibit an increase of the voltage with the avalanche current due to the
heating of the edge termination region. Notice that the slope of the TLP measurement
follows the slope of the edge termination simulated isotheliaturve, corroborating
that the current mainly flows through the edge termination at that range.

It can be qualitatively concluded from the TLP and the automatic measurements
that the current starts flowing through the edge termination and, at a given current level,
the current moves from the edge termination to the active area/periphery. However, the
active aredy-Vys curve shows an NDR branch at that current level. As a consequence,
although thelsnap is increased in the edge termination region and a PDR branch is
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present, the Optimum CB UItiMOS transistors fail at a maximum current of 2 A under
the TLP test. Therefore the current cannot be redistributed, leading to a current
focalisation on the periphery and to the subsequent parasitic bipolar activation and
device destruction.

—a— TCAD_Termination

3 —e— TCAD_Termination SH
2 —aA— TCAD_Active area_Optimum CB
10 3 —v— Automatic measurements

—<— TLP measurements

< 107
10™F f
10'6 1 1 1 ]
700 750 800 850 900
ds

Fig.6.1. Simulatedl4Vys curves for the active area and edge termination with and without self-
heating and measured -V curves, for an Optimum CB UItiMOS transistor. The device measured
under TLP failed at 2 A. TCAD simulations are scaled by the periphery of the device.

P.io. condition

The simulated and measurkeVgys curves for a slightly R, UItiMOS transistor
are plotted irrig.6.2, where theAA\,q value is still higher than thEV,g value. This CB
condition should lead into current focalization at the periphery of the UItiIMOS
transistors. However, these devices can handle more than 780 mJ under a single
avalanche UIS test. Notice that thfg value for the automatic measurements for the
Prich transistor inFig.6.2 is lower (737 V) than that of the Optimum CB counterpart (750
V). The active areds-Vgs curve is scaled taking into account that the whole active area
is conducting, as deducted from the thermal mappings reported.irsac The NDR
branch observed in the active argaVys curve at 10 A is related with the current
redistribution on the active area. However, the exact current value cannot be extracted
from 2D simulations since the scaling is just approximated. The avalanche process starts
in the edge termination since automatic measurements are very closdghalue.
With increasing avalanche current, the voltage capability increases due to the heating of
the edge termination region. Then, the main current path shifts to the active area with no
redistribution problems since the impact ionization is placed at the bottom of the SJ
trenches for R, UItiIMOS transistors. Therefore, the current can be easily redistributed
since the airgap in the SJ trenches does not stop the current distribution since this is
done through the N¢ layer. Rcn UItIMOS transistors can handle up to 10 A under the
TLP test, which is the limit of the power capability of the system.
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Fig.6.2. Simulatedl Vg4 curves for the active area and termination with and without self-heating
and measuredl -V curves, for a R, UItIMOS transistor. The device measured under TLP failed

at 10 A. The termination curves are scaled just by the periphery whereas the active area is scaled
by the whole active area.

Thermal mappings on both P:« and Optimum CB devices

The thermal mappings for an Optimum CB UItIMOS transistor captured at
different times during an UIS test are showrriine.3. It can be inferred that the device
periphery heats up when the pulse is applied and the temperature further increases in the
middle of the pulse. See that th¥ curve (ig.6.5-(a)) exhibits a continuous increase of
the voltage capability during the whole current decay, indicating that no transfer of the
current to the active area is present. Conversely, in the thermal mappings fgr a P
UltiIMOS transistor plotted imig.6.4, the current spreads in the active area with the time.
See on thd-V curve ofFig.6.5-(b) that the voltage capability increases during the UIS
test until a maximum value corresponding to 150 s and afterwards it decreases due to
the current redistribution in the active area and the subsequent device cooling. Although
the current is finally spread in the active area, the avalanche process starts at the
periphery since the voltage capability at the begging of the UIS test is closeltg,éhe
value.

Fig.6.3. Thermal mappings for an Optimum CB UItiMOS transistor taken at (a) 50, (b) 100 and (c)
150 ps (see Fig.6.5). Courtesy of Unina.
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Fig.6.4. Thermal mapping for a slightly R, UItiMOS transistor taken at (a) 100, (b) 150 and (c)
200 pus (see Fig.6.5Courtesy of Unina.

Thermal mappings
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Fig.6.5.1-V curves during an UIS test for an (a) Optimum CB UItiMOS transistor and (b) a slightly
Piich counterpart. Courtesy of Unina.

The avalanche process starts at the periphery region for both CB conditions, but
the current capability of & UItIMOS transistors is much higher than that of the
Optimum CB counterparts since the current can be properly redistributed in the active
area. Therefore, in the Optimum CB case the active area does not play any role in the
current distribution at high current range.

It can be concluded from the off-state behavior thatlghgin the active area
must be increased for Optimum CB UItiMOS transistors and that the current has to shift
from the edge termination to the active area to flow through a larger area. Otherwise,
even thelshap in the active area happened at a higher current level, the current would
also be focalized in the edge termination and the parasitic bipolar would activate again
at 1-2 A. Therefore, the edge termination has to be designed in a way that the shift of
the current is feasible, thus enlarging the PDR branch. Another possibility is the
increase of th@ W4 value to avoid current focalization in the periphery of the UItiMOS
transistors. New solutions to enhance the robustness of UItiMOS transistors are
proposed and analyzed in the next section.
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6.3. Proposals to enhance the robustness of UliMOS
transistors

In the previous sections, thgapvalue of both active area and edge termination
I-V curves was used to quantify the improvement or degradation of the device
robustness. It was correctly assumed that the highdgdfesalue, the later the NDR
branch occurs. However, in section 6.2 it has been demonstrated that if a higher energy
capability is required, a current redistribution is needed across the whole active area. It
has also been determined that the active area and the edge termination cannot be treated
as separated regions to optimize the energy capability of the device. However, the
performed studies have been very useful for the comprehension of the electrical
behaviour of the UItIMOS structure. Unfortunately, the complete 3D simulation
merging the edge termination area with several active area trenches has not been
performed due to the large amount of required computational resources. The interface
between the two regions will modify the equipotential lines distribution on the
periphery regioﬁ Therefore, the measurégdVys curves cannot easily fit the simulated
behaviour on UltIMOS transistors when the avalanche process starts in the edge
termination region.

There are some requirements for the design of active area and edge termination
regions that need to be taken into account:
» Active area:

o Have a PDR branch when the shift of current is produced to let
the current increase. This is equivalent of having a hi¢fagy
value on the active area.

o Do not degrade the main electrical characteristics of the device
(increase of the R or decrease of the,yvalues).

* Edge termination:

o Force a larger PDR branch to be able to shift the current to the
active area, even if thénap value is slightly decreased. The
current should be redistributed in the active area before reaching
the knapVvalue in the edge termination.

o Do not degrade thepyvalue.

In this section, the main techniques to increase the avalanche current capability
on SJ MOS transistors already in production are described. Afterwards, two different
techniques to enhance the energy capability of the UItiMOS transistors are proposed
and implemented by using the same UItiMOS process technology, without any layout or
masks modifications. The solutions are:
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1. Enlargement of the length of the PDR branch in the edge
termination in combination with théncrease of thels,,, on the active
area. This is feasible by tuning the,N layer properties.

2. Force a larger PDR branch in the active area, which is achieved by the
engineering of the electric field in the structure.

6.3.1. Proposals in literature to enhance the robustness
of SJ MOSFET transistors

Different solutions have been proposed to enhance the energy capability of
power SJ MOSFET devices. Miyas%l(:from Fuji Electric Co.) studied long time ago
the strong decrease of the avalanche current (from 63 A to 7 A) when the Optimum CB
condition is implemented in a power SJ MOS transistor{sees). However, the same
Peonc @and Nonc is preferable for the sake of Silicon efficiency. In this section, different
techniques to engineer the electric field into the Silicon volume are described and
discussed.
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Fig.6.6. Avalanche breakdown current evolution vvi;h the Phosphorous and Boron dose of the P-N-
type pillars for a power SJ transistor. Adapted from .

Auerbach et a?.(from Infineon) claims that the maximum electric field peak has
to be found at the centre of the compensation regions (P-N pillars), between the top and
bottom electrodes. The cross-section of the proposed solution is plottedsin The
goal is to keep the same CB condition along the vertical direction, but the higher doping
concentration will lead in lowerpyin that region (as demonstrated in section 3).
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gig.6.7. Cross section of the Auerbach solution (unbalance of both N and P pillars). Adapted from

In several patents from Infineon, Deboy ef ’%\I(from Infineon) claim that a
non-uniform electric field distribution in the structure is required to have a high current
capability. The different Boron implants performed during the multi-epitaxial layer
growth need to have different doses to reach a non-uniform CB conditions in the
structure, as inferred fromig.6.8-(a) Notice that the CB goes from a -20% to a 30%
from bottom to top of the device, creating a vertical CB variation. This would be
basically done to make sure that the top of the structure is petaNd the parasitic
bipolar would never activate. Moreover, the current distribution in the device would be
better. In the same way, Ono ef dfrom Toshiba) presented a power SJ structure that
comprises a P-pillar where the diffused layers have lateral widths varied at certain
periods along the depth (seey.6.8-(b). Sridevan (from International Rectifier)
proposed a similar technique, having a thicker P-type diffusion at the top of the P-type
pillar (seerig.6.9). Therefore, the charge imbalance at the top of the structure is ensured,
leading to a device less prone to manufacturability variations with good voltage
capability and improved ruggedness.

(@) H G
E:m'___ +00% £
=105 ’
: o
: . ; 4
G : =R
IRy
) :

Fig.6.8. Cross section of the (a) Deboy’s and (b) Ono’s solutions to unbalance the P pillar. Adapted
from ° and 6, respectively.
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Fig.6.9. Cross section of the Sridevan’s technique to implement a wider P-type diffusion at the top
of the P-type pillar. Adapted from 7.

A similar solution was presented by T. Tamaki etgai/.vhere tapered trenches
were implemented to decrease 81, and theQ, values. However, even there is no
data on the device robustness of the device; it is similar to the previous techniques,

since the top of the device will bgRand the bottom N, re-locating the maximum
electric field.

(a) Vertical sidewall trench 3J (VSJ) () Tapered sidewall trench ST (TST)

Fig.6.10. Cross section of the (a) vertical and (b) tapered trench SJ structures. (c) SEM image of the
fabricated tapered trenches (right). Adapted from8.

