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Chapter 1

Introduction

Power semiconductor devices constitute the main poornts of
power electronic systems playing a key role in tesmcost and
efficiency. Due to the widespread use of elect®riit consumer,
industrial, medical, and transportation sectorsygrodevices have
great impact on world economy. Nowadays the comwersystems
are even more efficient, greatly reducing the amainost energy.
Most attention is paid on power electronic devittest often are the
main responsible of power dissipation.

As regards the power dissipation, it is a problesh anly related to
the energy lost during a conversion process, buypdaver devices it is
also related to Joule effect that can produce allaestructive
increasing of temperature. The latter becomes quéatily important
for devices working in harsh environment conditiohi&e often

happens in automotive or railway fields. This leadsindustrial

manufacturer to require restricted standard of edggss and
reliability of power components. Hence, a power icevmust

guarantee its correct functioning well beyond tbenmal specifics of
a given application. Different tests have beenothiiced by industry
to qualify their product like Unclamped Inductivevi&hing (UIS)

test, Short-circuit test, etc. able to overstréms device in different
operative conditions. The actual trend of poweteysin reducing the
size as well as increasing the power capacity sléaghower device to
operate at even higher power density. While the inaimcurrent

depends on the active area design, the voltagedegiends on the
design of the periphery (termination) area. Foride ghere is the
demand of increasing the voltage rate, but on tteroside, this
would require larger termination in contrast withe tnecessity of
reduce the global dimension of the device. New ieations design
are recently developed to guarantee the voltage wdth a lower

consumption of area but they still need of reliépimprovements.
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In this scenario, the ruggedness and reliabilitglyss of a power
device is mandatory. It can be lead in first insearby means of
simulations before to proceed to the experimengdidation using
specific tests. This thesis mainly deal on the bgreent of new
termination design with particularly attention amadyzing the design
parameters the mainly affect the reliability anggedness.

Thesis Contents
The thesis is divided in three chapters and oneragig.

First chapter briefly recalls of the Silicon power devices histor
Particular attention is paid on two power devicdscl are analyzed
in the rest of the work, namely P-i-N Diode and [GBThe

description of the working principles, as well akhe physical

properties occurring inside the devices are pralid8tatic and
dynamic electrical behavior are qualitatively résdl

The Avalanche Breakdown physical mechanisms tagiage within a
P/N junction and a P/NP structure are treated. mheessity of
adopting a dedicated design to solve the probleesurang in

avalanche conditions at the periphery area of aePosevice is
discussed. The operative working of the main Teatam designs are
described. A brief recall on the technological fedtion process of a
Power device Termination is provided.

Second chapteris about the analysis of the optimization, relifi
and ruggedness of Termination design. In particui@o innovative
JTE-based terminations are presented providing # pecise
optimization methodology. Their performance are parad with that
achieved with an advanced Floating Field Ring $tmgc Termination
ruggedness has been evaluated by means of Unclaimpeadtive
Switching simulations. Therefore, current crowdim@henomena
occurring in avalanche condition are deeply analytogether with its
relation with the Negative Differential Resistartm@nch on the |-V
avalanche curve.

The emulation process flow for a Floating Field ¢griermination of a
IGBT 600V rated active area has been provided.
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Third chapter is analyzed the influence of design parametershen t
Short-Circuit capability of a FS-IGBT device. Thevite has been
experimentally characterized by means of staticveurtracker,
Inductive Load Switching test and Short-Circuittte& simulative
approach has been used to evaluate innovativerdssigtions able to
increase the Short-Circuit capability.

Appendix A is focused on the state-of-art of Reverse Condgctin
IGBT devices. Benefits and drawbacks of this mod&chnology
have been discussed. Analytical and simulation Gaagr have been
provided to analyze the Snap-back phenomenon.

1.1 Fundamentals of silicon power devices

Modern power electronic began in 1957 when the fimnmercial
thyristor, or Silicon Controlled Rectifier (SCR),a® introduced by
General Electric Company. Power rating and swighirequency
increment led to develop other solutions, includBigolar Junction
Transistor (BJT). In 1978, Metal Oxide Semicondudteeld Effect
(MOSFET) was introduced. Due to its high impedamcel fast
switching speed, it replaced BJT in low voltagel30V) and high
frequencies (> 100kHz) switching applications. lated Gate Bipolar
Transistor (IGBT) took place in 1983 by merging M@®&d bipolar
physics in unique block. It is used in applicatidmmsn low to medium
frequencies. From 1997, the Integrated Gate Conuniiteyristor
(IGCT) is used in applications from medium to hgbwer and from
low to medium frequencies [1].

Energy conversion system in power electronic expla@lectronic
switches capable to handle high voltage (HV) andecu operations
at high frequency (HF) [1]-[3]. An ideal power diemic switch can
be seen as a three terminals device (see Figuyewlhére the input,
the output, and a control terminal allow to impabe ON/OFF
condition. The ideality condition expects that whiea switch is open,
it can handle an infinite voltage with a null currgpassage. On the
other hand, when the switch is closed, it can carfyne current and
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the voltage on it is null. In an ideal switch tmansient times ON-to-
OFF or OFF-to-ON are nulls, for this reason, itibkk zero-power
dissipation. Additionally it allows a bidirectionalirrent passage, and
can support bidirectional voltage.

ip

A

OFF
3 Control

(a) (b)
Figure 1.1. (a) Ideal switch; (b) Idealized chagsaistic.

Actually, a real switch presents limitations in af the fields

explained in an ideal case. In On-state, a volthgp occurs on it and
it carries a finite current. Also in Off-state, mhay carry a small
current (leakage current) and a finite voltage bansupported. A
finite transition time needs during the switchimgmh ON-to-OFF and
vice versa. For each switching devices it can @efisome

characteristic times as the delay, rise, storage fall times.

As above mentioned, voltage and current are alywagsent in a real
switch during its operating, which will results two types of losses.
The first one defined as “conduction loss” occuusirty the on and
off-states; the second one called “switching lbosakes place during
the transitions ON to OFF or OFF to ON of the deviburing this

phase high values of current and voltage can b&eoworary acting
on the device resulting in the overall increment tbé switch

temperature.

The classification of power switches passes throthnghconcept of
“ideal switch”, which allows evaluating the differte topologies.

Considering the characteristics of an ideal swiltlke class of power
switch can be defined:

a) Uncontrolled switch which has no controlling terminal. The
external current or voltage determine the condisitate of the
switch, as in case of diode.
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b) Semi-controlled switchwhose state is conditioned by an
external circuit. For example, Thyristor or SCR dawa
terminal that determines the turn-on of the dewaeturn-off
state needs of an auxiliary circuit.

c) Fully controlled switchwhich can be turn-on and turn-off by
terminal controlling. Close in the category theme &8JT,
MOSFET, GTO and IGBT.

1.2 Breakdown voltage

One of the main power devices requirements is tyealgility to
withstand high voltages. The desire to control haglwer in motor
system and power distribution system has encouragelgveloping
power devices with even higher BV. Avalanche miittgdion
phenomenon is responsible in semiconductor voliagéing and
depends on the electric field distribution inside structure [4].

High electric field can generate either in activeaaor in periphery-
area depending on the structure design. This kst o be realized
considering a right trade-off between an elevated®d a low on-state
drop in order to reduce the losses. The depletgion at the P/N
junction, or Schottky barrier or at the Metal-Oxilemiconductor
(MOS) interface, sustains the high voltage (Figug.

T
| P+ | Depletion Region : N |

Wp

x Ijl

E(x)

v. VMAK
V(x) ff v
[ Vo

(@) (b)

Figure 1.2. (a) Electric field and electrostatid¢gudial distributions in a P/N
junction. (b) P/N junction |-V characteristic.

A J
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Avalanche breakdown is strictly related to generatecombination

processes. They represent a physical phenomergreatfimportance,
in particular for bipolar devices, and consist lie tarriers exchange
between conduction band and valence band. A canisalancing

between generation and recombination of electrda-pairs occurs at
the thermal equilibrium. The equilibrium can be keo by applying

an external stimulation, which creates carriersesgc When the
perturbation leaves off, the equilibrium conditistarts to return with

a recovery rate depending on minority carriergitie.

1.2.1 Impact ionization

Impact ionization effect is a generation mechanikat can occur in
semiconductors in particular polarization condisioriclectrons and
holes entering into the depletion region, due te #ipace charge
generation or for diffusion from the adjacent quasitral regions, are
led outside under the effect of a high electriddfidepending on the
applied voltage. With the increasing of this ld electric field grows
too, by accelerating the mobile charges until &chetheir saturation
velocity (1x10’ cm-sh) in correspondence of which the electric field
overcome the value of&k1C V-cmil. In such case, the kinetic energy
of the mobile charge is sufficiently higher thare teemiconductor
energy bandgapd= This permits in the interaction with crystal iegt
atoms, to excite the electrons from the valencelltarthe conduction
band, generating electron-hole coupkgyre 1.3.

Figure 1.3. Impact ionization effect
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Since electron-hole couple generation takes plasiee the depletion
region, it is subjected to the electric field aecation, contributing in
turn to generate further electron-hole couples.cAssequence, the
impact ionization is an avalanche multiplicativeepbmenon able to
significantly increase the amount of mobile charged hence, of
current flow. As the matter of fact, the avalanaheltiplication
represent a limitation to the maximum voltage rai@ce the fast
current growing does not allow to the device totanstoo much
elevated voltages.

In the avalanche breakdown phenomenon, it is plessibdefine an
impact ionization coefficienfor electrons and holes. It is defined as
the amount of electron-hole couples generated bglectron and by
one hole, respectively, in 1 cm through the depietegion along the
electric field direction [5], [6]:

_b
a=aek (1.1)

The coefficient is strictly related to the electfield magnitude, as
shown inFigure 1.4

10000
1000
100 /
10 /
1 4
/
0.01 /

1.E+03 1.E+04 1.E+05 1.E+06
E (V/cm)

Alpha

Figure 1.4. Impact ionization coefficient dependeon electric field in
silicon.

Breakdown occurs when the impact ionization ratel$eto infinite. It
is considered the case of a mono-dimension#dP unction, for which
the depletion region mainly extends into the Paegif an electron-
hole couple is created at a distamdeom the junction, then the holes
will be push to the P region contact while the &t@t toward the N
region. Considering the above mentioned relatioh)(Ine hole will
generatex,-dx couples at distance from the depletion region, at the
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same way, one electron will generatedx couples. The total number
of the created electron-hole couples at distanftem the junction is

[7], [8]:

w
M (X) =1+j:an|v| () dx+ [ a, M(3 dx (1.2)
whereW is the depletion region thickness.

exp[f @, -a,)x]
M (x) = : (1.3)

w X

1- I a, EEXp[I @, —a,dx]dx

With the last equation, thenultiplication coefficientis defined.
Breakdown condition takes place when the total remab generated
pairs tends to infinite, namely when M tends tanité. Observing
(formula M) this happens when thienization integralis equal to
unity:

ijap exp[f @,-a,)dx]dx=1 (1.4)

The avalanche effect produces a current that caxjpessed as:
| =M O, (1.5)

Considering now a P/N junction like iRigure 1.2 the ionization
integral can be manipulated to be dependent orelgwtric field, by
transformingdx into thedE variable. In such case:

Ecr
% [ a(E)dE=1 (1.6)

The ratiodx/dE can be provided by Poisson equation for constant
doping in drift region [9]:
d2V:_ dE__ Q3 __aN,
d’x  dex £ £

(1.7)
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The maximum electric field at the junction with whi avalanche
breakdown occurs is referred asitical electric field (Ecr). Its

dependence on doping concentration of low-dopenbmeig shown in
Figure 1.5.

4,E+05
T 3E+05
[5]
=
5
S
5 2E+05 //

1,E+05

1E+13 1E+14 1E+15 1E+16

Doping

Figure 1.5. Critical electric field for avalancheebkdown in silicon p-n
junction.

In more complex structures like IGBTs, which aredmavith more
P/N junctions, thepen-base breakdown voltagimits the maximum
sustainable voltage by the device. Because of tpeldrs transistor
gain amplifies the current generated by the impawization [10].
More in details, the case of P/N/P transiskigyre 1. is analyzed.

J Jz
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Figure 1.6.0pen-base transistor analysis.
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By applying a positive voltage to the emitter (tigide), 3 junction
becomes directly polarized, whila & in reverse polarization. The
depletion region sustains the reverse polarizatwhjch mainly
develops into the low-doped N region. If the depletregion
completely extends into the N region then the biealn takes place
when the electric field reaches its critical valliée holes injection
from % junction produces as effect the current flow afigation due
to P/N/P gain, generating the open-base breakddia. additional
current contribution to due the generated carriets the depletion
region and in neutral region is indicated wiikso. Applying the
Kirchhoff's low results:

lo = 0o o+l =l ¢ (1.8)

or:
o = Tonp D cp ! o (1.9)

or:
lego =M (@ e e+ o) (1.10)

or:
M Hegp (1.11)

logy =— 22—
CBO g _ A op M
Empirical equation of multiplication coefficient [$1]:

M= T (1.12)

6
1_( Bvcmj
BV.g
where BVcgo is the BV of base-collector junction.
Equaling M=1far results:

BVCEO } }
—CE0 —(1- "= (1-qa.)" 1.13
BV, A-yo; )" =(1-a;) (1.13)
if y=1.
where it has been considered the relation:
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Opnp = Vel (1.14)

yeis the emitter injection factor and is the base transport factor.
For asymmetric devices [12]:

Dp,NBLnEN AE a. = 1
Dp,NBLnEN AE+ Dné/vnBN DNB ! COShM/NB/ L,p ng

where Dpns and Dne are the minority carriers diffusion coefficients
within buffer and collector region, respectiveNae andLne are the
doping concentration and minority diffusion lengtho the collector
region, respectively;Nons, Whs and Lpns are the holes doping
concentration, width and diffusion length withinftau layer.