Finally, Saito and ond’ presented a solution that involves an N-type buffer
layer at the bottom of the P and N-type pillars that increment€Etgeof the SJ
transistor by tuning the J\« layer dose r{-sa) and thicknesstga ), as detailed in

Fig.6.11 They present experimental UIS data with improved avalanche current capability
values for an optimized Jy layer.
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Fig.6.11. Cross section structure and schematic electric field distributions of the Saito’s and Ono’s
. 9
technique.Adapted from .

Concluding, the SJ MOSFET devices in the market enhanced their robustness by
engineering the electric field position in the structure, avoidindethmeak at the top of
the structure, which would lead to the parasitic bipolar activation for certain CB
conditions.

6.3.2. Nurr layer optimized for the Active Area and Edge
Termination

As introduced, the optimized ¥ layer for the robustness enhancement in
power devices is already reported in the literature. fu Myer with specific dose and
thickness is implemented to postpone the NDR branch in power MOSFET dévices
is important to remember that ap Nlayer has been already optimized in section 4.2 to
have the higheslsn,p Value, increasing thead of the PiN diode formed in the edge
termination region. However, theplN layer needs to be re-optimized to enlarge the
PDR branch to allow the current redistribution on the active area before the NDR
branch on the edge termination starts. The re-optimization of glxdayer will lead to
the decrease of thg,sp value in the edge termination. Fortunately, e, level in the
edge termination can be decreased since the current will shift to the active area at high
current levels. The re-optimization can be achieved by:

* Increasing Ny layer concentration.

* Reducing the thickness of thg ¥ layer.

» Decreasing the N¢ layer concentration.
However, all these options are invasive for the electrical parameters ruled by the active
area. Therefore, another way to increaseBhgvalue for all the CB conditions has to
be introduced on the UItiMOS structure.

122



CHAPTER 6: Robustness enhancement of UltiMOS

The influence of the pg layer on the electrical performance of the active area
of the reference UItiMOS transistor introduced at the end of Chapter 5 is analysed in
this section. TCAD simulations are performed to optimize the concentration and
thickness of the Mg layer to enhance the transfer of the current from the edge
termination to the active area. Finally, a newfNayer is defined, which enhances the
Isnap level of the active area and the length of the edge termination PDR branch. The
devices with the new Q¢ layer are experimentally tested and analysed.

6.3.2.1. Simulation and experimental results

Technological and electrical TCAD simulations have been done for different CB
conditions to study how they layer changes the device behaviour. This is done with
the examination of the simulated results fegNransistors. Afterwards, the analysis of
the electric field distribution in the active area for the referengg ldyer and for an
optimized Nyx layer that provides a larger PDR branch is done for Optimum CB
devices.

* Technological variations analysis

The 14-Vys curves for the active area of two;dN UItiIMOS structures with
different Nyyr and Nepi layer properties are plotted ig.6.12. The first case (Thicker
Npuif) corresponds to a 10% thickep N layer than the reference. Theg,Nlayer of the
second case has the same thickness as the reference but its doping concentration has
been reduced by 44.4% (seale 6.1).
=  When the Nux layer doping concentration decreases:
= the b4 value remains almost the same
= PDR slope is different with a slightly lowes,hp value.
=  When the Ny layer thickness is increased:
= the 44 value increases around 70 V.
= exactly the same PDR slope.
Therefore, theVyy value is more dependent on thg,Nlayer thickness than on its
doping concentration. However, when the doping concentration of ghel®er is
varied, the slope of the PDR branch changes accordingly to the new resistance, as can
be spotted from the TCAD simulations.

Reference(B1) Thicker Ny  Lower Ny conc. B2 Ny B3 Noust
Npurr thickness NT NT+10% NT NT+10% NT+10%

Nput CONC. NB NB NB-44% NB-44%  NB-66%
Table 6.1. Summary of the simulatedy-Vys curves plotted in Fig.6.12.
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Fig.6.12. Simulated 4-Vys curves for Ni, UItIMOS transistors with a thicker N, and with a lower
Nyt layer doping concentration.

 Electrical behaviour in Optimum CB devices with different Ny

layer

The simulated isotherm#&d-Vys curves for the referenceyld layer (B1) and for
an N,y layer that provides a larger PDR branch in the edge termination (B2) are plotted
in Fig.6.13-(a)andFig.6.13-(b) (edge termination and active area curves for Optimum CB
structures, respectively). All the curves are scaled by the periphery of the device. The
B2 Ny layer has a lower doping concentration and a higher thickness#see.J)
than the reference one (B1), leading to an increasEVgf value, as deducted from
Fig.6.13-(a) Accordingly, theAA\W,q value is also slightly increased, but the PDR branch
in the active area is shorter when the BgsNayer is implemented-(y.6.13-(b).

The vertical electric field cuts in the active area of an Optimum CB UItiIMOS
transistor when B1 and B2, layers are used, taken in the middle of the SJ pillars, are
plotted inFig.6.14-(a)and Fig.6.14-(b), respectively. The current levels are the same for
both structures, which are indicatedrin.6.13-(b) Note that there is always an electric
field peak at the Ny/Npy interface. The Edistribution is almost the same for both
Nput cases at low current levels, where the slight NDR branch when the current is
increased fromylto I, corresponds to the small decrease on theakies through the N
epi layer. The PDR branch induced by thgNayer starts at lower current level for the
B2 Nuuit layer than for B1 (60 A instead of 200 A), which is beneficial for having a PDR
branch when the current is shifted to the active area. For both cases, the electric field is
increased at the bottom of thg Nlayer (at 4 current level for the B2 N layer but not
visible yet for the B1 Bk layer). This means that the current can further increase
because the NN« layer can afford the expansion of electric field. For the B1 it would be
visible in the range of 1000 A, since it depends on thg ddncentration and thickness.

See that both electric field distribution are similaratpenetrating on the T, when
the final NDR is already present, because the amount of charges induced by the impact
ionization are higher than that on the active area. Therefore, even both electric fields
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have a similar behaviour; the point is to have a large PDR branch in the edge
termination and a small first NDR branch on the active area, to allow the movement of
the current form one region to the other.
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Fig.6.13. Simulated }-V4s curves for (a) the edge termination and (b) the active area of Optimum
CB UItIMOS transistors, when B1 and B2 Ny layers are used (see Table.6.1 for the definition of
B1 and B2 Ny layers). The scaling is done for the periphery area for both (a) and (b).

2,5x10°

1,5x10°

1,0x10°

EerI d(V/cm)

5,0x10" |

2,0x10° | |

0,0

2,5x10° -

2,0x10°

(V/icm)

1,5x10°

ield

f

E

1,0x10°

5,0x10" .

0,0

P — i =

b

——B2_1
B2 12
Bz 13

B2_l4

(b)

s

v

1,0

0,8 0,6 0,4

y(a.u.)

0,2

|
|
s
0,0

Fig.6.14. Electric field cuts for Optimum CB UItiMOS structures with (a) B1 and (b) B2, Ny
layers. The cuts are taken in between the SJ pillars at<L0?, 10, 200 and 2000 A from thégVgs
curves plotted in Fig.6.13-(b).

The isothermaly-Vys simulated curves of the active area of an Optimum CB
UItiIMOS structure with the new fNx layer (B2) are plotted inig.6.15(see properties of
the B2 Ny layer inTable 6.1). The simulations of the edge termination (isothermal and
including self-heating) are added in the figure. The avalanche process starts in the edge
termination as in the B1 cas&\W«<AAMW), following a PDR branch at high current
levels. The real edge termination I-V curve will exhibit an intermediate shape between
the isothermal and the non-isothermal curves. Observe that the active area can handle
the hopping of the current since the I-V curves for the edge termination and active area
merge at a certain current level (compare wiits.1). The thermal mapping captured in
Fig.6.16-(a) corresponds to an Optimum CB UItiMOS transistor with the Bg Myer,
stressed under the UIS test, captured at the maximum voltage (see cuipvelifi(b).

The avalanche process takes place mainly on the device periphery. The captured
thermal mapping images the last one before the device failed at 6 A, using a 10 mH
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inductor. As a result, the current capability when the Bg Myer is used is 3 times
higher than the value obtained in the reference UItiMOS transistor.

—@— Termination_B2
2 —&— OptimumCB_B2
10 —@— Termination_self-heating_B2

10700 750 800 850 900

ds

Fig.6.15. Simulatedl -Vg4s curves of the active area and edge termination regions, with and without
self-heating, for an Optimum CB UItiMOS transistor with the new N, layer (B2).
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Fig.6.16. (a) Thermal mapping under the UIS pulse on an Optimum CB UltiMOS transistor where
B2 is used and (b)-V curves during the UIS test. Courtesy of Unina.

As already introduced, theR,, value increases when the concentration of the

Npuit layer is decreased and its thickness is increased. The mea&ye@lues from
fabricated SJ transistors with different CB conditions apg Myer characteristics are
plotted inFig.6.17. The characteristics of the three implementggk Myers are reported

in Table 6.2 The averagsR,, value is reduced by 15 %, whereas the péakvalue is
reduced just a 4% when the Medium,Nis used. The Higher Jy case leads to a 30%
reduction of thesR,, value and no significant degradation of the maximyynvalue
(1.3%) since the N, layer thickness has been increased a 9% and gheldyer has
been decreased a 25%, compared with the lowgrddse.

Lower Npys Medium Ny Higher Ny
Npuif coNnc. a a+50% a+44%
N’epi thickness b B b+9%
Npuit thickness c C c-25%
SRon d d-15% d-30%

In all cases the NNy thickness remains constant
Table 6.2. Properties of the I layers used in Fig.6.17.
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Fig.6.17. MeasuredksR,, and V4 values for UItIMOS transistors with different Ny« layers. The high
Ron values are linked to the fact that no backside metal is present for the measurement.

Concluding, the optimization of thepld layer has to be done taking into
account the interaction between the edge termination and the active area of the device. It
has been demonstrated that the avalanche process starts in the edge termination area for
Optimum CB transistors. The current shift from the edge termination to the active area
has to occur before the edge termination enters the NDR branch. Therefore, a PDR
branch enlargement in the edge termination is needed. Moreover, it is required that the
active area exhibits a PDR branch when the current is transferred to avoid the failure.
The new Nu¢ layer needs to be designed to have a minimal degradation sRghe
value.