Ve = (1.15)

1.2.2 Leakage current

Inside the depletion region generation-recombimataffects may
occur, which add further current components to tfaan ideal P/N
junction. Even when the device is in off-stateglWays exhibit a finite
current, referred to as theakage currentSuch current contributes in
power dissipation during the blocking state of aveo device. The
leakage current consists of two contributions, firet one due to the
diffusion of free minority carriers; while the sexb one, is
represented by carriers generated within the depletegion. In
silicon devices, the diffusion current is negligiblat room
temperature, and only at high temperature, it bessooomparable to
the generation current.

The current density generated within the spacegeh# given by

[13]:
3, =6 2%\ (1.16)
Z—SC N D

wheren is the intrinsic carriers concentration and i¥ the voltage
applied across the junction.

At the denominator of this expression appears space-charge
generation lifetime (zs). Such term incorporates the generation
mechanisms inside the space-charge. To reduce pgheesharge
generation current, a large valuergfis desirable.
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For IGBTSs, the generation-recombination procesaks place within
both the base-emitter and base-collector junctitmgparticular, the
asymmetric IGBT works in forward blocking and spabarge
current generation at the jlinction (sed-igure 1.§ is amplified by the
p-n-p transistor gain:

J, __Jsce (1.17)
1-apye

1.2.3 Recombination processes

Carrier recombination is a fundamental processnynlapolar device
since it influences both the static and the dynabebavior. The
recombination takes place when an electron withie ¢onduction
band passes into the valence band, when an eleictroanduction
band and a hole in valence band recombine themdanshe
semiconductor bandgap. Another possibility occutsenv both, an
electron in conduction band and a hole in valenaadb drop in
superficial trap (Figure 1.7).

Electron Electron Electron Electrons

(S} (S} (S) e+—9o

Recombination
Photon T ¥ Center
or

H Phonon
@« ® o—®

Hole Hole Holes Hole

Band-to-Band Deep-Level Auger
Recombination Recombination Recombination

Figure 1.7. Semiconductor recombination.

In semiconductors, the possibility of direct traiosi (band to band)
are highly unlikely, while the indirect transitiommechanisms
Shockley-Read-Hall (SRH) [14][15], whom exploit theharge
passage through the middle recombination centersrgted by lattice
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impurities, are dominant. Auger recombination [16][ become
important in highly doped region or at high injectilevels in drift
region for bipolar devices. It consists in energyd anomentum
transferring to a third carrier and requires aérigpllision.

The recombination rate U can be described by tHewiomg general
expression:

U= =t pn—1f et (1.18)
rno(p+ P ex ﬁjj+rp°(n+ n ex kTD
with the minority carriers lifetimg,;
1
Thopo=———— 1.19
0= G N (1.19)

Eq.(1.19) highlights the dependence of the lifetiore the thermal
carrier velocityvi, and on cross sectios, and trap densityNt of
electrons and holes.

The lifetime can be generally expressed as:

r=4n (or @j (1.20)
U U

where Ap,An is an excess of injected carriers. In case of péty
silicon, the electron density is much larger than the hole dengity
In such case:p=p,+Ap, n=N,+An pN=hH p<< N,
substituting in eq.(1.18) the resulting expressson

o 0o penf 55 |
r= +

N, +An
e € (1.21)
+rp0(ND+An+rpe kTB
N, +An

At this point, it is possible dividing the discussiconsidering the two
limit cases oflow andhigh carriers injection. With low injection, the
donor concentration is much higher than the excafsscarriers
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generated by external stimulationp,4n<<Np and the eq.(1.21)

becomes:
n o E-E
T, =7 .| 1+—exp — 1.22
L po( ND KT jj ( )

The low injection lifetimer, is only dependent on the recombination
level position and minority carrier lifetimmg.

At high injection, the donor concentration is muckver than the
excess of carrietdp,An>>Np and the high lifetime, is given by:

Ty =T+ Ty (1.23)

Lifetime control techniques were developed in ortepptimize the
average catrriers lifetime [18][19]. In order to geste middle energy
levels, they are based on:

a) Impurity introduction by means of thermal diffusioof
elements like gold or platinum, before of the atigrea
realizing.

b) Electrons high energy irradiation.

The irradiation has the advantage of being realaier the active
area since the accelerated ions are cabled totipamsyh both metal
and oxide. Furthermore, recombination centers @fobalized with

the lifetime depending on the energy provided hysidt points out
that a higher lifetime is desirable from the stgimnt of view to

reduce the conductivity modulation resistance; loe dther hand, a
lower lifetime allows a faster charge redistribatialuring the

transitory. Lifetime control techniques are used#bance these two
aspects.

1.3 P-i-N diode

The P-i-N diode differs by the conventional P/N tbe presence of
intrinsic region (N-Drift) able to support the deeireverse blocking
(Figure 1.8). When thieigh-level injection of minority carriers occurs
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into the drift region, the resistance of this thiaker is greatly reduce.
Consequently, a low on-state voltage is achieved.

) J

p* Np N+

WD
Figure 1.8. Basic geometry of a P-i-N diode.

The structure presents two junctionsadd J. The P Anode region
and the N-Drift region form the first one, whileetiN-Drift layer and
the N" Cathode region form the second one. Due to itsdoping, the
depletion region extends almost exclusively inte thift region until
reaching the Nregion. For this reason, its thickness must beyded
to sustain the reverse breakdown voltage. The ate-stoltage drop
across the structure strongly depends upon thag®ltirop across this
drift region in addition to the voltage drop acrake P/N junction.
The holes injected by the" Pegion are minority carriers into the drift
layer. However, if the doping dNof this region is quite low, with the
increasing of the current density, the injectecebalensity can reach a
higher value respect to the one of electrons, whathambient
temperature is properly equal te Bk depicted in Figure 1.9.

A

| »
»

J1 J2 X

Figure 1.9. N-Drift holes distribution in low injgéon regime (blue line) and
high injection regime (red line).

Considering the situation just described, it isgiae to distinguish
three transport mechanism that govern the curtewt during the on-
state condition:
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a) Low current levels, where thdiffusion of minority current
dominates the transport within the drift region.

b) High current levels, where the high concentratidnboth
carriers types dominates the transport within th& cegion,
referred also akigh injection current

c) At very low current levels, the recombination witlithe space
charge determines the current transport.

At low injection regime, the profile of minority n@ers into the
neutral region is illustrated by the blue line igure 1.9. Applying the
low of the junction, the holes concentration at Hwandary of the
depletion region is given by:

P, (0)= R, &/ (1.24)

where V; is the voltage applied across the dioBg, represents the
hole concentration at the equilibrium on the N sidehe junction.
The excess of minority carrier density at the dipbe region
boundary is described by:

APN = PN(O)_ PON = F(;N(éva/kt_l) (1'25)

The total current flow at the depletion region bdary due to the
diffusion current is given by:
D
I = 3,(0)= D AP, = ERN (8447 -1)  (1.26)
P
whereDr andL are the diffusion coefficient and the diffusiomdgh
for holes, respectively.
Assuming that for low minority injection:
_n _n
P . =——>> = 1.27
ON ND r'OP NA ( )
Considering that, the curred{- given by the injection into the P side
of the junction is negligible, the total curreraviling through the P-N
junction is described by the eq.(1.26).
At high injection regime, with the increasing ofetloltage applied
across the diode, the injected minority concerdratirises in
accordance to (1.24) until the profile of both &less and holes
becomes equal into the neutral region as illusdrate the red line in
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Figure 1.9. In such condition, the minority carsiezxceed the drift
doping concentratioNp:

p,=n>>n,= N, (1.28)
Considering the boundary low of the space-charg®ne
2 A%
pn="1 e (1.29)

n

Substituting eq.(1.28) into eq.(1.29) the new baugdondition for n
side is achieved:

AVa

P, (X)) = next (1.30)

The formula ofnp(xp) in the p side is the same because of they does
not depend on doping level.

The electron current in the Drift region is zero Nit side of the
junction:

J,= au,n E+ g0 St 00 (131)
X
Drift-diffusion equilibrium for electron is reachéfd
dn,
E=-qD— 1.32
N, S (1.32)

The hole current is given by:

dn P, | dp,
J = n E- D p— D|1+—" [— 1.33
=y, E- aD,— - =g ( mj i (1.33)

Since in the Drift regiomy=pn:

d
3, =-2qD, d‘:: (1.34)
qv, X%
P,(9 = PetnéTe” (1.35)

with a constant length diffusioh, = /2D,
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The current flow at high injection is given by:

29D 29D Ve
J:{?ﬂmuo:i%lﬂné” (1.36)

p p

At high injection, the presence of a high concerdraof free carriers
strongly reduce the resistivity of the Drift regidBuch phenomenon
takes the name afonductivity modulationlt has a beneficial effect
since it reduces the on-state voltage drop achesBtift region.

Since the diffusion gradient is negligible, theataturrent in the drift
region can be written as:

J=aq(u,n+u, P E= du,+u)nE= @, nt (1.37)

where pa and na are the ambipolar mobility and concentration,
respectively. In presence of ambipolar transpoet time dependent
diffusion equation is given by:

2

) 0 (Jzn) Y UE a(on) +G- R= a(on
0X oX ot

whereD’ is the ambipolar diffusion:

H,nND, + 1, pD,
Hn+u,p

D (1.38)

D =

a

(1.39)

and

_ oty (P=1)
oun+tup

It is now considered the case of a very small eurflewing across
the P-N junction. The current transport is dominatbyg a
recombination phenomenon governed by the SRH theory
accordance to eq.(1.18). As written in 81.2.2 teeombination
current can be described in accordance to the.&g)(1

The forward conduction characteristic that indicates relation
between the current density and the voltage drafependent on the
injection level of the carriers as in Figure 1.A0.very low current it
is related to the space-charge generation phenameAb low
injection the current flow is proportional (@Va/KT), while, with a

(1.40)
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further increase of current density, it becomespertional to
(qVa/2KT). Finally, a larger current density in the drifyést generates
a rapid increase of the voltage drop due to theméination that

reduces the injected carrier density.
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End-Region and Series
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Figure 1.10. On-state forward characteristic f&-iaN diode.

Forward Bias Voltage (Volts)

e Transient characteristic

The simplest power switching circuit of Figure 1.ikladopted to

describe the switching behavior of the device.
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DUT

Figure 1.11. Simplest P-i-N diode switching circuit

If the diode is operating as free-wheeling dioddaratuctive load, the
turn-on phase takes place when forced by an exteumeent source.
The holes injected within the drift region do netch in short time
the high injection regime, and hence the condugtimodulation.

This produces as effect an initial raising of th@tage across the
junction (Figure 1.12). During the time, the injeat of holes

produces a decreasing of the voltage drop unstdbilize at the Von
value due to the conductivity modulation.

Figure 1.12. Diode current and voltage during tira-bn.
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e Turn-off transitory

Thereverse recoverys fundamental specification for P-i-N rectifier.
It refers to switching process needed to bringdéece from the on-
state to the blocking state and governed by the &tearge excess
removing. When the switch (MOSFET for example) ebb®n the
circuit, its current linearly increases from thedis t* to §. The diode
starts to turn-off and its current linearly decesa®ue to the presence
of the stored charge within the drift layer, thed# is still conducting
even afterd and the current is negative. Only after the tirhéwo
depletion regions at the junctiori-R Drift and N Drift-N" start to
developing toward the drift layer center. From thme b to & the
product of thelrr reverse recovery current and the growing reverse
voltage of the diode gives an important contribmtiof power
dissipation. Figure 1.13 shows the turn-off treorgi waveforms
together with a one-dimensional cross section o# tturrier
distribution within the drift layer.
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Figure 1.13. P-i-N rectifier turn-off waveforms @)d free carriers
distribution (b).
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trr reverse recovery is time employed by the diodeetoove the
exceeded charge and approaching to a non-condumdiwsition. The
charge stored into the drift layer and then remasgeQrr Under the
assumption of a triangular shape of the currenvesugeometrical
consideration leads to:

Qe (128 25 (1.41)
dit
o O (1.42)

SinceQrr Must be the same stored in forward conductionait be
related to the lifetime as:

Qrr = Q= 17 (1.43)
Substituting eq.(1.41) and eq.(1.42) into eq.(1.4&k can be
described by:
2rl, :”_Fﬂ a,/rl. ﬂ
| rg dt dt

| o O (1.44)

tRR

From the eq.(1.44) the following expressiontfgrcan be provided:

_2rly _ |2,
tRR—t di T (1.45)
"t dt

Considering the relation of the lifetimeavith Irr andtrr, it points out
as a fast turn-off switching needs of a low casrikfietime. Lifetime
killing techniques are adopted to realiast recovery diodewithout
compromising their on-voltage drop.
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1.4 Insulated Gate Bipolar Transistor (IGBT)

The IGBT is a semiconductor device constitutes duyr falternating
layers (P/N/P/N) with a metal-oxide-semiconduct®ddQS) gate
structure operating as controlling terminal withceggenerative action.
Nowadays, IGBT has become the most important paleeices for
medium and high power applications.

J1

P+
CoLlC CollectorContact -

Figure 1.14. IGBT basic structure.

The geometry of a basic IGBT structure for a PlaNan-Punch-
Through IGBT (NPT-IGBT) is depicted in Figure 1.btt during the
years, many different structures have realized. Tevice is
composed by paralleling thousands elementary ealtb of them with
a common design. For the IGBT, as for the Power MBS the
multicellular approach poses no problems becaubastan intrinsic
thermal stability. A P/N/P/N is a thyristor strucdu which can be
activated by applying a voltage on the gate terik@are in detalil,
the N region is the emitter diffusion and representssibigrce of the
MOSFET part of the device; while the P-body reg®mboth the body
of the MOSFET part of the device and the colleadbthe vertical
PNP structure of the IGBT. The threshold voltagettef MOSFET
part of the device is defined by the doping conegiun of the P-body
region at the Silicon/Oxide interface. The low-dopeegion is
designed thick enough to sustain the high voltabensthe device is
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in the blocking state. In the IGBT, this region negents either the
low-doped drain of the MOSFET and the n-base ofvéértical PNP.

The collector of the IGBT is the P+ region (the &emiof the vertical

PNP), also called “hole-injecting layer”. The baikt of the structure
is achieved by doping diffusion up to the junctidh and requires
special laser treatments. As regards the top desigmnel is realized
by the difference in lateral extension of the Pebasd N source

regions. Both regions are self-aligned to the gatgon sides during
ion implantation used to introduce the respectiwopants; while

polysilicon is used as gate terminal.

» Device operation

P" collector layer play a fundamental rule in the BBsince it allows
the conductivity modulation into the drift-layer an state condition.
The device operates in blocking state when the-gaiiéter voltage is
kept to zero. In this situation, applying a postivoltage to the
collector, the collector-drift junction (J1) becosnéorward biased,
while the P-body-drift junction (J2) is reverseipsed and the leakage
current of this junction is the only current flowinnto the device.
This condition, calledorward blocking is limited by the breakdown
of J2 that is the open base breakdown voltage ef RNP. If a
negative voltage is applied to the collector temhistill keeping the
gate-emitter voltage to zero, the junction J1 igersely biased while
J2 is directly biased. This is theverse blockingondition. For a NPT
structure, the forward blocking capability is equal the reverse
blocking capability, due to symmetric with respéztthe drift layer.
To achieve the on-state condition, a gate-emittdtage higher than
the threshold voltage have to be applied. In susidition, a positive
collector-emitter voltage allows the electrons fiogy across the
MOSFET channel under the gate and then acrossrifti@egjion. On
the other hand, holes are also injected from thileator into the drift
region, due to directly biased collector-drift jioa, recombining
with electrons injected by the channel and a doubjection of
carriers occurs into the drift layer. The collectdrthe PNP collects
the exceeding holes. With the increasing of theeturdensity, the
density of the mobile charges becomes higher then doping
concentration of the drift layer. Since it is ned® keep the
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neutrality of the charge in the drift layer, higbncentrations of both
electrons and holes are reached with the voltagp donsequently
reduced. This bipolar effect is called “conducivimodulation”.

Because of the P-body/drift junction cannot bediyebiased in on-
state, therefore, the vertical PNP never entersaituration mode.
However, when the gate voltage is slightly above threshold
voltage the MOSFET enters in pinch-off conditiommiting the

electron current delivered to the drift region, aswhsequently the
overall current as well. The conductivity modulatichas the
advantage in reducing the on voltage drop, but #dsodrawback in
accumulating a high amount of charges. Indeed, whendevice is
switched off, the channel of electrons is fastlynoged but the
remaining charge stored in the drift region canrdr@oved only by
recombination mechanisms. During the charge remawvaé the

device exhibits a classical collector “current "talfor this reason,
there exists a conflictual condition between fomveoltage drop and
turn-off switching times: by increasing the excglicharge in the drift
layer, the forward voltages is reduce but produ@ngincrement of
the effective turn-off time for the device.

Buffer Layer N+

J1\

N

'p+ .

Figure 1.15. Geometry of a Punch-Through IGBT.

A structure able to reduce the off switching tirbat keeping a large
on state voltage drop is shown is presented inrEidul5 [20].The
structure, named Punch-Through IGBT (PT-IGBT), prés an
additional N doped buffer layer between the cotieend drift region
having higher doping respect this last layer. Thghér electron
density in the Buffer layer favors a partial recanabion of holes
injected from the collector within the buffer redug the collector
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junction efficiency. Since the minority carrier difme in the base
region is also reduced, a lower charge concentratiaghe drift layer
is generated producing a higher voltage drop in trestate.
Moreover, it leads to a faster recombination ofessccharges during
the turn-off, resulting in a shorter turn-off tim&he doping profile
and electric field distribution of a symmetric aagymmetric IGBT
can be compared observing Figure 1.16 and Figlrg tespectively.
Symmetric structure presents a triangular fieldifgohat approach to
zero before reaching the opposite junction. Thippeas in both
forward and reverse blocking, which have the samewdx , This
because B¥eoand B\ego are very similar due to the low value®hp
being the large width of the epy-layer. Asymmestoucture has a
trapezoidal field profile in forward blocking thallows to reach a
larger \cemax in forward blocking. The buffer layer must be thin
enough to guarantee that depletion region.adaks not reach the J
junction. At the same time, its doping concentratis imposed to
reduce the injection efficiency of the junctionable to degrade the
forward conduction characteristic.

DOPING PROFILE ELECTRIC FIELD
B B
Y3 |— N+
P FORWARD
Ja [T BLOCKING
N d

REVERSE
BLOCKING

P+

Figure 1.16. Doping profile and electric field distition of a symmetric
IGBT structure.
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DOPING PROFILE ELECTRIC FIELD
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Figure 1.17. Doping profile and electric field distition of a symmetric
IGBT structure.

* Static characteristic

The analysis of the forward conduction charactessif an IGBT can
be described by means of two equivalent circuitillastrated in
Figure 1.18.

oC oC

G |L_ .
OE IE
@) (b)

Figure 1.18. Equivalent model of an IGBT: a) POM&SFET and
diode; b) Power MOSFET and PNP transistor in Dgtin configuration

The first equivalent circuit is based on a PiN-festin series with a
MOSFET. It provides only an approximation of thevide behavior in
the forward state, since this model does not censitle current
produced by the holes flowing within the P-basaaegThe junction
formed by P-base and drift region is reversely ddaguring forward
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mode and the free charge density must be zero ashing the
junction. As effect, the conductivity modulation tfe IGBT in the
drift region is identical to the PiN diode near tt@lector junction,
but lower than a PiN diode near the P-base junddh The second
circuit is based on a Darlington configuration. Thewer MOSFET
current supplies the base current of a PNP tramsigiroviding a
deeper and more precise description of the cormluctharacteristics.
Both circuits shows that IGBT has the same voltdgg of a Power
diode. If the collector-emitter voltage is loweaththe diode built-in
voltage, a negligible current flowing into the dsai As above
mentioned, the gate-emitter voltage creates thetrele channel
between the emitter and the drift region with theceons injection
that increases with growing the applied voltage.e Thtatic
characteristics of an IGBT are depicted in Figu1

80 r

70 -

60 - == V=V
sor e — Vemtov ]

40 1

I 1A]

30 -

@) (b)

Figure 1.19. Simulated IGBT static characterist{@}:lc-V e for Vce =
10V; (b) k-Vce for different gate-emitter voltages.

With the second model an important effect is cozr®d. In fact, due
to the large thickness and low doping concentratifotie drift region,
the PNP transistor provides low current gain fgotonsequently the
Power MOSFET in the equivalent circuit carries ganaontribution
to the total collector current. Therefore, the tates voltage of the
IGBT includes also a significant drop across theSFET portion. In
particular, near the P-base junction the condugtwviodulation has a
minor effect resulting in a considerable drop asrdbe JFET
resistance of the MOSFET in addition to the voltdgep across the
channel resistance and the accumulation layernaesis as reported in
[22]. A solution able to remove the JFET resistaotéhe MOSFET
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current path igrench design, whose structure is depicted in Figure
1.20.

Buffer Layer N+

=
T Collector Contact

Figure 1.20. Trench IGBT structure.

In addition, the Trench structure provides a robess improvement
to the latching because it reduces the resistivd pathe P-base
region. Assuming a pinch-off condition of the Trbn@)-IGBT, the
collector current results:

= HhColen (v v (1.46)
2L (- apyp)
where Wen and Lcn are the width and the length of the MOSFET
channel, respectively.

For this structure the on-state voltage drop casdsn as the sum of
three contributions:

VON = VPN + VNB + VMOSFEW (147)

whereVpy is the drop on the forward biased Collector/Bujtarction,
Vngis voltage across Drift region aMhiosreTis the component due to
the MOSFET structure. More in detaN/pn contribution can be
calculated as:

N
Vo =<y (DO—Z'?NBJ (1.48)
q n
where p0 is the hole concentration at Collectof®ujunction, and
ND,NB is the Buffer doping concentration. The MOSFKoltage

contribution is given by:
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Vvosrer = JebonP (1.49)
244,Cox (Vo = Vi)

where P is the cell pitch. As regards the contitlsuacross the Buffer,
it can considered composed by two parts:

VNB = VNB]. + VNBZ (150)

_ 2L, Jc sinhV, /L‘*)D
o, (4, + H) (1.51)

[@tanﬁl[ exiiy La])_ tan—ﬁ[ expy, uﬂ]}:

NB1

Vi, :k_T(un—ume{tanhww I Yoostlby M) o
Myt My tanh@, /L, )cosh(y, /L, )

q
where L, =,/D,r,, is the ambipolar diffusion lengthiVon is the

depletion region W is the part of the Drift not reached by the
depletion. Both contributions are very affectedtbg high injection
lifetime of the Drift layer.

Finally, it is considered thecVee characteristic in sub-threshold
region, which depends on the Gate Oxide/P-bodyfaxte. The sub-
threshold can be calculated considering the exjpress the surface
potential as follows [23]:

[ naokT( 1S )]
Ss_m—{ln(lo) ] {1+ c ﬂ (1.53)

Ox

* Transient characteristic

As done for the analysis of the PiN diode, evethis case a simplest
power switching circuit is considered (see Figuizll The inductor
load, which presents a free-wheeling diode in pelralcan be
considered as a constant current source duringotheand off-
switching of the device.
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Figure 1.21. Simplest power switching circuit.

Turn-on characteristics The MOS structure governs the turn-on
switching performance of the IGBT. The IGBT turnwaveforms are
illustrated in Figure 1.22. The turn-on starts wlaeroltage VG is
applied by the driving circuit. During the time émval tO-t1 the
voltage values is lower than the MOSFET threshattage, which
remains in the blocking region. During this intdreagate current
flows charging the gate-source capacitance and Mhe grows
exponentially governed by the input capacitancerasistance. When
Vs approaches the threshold voltage the device stadsnduct with

a current proportional to the applied gate-sourakage. During the
interval t1-t2 \&s keeps on rising exponentially until the drain eutr
reaches the load current at the time t2. At t2 kbed current
completely flows though the IGBT with the diode tthetarts to
switching off. In this phase the device is in pirafhregime due to the
high value of \As (the collector potential is assumed as the drain
potential for the MOSFET). At time t3 the devicdes in the triode
regime since the p6 has almost reached the forward voltage drop
with the gate voltage that starts to rise agaire pbwer dissipation is
significant only during the interval t1-t3 whereetlvoltage-current
product is large.
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Figure 1.22. IGBT turn-on waveforms.

Turn-off characteristics Turn-off waveforms are depicted in Figure
1.23.
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Figure 1.23. IGBT turn-off waveforms.

Turn-off transient starts when the external gatmiteal drives \&c to
zero. This leads to an exponential lowering ofghte-emitter voltage
to the value for which the device is in saturatregime. Collector
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voltage and current keep constant during this phasdéime t1, the
collector voltage rises, but the current is stiinstant. With the
increasing of the collector voltage, the curreoivg into the Miller
capacitance towards the driving circuit, across dla¢e resistance.
This last governs the current in the Miller capaotte and, for this
reason, the collector voltage rate of rise becowrritscal project
parameter. When the collector voltage is high ehoube free-
wheeling diode starts to conduct its current ingesa As a
consequence, the IGBT current decreases until dohréo a finite
value due to the stored charge within the drificegRecombination
mechanisms allow a gradual decreasing of the ntinararriers
resulting acurrent tail During this phase the collector voltage is at its
maximum value and current tail produces a signiticpower
dissipation in the device. The duration of the entrtail limits the
IGBT operating frequency and trade-off between w@eslosses and
switching times is therefore needed. A method tdigdly overtake
this drawback consists on localized control of lifegime in order to
reduce the recombination time of the free carrigithin the drift
region.