6.3.2.2. Optimized Ni.r layer

Finally, the Ny« layer has been optimized for the UlItiMOS requirements. The
new N, layer (B3) has a lower doping concentration than the referepgdayer,
whereas the thicknesses of bothNand Ney layers have been increased. A
comparison between experimental results obtained with the optimiggdaler (B3)
and those corresponding to the referengg lyer (B1) is provided in this section. The
[-V curves corresponding to edge terminations structures implemented with B3 and B1
Npuit layers are plotted inig.6.18-(a) On the other hand, tHgVys curves for the active
area of an Optimum CB UItiMOS structure implemented with boghx Myers are
plotted inFig.6.18-(b) See that botf Vg and AAV,4 values are higher when the B3 is
used. The edge terminatitiV curve for B3 exhibits a larger PDR branch, evenhg
level has been reduced a 50% (see valuestin 6.9. On the other hand, thg,.,value
in the active area has increased from 0.28 mA to 2.25 A. Moreover, the simulated sR
value exhibits just a slightly increase from 20.4 to 22C1- omf with the B3 Ny layer,
(Fig.6.19.
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AA Bl AA B3 Term B1 Term B3
Vi (V) 824 873 Vg (V) 718 740
l'snar (A) 0.28 2.25 lonar (A) 16.57 8.53
sR,, (MQ-cnt) 20.4 22.1 PDR (V) 87 150

Table 6.3. Summary of the main electrical characteristics of the simulateld-Vgys curves plotted in
Fig.6.18. The scaling is done for the periphery region for both active area and edge termination
simulations.

2 —=— Optimum CB B1
10'k 10 —e— Optimum CB B3
—e— Termination_B1
10°F 7 10°
< =
10 10”
107} 10"
CY
10? : : : N
10 800 850 900 950

600 700 800 900 750
Vv (V Vi (

Fig.6.18. SimulatedI-V curves for the edge termination and simulatedy-Vys curves for the active
area of Optimum CB UItiMOS transistors, when B1 and B3 are implemented. The scaling is done
for the periphery region for both active area and edge termination simulations.

15¢
10 sssssssssEEEEEEEEEEESE
<
— 5| —e—B1N, layer
—=—B3 N, layer
o R I R I R I R |
0 1 2 3 4

Vds (V)

Fig.6.19. Simulatedl 4-Vys curves for the Optimum CB UIltiMOS transistor with B1 and B3, when
V=10 V.

The improvement of the energy capability under the UIS test can be deducted
from Fig.6.20 where theEas values for Optimum CB and {, UItiMOS transistors
increases from 0 to 400 mJ when the B3sNayer is used. Notice that tligs value is
above the requirements for all the CB conditions andWhevalue is also increased,
enhancing the margin with respect the target value defined in the device specifications
(600 V). However, the optimizedyl¥ layer increases the gR/alue compared to that of
the reference structure, as inferred from the experiments plottedsin .
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Fig.6.20. Average of measurell,q and E,s values for different CB conditions

Vbd (V) Ron (Q)
Ref Ny 667,62 0,131
Opt Npys 670,78 0,158

Fig.6.21. Measured averagesR,, and V4 values for the Optimum CB UIltiMOS transistor
implemented with the reference and the optimized My layers.

The thermal mappings for Optimum CB andi,P UItiIMOS transistors
implemented with the B3 My layer are plotted inFig.6.22-(a) and Fig.6.22-(b),
respectively. Both images are taken at a current value just before failure when a 10 mH
inductor was used (6 and 11 A, respectively). Note that the heat distribution is basically
focalised at the device periphery in both cases, but a current spread in the active area is
observed for the &, case where thAAW,4 value is very close to thEVyg one. This is
because the maximui: is located at the bottom of the structure fg, RJILIMOS
transistors, leading to a good distribution of the current is possible even if focalization
occurs. The PDR branch in the edge terminatidhcurve for the B3 B layer is
larger than that obtained with B1, which allows the avalanche current further increase
before the shift to active area takes place. However, a current redistribution for the
Optimum CB UItiIMOS transistor cannot be achieved since the NDR branch in the
active area is present when the transfer of the current occurs.

Optimized N layer (B3)

._ - 10C
Optimum CB 1 180

.: &0

’ | 40

I 6 A

Fig.6.22. Thermal mappings on (a) Optimum CB and (b) R, UltiMOS transistors implemented
with the optimized N, layer. Captures are taken at 6 and 11 A, respectively. Courtesy of Unina.
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The experimentaly-Vys curves for an Optimum CB UItiMOS transistor with the
reference (B1) and the optimized (B3),Nlayers, measured automatically and with the
TLP technique, are plotted ifig.6.23 The isothermal simulated-Vys curves for the
Optimum CB active area are also plotted in the same figure. The simulated curves are
scaled to graphically see the effect that makes the device fail (a scale factor larger than
when just the periphery is taken into account). Both experimigntal curves show an
increase of the voltage with the current due to the heating of the edge termination,
whereas the maximum avalanche takes place at low current levels. The last TLP
captured value corresponds to the current level before the device failure. Notice that
both devices failed when the current shift to the active area is imminent and the active
area shows an NDR branch at that current level. The failure signature after a 6 A UIS
test pulse with a 10 mH inductor is showrrine.24 The failure signature is located at
the GR, at the periphery of the device, as it used to happen with the reference CB
UItIMOS transistors. This supports the theory that the current is still flowing through
the edge termination even thg Nlayer has been optimized. Therefore, next step would
be to further increase thgn.p value for the active area to avoid the failures at this
current range.

103 —o— Simulation_B1
—e— Simulation_B3

101 —— Automatic_B1
—— Automatic_B3
——TLP_B1

10t H —=—7LP B3

i

107

)

OV Vv 800 900
Fig.6.23. Simulatedl 4-Vg4s curves for the active area of Optimum CB UIltiMOS transistors and the
corresponding experimental data (automatic and TLP) for both B1 and B3 M layers.

70

Fig.6.24. Failure image of an Optimum CB UItiMOS transistor with the B3 Ny layer.
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As a conclusion, even if thEVyq value is still lower than thAA\,q for certain
CB conditions, the PDR branch in the edge termination region allows the shift of the
current to the active area. However, the NDR branch in the active area has to be further
postponed to higher current levels to be able to increase the energy capability of
UlItiIMOS transistor with Optimum CB and slightly\ conditions. Even with the
optimized N layer (B3), the avalanche process starts in the edge termination region
and focalization in the periphery would occur, which could activate the parasitic bipolar
transistor. However, this happens at higher current levels than for the refeigace N
layer (B1). Variations on thepRy or N* regions should be introduced to completely
asses this statement. However, the fabrication of those devices was not performed
during the PhD investigation. It can be finally concluded that for this device, a larger
PDR branch is more beneficial than a highgy, value in the edge termination for the
device robustness point of view.

6.3.3. Forcing a PDR branch in the Active area

Up to now it has been observed that the avalanche process for Optimum CB
transistors is always focalized in the periphery of the device, even if the energy
capability of that region is increased, with the failure signature located at the GR area.
The goal of this new study is to move tepeak far away from the,Ry-Nink junction
to avoid the activation of the parasitic bipolar transistor when the current shifts from the
edge termination to the active area. It has been demonstrated tEatpbeak is placed
right at the bottom of the Rneciiondiffusion (Fig.6.25-(b) performed to avoid a floating
P-type pillar layer, in the case of Optimum CB angdnNransistors where tHe- peak is
at the top of the SJ trench. Moreover, Hepeak can move to another region in the
Silicon when different technological parameters of thg,RionModule (see Appendix
A) are varied. Therefore, a re-location of thepeak is feasible by tuning theoR\ection
Module parameters (liner oxidation thicknesses, implant angle, etc.). In this section, the
physical principle of th&r peak relocation and the impact on the electrical performance
of the SJ power transistors are first presented. It is confirmed hok theak location
can be moved to different regions at the top of the Silicon with just tuning.dhe.f3n
Module characteristics. At the end of the section, an optimizegefon Module is
presented to implement UItiMOS transistors with higher energy capability. Finally, an
additional section is included to discuss on the ways to improve the robustness of the SJ
MOSFET transistors reported in literature since the robustness was a weakness for all
SJ MOSFETSs in the market.
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Fig.6.25. (a) Cross section of the top of the UItiMOS transistor and (b) electric field distribution at
the same region, when the device is in avalanche.

6.3.3.1. Simulation results

The simulatedy-Vgs isothermal curves for different CB conditions in UItiMOS
transistors implemented with the standagg.R:ion Module (reference UItIMOS) are
plotted in Fig.6.26-(a) Notice that thelg-Vys curves show a first NDR branch before
entering the PDR branch induced by thgiNayer €ig.6.26-(a), as it has been described
in section 6.3.1. In that section it was stated that the electric field increase at high
current levels in some region of the structure (like in the Myer) is beneficial for the
energy capability. A similar idea can be applied to the optimization of dhgedfon
Module. Observe that tH&- exhibits a maximum at the:dRnectiohPpillar transition is in
the range of 2810°> V/cm for a current level of 0.18 AFif.6.27-(b), Fig.6.28-(b) and
Fig.6.29-(b). The electric field could be further increased at the top of the structure if the
PconnectiohP-type pillar transition is modified by tuning thgyRecionModule and if the
Er peak is moved to a deeper region in the Silicon.

The simulatedly-Vys isothermal curves for different CB conditions when the
modified RonnecionMOdule is used are plotted iny.6.26-(b) Notice that, in contrast with
the reference counterparts, no NDR branch is visible for any of the different CB
conditions. The small bump present on the PDR branch at the 100 A range is related to
extension of the electric field into the, X layer. The vertical electric field cuts taken at
the junction between the P and the N-type pillars for reference and modifigéioR
UItIMOS transistors are plotted ing.6.27-Fig.6.29 Note that the electric field in the, i\
layer (R3 region irFig.6.27) increases with the avalanche current, as described in 6.3.1.
However, there is also an increase of the electric field at the top of the structure,
between the top of the device and the point wher&gheeak is reached (R1 region). It
is important to note that tHe- peak al4<=9x 10 A (close to % 10° V/cm), placed at
the interface between R1 and R2 regions (where R2 is the region betwdgnpiek
and the Ny layer), in the case of modified&neciiontransistors, is similar than that of
the reference counterparts at the same current range. However, the electric field
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CHAPTER 6: Robustness enhancement of UltiMOS

increases with the current in the R2 and R1 regions when dhgR, Module is
modified, for any CB condition. The electric field increase at the top region of the
structure induces a PRD branch at the current range where an NDR branch was present
for the reference UItIMOS, although the NDR branch is not visible for the pligtiéd

curve. However, if a slightly N, CB condition is selected, tHg-Vys curve will also

show the first NDR branch. Thus, the relevance of the.&ionimplant relies on the
possibility to determine the position where there is a balance otttistbution along

the y direction (R1/R2 interface). Moreover, the modification of thg.&ionModule

does not degrade thegRalue, conversely to they¥ layer optimization case.
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Fig.6.26. SimulatedI 4-Vgs curves for the active area for (a) the reference UItIMOS transistors and
(b) with the modified Pconnection MOdule.
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Fig.6.27. Vertical electric field cuts in the region between the P and the N-type pillars for;\ (a)
reference UItIMOS transistors and (b) with the modified Rynnectiion MOdule.
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Fig.6.28. Vertical electric field cuts in the region between the P and the N-type pillars for Optimum
CB (a) reference UItiIMOS transistors and (b) with the modified Bynnection MOdule.
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Fig.6.29. Vertical electric field cuts in the region between the P and the N-type pillars for;&R (a)
reference UItIMOS transistors and (b) with the modified Rynnection MOdule.