» Latch-up of Parasitic Thyristor

One of the most significant problem in IGBT struet is the
presence of a parasitic N-P-N structure. When theorty carriers
injected by the collector flow toward the emitternhinal, they tend to
pass in a narrowed area near the gate terminat dinirent path
develops a spreading resistance of the P-basentd§ithis current is
significantly high, the base-emitter junction oétNPN-parasitic BJT
can become forward biased. The NPN current drives PNP-
transistor to the on-state, and therefore the parésyristor will latch
up and the gate loses control over the collectoreott Reducing the
gain of the NPN- or PNP-transistors can prevenptrasitic thyristor
to latch-up. However, this means to increase th8TIGn-state
voltage drop. Different solution can be adoptedaatrast the letch-
up phenomenon like the reduction of carrier lifegjrthe use of Buffer
layer, and the use of deep-Body diffusion. This last solution allows
reducing the spreading resistance but requireseadontrol of the P
region extension. It has to be adequate to pretrentdevice from
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latch-up, but it cannot extend into the MOS chanipetause this
would cause an increase in the MOS threshold veltag

« Safe operating area

The Safe Operating Area is defined as the valuesuofent and

voltage for which the device can safety operate.|&BT it must be

separately considered the case of forward opemgtibiat is when the
gate-emitter voltage is positive, and reverse dmers, when the gate-
emitter voltage is zero or negative.

Forward Biased Safe Operating Area (FBSOA)The FBSOA is
represented of the safe operations conditions vthengate bias is
applied and both electrons and holes flows in 88T and the
collector voltage is still at high values. Diffetgphenomena regulate
this condition. In particular, the breakdown pheeoon limits the
maximum sustainable voltage, while for lower voéathe limit
depends on the maximum power dissipation. Finddy,very low
voltage, the letch-up phenomenon limits the maximeurrent. As
regards the breakdown, it is regulated by gairhefphp as discussed
in the previous section.

Reverse Biased Safe Operating Area (RBSOA)hen the IGBT is
reversely biased, no electrons flow in the deviod anly a holes
current component is present. The RBSOA is theeelonited only

by the avalanche phenomenon occurring to the jondbrmed by P-
base and drift region. The electric field dependgshe net charge in
the drift region and with the increasing of theeéhabncentration the
breakdown voltage becomes lower than the one detedvby the

only background donor concentration and it redueggth the

increasing of the current. It is also lower thame ttorrespondent
FBSOA breakdown voltage because hole concentrat®onnot

compensate by the electrons. As for FBSOA, alsoRBSOA is

limited by latch up phenomenon for lower voltageh&i an IGBT

turns off the device current is determined onlythey holes current. If
the P-base parasitic resistance is high enoughufos on the NPN
transistor, the parasitic thyristor turns on antHaup occurs. This
phenomenon limits the maximum current owing in geicture for

low voltage values.
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1.5 Terminations

Semiconductor power device are made in approprEgekages
realized for specific application. Their cuttingquére the use of
special diamond blades, which inevitably provokeaanage at the
crystalline lattice. If the cut reaches a devicemezaesignated to
sustain high voltages, the generated damage prodsceffect a
leakage current increasing able to reduce the Howak capability
and its stability during the time. For this reastire periphery area of
power devices, usually named as termination, isemaih special
design. In reverse polarization at high voltagethi depletion region
at the termination should not intersect the damazgpees. In vertical
power devices, another problem is related to the @M to the
curvature of the electrostatic potential at theighery area. Planer
junction in modern devices are achieved by usingr@gpiated

dioxide masks lied on semiconductor surface. @rgaan open
window through the mask it is possible to diffude timpurity by

means of either thermal diffusion or ionic impldida (Figure 1.24).

Window Silicon
in Dioxide
Silicon
Dioxide
TR T T T TR Ty [ T T TR T T TR T Silicon
AP SESEEEE  Dioxide
\_ P+ J
Silicon
N

Figure 1.24. Planar diffusion mask in silicon dedc

During the drive-in process, the impurity diffusitakes place in both
vertical and lateral directions. Lateral diffusisrabout the 85% of the
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vertical one depending on the oxidation type, @fjise orientation
and segregation. If the open window within the maskectangular,
there is an accumulation of impurities in correspemte of the
window corners (Figure 1.25).

spher. reg.

Figure 1.25. 3D diffusion effects with a rectangwandow in dioxide
mask.

Such impurities are distributed in tridimensionphse comparable to
slice of sphere, which introduce electric field vature effects

modifying the BV [24]. For the same applied voltatiee electric field

will result to have more intensity around the curggion producing a
premature breakdown. To explain this effect it banrefer to Figure
1.26, where is shown a section of the planar diffus

Figure 1.26. Planar junction section.

Assuming an isotropic diffusiom; = x and approximating L >¥, the
cylindrical region can be analyzed within tlgr{ plan by considering
the Poisson’s equations in radial coordinates :

E :g(l’E) - Q(r) — _qND(r) (154)
r r 12 &
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Integrating the first term between andrp (in correspondence of
which E = 0) it achieves the radial electric figkd]:

2 _ .2
E(r) =—qND(r){rD rJ} (1.55)
£ r
The electric field at the abscisgsassumes its maximum value:
AN, | I'57T
[Bulew =55 { . } (1.56)

Since N-region is low doped, with a low value of Nt2re is a large
depletion region resulting iy >>rj:

2
aN | I
B e, ~ 28" (—DJ (1.57)

I

For the planar junctioo =rp - rj and always forp >>r;:

_aNW, _ aN §
|EM|PL— z == (1.58)

The ratio between planar and cylindrical electietdf results:

Buloy _fo 5 (1.59)
|EM |PL ZrJ
Poisson’s equation in spherical coordinates is:
1 _dhegy= Q0 —aN, (1.60)
r £ £
Integrating the first term between r and r
3 3
- =aN, (DT,
E(r) 26 . 5 (1.61)

The maximum spherical electric field is:
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3 3
_ANy [ I,
Eulse =2 {—2} (1.62)
36 J
forrp >>r;:
Eule, ~ 22 {r_} (1.63)
MlciL 2 :
3 r;
The ratio between cylindrical and spherical eledield results:
E
[Bulse 26 4 (1.64)
|EM |CIL 3rJ

Eqg.(1.59) and eq.(1.64) highlight as|&r >> | Bu| ci. >> | Bu| e, the
critical electric field kEr at the breakdown will be higher respect to the
planar case. Electric field curvature effect of thdimensional case,
and even more in tridimensional case, reduce thtage at which the
breakdown occurs at the junction. Firstly, tridireemal case can be
avoided by acting on the mask design. In particuke corners of the
open window should be rounded with an adequateatur® radius.
This solution permits to reduce the problem todlome bidimensional
case. Different techniques have been developedgltine years with
the scope, not only to contrast the damage efbettalso to maximize
the BV with a lower consumption of periphery area.

1.5.1 Floating field ring technique

A simple approach able to increase the BV nearl@evef the planar
junction consists in surrounding the diffusion womd of the active
area with Floating Field Ring (FFR) [26] as in Higu.27. Since the
ring is floating, it is not electrically connectedth any terminal,
depending on the distand® by the active area, its potential is at a
value in the between respect to the applied voltage
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Figure 1.27. Planar junction with a single fieldgi

It is possible to use the same diffusion procesthefmain junction
without increasing the technological steps. Hendeping peak
concentration and diffusion depth will be equallboth main junction
and field ring. The distanc®@s is a fundamental parameter for this
technique. If the ring is too close to the maincpion its beneficial
effect will be weak, and the ring simply behavespasiong of the
active area. On contrary, a too elevate distandlenat permit to the
ring potential of coupling with that of the actiaeea. In other word, if
W5 is too small the electric field remains that ofiregrical one, while
a Ws too large mitigates the ring effect resulting inpeemature
breakdown.
Applying the Poisson’s equation to the structur&igure 1.27 results
[27]:
2

dV__dE_y N (465

dy? dy £
where Vr is the reverse voltage applied at the cathode itafm
Considering the following boundary conditions

V=0, per y=0
V=V, per y=W,

(1.66)

It achieves
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V() :vR—g ND(W) w%} (1.67)
Eq.(1.67) highlights that by increasing the cathad#tage Vr the
depletion region extends along y-direction reactihng floating ring,
and the breakdown will be prematuré\§ < Wsv. Way is the value of
the depletion region at which the breakdown occurs.
Fory =Ws

VI, :vR—% ND(WDV\g—WTSj (1.68)

From eq.(1.68) two limit cases are pointed out:

{VFR =Vq, per y=0

(1.69)
Vs =0, per Wy - Wy,

Not only the distance Ws is important to maximike BV but also
the width of the ring. Figure 1.28 shows the madifion occurring to
the depletion region boundary depending on thdifigaing width. A
largest ring width produces as effect an enlargihghe depletion
space with consequent increasing of BV, since ldss results from
integrating the electric field on the depletioniceg

P+ P I'
J/ K Narrow
v Field
@ -=7
e Rin
// \ ?
______________ Depletion
N Boundary
P+
Wide
(b) Field
. Rin
// \ ’
____________ -~ Depletion
N Boundary

Figure 1.28. Depletion region boundary in dependamnrcthe floating ring
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width.

Another design solution able to reduce the eledtéld cylindrical
effect consists in the using of a Field Plate (FP§]. It is a
prolongation of the metal layer of the main junoticontact lying on
top of dioxide layer and extends for a length LFRre 1.29).

Lep ]
e .
«— Field Plate Field
» Oxide
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s
j
T
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Depletion
Boundary
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Figure 1.29. Field plate effect on planar junction

Since the electrostatic potential is constant altmg whole metal
layer, this last produces the same effect of a theg@harge at the
oxide layer, allowing a lateral extension of thelé&on region. FP is
able to mitigate the cylindrical field at the poitincreasing the BV.
On the other hand, the cylindrical field is genedaat the FP edge
(point B). Regarding the electric field at the edfi¢he FP it is related
to oxide thickness following dependence describe@auss’ low:

‘si~30, (1.70)

X, =—
ng

J

If the main junction has a depth of 6 um the breakd at the field

plate will be that of cylindrical for an oxide thigess of about 2 um.
The oxide thickness, together with the FP lengdm, loe optimized in
order to maximize BV by appropriate balancing twe peaks at the
points A and B.

More in general, with the increasing of BV ratasitneeded to use
more complex structures, which exploit the actiérseveral floating

rings often surrounded by field plates. To undemstéhe effect of

multi guard rings structure on the electrostatidepbal it can be

considered the following theoretical discussion][ZEhe multi-FFR
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structure having two rings P2 and P3 and the mairction P1

illustrated in Figure 1.30 is analyzed.

Ground
6 % X W W %

Figure 1.30. Cross section of FFR structure widothtical one-
dimensional electric field and potential distrilouis at the surface.

Integrating the Poisson equation of (1.7) the ongedsional electric
field and the potential at the junction P1 can bigten as:

E(9 =T (- 3 (1.71)
—_ qNEP|
= e (1.72)

wherex; is the distance between the junctiéhsandPa.
Iterating for each junction:

N
E, (9 =2 (%~ ) (173)
v, = Weer ()2 4y, (1.74)
2 28 1

£, =52 (- ) (1.75)
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N
V= TE (= )+, = (176)

To maximize the BV the surface electric field peakeach junction
must be equalized, in other word:
Vi=V, -V =V, \, (1.77)

Largely diffused is the adoption of a terminatioasidn realized
combining both FFR and FP techniques. Any singlerieelifies the
potential distribution of the ring reducing electfield at the ring
edge. To optimize this structure needs acting oth kibe rings
geometries and field plates extensions, since ldss the FP also
introduce a further field peak. The presence of @ahenetal layer
having the same potential of the contacted ringbie to prevent the
entering of mobile ions, which can produce instabd effect like
walkout.

Floating Field Rings

Main / \ \
Junction

e S e

-

Boundary

Figure 1.31. Multiple FFR termination assisted igydf plates.

1.5.2 Junction termination extension technique

JTE design was introduced for the first time by pé&min 1977 for

planar and plane p-n junctions [30]. A manipulat@inthe surface
electric field is realized by controlling the imptadose of a low doped
P region, which extends from the main junction talée device

periphery (Figure 1.32).
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Figure 1.32. Geometry of a classical JTE termimatio

P diffusion has the same dopant type of the actiea, but its doseiQ
is only a fraction of that of the ideal junction.@ndeed, to reduce the
cylindrical electric field effect it is necessarylhalance both peaks at
the edge of the main junction and at the edge ef XRE region,
namely pointA andB, respectively. As shown in Figure 1.33, if @
too low, the effect of the P diffusion is too weakd a high peak
occurs at the poimk; on the other hand, if Qs too high, the potential
of the main junction is simply translated resultinga peak occurring
at the poinB.
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Figure 1.33. Simulated surface electric field dlsttion for different peak
doping concentrations of P diffusion.



Chapter 1 56

The dose @ of the P diffusion can be calculated considerihg t
critical electric field Ecr of the ideal junction multiplied for the
dielectric constanis as following:

w

Q =[aN,dex= gy W= E.&, (1.78)

A further reduction of the peak at the poiAitcan be achieved
extending the contact metal layer in order to eeala field plate.
Indeed, noted the epi-layer doping concentratiahthickness, only a
well precise peak concentration will guarantee By fdepleted P
region. The main drawback of this technique is ligh breakdown
instability in case of fluctuations of the P dopipigpfile as visible in
Figure 1.34.
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Figure 1.34. (a) Simulation P doping profile foffeient doses, D1=1x19
cnt?, D2=2x10% cm? , D3=3x102 cm? , D4=4x10? cn® D5=5x10? cn’?
(b) Simulation BV dependence on P region peak aunaton.
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Two solution are possible to improve the perforneanaf the

termination by using a JTE multi-masking approaktirst approach

[31] consists of dividing the P region in more dgfons, for example
three as illustrated in Figure 1.35.

_pr__ o V) q Qg

Figure 1.35. Geometry of a three masking JTE teation.

Each diffusion is realized with its own masW (s the diffusion
extension) and implant dogg In particular, the combination &,
Wo, Wz and the ratioQy/Qz and Qs/Q. determine the maximum
efficiency of the structure.

The second approach [32] results less expensige dimllow using a
single dose implantation just modifying the wind®ize of each
diffusion. The window size must be gradually endatgoing from the
main junction to the extern part. In addition, agpiately designing
the distance among each mask it is possible tor fewe diffusions
overlapping generating a similar effect realized ttwe previous
approach. A simplest geometry of the describedagmbr is shown in
Figure 1.36.

Anode

$1 S2 S3 passivation oxide Sn-1

W, W2 W3 | Wp1  Wp

.
n- drift n_ 1

n+ substrate

Figure 1.36. Cross section of a Multiple Zone Jé&iination
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1.5.3 Surface passivation and SIPOS layer

Breakdown instability, like so, the leakage currean be greatly
improved by the surface passivation. During theous technological
steps, the mobile charge can remain entrapped ctosethe
semiconductor surface. As consequence, an alterabb the
superficial electric field can occur leading to iffeslent breakdown
voltage. An adequate passivation is able alsodoae the quantity of
defects at the surface, like dislocations, whicredaly affect the
leakage current due to presence of traps levetedrband gap. The
passivation in planar device is commonly realizedhwsilicon
dioxide. However, because of sodium and potassigrahle to pass
through the dioxide layer, this last is preventyvebvered by silicon
nitride or oxynitride by means of plasma-enhancenulal vapor
deposition. Another approach consists in using yerlaof Semi-
Insulating Polycrystalline Silicon (SIPOS) [33]. i$hlatter is an
electrical material doped with oxygen. It is realizoy chemical vapor
deposition [34], at low pressure (LPCVD) or atmasjh pressure
(APCVD), at temperature in the range of 600-7WD Used as
passivation layer, it does not exhibit walkout phraena degradation
of the apnp Or breakdown voltage. Oxygen dopant allows redytire
density of surface states that contribute to thdasa generation
current, thus reducing the leakage current [35hkiage current in
dependence on oxygen concentration in SIPOS pdissivaf a P-n
diode is shown in Figure 1.37. The leakage curdmdreases with
increasing the oxygen concentration. After abou%16f oxygen
content no further reduction of surface densityestéaakes place. This
happens with contemporary increasing of SIPOS treitys On the
other hand, the BV also decreases with increashey dxygen
percentage as visible in Figure 1.38. In particudar oxygen content
beyond the 8% increases the resistivity of SIPO&ltng the field
relaxation effect.
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Figure 1.37. Leakage current and SIPOS resistastg function of oxygen

concentration.
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Figure 1.38. Rn diode BV as a function of SIPOS oxygen
concentration.
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Another way to increase the SIPOS layer resistwitynout acting on
oxygen doping consists in designing the layer gdpmeTwo
examples of design are illustrated in Figure 118%ne case SIPOS
layer is realized in spiral shape [36], in the othas an interdigitated
form [37].

le{—g
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Figure 1.39. Patent SIPOS layer geometries reatzeeduce the layer
resistivity.

1.6 TCAD simulations

The use of device numerical modeling and simulaisoessential in
the world of industry in order to analyze and depesemiconductor
power devices. Technology Computer Aided (TCAD) sists in
using of computer simulations for designing and irojaing
semiconductor processing technologies and devicéEAD
simulations instruments allow reducing time andsa$ a production
process helping the comprehension on the influesfcéhe design
parameters and predicting the electrical behavior.

Synopsys Sentaurus TCAD suite [38] is the simulateed in this
work. It operates in Linux environment and it issdgo work on 2D
and 3D structures simulating optical, thermal ankbctecal
characteristics. Sentaurus TCAD tools solve funddale physical,
partial differential equations (e.g. diffusion atrdnsport equations)



Fundamentals of silicon power devices 61

by discretizing the device domain in finite elensgntvhom are
associated the respective physical equation andnpers. Figure
1.40 shows the typical flow-chart to run a simwatin Sentaurus
TCAD.

Command] Command| Command| |Parameters|
File File File File
— H H :

vy v
x€

e

Sentaurus Sentaurus Sentaurus Inspect & Sentaurus Visual
Structure Mes Device
Editor A A A

H HE Meshed H | :
"aud cture fasses e T Results panas
P Structure > Srvetune P | Results

Figure 1.40. Sentaurus tool flow.

In first place, it is needed to define the geomeing doping profiles

of the virtual structure. Process simulations cam ferformed

considering each technological step like etchimg implantation,

thermal annealing and oxidation. In this work, @ simulations are
used to show both the technological steps of FFRitation and the

difficulty in generating a real doping profile ofldE process.

An easier alternative consists in reconstructirg gtructure knowing

the geometrical dimensions from SEM section, cngathe doping

profiles as superposition of elementary analytiegpression (e.g.

Gaussian or Error-function). The latter approacls baen mainly

adopted in this work, using the software Senta@uacture Editor.

With this tool is possible to define geometry, miale and doping

profiles, both for 2D and 3D structures.

The domain of the realized structure is discretiaeth a non-uniform

grid (or mesh) of nodes. In this way, the deviceeigresented as a
meshed finite-element structure, at which everyesodf the device
have physical properties associated with them. iPalysquations are
solved for each node and the carrier concentratiorrent densities,
electric field, generation and recombination ratesg so on, are
computed. Thus, an efficient mesh is necessarybtairo realistic

results, and therefore the number of points hdsetoarefully chosen
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as compromise between results accuracy and simwlatme. A valid
mesh can be obtained by trial and by observingetiner during the
computation, even though some practical rules carafgplied. The
number of nodes should be increased in zones wdwme physical
parameters could have a significant spatial gradignmeans, for
example, that the number of nodes should be inedeahere it is
expected to have high current density or high stedteld. For a
Power MOSFET, critical sections usually are the ncled the
body/drift depletion region, the interface oxidefseonductor, the
JFET region. In avalanche breakdown analysis,catitsections are
located in parts of device where the ionizatioretablace. Another
possibility to discretize the structure consists uging Sentaurus
MESH. It is the tool provided with Sentaurus TCARditated to
discretize spatial domains and to generate doprofjlgs. Its axis-
aligned mesh generator engine produces triangléseircase of 2D
devices and tetrahedra in the case of 3D deviaesh ®ol is provided
of exclusive sections able to manage either thehnggl at the
materials interface and/or the angolation of eaicimgle/tetrahedra to
improve the simulation convergence.

Once a proper mesh has been completed, the deanicbecsimulated
with Sentaurus Device. As visible in Figure 1.4@edent sections in
the command file have to be specified to deal aukition. The
adopted physical models able to describe the palyd&vice behavior
are listed in aphysics section Solver configuration and settings
helping convergence are defined imath section. Different type of
simulations can be computed and specified instiigesection. Each
of them as quasistationary, transient, etc. useddindary conditions
specified in theslectrodestatement. An external parameters filgar
provides the activated models associated to eaopted material.
Output data such as terminal characteristics, physgquantities
(specified in a plot section) can be then visudlizthrough
visualization tools like Sentaurus Visual or Ingpec

The simulation of a device implies the computatioh terminal
currents and voltages using a set of physical emsthat describes
the carrier distribution and conduction mechani§33.

The primary step to simulate a device is to solwe Poisson’s
equation and the continuity equation based on thiezBann carrier
transport theory for the electrostatic potentildctrons and holes:
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M’y =-qp-n+ Ny = N;) - 05 (1.79)

wheree is the electrical permittivityg is the electronic charga,andp
are the electron and hole densitils,is the concentration of ionized
donors,Nathe concentration of ionized acceptors asis the surface
charge density due to traps and fixed charges. iGemsg the
Boltzmann statistic and given the quasi-Fermi pidés) the electron
and hole densities can be expressed as:

_ Een—E

n= N exp( T J (1.80)
— E, - EF,p

p=N, exp(—k_l_ j (1.81)

where Nc and Nv are the effective density-of-statérn and Erp the
quasi-Fermi energy levels for electron and hdde,and Ev the
conduction and valence band edges.

The continuity equation for electrons and holesgiven by:

N _1my-u, (1.82)
ot q

op 1 - -

P _2mJ-u 1.83
ot g (1.83)

whereJn, andJ, are the electron and hole current densities, while
and Up are recombination rates of electrons and holespeively.
The analytical expressions df and J, depending on the transport
model used to compute them. Different models areaila@ve in
Sentaurus, considering that even the simple uselriffdiffusion
modeland thethermodynamic modegirovides an accurate describing
of power devices behavior.

* Drift-diffusion model
It is the default transport model in Sentaurus. eereral expressions

for electron and hole current densities, valid fmth Fermi and
Boltzmann statistics, are:
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J, =, (ME.-1.5nkTJ In m)+ RO r dliny,) (1.84)
J, =4, (PUE, -1.5pkTdIn m)- DU p- P lny,) (1.85)

The first term takes into account the contributielated to the spatial
variations of the electrostatic potential, the &tat affinity, and the
band gap. The remaining terms are related to théibation due to
the gradient of concentration, and the spatialagiem of the effective
masses. Considering valid the Boltzmann statisticz yp =1. The

Einstein’s relation permits to calculate the diffuty coefficients

through the mobilities:

h _KkT (1.86)
H.o 4
Equations 1.38 and 1.39 can be simplified as:
J,=-nqgu 0P (1.87)
J, =—pqu 0o (1.88)

where®dnanddpare the electron and hole quasi-Fermi potentials.

* Thermodynamic model

Thermodynamic model [40] considers the temperatnadient as
driving term included in current densities equasidm1 and 1.42:

3, =-nau, (0P, + ROT) (1.89)
J,=-pau, (0P ,+ POT) (1.90)

wherePnp are the absolute thermoelectric powers [41] @nd the
lattice temperature.

* Boundary conditions

To correctly solve differential equations it is eesary defining the
boundary conditions at the borders of a domain. d@jault, each
contact on semiconductor, if connected to a cirnoide, assumes an
Ohmic value of 1mM. Assuming also charge neutrality and
equilibrium, it can be written:
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Mo~ P =Ny = N, (1.91)
Mo P = Mer (1.92)
Assuming Boltzmann statistics:
KT . N, - N
@=@ +—arcsinh| —>2—= (1.93)
q ( Zr],eﬁ
— N )2 -
an—(ND ), + TN (1.9
4 ' 2
—N )2 -
Py =J—(N° oL, 2R g

whereno andpo are the electron and hole concentration at eqitilibr
and ¢r the Fermi potential. In the case of gate contatis, metal
contact lies on the insulator layer and the electpmtential is
expressed as:

P=@ ~Pis (1.96)

where ®wmsis the work function difference between the metal ¢he
intrinsic level in the semiconductor.

For all boundaries that are not contacted Neumammditon is
applied:

=0 (1.97)
J,, =0 (1.98)

As regards the thermal problem, in case of thesmaikulated
surfaces the following condition is applied:
knIT=0 (1.99)
On the other hand, at thermally conducting intesathe boundary
condition become:
kﬁD]]TzM (1.100)

h

with Rih external thermal resistance characterizing thentakecontact
between semiconductor and adjacent material.
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* Band structure

Structure band is fundamental property for semicctat device
simulations. Band gap and density-of-states arensanmed in the
intrinsic density for the undoped semiconductor:

E, (T
n(T) =y N(T) N,(Dexp(— ng(T)j (1.101)

while the dependence of the band gap by the termyvers modeled
as:

atT?
T+p

where E¢(0) is the band gap at T = OK while and § are values
material dependent.

The electron affinity, i.e. the energy separatiortween the
conduction band and that of valence is represeaged

E,(T) = E(0)-

(1.102)

(a+a,)T?
2(T+4+5)

where yo, Bgn2Chi (0.5 is default value) are adjustable values and
Ebgn includes the band gap narrowing effect.

XM =X+ + Bgr2 ChiJE,, (1.103)

* Band gap narrowing

Heavy doping influences the density producing afecef called
“bandgap narrowing”. Sentaurus supports differesmidgap model:
BennettWilson, delAlamo, OldSlotboom and SlotbatamRipulston
and TableBGN. In this work, the OldSlotboom model has been
adopted and the following relation describes thendgap
modification:

2
AED=E, |n(_Nwtj+\/{m{&n 05| (1104
Nref Nl’ef
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The model is based on measurementi.0f in PNP transistorsEres
andNrer are fitting parameters.