As studied in previous sections, the NDR branch observed inl-the
characteristics of the edge termination corresponding to the reference UItIMOS
transistors starts before the current can be spread on the active area. However, since the
active area shows a larger PDR branch when thee<Ron Module is modified, the
current can be shifted to the active area without device destruction.

6.3.3.2. Technological variations

Different studies have been carried out during the optimization of thgdon
implant, focussed on the implantation and diffusion of the P-type dopant at the top of
the SJ trenches.

*  Pconnection implant angle

The P-type implant angle is a very sensible paranietehe robustness of the
UItIMOS transistor since it determines how deep in the Silicon the implant will
penetrate. The evolution of the vertical CB condition at the top of the structure (referred
to the vertical axis) for different implant angles is plotted Fin.6.30-(a) being
Al1<A2<A3<A4. The lower the angle, the deeper in the vertical direction the implant
goes, and the smoother is the transition betweenthednlayer and the P-type pillar.
Notice that when the angle is increased from A2 to A3 (A3/A2=1.43) the diffusion
reaches almost the double of the depth (seeralso30-(b). The implant depth in the
horizontal direction (indicated as x axisAm.6.30-(b) is just slighty modified with the
angle, but it can be easily tuned with the implantation energy, as detailed in next
sections.
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Fig.6.30. Cross-section of the UItiMOS transistors with (a) A2 and (b) A3 implantation angles, with
A2>A3. The circles in the cross-section indicate the end of thg.Rieciion diffusion, which varies with
the implantation angle. (c) Simulated vertical CB condition with A1>A2>A3>A4. The dashed lines
in (a) and (b) indicate where the CB condition is extracted.

*  Pconnection implant dose

The simulated vertical CB evolution for different P-type implanted doses is
plotted inFig.6.31-(a) The CB condition increases to positive valuggnjRvith the dose,
but the P-type pillar/Bnneciiontransition is in the same location. Therefore, when the
implanted dose is increased, tGe peak will not move deeper into the Silicon, but the
transition between the two P-type regions will be sharper and the cEgiaallue will
be reached at a lower current level. Therefore Mhancreases for Ny devices with
the dose (see€ig.6.31-(b). This effect is because the D4 dose level is closer to the
optimum dose to get the optimum R1 region where the electric field can further
increase.
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Fig.6.31. Simulated (a) vertical CB evolution and (bY,+-CB evolution for different P-type implant
doses, being D1<D2<D3<D4<D5.
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* Pconnection implant energy

The P-type doping concentration in the structuredftierent energy value€q,
E2 andE3 keV, beinge2 andE3 the double and triple &1, respectively) is plotted in
Fig.6.32. See that the penetration of the P-type dopant into the protection oxide at the top
of the N and Rogy diffusions increases with the implantation energy. This effect is also
present in the top corner of the SJ trench, where the P-type implant connegtg,ttee P
the P-type pillar. The increased penetration of the implanted P-type dopant at high
energy levels can be inferred from the vertical CB evolution at the top of the device (see
Fig.6.33-(a). It is observed that the CB is also higher whenBBenergy is used, but it is
worth to say that if the cut in the x axis is done more close to the oxide2tbrergy
would have the higher CB. From previous sections, it was already demonstrated that the
increase of CB is due to the increase of implant dose or the variation of the implant
angle. A higher energy leads to a lower maximivgy as shown in th&,+-CB curve
plotted inFig.6.33-(b) since the Bnneciionimplant goes deeper in the Silicon, moving the
electric field peak location. Therefore, when the energy is varied, the dose and the angle
of the Ronnectionimplant should be tuned again.

Fig.6.32. P-type doping concentration at the top of the UItiMOS structure when (a) E1, (b) E2 and
(c) E3, implantation energies are used, being E1<E2<ES3.
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Fig.6.33 Simulated (a) vertical evolution of the CB condition and (bY,+CB trade-off, for different
implantation energies.

As a final remark it can be stated that although the main function ofdhe.Rn
implant is the electrical connection between thgRliffusion and the R layer, the
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definition of the Ronnectiondose, angle and energy values has to be accurately done to
tune the [ peak location in order to enhance the robustness of the UItiMOS transistor.

6.3.3.3. Optimized Pconnection implant

As it has been introduced, the key to improve the device robustness is to
engineer the electric field peak location to be able to reach a high avalanche current
capability. A possible way is to spread the current over the whole active area, with the
inherent PDR branch in thk-Vy4s MOSFET characteristic. As deducted from the
previously-Vgs curves plotted irrig.6.26 when the Rnnecion Module is modified, the
current can be transferred to the active area, avoiding the device destruction. The
Pconnection Module has to be optimized by tuning the energy, dose and angle of the
Pconnection Implant. The optimized &hneciion Implant Opt) has the same dose as the
reference Rel), but a 0.23x angle and a double implantation energy is used. Therefore,
the implanted Boron goes deeper in the Silicon, in both vertical and horizontal
directions. The same referencg,Nlayer is used in both Opind Retases.

The simulatedvyy and lsnap Values for different CB conditions are plotted in
Fig.6.34 The lshap Values are taken when the first decrease in avalanche voltage is
observed. However, if the simulated voltage decrease in the NDR branch is very small
(less than 10-20 V), the NDR will not be visible at all in the measurements and the
device will survive since an increase on the electric field will be possible in the device
after the small NDR. Thus, dghapVvalue lower than 1 A is not taken into account in the
simulations since the avalanche process for the Optimum CB condition will start in the
edge termination. Moreover, self-heating needs to be taken into account when the
device is carried to high current levels to measure its energy capability. Notice that the
Isnap Value (when the very first NDR branch starts in lth¥ys curve) is in the range of
10 A in the Optcase, 5 decades higher than thedasé.
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Fig.6.34.Simulated Vg and |54 Values for different CB conditions for the reference UlItiMOS Ref)
and the condition with the optimized Ronnection MOdule (Opt).
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The experimental and simulatégVys curves for Optimum CBOpt and Ref
UItIMOS transistors are compared ffy.6.35 Taking into account that tHg-Vys curve
depends on the system set-up, note that the automatic measurements gives/gslower
value than the one corresponding to the simulated active area, being closdYthe
value. The TLP measurements exhibit an increase of the voltage with the current in both
cases. However, thHeeftransistor failed at lower current range during the TLP since the
active area exhibits an NDR branch at lower current level, as observed in the simulated
l4-Vgs curve of theRefactive area. On the contrary, t@gt transistor did not fail since
the active area shows a large PDR branch at high current level.

An UIS test with a 10 mH inductor, charged with the energy equivalent to 12 A
(in the range of 700 mJ) has been performed on an Optimu@pEBansistor. Thé-V
curves are plotted inig.6.36 and the thermal mappings at different times are shown in
Fig.6.37. Observe that at the beginning of the pulse, some current flows already through
the active area but the higher current is observed at the periphery/edge termination
region. However, the current can be spread in the active area, as deducted from the
Fig.6.37-(b)and(c) images, where 100 °C are captured in the active area of the device.

The EMMI measurements presented-inG.38 are performed at 647 and 698 V,
using different lenses to capture the images of Optimum CB UItiMOS transistors with
the optimised Rnnecion MoOdule. The pictures show that the avalanche process takes
place at the edge termination area of the device at a current level in the range of 20 mA.
The failure signatures once Optimum CRt transistors are destroyed, under a 12 A
UIS pulse, are captured ig.6.39 As inferred, all the failures are located at the corner
of the active area. This is a clear indicator that the current flows through the active area
during the UIS test, with no focalization in the GR region.
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Fig.6.35. Simulated |4-Vg4s curves for the active area and edge termination and measured-Vgs
curves (TLP and automatic measurements) for Optimum CBRefand Opt UItiIMOS transistors.
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Fig.6.36 I-V curves during an UIS test for an Optimum CB UItiMOS transistor with the optimized
Pconnection Module. Courtesy of Unina.

Fig.6.37 Thermal mapping for an UItiMOS transistor with the optimized Ronnection Module, taken
at (a) 80, (b) 120, (c) 160, (d) 200 and (e) 240 ps (fro+¥ curve in Fig.6.36), for a 12 A UIS pulse,
using a 10 mH inductor. Courtesy of Unina.

Fig.6.38 EMMI measurements on the UItiMOS transistor with the optimized Peonnection MOdule, taken at

647 V/15mA ((a) and (b), with Ox8 and 20x lenses, respectively) and at 698/22.3 mA ((c) and (d),
with 0x8 and 20x lenses, respectivelylor the measurements with 0x8 lens, a 2 sec exposure is
done. However, when the 20x lens is used, a larger time is needed to capture the emission due to the
different sensitivity of the camera.

Fig.6.39. Failure signature at the corner of the active area for two Optimum CB Opt UItiMOS
transistors, taken after the failure under UIS test.
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The use of an optimised.fRection MOdule allows significantly improves the
robustness of the UItiIMOS transistors, as shownidrs.40 where the averagé,«-Eas
values for different CB conditions are plotted for two different processed lots (A and B).
Notice that the ksin both cases has increased from zero values to values in the range of
600 mJ. The ot B (Fig.6.40-(b) has a wider CB range, with transistors for bogh,ldnd
Pich CB conditions. However, in this lot, the average value is lower in th®©pt case
in comparison with th&®efone since the T, layer is slightly thinner than the standard
one (also the SJ trenches depth was reduced). Th¥lpawverage value in the CBsyqy
curves is just because thgq value is taken at low current levels, where Yhe is
determined by the termination. The electric field peak in the active area is placed deeper
in the silicon, and at the edges of the active area will interfere with the edge termination
avalanche location. However, as inferred in ithecurve from the UIS measurement
(Fig.6.36), the voltage at t=0 is in the range of 800 V. Therefore, iMjgevalue at lower
current level needs to be higher, the edge termination should be re-designed accordingly
to the new electric field peak location.
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Fig.6.40. MeasuredV,q and E,s average values for different CB condition in the case of (a) the
reference UItIMOS (Ref) and (b) the one with the optimized B nnection MOdule (Opf). Data for two
different processed lots.