* Mobility models

The carrier mobilities can be dependent on sevegaysical
phenomena such ahonon scatteringdoping, high electric field, etc.
[42].Sentaurus uses a modular approach for theriggea of the
carrier mobilities following for each contributiaine Matthiessen’n
rule:
l:i+—1+... (1.105)
H B H

If the model for high electric field is activateds in this work, the
final mobility is calculated in two steps. The firene, piow IS

determined according to eq. (1.105) for low elecfield; while the
second one, is function of a driving forégs.

Phonon scattering model is only dependent on éattemperature
[43]:

T V¢
=U | —— 1.106
Hon, /’IL(3oa<j ( )
wherey. and¢ are accessible parameters.
The doping dependence can be described though beetatons.
Arora model has been adopted in this work due gointmediate
comprehension and its eventual easy modificatidh [4

_ Hy
,U op — :umin + 0 (1107)
" 1+ (Npo* Np o) / No)*
with:
T lo T ay

=A — ,u = —_— 1.108

:Umm Awn I:é»?)OOKj :ud AH I:é 300<j ( )
and:

B T ™ - T \*
NO_A“[ﬁ—SOOKj A Aété—somj (1.109)

Each parameter is accessible in the parameteissfile
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Mobility degradation at interface is important ifO8FETs or IGBTs
to describe the influence of the transverse eledtld in the channel
region. The free carriers in the channel are cexficlose to the
surface in a thin layer. At the semiconductor/iatai interface,
carriers are subjected to scattering by surfacen@halue to lattice
vibrations, interface state and fixed charge andasa roughness.
Scattering surface contribution can be modeledgusambardi model
[43]:

C((N,,+ N, ,+ N)/ N)*
/,[ac :E+ (( A,Ol/3 D,0 2) NO) (1.110)
Fl FY3(T /300K ¥
N -1
F/F_ )" s
U, :[M +i] (1.111)
o n

whereA’, B, C, N, N, are fitting parameters anf, is the electric

field normal to the semiconductor/insulator inteda The acoustic
phonon scattering contributionpnac and the surface roughness
scattering contributionysr are combined with bulk contribution
according to Matthiessen’s rule eq.(1.105).
When a high electric field prevail, the carrierfdwelocity is no
longer proportional to the field, resulting in awation of carriers
velocity:

v=ulE (1.112)
The model adopted in this work is Canali model [4@jich originates
by Caughey-Thomas formula [46]:

u(F) = (@ + D), — (1.113)
a_l_{l_*_((a"'l)ﬂmw':hfsj ]
v,

sat

by default o=0 while the exponenp is temperature dependent.
Saturation velocity is part of Canali model andiigeen by:

=v (%j | (1.114)

sat — Vsat0 T

where Vsao and Vsaep are accessible parametefs« represents the
driving force, which supported in Sentaurus by fiNéerent models.
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Whit the first model Eparallel, the driving field for electrons is the
electric field parallel to the electron current:

Fren=F Gj— (1.115)

Even if physically correct to describe both mopiland avalanche
generation, this kind of driving suffers of numenstability for small
current J,. The second modelGradQuasiFermi is an alternative

with improved numeric stability:
Foen=|09 | (1.116)

In this latter, the driving field follows the gramhit of quasi-Fermi
potential. In general, eq.(1.115) and (1.116) pdevihe same results.
The remaining models are not here discussed.

* Recombination and generation models

Recombination-generation processes oOccur in sermhgxor,
operating under thermal equilibrium, to balance #xehanging of
carriers between conduction and valence bands.igeussed in the
previous paragraph, the most relevant recombinati@chanism in
silicon semiconductor is the SRH, whose model int&&us is in
according with eq.(1.18). The electron and holeetiliies are
expressed as function of doping concentration, tritedield and
temperature:
I, = rdopﬂ (1.117)
1+9(T)

As regards the doping dependence of the SRH ligetitns modeled
according to the Scharfetter relation [47][48][49]:

Tmax B Z-min
- (1.118)

1+ Nao + Npo
N

ref

Z-dop(NAO + NDO) = Z-min +

whereNet is a fitting parameter.
The temperature dependence of the SRH lifetime mamexpressed
either by a power low or by an exponential exp@ssi

() = (ﬁj M=reo 119
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Experimental measurements show a positive deperd#dribe excess
of carriers with the temperature, (C >1), but its behavior is, in
general, strongly dependent on the nature of tb@mbination centers
and difficult to predict.

The effect of the electric field on SRH lifetimedoenes relevant in
when a P/N junction is reverse biased under a gtelactric field
(3x1C° Vicm).

In the heavily doped regions, another recombinati@chanism of the
injected minority carriers is the Auger recombioat{50][51][52]. It
can be described by the following recombinatioe:rat

R =(C,n+ C,B( np- Bey) (1.120)

where the Auger coefficientS(T), G(T) are temperature dependent.
The avalanche generation is governed by the foligwgeneration
rate:

G, =a,nv,+a,py, (1.121)
where on and o, are the ionization coefficients defined in eq(1.1)
Sentaurus implements different models for the irmhpaacization
coefficients: van Overstraeten-de Man, Okuto-Crowell, Lackner,
University of Bologna,new version University of Bolognaand
Hatakeyama.

Van Overstraeten-de Man modeBased on the Chynoweth low [5]:

a(F)=ya ex;{—Fﬁj (1.122)

ava

with:

hia
tanh —=2
2KT,
Y= heo
tanh —>*
2kT
Eq.(1.123) expresses the temperature dependenite gghonon gas

against which carriers are accelerated b and o are fitting
parameters calculated bgn Overstraeten-de Man.

(1.123)
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New University of Bologna Model It is calibrated with special
impact ionization measurements and covers a widgeraf electric
field [53][54][55].

(R T)= Fa (1.124)
a(T) +b(T) exp{d(n}
Fava t€(T)

wherea, b, c,d are polynomial coefficient of T.

1.7 Process emulation of a FFR termination

In this section a process flow of a FFR terminati®rsimulated by
means of Synopsys simulation tool Sentaurus Proddss process
flow has been realized by the research group afirffrafer Institute
ISIT. The FFR structure is termination of PT-IGBOO¥ rated.
Sentaurus Process is an advanced 1D, 2D, and 3fe2gzsimulator
suitable for silicon and semiconductor semiconductdt features
modern software architecture and state-of-the-artlets to address
current and future process technologies. Senta@rasess simulates
all standard process simulation steps, diffusiomplantation, Monte
Carlo (MC) implantation, oxidation, etching, depgmsi, and
silicidation [56] .

The process flow consists of the following steps:

* Oxide growing on the epitaxial layer

* Boron implantation and diffusion

» Gate oxidation thermal budget

* Active area implantations and diffusions
The following theory on process fabrication hasrbesferred to [57]-
[59]. The first step, after the epitaxial growingn oxide layer is
realized by means of thermal oxidation. The oxalget will operate

as protection mask during the boron implantation floe rings
realization. Two thermal oxidation mechanisms aossjble: 1)
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Oxidation of silicon in oxygen (dry oxidation); @xidation of silicon
in water vapor (wet oxidation).

Dry oxidation: Silicon reacts with @to form SiQ:
Si(9+Q($ - SiQl (1.125)
Wet oxidation: Silicon reacts with water to form SiO
S(9+2H,Q9 - SIQ( 3+2 H( Y (1.126)

During the thermal oxidation, the silicon surfaseonsumed with the
Si/SiG interface moving into the wafer as shown in Figlwl.

SiO, surface

-
Original Si surface o ‘
Si0)q k===~ dimcom s bo oo d L

Silicon substrate

(@) (b)
Figure 1.41. (a) Movement of silicon/oxide intedatturing the Si@growing.
(b) Cross section of silicon/oxide interface.

The cross sectional imageFEifjure 1.41(b) shows as to generate an
oxide layer with a thicknes$, a silicon layer ofl thickness is also
consumed. The relation betwegandd’ can be achieved by applying
the molar conservancy low:

dApsi — d' AOSiOz
Zg Z

(1.127)

sig

whereA is cross section area equal for the two mateg|sZsi, psice

and Zs are the density and atomic weight of silicon anddex
respectively.

From eq. (1.127) the relation betwegtandd’ results:

d'=1.8ad (1.128)

This means that to grow 1000 nm of oxide by theraxddlation, 532
nm of silicon are consumed in the reaction. To @rihe oxide layer
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growing it is need acting on the temperature an@tchn time of the
wafer within the furnace as visible in Figure 1.42.
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Figure 1.42. Oxide thickness for Si (100) and 3il{1at different
temperature for dry (a) wet (b) oxidations.

The rings masks can be realized by means of cherattaching.
Before to proceed with doping deposition a “screghoxide layer is
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grown. As demonstrated in [60], a deeper Boron patien is
achieved as thinner as the screen oxide layer, cediye with
increasing the implantation energy ($égure 1.43. In addition, in the
screen oxide allows light scattering of the ion rbeduring ion
implantation, which prevent the generation of iohannel.

—&— 50 A screen oxide
\ ~#— 30 A screen oxide
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Bt ——— As implanted
E 10° |
=
§
g
5 1019 L
g
O
10"

0 100 200 300 400 500 600 700
Depth(A)

Figure 1.43. Boron SIMS profiles in Si. Thicker deiduring annealing
gives deeper junction.

The doping phase, i.e. the introduction of specrfipurity within the
semiconductor, can be basically realized with twaihrad: 1) Thermal
diffusion (Figure 1.44(a)); 2) lon implantation giere 1.44(b)).

Gas of
dopant
atom

@

Maximum surface concentration
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High-velocity
dopant
ions

(b)

Maximum concentration below the surface

Figure 1.44. (a) Thermal diffusion. (b) lon implatin.

In analogy with thermal oxidation, thermal diffusiconsists in two
step process. The first one, the deposition isrttieduction of dopant
atoms at the wafer surface; the second one, thee-driis the
diffusion of the dopant into the wafer to create tkquired gradient
profile. During the thermal diffusion, the dopanbwes vertically but
it also spread laterally reducing the effectivetalise between two
adjacent junctions. The dopant source can be fardiit states solid,
liquid or gaseous. This determine a different shajpdoping profile
within the wafer. The drive-in operation can belirea using dry
oxidation or wet oxidation. The diffusion of imptyiinto the
crystalline can be either for vacancy diffusion for interstitial
substitution. The impurity distribution depends @everal the
crystalline properties, impurity atoms and tempaeat During the
oxidation there is a dopant redistribution phenoomencalled
segregation When two solid phases are in contact, an impuay
move in one or another solid until it reaches elaim. The
segregation coefficierK is defined as the ratio between concentration
of impurity in one material and the other at theiilgrium; in this
case the two materials are silicon and dioxide:

Csi
C

K= (1.129)
Sio,

Hence,K is related to how fast the dopant may diffuse ugfothe
silicon or dioxide material. This acts as a mashirg dopant for
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most of the dopant species. For instance, the Bbasna segregation
coefficient less than one but the diffusion withine dioxide is slow
and remains quite constant for a considerablerdistalhis generates
a sort of concentration depletion at the Si-SiOferface (Figure
1.45). If the Boron is working oxidation ambient diffusion on the
dioxide side is slow while it would be fast in casé hydrogen
ambient. In some cases the dopant can segregatiee abi-SiQ
interface remaining not activated, bringing to asiamption up to the
50% of the implanted dose.

2.5x1018 ; I ; I ; ; ;

2x1018 3 Arsenic T

Oxide

1.5x1018 7
i Phosphorus

1x1018

Concentration (cm -3)

5x1017

0 I 1 T
0 01 02 03 04 05 06 07 08
Distance (um)

Figure 1.45. Segregation affect in oxidation ambifenthree dopant species
B, P, and As.

Assuming that the impurity flud is constant respect to the time, it can

be calculated using the Flick’s first low as:

D 0C(x, 1)
0x

whereC is the concentratiorx is the distance from the surfaceghe
time. The diffusion coefficienD is expressed as:

J= (1.130)

D=D, exp(— KEJ (1.131)
B

wherekE, is the activation energy for diffusion.

One of the main drawbacks of the thermal diffusisndue to the
isotropic diffusion of atoms, which lead to a tagthlateral spreading
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with increasing of the diffusion depth. For thisasen, the ion
implantation method is widely adopted. It operatekw temperature
by means of chemical reaction. The schematic abarimplanter is

illustrated in Figure 1.46. The ionization systerpexkates at high
voltage ionizing the dopant atoms in gas phasen Tina ions selected
with a mass spectrometer pass through an accelematoch add

energy to beam up to 5MeV. Finally, a scanningeysts used to
appropriately deflect the beam across the wafedymog a uniform

implantation.
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Figure 1.46. Schematic of the ion implantation pasc

The implantation energy acts on the penetrationtbdep the ions,
whose concentration can be described by means @aassian
function (see Figure 1.47).
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Figure 1.47. (a) Concentration profile of ion impiaion. (b) Depth range vs.
ion energy for four different dopant, i.e. B, P, 3B. (c) Standard deviation
range vs. ion energy for four different dopant, BeP, Sb, As.

The high energy implantation generates structusatalline damages.
As consequence, a special treatment able to répaidamages is
adopted. Such thermal treatment is called anneaiind can be
realized with two method: 1) with a tube furnacdoat temperature
(600-1000°C) to minimize the lateral dopant spreading; 2) apia
thermal annealing, realized at high temperaturddia short time.
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Chapter 2

Termination structures

2.1 Introduction

The tendency of modern power devices is to redueeverall size to
favor the integration of several component on alsirchip. Power
devices employed in applications for motor drive power
distribution systems need to withstand high volsagehich are
limited by the avalanche breakdown phenomenon. Tag& is
governed by the electric field distribution withihe semiconductor.
Depending on the device design, the avalanche ggémercan occur
either in active area or in termination area. Tlkeemtnation is
designed to overcome the premature breakdown dtigetourvature
of the electrostatic potential and sustain theaggtrate of the device.
With the increasing of the voltage rate, classieahination like FFR
require a too large consumption of area leadinghto necessity of
developing new design solutions. Reliability andygedness are
essential requirements for a termination, espegcialbpplication with
high current rate. A deep compression of avalancteEhanisms
occurring at the termination are needed to prepesthature causes of
failure during the nominal condition. In this chaptwo innovative
termination design are presented and compared avilassical FFR
one. The relation between the Negative DiffererRasistance (NDR)
branch on avalanche |-V curve and filamentary aurig investigated
in the interaction between active area and ternunatduring
Unclamped Inductive Switching test.
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2.2 Edge termination techniques

In 81.5 the breakdown limitations occurring at thevice periphery
have been discussed. The influence of terminatesigd like FFR, FP
and JTE on the cylindrical electric field was alwalyzed. Even if
largely diffused, FFR structures assisted by FRs difficult to
fabricate and need of a too high occupation of asspect to the
modern power devices requirements. On the otherd,haiE
termination is demonstrated to be a good candishateducing the
consumption of area but its main drawback is béow sensitive to
process fluctuations. In this Chapter, advanceaiiteation structures
are presented for a power diode 1.2 kV rated peulitbr a leader
company in the field of power semiconductor devicés particular,
two innovative JTE-based design are presented girgyia well
precise optimization strategy able to guaranteectiveect operating
even in presence of process fluctuations. Theifop@ances are then
compared with that of a FFR structure constitutgsséven guard-
rings supported FPs. It will be demonstrated asttwe JTE-based
design can reach the same BV of a FFR structuie avieducing the
occupation of area of over the 40%. Each strucisirgesigned and
analyzed by means of 2D TCAD simulations. The patans
optimization is led to maximize the BV at low curtegeneration.
Terminations ruggedness is evaluated by means al@@ro-thermal
simulations of UIS, deeply analyzing the problenssomiated to
uneven current distribution. As regards the stmastuin Figure 2.1 is
shown the doping profile adopted for the simulatiomlong the
vertical dimension from Anode to Cathode.
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Figure 2.1. Doping profile of the overall structure

Prior to proceed with the simulations, a prelimynealibration of the
physical parameters has been made. In Table 2.lepogted all the
parameters modified by the calibration.

Table 2.1. List of calibrated model parameters.

Model Symbol Default Value Calibrated Value
Dielectric . 11.7 118
constant

Chio 4.05 4.17
Bandgap EgO 1.6964 1.8
dEgO -1.5958 0
vsatO 1.0%10 2.410
Canali vsat,exp,n 0.87 0.8
vsat,exp,p 0.52 0.8
n 1x10°[s] 1x107[s]
Scharfetter T 3x10°(s] 1x107[s]
NRef 5x10 [cm] 1x10' [cm ]

In this work, it will refer at the “main junctionas a portion of the
active area. As regards the design rules, two #&speast be taken
into account. The first one regards the targeth@mnaximum voltage.
It is required to obtain a breakdown voltage caltgthigher than the
15% of the nominal one, hence, a value of abou0¥33he second
one regards the space between the last diffusitimeaermination and
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the field stopper. Such distanc® (must guarantee a safety condition
for which the depletion region cannot reach evdntwacks of the
crystalline.

Finally, as avalanche generation modén Overstreaten-De
Mannhas been adopted, and an oxide charge densityl®t3sm? at
the Silicon/Oxide interface has been considered.

2.2.1 Floating field ring termination

The theory on FFR technique has been introduceglLif.1. During
the years several approach for the design dimeimgjonave been
developed [1]-[4]. The FPs to support the FFR desiipws both to
increase the BV and to improve the breakdown stakalgainst the
oxide contamination. The optimization of a struettiFR assisted by
FPs can be uneasy since the dimensioning of aesqugrd ring or FP
modifies the electric field distribution on eacthet element of the
structure. In general, the employment of 5 guandsgi would be
sufficient to reach the required voltage but twpmamentary rings
are here used to prevent eventual process fluongtfFigure 2.2).
The main junction and the floating rings are resdiavith the same
process and both present a peak concentratioml®f1cnt® with a
junction depth of 6um.

\FPL,  FPL,  FPL,  FPL, FPL,  FPL,  FPL, FPL Oxide

1
1
[ d5, i d6 1 .
1
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«— o
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Termination Length
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Figure 2.2. Sketch of FFR termination.

Referring to Figure 2.2, when the FPs are usedsthgerficial
electric field peaks on each guard ring is mitigateaoving at the
positions B-th. The FP itself introduces a peakhatpoint A-th. To
optimize the geometries of the structure it is seaey to balance of
the electric field peaks at the points A-th andhBih this work, a
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particular optimization strategy has been adopteatrder to prevent a
lowering of the maximum BV in case of process uaies, which has
led to the superficial electric field peaks disitibn depicted in

Figure 2.3. It forms a sort of bell distributiontivimaximum peak in
the center. This allows compensating eventual idigion variations

due to process fluctuations. Its beneficial effeah be appreciate
observing the relation between the oxide chargesitieand the BV

reported in Figure 2.4. The redistribution of tHectic field due to

the lowering of the charge density brings to amaase of the BV.
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Figure 2.3. Superficial electric field distributiof the optimized FFR
termination.
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Figure 2.4. BV dependence on Si/Ox interface chdegesity for the
optimized FFR termination.
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2.2.2 JTE-based terminations

JTE technique has been discussed in §1.5.2. Itggbbut as the main
drawback was its breakdown instability in preserafe process
fluctuations. In this section two new design arepmsed both thought
to enlarge the range of peak doping of the P-ddfugJTE diffusion
at which the breakdown stability is guaranteed.nSange is called in
this work asstability window The first one design is called SIPOS-
JTE [31]-[9], and combines the action of the lowpedd P-diffusion
and a high-resistive layer to linearize the potdntalong the
termination; while the second one named Outer GAasisted
(OGA)-JTE [10] [11], exploits the actions of supplentary guard-
rings to redistribute the electric field peak ocog at the low doped
P-diffusion.

2.2.3 SIPOS-JTE termination

SIPOS-JTE structure is shown in Figure 2.5. Thénesistive layer
has the dual role, on one hand reducing the seprglectric field
peaks, and on the other hand screening the suaigamst external
impurities.

Termination Length

Cathode

Figure 2.5. SIPOS-JTE geometry.

» Design optimization

In this section, the optimization procedure of SBROTE termination
is presented for two values of JTE junction depthat 6 and 8 pm.
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Table 2.2 shows the list of parameters with respecange of values
(imposed by design rules) needed to optimize thPOSHFITE
structure.

Table 2.2. SIPOS-JTE parameters list and desigs.rul

Parameter Symbol Range
JTE Diffusion Length Z 40-220 [pm ]
Distance between JTE diffusiohs X 0-5[um ]
and field stop H
Distance between JTE diffusiohs
and field stop S 100-280 [um |
Oxide thickness ol 1200-22000 [A]
Field plate length FPL - [um]
SIPOS Resistivity P 1x10-1x10 [Q-cm]
Termination length L 250-300 [_um ]

As first step, the dependence of BV on JTE diffnsextensiorL
is evaluated for both junction depths (Figure 2®)ch preliminary
curves are achieved considering a distaXicat 4 pum,tox at 1200 A
and in absence of the FP. In this phase, the indfeieof the JTE
junction depth seems to be determinant in maxirgizire BV, while
the effect ofL on BV tends to saturate after about 100 um. Tloéceh
of L depends on three factor: the global terminationgtle, the
extension of the safety zorg&and the distancX between the main
junction and the JTE diffusion. Hence, the termoratength can also
be seen as the sum of three contributiGRX+S.
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Figure 2.6. BV dependence on termination lerigtor X at 6 and 8 um,
respectively.

The dependence of BV ofiis now considered for different values
of tox (Figure 2.7) X is the effective distance between the two junction
edges including the lateral diffusion, which is ptal as the 85% of
the vertical one. The BV is maximum when the JTHudion
completely overlaps the main junction edge, in ipalar with the
increasing of the oxide thickness. The action & &POS layer in
lowering the superficial electric field peaks ismmeffectiveness if the
oxide thickness is reduced.
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Figure 2.7. BV dependence on the distaXdetween the diffusions for
differenttox.

To lower the electric field peak occurring at tlage of the main
junction the field plate is introduced extending imode metallization
along the termination for a lengf#PL. This last is dimensioned in
dependence on the oxide thickngssJTE diffusionX junction depth
and L. This latter will be chosen according to desiglesuto be as
greater as possible. The effectFdL on the BV is depicted in Figure
2.8 for different values dby, fixing L=100 pm anX=0 pum.
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Figure 2.8. BV dependence on field plate lerfgféth for differenttox with X
=6 um (a) and = 8 um (b).

In Figure 2.9 the effect of tiePL on the electric field distribution
along the termination is analyzed. It reveals thes@nce of two peaks
placed at the edges of the main junction and theddpectively. With
increasing ofFPL the peak occurring at the FP becomes even more
higher. It is interesting to note as the FP ler{th um) that produces
the maximum BV, also generates a main current patihhe edge of
the same FP Figure 2.9(c). Its effect on termimatiggedness will be
treated in electro-thermal analysis.
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Figure 2.9. (a) Electric field distributions extred at 5um from the surface
for different lengths of the FP. lonization distriton at I=1mA achieved
with FPL=15um (b) andFPL=25um (c), respectively.

As introduced in 81.5.3, SIPOS layer has a berafiafluence
against impurity entrapped in the oxide layer. Tlaspect is
investigated evaluating the relation between oxidlarge densities
and BV for different values ofox as illustrated in Figure 2.10. It
highlights as a thinnéex favors a higher rejection to the impurity. It
points out as a good balance between a high enBuWglnd impurity
rejection efficiency determines the choicet@fvalue. It is interesting
to note as the increment of BV due to thegrowing produces its
maximum effect with lowering the JTE junction depth
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Figure 2.10. BV dependence on oxide charge defwity = 6um (a) and
8um (b).

One of the crucial aspect regarding the SIPOS ley#re control
of its resistivity. A layer not adequately resistiwill introduce an
excess of leakage component, on the other handcrigening effect
on undesired charge is proportional to its conditgti The effect of
the layer resistivity on the leakage current isictep in Figure 2.11. It
is remembered that the resistivity of the SIPOSedaig managed
acting on with both introducing dopant and coningjlits dimension.
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Figure 2.11. Termination leakage current dependencglPOS resistivity.

The stability window achieved at the end of the design
optimization is reported in Figure 2.12. It is cuolesably enlarged
respect to the case of a classical JTE structure.
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1000

'1o* ' l ‘ - I102
Doping concentration [CRef*cm'a]
Figure 2.12. Stability windows of the SIPOS-JTHrteration forX; at 6
um and 8 um and fdr of 250 um and 300 pum.

The avalanche breakdown curves of the optimizedOSHBTE
structure are shown in Figure 2.13. The casestefraination length
of 250 um and 300 pum, as well as, the junctionttept 6 um and 8
um are considered. The difference on junction deythintroduces
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significant effects in term of BV; while increasinibe termination
length of 50 um generates an increment of aboM 8Dthe BV.
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Figure 2.13. Avalanche |-V curve of the optimizd®SS-JTE termination
in different combination of the parameters termoratength and junction
depth.

2.2.4 OGA-JTE termination

The sketch of OGA-JTE termination is shown in Feg@.14. The
work of the JTE diffusion to sustain the high electield is helped by
a series of guard-rings located in the outer plaiti® structure. In this
structure the outer rings have the same role peddrfor the FFR
termination, with the difference that here they tdbate to
redistribute the electric field peak at the edgdTE diffusion instead
of the main junction. If the implantation and dgfan process produce
a JTE peak doping too high respect to the expecshae, the high
electric field is located at the edge of the JTHudion. In this case,
the outer rings help redistributing such peak iasieg the BV. On the
other hand, when the JTE doping concentrationaddw the electric
field peak at the edge of the main junction is dibdg the FP action.
As regards the outer rings width, a unique valud@im has been
chosen for each ring; while for the optimizationtloéir distances the
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methodology reported in art. [4] has been adoplée. latter is based
on an iterative approach able to balance, at gagh the electric field
peak occurring on each junction. At the start, ywang distance is
kept at the minimum, so that the high electricfigist occurs on outer
ring. Moving the distance between the last ring tredprevious one,
it is possible balancing the two peaks at the riedge. The potential
of the internal rings is coupled with that of thaimjunction and does
not affect the external rings since it is kept ¢ant lIterating the
procedure for every distance, the electric fieldkpavill be evenly

distributed between each ring and the main junction

| FPL Outer Rings
— A

Termination Length

Cathode

Figure 2.14. Geometry of GA-JTE termination.