The different on-state behaviour has been checked from the experimental
measurements. No impact is observed from the experiméntaindR,, values forOpt
and Reflevices with different CB conditions.
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6.4. New Nuxr layer and new Pconnection implant
together

As already described, the use of the optimizeg: Miyer and the Bnnectionleads
to an enhancement of the UltiMOS transistors robustness, whatever the CB condition is
implemented. As a final structure, both solutions are merged to get the best possible
UItiMOS transistor. The three different cases are labelle@@gOptimum Ronnection
Module), Buf (Optimized N layer) andOpt+Buf (merge of both optimized:Rnection
Module and Ny layer). TheV,y andEas average values for different CB conditions are
plotted inFig.6.41-leftandFig.6.41-right, respectively. Note that théq value is higher for
the Buf case since the optimized, ¥ layer leads to an increase gy as concluded in
section 6.3. Therefore, théq value in theOpt+Buf case is higher than that of tkgpt
case, increasing the manufacturability window from the point of view of amount of CB
conditions that lead t¥pq values higher than 650 V. On the other hand Bheaverage
values slightly decrease when the optimizeglizNayer is used. Note that for the
Opt+Buf case theéEas further decreases for Optimum CB devices, although it increases
again when the CB condition isid?or Niich. This decrease is related to the fact that the
optimization of the Rnneciionimplant was done for the referencg,Nlayer. Therefore, a
new set of parameters needs to be established toEagwalues above 600 mJ. Note
that in all cases th&as average values are higher fog.Pthan for N, UItIMOS
transistors since it will be always easier for the current to spread at the bottom of the SJ
trench than at the top. However, when the Optimizgg: Myer is used, the Ris
degraded, as demonstrated in section 6.3.2.

800 —=—V,, Opt+Buf 1000
(a) —— Vbd—BUf (b)
800
= Vbd_opt A /:

700 - S 600 AN . =

S £
8 < L

> w400 —=—V,__Opt+Buf

600 - ‘//\\ 200t —— Vbd—BUf

——V,, Opt
< 1 L L 1 ;\ O < | | - | | '\
Nrich Optimum CB  Prich Nrich  Optmum CB  Pprich

Fig.6.41. Measured (a)Vy,q and (b) Exs median values for different CB condition for the Opt, Buf
and Opt+Buf cases.
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6.5. Conclusions

In this Chapter, the electrical behaviour of the Optimum CB and Prich UItiMOS
transistors has been compared to determine how the Optimum CB device should
behave. It has been demonstrated that the UItiMOS structure avalanche energy
capability can be improved by engineering the electric field distribution in the structure.
In this way, the parasitic bipolar activation can be avoided since the current will not
crowd at the top of the structure, near thgyMNiink junction. It has been proven that:

* The optimization of the pg layer to increase the length of the PDR branch in
the edge termination is crucial for the transfer of the current from the periphery
of the device to the active area. In this way, the current can be spread in a larger
area, increasing its capability. On the other hand, the sapzddyer needs to
not degrade the current capability of the active area and, if possible, increase the
current level at which the NDR for the active area starts. The optimization has to
be done taking into account that tRg, can be degraded, which is a key
parameter for the conduction losses when the device is in circuit operation.

* The optimization of the Bmecionimplant that is used to connect thgd& with
the P-type pillar is a key process step for the avalanche current capability of
certain CB conditions. The electric field peak location can be varied by tuning
the Romection IMplant parameters (angle, dose and energy). In the reported
measurements, thé,q is decreased since the termination-active area interaction
has an electric field at deeper in the Silicon volume. Therefore, the termination
should be re-designed accordingly. It has been demonstrated that with this
technique, the K value is not degraded.

 The use of both approaches together is a feasible way to increaggsthe
without degrading the voltage capability of the device, since the terminggion
is increased with the optimizedp,N layer. However, it leads to a slight
reduction of the R value.
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7.1. General conclusions

The research work carried out in the framework of this Ph. D. thesis deals with the
robustness improvement of a SJ power MOSFET designed and fabricated by ON
Semiconductor, known as UItiMOS transistor and based on deep trench technology for
local charge balance. The final goal is to fulfill all the electrical requirements including
the avalanche capability to define the final process technology to go into the market.
The main results raised from the present work are summarized as follows.

* The initial failures located at the edge termination led to the study of the
avalanche capability of the edge termination/periphery PiN. Those failures were
induced by the NDR branch of tHeV characteristics, caused by the Egawa
effect.

o The edge termination robustness was improved with the introduction of
an Ny layer. Other techniques could be used, as CIBH, but more
process steps should be added into the UItiMOS process flow.

o UItiIMOS transistors with the Nx layer optimized for postponing the
NDR branch in the edge termination region exhibit a higher energy
capability for Re, CB conditions. However, UltiMOS transistors with
optimum and slightly N, CB conditions show almost nullaE values.

The implementation of the gy layer slightly increases th&R,, value
from 21 to 24 mcn?.

* Once the robustness of the edge termination was improved, devices derived
from the UItiMOS (UMOS, SJ Diode and Sj Bipolar) were implemented and
investigated for better understanding the failures causes. Isothéfkhal
simulations were performed to compare with the experimental data. Thermal
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mapping, TLP and EMMI measurements were performed on all the fabricated
devices to determine the current distribution.

The Eas values were found to be strongly dependent on the CB
conditions in all the implemented structures.

The relevance of the current distribution over the device was
demonstrated.

It was demonstrated that current focalization in the periphery region
occurs for Optimum CB (both in SJ Diode and SJ Bipolar devices)
conditions since the EYvalue is lower than the corresponding AAV

The location of the maximum impact ionization is crucial for the
activation of the parasitic bipolar transistor at the top of the structure.
The Impact lonization is located at the top of the SJ trenches;feahd
Optimum CB devices, close to the,NPsoqyjunction. Hence, the current
focalization at the edge termination enhances the parasitic BJT
activation.

UItiIMOS transistors with different CB conditions were analyzed to assess the
conclusions coming from the different fabricated devices derived from the
UltiMOS architecture:

0 The cause of the lowEss values for certain CB conditions was

investigated. It was concluded that the current focalization in the
periphery region of the UItiMOS for Optimum and slightly,,NCB
conditions enhances the parasitic BJT activation. Different technological
parameters were varied to decrease the risk of the parasitic BJT
activation. However, the variation on those parameters leads to the
undesired degradation Bf,, and \fy.

The need of a higher energy capability in the whole CB range has led to the re-
design of the UItiMOS transistor:

o The Ny layer has been optimized to enlarge the PDR branch to be able

to re-distribute the current from the edge termination to the active area
for Optimum CB transistors. However, the energy capability is still
topped off by the edge termination robustness andRpevalue is
increased again.

A new technique to increase the robustness of SJ MOSFETSs is presented
in this thesis. It consists on the engineering of the electric field in the
active area of the device to push the electric field peak to a deeper region
in the Silicon, far from the Ni«/Pooay junction (to avoid the parasitic BJT
activation). The good experimental results confirm the feasibility of
modifying the RonnecionMOdule in the final process technology of the
UltiIMOS transistor. However, the,yvalue is decreased.
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* The two implemented solutions for the robustness enhancement are compatible
with the UItiMOS process technology with any layout or masks modifications.

-‘)

(- 2. Future work

* The on-state resistance can be further reduced by shrinking the cell pitch of the
UltiIMOS active area. Notice that the region in between SJ trenches has to be
wide enough for the gate trench and the source contact implementation. In this
sense, a strong effort has to be made to reduce the gate trench width to enhance
the sR, performance.

* The edge termination region has to be optimized by exploiting the benefit of the
charge balance using deep trenches. The final goal is to increase the voltage
capability of the edge termination region to avoid current focalization problems.
However, the edge termination could be already enhanced by re-optimizing the
actual Guard Ring edge termination.

« The doping concentration of thegpl layer has to be increased to enhance the
current capability of the UItiMOS transistor with a reduced area and no thermal
destruction.
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Appendix A: Technology requirements and building blocks

The UItiMOS structure is implemented on ah $ubstrate (K in which an
epitaxial N-type layer is grown (). The Nepi layer should be as thick as the trench
depth would be, including the necessary safety microns to ensure good contact between
the trench bottom and the high conductivesMbstrate. An additional intermediate N-
type buffer layer (W) is grown between the substrate and the epilayer in some of the
analysed devices to enhance their electrical performance. The process technology
includes around 10 photolithographic steps, deep trench etch and selective epitaxial
growth.

The first module to be implemented after thgyNayer and the eventualy
layer growth is thélermination Module, based on the conventional guard ring edge
termination technique A first thin oxide layer is grown followed by a deposition of a
SisN, layer, which is used as the hard mask for the LOCOS field oxide formésies
Fig.A.1-(a)). Then, a first photolithography step is done to be able to selectively etch the
SisNg4 layer where the field oxide will be present (s&ea.1-(b)). During the oxidation
process, the typical bird’s beak will appear at the edges of tNg 18ask, leading to a
soft transition between active and non-active areas. The sacrifigldl, &iyer is
removed by performing an initial oxide wet etch to eliminate the thin oxide layer grown
on top of the SN, layer followed by the 9N, wet etch. Then, a second
photolithographic step for the implantation of the P-type rings is performed by covering
the whole active area with resist to avoid boron penetration into the Silicon surface (see
Fig.A.1-(c). The activation and diffusion of the implanted Boron will be carried out
during the subsequent thermal steps.

Termination Mask Fhgimplant

@ o) OY¥¥¥¥

Active Area
Termination
Active Area
Termination

Nepi

Fig.A.1. Sequence of the Termination Module. (a) SiO2 growth and deposition ofy/$j and resist, (b)
photolithography for the LOCOS field oxide growth and (c) Boron implant.
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The second module to be implemented islthglants Module, where the Ry,
Niink and N diffusions are formed. The;M implant is performed through a thick resist
layer due to the very high energy used to ensure that thedNfusion is deeper than
the Roqy after all the process steps. Bothyd?and N implants are performed on the
complete active areai(.A.2-(2)) , whereas the Nis done stripe alike exactly where the
gate trench will be located, but using a wide mask that overlaps the gate trench to have
N™ diffusion on both sides=.A.2-(b) and(c)). The diffusion of the Bay Nin and N
implants is performed with the subsequent thermal steps of the process.

R.sand N, implants N* Mask

¥ ¥¥¥ o ©

link

Fig.A.2. Sequence of the Implants Module. (a) Boron and Phosphorous implants to form thg,&and the
Nin diffusions respectively, (b) photolithography for the N mask and (c) structure after the diffusion
step.

The Gate Module starts with a tetraethylorthosilicate (TEOS) oxide deposition
and densification to create the hard mask for the gate trench etch. After the
photolithography step-(.A.3-(a)) with the subsequent TEOS etch where the gate has to
be located, the silicon dry etch is performed to create the shallow gate trench- (

(b)). Then, the gate oxide is grown and, since the oxide growth rate depends on the
doping concentrati()3n4, the oxide layer will be slightly thicker at the top of the trench
gate where the Ndiffusion is located than on the rest of the trench walls. Finally, the
polysilicon is deposited and flattened until the silicon surface, using the thin oxide as
stop layer for the polysilicon etchingid.A.3-(c)). The polysilicon gate is contacted at the
end of the trench with the inherent trench mask widening in that region. Therefore, the
gate trench will be deeper in the polysilicon contact region since the dry etching rate

depends on the mask windawrhe deposited polysilicon has to be thick enough to
completely fill the gate ending.
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Gate Mask
Niink I
NG

Fig.A.3. Sequence of the Gate Module. (a) Photolithography after the TEOS deposition, (b) after the
trench etch and (b) the polysilicon deposition and planarization.

The most critical steps of the technological process come after the Gate Module
and involve the deep trench formation and the epitaxial growth, ddllrdodule. A
TEOS layer is used to mask the silicom.£.4-(2)) and a Deep Reactive lon Etching
(DRIE) process is performed to create a deep silicon trengh 4-(b)). The etching
block is defined as the polymer deposition and selective etch of the bottom of the trench
to mask the already formed trench sidew&ll3hus, just the silicon from the bottom of
the trench is etched away obtaining a completely vertical profile. The number of
iterations of the etch block is determined by the depth of the trenches and the desired
verticality of the trench sidewalls. The silicon etch has to be stopped before going deep
into the N'supand the walls need to be completely vertical and as smooth as possible.

SJ Trench Mask

q) T —m (b)
P N |

(

Fig.A.4. Sequence of the trench etch for the NIP Module. (a) Photolithography after the TEOS deposition
and (b) deep trench etch.

Afterwards, the NIP (N-type/Intrinsic/P-type) layers are implemeniegda6-
(@)). The three layers are consecutively grown in the epitaxial reactor to avoid native
oxides in the interfaces. The purpose of the intrinsic layer growth is to separate both
pillars for having a soft doping transition. If the intrinsic layer is skipped, the N-P pillars
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will compensate their charges in the interface, loosing charges that contribute on the
CB’. On the UItiIMOS cross sections the intrinsic layer is not drawn since it will take
charges from the N and P pillars during diffusion steps, thus it just smoothens the
transition between the two N and P-type epi layers and it will not remain intrinsic any
more at the end of the complete fabrication procelss module is also critical in the
sense that the selective epitaxial N and P growth has to be done with the exact doping
concentration and thickness. If the thickness is more than the target value, the trench
will be closed before the complete fabrication steps and the absence of the void will
mechanically stress the structure. On the contrary, if the epitaxial thicknesses are less
than the target values the trench will not be properly sealed. The concentration is also a
critical parameter since small variations will produce a shift in the CB curve and, as a

consequence, th¥,y value can eventually be lower than the ta8ngeifter the NIP

growth, a silicon recess is done to remove the silicon grown on the top of the structure,
leading to a smooth V shape on top of the trench for better seatings((b)).

"W, (.

Fig.A.5. Sequence of the NIP growth for the NIP Module. (a) N-type, Intrinsic and P-type layers are
growth and (b) silicon recess. The intrinsic layer will take charges from both N-type and P-type epitaxial
layers during thermal steps.

A tricky module of a strong relevance for this thesis is needed before the trench
sealing: thePconnection Module A Boron implant is performed through a pre-implant
oxide to be able to electrically connect thggPand P pillar regionsrFg.A.6). The
energy, dose and tilt angle of the implant can be tuned to reach the required depth in the
silicon and in the trench vertical direction, where thg.Hs located. A more detailed
study on the impact of different process parameters of th@gedfon MoOdule on the
electrical behaviour of UItiMOS is provided in Chapter 6.
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F’inncchnn im F}|-EII"Il

Fig.A.6. Boron implant to connect thePyoqy and P pillar regions

Afterwards, the trench is sealed with a Borophosphosilicate glass (BPSG)
deposition, leaving an air gap in the middle of the trench to avoid the stress that would
make the complete fill of the trench by the oxided finally the surface is planarised
by a Chemical Mechanical Polishing (CMP) process. The whole sequence is referred as
Sealing Module €ig.A.7-(a)).

(@) SiO2? (b) Metlal

Fig.A.7. Cross sections of the (a) Sealing and (b) Contact Modules.

Finally, the Contacts and Passivation Moduleis implemented. The contact
mask is used to open the regions where the oxide is etched away to make the metal-
Silicon contact. A first thin metal is deposited and sintered to form a siteidehance
the contact resistancerid A.7-(b)). Afterwards, a second thick metal is deposited to
handle the high source current. A mask is used to etch away the metal of the regions
where it is not needed (basically, outside of the active area and in between the edge
termination rings). Then the passivation is deposited and the last mask is applied to
remove the passivation from the active area where the wire bonds will be placed.

A SEM image of the active area of an UltiMOS transistor is showrgin.s.
The void in between trenches is marked as airgap. On the top part of the airgap there is
the oxide plug, with the small V shape on the interface with the metal. The gate trench
can be observed between the deep trenches. On both sides of the gate, the Source
contacts are placed, which contacts botraNd Roqy diffusions.
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L
| Oxide plug
Gate trench

SAirgap

Fig.A.8. SEM image of the active area of an UItiMOS transistor.
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Appendix B: Experimental techniques and TCAD

simulations

Processed devices

Almost all the measurements reported in this thesis are done at wafer level on a
high voltage probe station. The only measurements performed on packaged devices are
the Reverse Recovery test and the measurements on real applications since both tests
are done with the device integrated in a circuit. Also the capacitive measurements in
Phoenix are performed on packaged devices.

Opti CB
Nﬂﬁh 2 Prjch
U &

600V

— — > CB
CB window

Fig.B.1.V,q dependence on the CB condition.

Devices with different CB condition are present within the same wafer in order
to get a large amount of devices of each CB value for measuring purposes. This is
needed to make sure that all devices will fulfil the target specifications, even if there are
small doping concentration variations during the epitaxial NIP Module implementation.
As a result, the wafer edge is morgrRhan the wafer centre, which is achieved by
tuning the selective epitaxial growth during the NIP Module. Accordirgots.1, Nrich
wafers have the edge devices more close to the Optimum CB, whilgithtarget
wafers have the edge devices even magg FPherefore there is some variability in the
experimental results on a given wafer, and this is why an average value is taken to plot
some experimental data in the thesis manuscript. Furthermore, some measurements are
done in different areas on the wafer, normally edges, middle and centre. Middle means a
reticle field in between the edge and centre of the wafer.

Experimental techniques

A large amount of different measurement techniques are used during this
investigation. Some of the techniques are used to have the results detailed in the
datasheet of the device, as the current capability under the UIS test (repetitive or single
avalanche pulse), the reverse recovery test (td,gandQ,) or theC-V measurements
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to getCrss, Coss and Ciss. The other type of measurements are the ones performed to
investigate the behaviour of the device under different conditions, as the Transmission
Line Pulse (TLP), Transient Interferrometric Mapping (TIM), Emission Microscopy
(EMMI), Thermal Mapping, etc. The real importance of the measurements comes when
all of them are merged to dig for the device behaviour during operation, since each
measurement is done under different conditions, or shows a different aspect of the
electrical behaviour. This is what is done in the studies in Chapter 4, 5 and 6, where the
studied structures are tested under different test conditions and techniques. Some of the
measurements are performed in other research institutions during different
collaborations. The relation of techniques and centres where they have been performed
iS onTable B.L.

Packaged Wafer

Centre Technique Devices  Level
Automatic measurements,
V1h, Rons etc.)
ON Semiconductor UIS test X
(Oudenaarde) TLP
EMMI
C-V measurements
ON Semlconductor C-V measurements X
(Phoenix)
DIBET (Department of
Biomedical, Electronlps, Thermal Mapping under UIS
and Telecommunications test X
Engineering from . X
University of Naples Lock-in thermography
Federico Il)
TUV (Vienna University of TIM X
Technology)
KUL (University of Application tests X
Leuven)
CNM (Centro Nacional de
Microelectronica, Reverse Recovery test X
Barcelona)
STUBA (Slovenska
Technicka Univerzita V Repetitive UIS pulse X
Bratislave)

Table.B.1. Relation of techniques used during the thesis and the centres where they were
performed.

* Transmission Line Pulse (TLP)

Transmission Line Pulse (TLP) is a technique for sneag devices and circuits
under the influence of short-time pulses. Test is usually used to emulate Electrostatic
Discharge (ESD) events in the Device Under Test (DUT). The introduced self-heating
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during TLP measurements is so small that the experimental results can be directly
compared with the isothermal TCAD simulations. The TLP setup consists on a
transmission line that is charged and discharged, leading to a rectangular pulses
sequence (see circuit ong.B.2-(a)). The oscilloscope measures the current and the
voltage, making an average value obtained from the 70 to the 90% of the fulse

the DUT is already measured, a tester is used to check for the damage on the DUT by
measuring the leakage current. Exampl&-0fys curves measured by TLP are plotted in
Fig.B.2-(b). At low voltage levels, the measured current is just noise from the system, and
it is in the range of 10-100 mA. At high voltage levels the kg& measured showing

the typical current increase with the drain voltage. The “snapback” shows the
impedance of the line, meaning that the device is in short circuit. Some of the
measurements do not show this device failure signature because the system is limited in
power to 2.5 kW and the applied pulses are not able to destroy the devices
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Fig.B.2. (a) Schematic of a basic TLP system and (b) examplelgfVy curves obtained from TLP
measurements.

The first UItiMOS TLP measurements were done under 500 and 100 ns long
pulses. A comparison between both pulses is reported; @m. In this case, the device
is not destroyed and reaches the maximum available power for the measurement setup
for both measurements. Although an NDR branch is present on the 59V4asurve,
the device is not destroyed due to the very short applied pulses. On the other hand, the
100 ns pulse curve reaches higher voltage levels without showing the NDR branch.
Therefore, the thermic effects could be disgraded if the 100 ns pulses are used,
postponing the snapback. However, if the system would permit higher power levels, the
NDR would be also present in the 100 ns pulse curve with identical shape than that of
the 500 ns curve Thus all the measurements reported on this thesis are done on 100 ns
pulse to be able to compare with the performed isothermal simulations.
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Fig.B.3.14Vgs TLP curves with 100 and 500 ns pulses performed on PiN diodes.

o Unclamped Inductive Switching (UIS)

The UIS test is a standard test used to quantifydhastness of power devices,
and it yields a measure for the ability of a power device to absorb a high amount of
energy in a short time without being dama‘lgeTme device is driven into breakdown to
dissipate the energy; therefore the device needs to be able to sustain the avalanche even
when high currents are flowing through it. The test consists on the discharge of the
energy stored in an inductor directly through the DUT (see the circtitf. 4-(a)). The
dumping of the energy starts when the gate is switched off (see curveszin(b)).
Then the current starts to decrease at the same time that the voltage rises very fast to
voltages higher than the nomingly of the device. In the case of UltiMOS transistors,
the device has to sustain power in the range of 100 k¥Viimally, when the inductor

is totally discharged, théys value corresponds to the noming) Value™®.

. (b)

Rg — Vg

Yos |-

1 ! =KL ] 8]
= —to

Fig.B.4. (a) UIS test circuit and (b) typical switching waveforms.

The current capabilityl () of the device is defined as the maximum of the UIS
current discharge that is successfully sustained by the device. On the othdfgasd,
defined as the energy capability of the device. The convergidird can be done with:
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1
Eys = ELIASZ (Ea. 1)

beingL the inductor value. There are two basic ways to perform the UIS test: the single
avalanche or the repetitive avalanche setups. In data sheets the results under these tests
are quantified a&as (energy capability) ofas (current capability) for the single pulse

and Eag (energy capability) for the repetitive puisélotice that theEar value will be

always lower than thé&as value due to the enhanced self-heating effect when UIS
pulses are repetitively applied to the device. There are two failure modes when the
MOSFET is subjected to UIS. The first (active mode) results when the avalanche
current forces the parasitic bipolar activation. The second (passive mode) results when
the instantaneous chip temperature reaches a critical value. Depending on the inductor
value and the avalanche current the failure mode can be de8du'BhedA5 values for

different inductances as increasing the temperature for a @isaagl UlItiMOS
transistors are plotted org.B.5-(a) and (b), respectively. It the same reference, it is
stated that low inductances limits the instantaneous temperature excursion since they
provide little energy, leading to active mode failures. On the other hand, higher
inductances extends the decay time for the avalanche, increasing the temperature in the
chip resulting into a passive mode failure. All the measurements performed in the ON
Semiconductor laboratories are single avalanche pulses.
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Fig.B.5. Avalanche failure current with the temperature for a (a) Vishay and (b) UItiMOS
counterparts, when the inductor value is modified. Courtesy of Visha?yand STUBA, respectively.

When the PhD research started in 2009, the fabricated SJ transistors were
packaged and tested under UIS pulses at the Phoenix site of ON Semiconductor with the
subsequent extra time for shipping the devices, packaging them and one by one
measuring. The results of the UIS test on packaged parts were the same as the ones
previously measured on wafer level. Thus, an automatic UIS test system to be used at
wafer level was acquired at the Oudenaarde site. In this way, a faster and much
economic way to test the robustness of the SJ power transistors has been used to
perform the studies reported on Chapter 4, 5 and 6. The measurement set-up used in ON
Semiconductor is an ITC 5510F UIS inductive tester#.6), where the user can select
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the inductor value, the applied,y and the current that is going to be dumped on the
DUT. The test can be done by varying the inductor or the current values. However, all
the experimental data reported in this work has been obtained by modifying the inductor
discharge current for better comparison with the UIS performance on competitor
devices withVyg and inductor values set to 50 V and 10 mH, respectively. The UltiMOS
gate voltage is set from 10 to O V when switching. In the first UIS measures performed
at the DIBET laboratories the gate was biased at +15 and -15 V in the on and off states,
respectively, due to the available system set-up (see waveforms.@n-(a) and (b)).

This is how the study reported on Chapter 3 on the CB dependence on the off-state gate
voltage started: differences in the experimental resultsgrdBvices were found when
measured at DIBET or ON Semiconductor sites. In order to use identical setup in both
sites, the DIBET gate drive was changed to switching from 10 to O V. Typical UIS
waveforms performed in ON Semiconductor are plotteddm®.s, where theVys, 14 and

Vy curves can be discernelotice that theVys value when the inductor is totally
dischargedl¢=0 A) is twice the applie®¥yq value. This is inherent to the measurement
system. The UIS waveforms corresponding to UIS measures performed at the STUBA
laboratories are plotted iRig.B.9. These single shot measurements were performed
before the repetitive avalanche ones to check if the STUBA system provides identical
results than those obtained in On Semiconductor. See that the voltage peakdn
increases with the current due to the DUT self-heating. In that case, the device failed
when an 11.6 A pulse was dumped into the device. When the device fails during the
discharge of the inductor (4-5 A), thgs value drops to 0 V since the UItiMOS behaves

as a short circuit between the drain and source electrodes.

Fig.B.6. Detail of the UIS measurement system used in ON Semiconductor laboratories.
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Fig.B.7. Measured UIS waveforms of an UltiMOS transistors, foi4=7 A and Vg switching from 15
to -15 V. Measurement performed in DIBET.
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Fig.B.9. Measured UIS waveforms of an UItiIMOS transistor, as the current is being increased.
Courtesy of STUBA.
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e C-V measurements

The system used in ON Semiconductor laboratoriesngasure theC-V
characteristics is the Agilent 4284A. The voltage sweep applied to the device to extract
the CysVgs curve ranges from 0 to 25 V with 0.5 V steps. S@v¢ measurements were
performed in Phoenix on packaged devices, sweeping from 0 to 200 V. This is basically
due to the Agilent 4284 voltage range limitation available in the laboratory located in
Oudenaarde (a maximum of 40 V is available). The added AC small signal has a level
of 0.26 V with a 10 kHz frequency for both capacitance measurements. The two system
connectors are for high and low voltages. Concretely, the drain electrode, in contact
with the chuck, has to be connected to the high electrode. Otherwise, the measurement
would not be accurate since the needle is directly connected to the chuck of the probe
station, and this area is much bigger than the one used for the source needle. The source
of the device has to be connected to the ground of the system to measg the
capacitance, as shown fify.B.10. For theCys capacitance, the gate electrode has to be
connected to the ground of the system. If the gate is grounded with the source, the
measured capacitanceGgss even no significant variations will this introduce to Ge
V curve sinceCyq is very small compared tog€ An initial calibration has to be always
done before starting a sequence of measurements
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Fig.B.10. Detail of theC-V measurement system with the output connections (low-high ports for
current and voltage).

Automatic measurements are performed on the engineering system of the lab of
ON Semiconductor (Oudenaarde) to capture a capacitive value at different predefined
drain-source voltages and it is basically used to medaSurand Cye. The capacitive
results are summarized in section 3.3.2, where the automatically extracted values from
the C-Vcurves are the gat OV Cys@0 V), at 25 V Cqs@25V) and Vinch.
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e Automatic measurements

Automatic measurements on a FET Tester are perfojuséafter the processed
wafers are out of the Fab to check the main electrical characterisNgs, a%,q, SRon,
las, Ig, €tC. The system is a FET Tester E3600E and an Electroglas 2001cx automatic
wafer prober (see detail of the wafer proberiinz.11-(b). The wafer is automatically
loaded on the chuck, where it is properly biased depending on the test to be performed.
A cassette with up to 25 wafers can be automatically loaded. The control software is
especially developed based on the type of device to be tested and its layout. Between 9
and 12 reticle fields (around 150-200 devices) on different regions of the wafer are
tested in 20 minutes to check uniformity of the wafer. In the caSgysoheasurement,
the system takes the voltage at different predeflgedalues as 1pA, 10 pA, 100 pA
and 250 pA. Thé/yq results reported in this work are taken at 100uA Mhevalue is
taken at 250 pA when drain and gate electrodes are swept together from 0 to 10 V. The
Ron is extracted aty =10 A when the drain bias is increased, Wi 10V. All this
values are the standards to be able to compare with competitor device datasheets.

Fig.B.11. (a) Automatic measurement bench and (b) detail of the microscope and the needle on the
bench.

The FET Tester can be hooked up to different measurement systems, as to the
UIS tester for instance. In this way, UIS test software was developed to perform around
150 measurements per wafer, which takes around 1 hour. The UIS automatic test
performs 10 measurements per device with currents from 1 to 12 A, skipping 3 and 5 A.
The inductor is set to 10 mH inductance as reference. As a result, the software gives the
last current at which the device has passed the test. If it is 12 A, it means that the device
survived even the last test.

e  Curve Tracer

The curve tracer, a Tektronix 370A, is basicallyduse perform the EMMI
measurements with a power limitation of 56°%The EMMI measurements using the
curve tracer can be compared to a constant DC voltage applied to the device with the
subsequent temperature increase. Devices under current stress in the curve tracer were
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destroyed before reaching 50 mA due to the heating, as shown lg-\thecurves
plotted inFig.B.22. However, the curve tracer system was used to check if the snapback
on thelg-Vys curve was visible, but the device failed before. An example of curve-tracer
measurement where a device fails can be found-ipm.12 where the current is
increased until the device was destroyed, at 140 mA-850 V.

Fig.B.12. Example ofl 4-V4s measurement on the curve tracer.

* Emission Microscopy (EMMI)

The Emission Microscopy (EMMI) is a technique thiddvas detecting photonic
radiation coming from the device due to the recombination process. Thus, the location
of failure spots can be determined. The system is based on a cooled CCD camera with
high sensitivity (in the 3-5 pum wavelength region) since the photoemission cannot be
seen by the naked eye due to its very low intensity. A first image from the device is
taken to be able to later overlay the emission picture to know the concrete region where
the highest recombination takes place. For the emission image, the camera captures the
photons that are emitting while the device is biased for a certain Timues, the longer
the exposure time the highest photon capture. If the emission is uniformly over the
complete exposure region, no exposure image will be possible since there will be no

contrast in the imagé™.

The EMMI measurement system(PHEMOS1000, segig.B.19 consists on a
bench with a camera on top, both inside a dark box to be able to capture the photons
generated in the recombination process, when the device is biased with the curve tracer.
When the avalanche process takes part, more current density is flowing through the
device, thus more recombination leading to more emitted photons. The high voltage is
at the drain (chuck) and the source and gate are shortened to ground. If the measurement
is done on a diode, there is obviously no Gate connector. The current is increased and
images are taken at the desired current level. Normally it is difficult to have a good
emission picture at a current lower than 1 mA since too long exposure times are needed.
The maximum current at which the device can be forced is around 50-60 mA, according
to the power limitation of the curve tracer at 50W (55 mA*850 V= 46.75 W). It is
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sometimes difficult to have an emission capture at high current level since the device is
heating up due to the DC current applied to the device for several seconds (to set it up
and take the image takes around 5-6 seconds for higher currents and even minutes for
low currents). The device under these extreme conditions may break easily. The EMMI
measurements are basically used to detect which region of the UItiMOS transistor is
first activated when the device is in the off-state and try to correlate with the eventual
CB non-uniformities on the device, leading to current focalisation

Fig.B.14. Example of EMMI measurements: (a) emission image and (b)-(c) overlap of the emission
image with the device picture with different contrast.

It is worth to remark that the EMMI test is performed on wafers after Passivation
and Metal layers are removed. Passivation is removed just to make sure that metal is
perfectly removed all over the device since the majority of EMMI are done to see the
behaviour of the device edge termination. The thin metal that is used to form the
UltiIMOS silicide is extremely difficult to remove. Therefore, in a typical EMMI image,
the visible rectangles are the source contacts with this thin metal on top (see small
rectangles irrig.B.14-(c). In between the rectangles there is oxide.

e Thermal mapping

Thermal mappings have been performed in the DIBEpadment of the
University of Naples. Samples are tested under UIS conditions, ramping up the current
until the device is destroyed. The UIS test is performed several times on the same
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device (like a repetitive avalanche UIS test) and a picture is captured at different times.

Then a calibration is needed and the final image looks like the ones shewrs irs.

The pictures are taken at the maximum temperature (maximum power, thus, the top of
the voltage curvey. Two needles are used to contact the source and it has been proved

that there is no influence on the needle position on the thermal mapping result. On the
right of each picture there is the temperature scale. Due to the fact that the temperature
increases with the current, the different temperature in the device gives an idea of the
current distribution. See that the current is more or less homogeneously distributed in

Fig.B.15-(a), although it is focalized at the top and bottom of the devicei®n.15-(b).

Due to the resolution of the IR camera, no more accuracy can be obtained.

Fig.B.15. Examples of thermal mapping captures. Courtesy of Unina.

* 'Transient Interferrometric Mapping ('TIM)

Transient Interferometric Mapping (TIM) is a methioddetect temperature and
carrier concentration variations with a laser beam. The refractive index changes with the
variation of the current and, as a consequence, it can be measured by the optical phase
shift between the measurement signal and the reference signal. The TIM method
provides a micrometer space resolution and nanosecond time resolution and access to

the device from the backside®. To be able to measure, a dainty preparation of the
DUT is needed: the wafer is cut into small pieces and the drain is contacted with silver-
glue, where a window for the TIM is kept open. The laser beam wavelength is 1.3 um,
which is transparent for Silicon, to sweep laterally in the silicon from the backside. A
positive phase shift indicates heating/power dissipation. The pulse time is increased to
see the temperature distribution when the power is increased. An example of TIM
measurement is plotted ing.B.17, where it is shown how the phase shift varies
depending on the position and how the phase shift (temperature) increases with the
length of the pulse.

The applied pulse comes from a 500 ns TLP system, as the one already
described, with a load-line of 1 k®ligher load-lines allow better resolving of stéep
curves, because this is close to a constant current régifitee TLP circuit used to
stress the device is shown en.B.18-(a) The R1 and R2 values are 1 k®d 50Q,
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respectively. The voltage and current curves measured on the device under stress are
plotted inFig.B.18-(b). The positive applied pulses on the drain are 4 A with a length of
1ps, while the source and the gate are grounded. After each stress the leakage current is
measured to identify failure of the DUT, with K237 SMU and 400 ms delay for each
voltage step. The current probe is a Tektronix CT1 and the voltage probe is a Philips

1:10Q

(b)

Fig.B.16. Picture of the PCB used to perform TIM measurements (a) from the drain side and (b)
from the source side. Courtesy of TUV.
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Fig.B.18. (a) TLP stressing scheme. (b) |-V measured curves for a device stressed under TLP.

Courtesy of TUV.
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* Reverse Recovery test

The parasitic body diode reverse recovery occufisand switching conditions
when the device goes from on-state to off-state, since the storage minority charges need
to be removed via negative current or via recombination inside the device. The
parameters listed in a datasheet dre(body diode reverse recovery timé€), (body
diode charge) andgrrv (body diode reverse peak current). These parameters are
typically measured with the circuit plotted imy.B.19, where the gate of the IGBT is
pulsed from +15 to -15 V. The DUT is subjected to a double pulse: the first is used to
charge the device and when the second starts, the DUT body diode needs to recover
before the MOSFET voltage can drop. Notice that the different parameters are measured
from the beginning of the second pulse. For the measurements included in the thesis, the
drive MOSFET is substituted by an IGBT (IXSH40NG60), with Ry 10Q and L=1
mH.
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Fig.B.19. Reverse recovery (a) test circuit and (b) typical waveforms.

* Application test

The application circuit that has been chosen to nreathe lost energy during
the switching of the UItIMOS transistor and to make the comparison between
performances with the other competitor devices is an inverted Buck converter, working
at 1IMHz and 6kW. The gate driver works at 2MHz witNg@ varying between -10V
and 15V, being the low and high, respectively. The measuggdril Egx for the
different devices are reported in Chapter 3, which are a good parameter to quantify the
losses during switching.
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Fig.B.20. Buck converter circuit where the E, and Ey for the UltiMOS are tested. Courtesy of
KUL.

o Failure analysis

The failure analysis (FA) basically consists on susai inspection of the device
surface to check where the failure spot is located after a fdiluseworth to say that it
might not be the same failure signature if a device fails under UIS or TLP measurement.
A huge amount of energy has to be dissipated in the device during a UIS test; while for
the TLP it will be much lower even for the same current level since the TLP pulse is
very short (ns) and almost no self-heating will occur in the device. For the EMMI
measurements, the usage of the curve tracer makes the device handle large amount of
power for several seconds during the capture of the image with the subsequent self-
heating.

TCAD Simulations

TCAD simulations are performed with Sentaufugrom the Synopsys platform.
When the investigation started, the Dios, Mesh and SDevice were the current available
tools. The Dios tool is used to perform technological simulations of the fabrication
process. Thus, all the steps are processed according the region of the device that is being
simulated and the real fabrication process. For instance,tgentplants will not be
implemented in the simulation of the active area region since the implant is masked and
do not apply to the active area. The Mesh tool is used to re-mesh the structure coming
from the Dios simulator. This has to be done because the technological process meshing
iS more accurate in the junctions, whereas for the electrical simulation, the conducting
regions need more meshing. Finally, the SDevice tool input file has the instructions for
the electrical simulation, which are in accordance with the measurements performed to
do a comparison one to one. When snapshots need to be captured, it is specified in the
SDevice input file, and the structures are visualized with the Tecplot tool, where the
electric field, potential lines, electron current density, etc. can be plo@ed.
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simulations and voltage capability termination simulations were performed in this way.
Afterwards, the Dios was miscataloged and the process had to be changed to the
SProcess tool, which functionalities were exactly the same, but different commands
were used. The rest of simulations performed on this thesis, are done with Sprocess.

2D TCAD simulations of the edge termination and active area have been
performed separately during the investigation, because the amount of computer
resources needed to simulate both structures together is too big. 3D simulations of the
first active cell, periphery and edge termination of the UItiMOS structure were
performed in DIBET. 2D simulations are done wittt=1 um as default parameter.
Therefore, all the curves have to be scaled afterwards, taking into account the area that
is activated from EMMI measurements for instance.

Edge termination

The edge termination 2D simulations have been performed including the last
microns of the active area for the sake of accuracy (see examplesin2-(a). The
active area is basically implemented with a P and N implant on‘thddyer (forming
the Roay and Nink diffusions, respectively). The edge termination is implemented with a
certain number of floating rings, with differences in the width of rings and distance
between them depending on the layout of the processed devices to be compared with.
Snapshot of the electrical field for certain current level is plottedigm®.22-(b). 1D
simulations have been performed in the edge termination to determine the maximum
voltage that the edge termination can handle, since no curvatures are present in the
simulated structure.

Abs(ElectricField-Vector-V:

. 2.0000405

1.000e-+03

Fig.B.21. Simulated edge termination structure showing (a) the doping concentration after Dios
simulation and (b) the electric field after SDevice simulation when the device is in the off-state.
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Fig.B.22. Simulated (Isothermal and Non-Isothermal) and measured (TLP, EMMI, FET tester) 4
Vgs curves corresponding to a PiN diode with an 8 ring edge termination structure.

The 14-V4s curves coming from the electrical simulation altogether with some
experimental results are plotted Afy.B.22. A good agreement between simulated and
measured performances can be observed. Since just the corners of the device are
activated (derived from the EMMI results, see exampleidni.3-(b), the curves are
scaled by the perimeter of the four corners. If the EMMI would show activation in the
whole periphery of the device, theVys curves should be scaled by the whole perimeter
of the active area. Notice that the isothermal simulation results (not taking into account
the self-heating of the device) can be compared with the TLP measurements, due to the
short duration on the applied pulses. Automatic data is also plotted, showing good
accuracy from simulations on the leakage current. On the other hand, the electrical
simulation has been also done taking into account the self-heating of the device, which
result can be compared one to one with the curve tracer measurements.

Active Area

The 2D simulations of the active area are performed on half of an UltiMOS cell
due its symmetry. The structure with the doping concentrations and different materials,
coming from the SProcess is plottedrin.B.23-(a) and the electric field snapshot from
an SDevice simulation, including the flow lines at certain current level, is plotted in
Fig.B.23-(b). The void in the middle of the SJ trenches is simulated as a nitride for better
simulation convergence. When thgVys curves are scaled, the perimeter of all the SJ
trenches in the active area is taken into account.
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(b)

Fig.B.23. Simulated half-cell in the active area of an UItiMOS structure: (a) doping concentration
and (b) electric field when the device is in the off-state.
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