In order to reduce the number of masks (hence disésy; it is
possible to realize the outer ring diffusions byingsthe same
technological process of the anode junctiGage) or the same of the
JTE diffusion Case2. The results of both approaches are reported in
Figure 2.15 Caselallows a widesstability windowand offering also a
further benefit since it results less sensible eespio eventual
variations of the ring distances.
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Figure 2.15. BV as a function of JTE peak conceiotnavhen the outer
rings have the same technology of the JTE diffu§iase) or the same of
Anode diffusion Case2.

» Design optimization

FP optimization contributes to improve tk&ability windowin the
range of low values afTE diffusionpeak doping (seEigure 2.16a)).
An eventual fluctuation respect to the optimal kangvould not
significantly impacts on BV capability as visibla Figure 2.14b).
The example refers to a case wih= 6um, but analogous results are
achieved forX; = 8um.

As regards the rings optimization, it is led foliogy the procedure
described in [4]. It needs a prior knowing of thec&ostatic potential
at the main junction side. For this reason, thiel fdate length EPL)
optimization must be the first step to perforBPL dimensioning
modifies the potential distribution at the edgewssn the JTE
diffusion and the main junction contributing to lemthe electric field
peak.
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Figure 2.16. (a) Stability window for low valuestbke JTE doping peak in

OGA-JTE termination with an optimized FP (red lime)d without FP (blue
line); (b) BV dependence on field plate length.

The extension of the JTE diffusiod)(is kept as larger as possible
taking into account the space occupied by the auner (depending
on their number) and the minimum len@bf safety zone. The design
rule onSimposes a dimension not lower than 100 pm.

It is now considered the influence of the numbeowtier rings on
the stability window(see Figure 2.17) for the optimized termination.
The effect of two, three or four outer rings haweib considered and
compared to the case of the classical JTE. Obsgrthe results
achieved forX; at 6um and 8um, this latter shows a narrostability
window In addition, the termination working is more efigeness
with increasing the number of outer rings. Nevdas® for both
junction depths, the stability window appears laditby “transition
zone” where the BV drops of over 100V independeatlthe amount
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of rings adopted. Such lessening of the BV is doean abrupt
changing in electric field distribution. It can bsomprehended
observing Figure 2.18 where the superficial elediald distributions
are depicted whedTE diffusionpeak concentration is optimal, too
low, or too high for an optimized termination hayifour outer rings.
With a too low peak, the distribution (green-lins) completely
unbalanced close to the main junction and the ratefield peak is
placed in correspondence of the FP edge. If th& pdeaing is too
high, the JTE diffusion edge and the outer ringsl{ne) sustain the
high electric field. Finally, with an optimal pealoping, the whole
termination is working to sustain the electric digdeaks (blue-line). It
is clear that when the peak concentration exceemn fts optimal
value the electric field peaks tend to be prevaleststained by
external part of the termination. The “transitiame” takes place due
to an abrupt passage of the electric field distrtmuoccurring at the
optimal case (blue-line) to that of a too high pdaking (red line).
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Figure 2.17. Stability window of OGA-JTE terminatiovhen 2 (green line),
3 (blue line) or 4 (red line) outer rings are adaptompared to that of
simple JTE termination foXj= 6 pm (a) anckj= 8 (b) um, respectively.
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Figure 2.18. The surface electric field distribatishen the JTE peak profile
is too low (green line), optimal (red line) and tugh (blue line).

To favor a more gradual passage of the high etefigid toward
the external place the multi-mask approach [31¢udised in 81.5.1 is
adopted. Just dividing the JTE diffusion in twofasions having
length of L1 = 90um and L2 = 50um, respectivelyd gmeak
concentration of C1=Cop and C2= 0.9% ., respectively, a wider
stability widow can be achieved (Figure 2.19).
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Figure 2.19. Stabilityindow of OGA-JTE termination realized with a
unique JTE diffusion (circle markers) and two JTitudions (triangle
markers) forX; = 6 um (a) andk = 8um (b), respectively.

The rejection capacitance against Si/Ox interfaggurity is now
analyzed. Figure 2.20 shows the BV of the optimitdhination as
function of oxide charge density variations. Bor= 6pum the BV is
always over the voltage rate, keeping a high valoes wide range
oxide charge densities. On the other hand, a stleggadation of BV
occurs forX;=8 pum.
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Figure 2.20. BV dependence on oxide charge deab#y optimized OGA-
JTE termination foiX; = 6um (blue line) and; = 8um (red line).

As highlighted in Figure 2.21, lowering the oxideacge density
has the analogous effect of increasing the JTE pmkakng, with
unbalancing the electric field distribution towafee external area of
the termination. This effect is particularly seivatfor deeper junction
depths compromising the correct operating of thaitgtion.

ElectricFiekd [V em®-1)|

Figure 2.21. Electric field distribution in avaldreccondition at | = 1mA
with an oxide charge density of 1X2@n? for X;=6 um (a) an;=8 um
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(b), respectively.

The structure realized with junction depth of 8 gxhibits limitations

in term of both stability window and impurity rejean. This suggests
of adopting doping profiles with junction depth@jtm. On the other
hand, the implantation and diffusion process of-tiped junction is
easier to realize in case of reduced junction depth

* High current analysis

Avalanche breakdown analysis is here performed eomg the

current density distribution at low (I=1mA) and hig=10A) value of

generated current with isothermal simulations, imrtipular,

considering the three cases 3diE diffusionpeak doping: optimal, too
low and too high. The structure is optimized witiree rings but
analogous behaviors can be achieved for two or fmuer rings.

Figure 2.22 shows the avalanche breakdown curvesrirgy to the

three cases highlighting as at high current thectire operates in
Positive Differential Region (PDR).

: :
100 5 —=— High
—eo— Low ]
—A— Opt 3

Cathode Current [A]

600 ' 8(I)0 ' 1OIOO ' 12IOO ' 14|00 ' 1600
Cathode Voltage [V]
Figure 2.22. Avalanche breakdown curves of OGA-&reination for

"optimal” (blue line), too "low” (red line) and tdtigh" (black line) JTE
doping concentration.
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Starting from the optimal case, a dominant curm@rtribution
appears in Figure 2.23 due to ionization occurahoth the edge of
the main junction and the edge of the FP. At higirent, the
contribution at the main junction becomes domiremd second path
in active area is generating.

@)

Abs(TotalCurrentDensity-V) (A*cm®-2)
1.00e-03 1.73e-02 3.00e-01

Abs(TotalCumentDensity-V) (A*cm”*-2)
1.00e+01 1.73e+02 3.00e+03

(b)

-100 o 100 20

Figure 2.23. Avalanche breakdown current dens#frithiution for I=1mA
(a) and for I= 10A (b) for the structure haviogtimal peak doping.

When the peak doping is too low (Figure 2.24), tepletion
region is not well extended along the whole terrmiamaand the main
ionization contribution, at low current, startsrfrahe edge of the FP.
Even at high current, the generated contributiontinoes of being
essentially located between main junction and Feed
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Figure 2.24. Avalanche breakdown current densggrithution for I=1mA
(a) and for 1= 10A (b) for the structure having tow peak doping.

Finally, the too high peak case is considered (f&igu25). At low
current different paths are generated between Teediffusion edge
and the outer rings. Such paths continue to beeptesiso at high
current, even if they are generated a main corttdbuat the main
junction edge and second contribution in activeaaréhe generation
of several current paths should favor a bettemtlaédistribution, but
this aspect will be treated in the section regaydire electro-thermal
analysis.
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1.008-03 5.480-02 3000400
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Figure 2.25. Avalanche breakdown current densgyrithution for I=1mA
(a) and for I= 10A (b) for the structure having tagh peak doping.

2.2.5 Termination performances comparison

In Table 2.3 are compared both the avalanche bosakdapabilities
and the oxide charge rejection capacitances of éahination. It
points out as the two JTE-based terminations goalda to reach the
required BV with strong reduction in term of conguian of area
respect to the FFR one. No particular benefitsvaegifrom adopting
a deeper junction depth. SIPOS-JTE technology gieea better
performances both in term occupation of area artérim of stability
respect to process fluctuations.

Table 2.3. Termination performances comparison

Design Length] Xj | Oxidecharge|] BV

[um] f[um] ] rejection | [V]
FFR 500 6 1358
FFR 500 8 1401
SIPOS-JTH 250 6 T 1328
SIPOS-JTH 250 8 T 1332
SIPOS-JTH 300 6 T 1381
SIPOS-JTH 300 8 T 1359
OGA-JTE| 400 6 =) 1371
OGA-JTE| 400 8 ) 1360
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2.3 Unclamped Inductive Switching test

One of the important characterization tool used awmalanche

ruggedness validation of power devices is the Unpkd Inductive

Switching (UIS) test [12]-[16]. It allows determng the maximum

amount of avalanche energy sustainable by a devien an inverse
current is forced through it. In general, the cquiad ruggedness for a
device is associated to the amount of energy #rabe absorbed prior
to device failure [17]. The limit imposed by the ximaum energy is

related to physical and structural device pararsefarthermore, it is

strictly affected by electro-thermal effects withihre device [18]. The
interaction of all these elements can lead to inbgeneous current
distributions on the device area, and in case agitipe feedback, a
consequent filamentary current [19], [20].

A simplest circuit useful to describe how performithe UIS test
is depicted irFigure 2.26 An inductive load L is unclamped due to the
absence of a free-wheeling diode. The driver sigifalhe DUT is
pulsed for a duration dfon, during the which, the current through the
device increases linearly with a slope given by:

di. V
—&=_cc (2.1)
dt L
a) b)
L Electro-
Thermal
I Ve Stress
MAX
Rg
DUT —— Vee
Vge ‘( [L
T T

Figure 2.26. (a) UIS simplest test circuit. (b) Togd UIS waveforms.

After the pulse timelon the current reaches its maximum value
Imaxand the device is turned-off, forced by the induatobreakdown
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condition. In this phase, the current decreasesaflg but with a
different slope given by:

% — (VBR _Vcc)
dt L

whereVgr is the dynamic BV. Since the whole energy storedhie
inductor must be dissipated on the active deviegletting the Joule
effect dissipation on all parasitic resistance, hs@mnergy can be
described as:

(2.2)

E =2 LIZ, —em

— (2.3)
2 VBR _Vcc

During the inductor discharging time, the power sgiation
reaches its maximum value when the avalanche &ansstarts
arriving to zero when it finish. On the other haritle junction
temperature reaches its maximum value somewhetliagdtine UIS
time and the two peaks do not overlap making irsibbs
determining the instant of maximum stress. Howewance the
electro-thermal stress strongly depends on theciodwalue, if a thin
inductance value is used, the discharge phaselydpatls to a high
electrical stress while the temperature does nptogeh a critical
value. Otherwise, if a high inductance value is ygd, the time to
discharge all the energy is too long causing écatitise of the device
temperature and a subsequent high thermal stress.

Ton and Torr can be extracted assuming the triangular shagreeof
current.

During the turn-on:

di. _V,, V,
—€=7Db | =10OT 2.4
dt L C,max L ON ( )

During the turn-off:

%:_VBR_VDD LIC,max
dt L

= Ty =—— 2.5
o =V v, (2.5)
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2.3.1 UIS simulation strategy

To evaluate the avalanche ruggedness of the twmirtations
optimized in 82.2, 2D TCAD electro-thermal simubeis of UIS have
been performed under different operative conditidnsaddition, the
influence of the main design parameters on theaachle energy
capability has been evaluated. During such ovesstoendition, the
interaction between a portion of active area amdiéhmination is also
analyzed.

Electro-thermal simulations usually require a cdaesible
computational time, especially for structures hgwangreat amount of
mesh nodes as for the terminations. To reduceirtee df simulation,
a simplified version of the UIS test circuit hagbedopted. Referring
to a real case, the UlBon time is needed to charge the inductor at a
desired current value, which will flow into the DWluring theTorr
period. Since the DUT is in off condition duringetiion period and
electro-thermal phenomena are negligible, from dimeulative point
of view, theTon phase can be simplified. Therefore, the UIS tufn-o
dynamic of the DUT can be simulated using the emjaivt circuit of
Figure 2.27. The DUT is connected in mixed-modeatdcurrent
source” appropriately set to replicate the decrgpsiiangular shape
of the current flowing from the inductor.

During the UIS transitory a continuous interplayivieeen active
area and termination can occur. Because of theesobghis analysis
is to investigate on eventual problem that cancaffee termination
ruggedness, the avalanche behavior at only two iims&ants are
considered (see Figure 2.28): the first dheat the starting offorr
(when collector voltage is stabilized); while trecend ond2, when
the failure occurs. During the UIS a certain amoahtenergy is
transferred by the inductor to the DUT with consagutemperature
increasing of this last. Self-heating effects camdpce the generation
of electron-hole pairs with a generation rate palg uncontrollable
if the local temperature overcomes a thresholdo0iK7[21][22]. Such
temperature has been considered as the threshioid tcadetermine
the failure condition during the simulation.
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Figure 2.27. Equivalent circuit and deriving wavefis used to perform
UIS simulations.
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Figure 2.28. Waveforms example during the UIS tiffnThe
waveforms are only partial due to the overcomintheffailure condition at
time t2. At t1 the voltage oscillation are alreadyminated and the current is
still at low levels.

The simulationTorr time is regulated to generate a maximum
current of 10 and 25 A, respectively, accordingetp(2.5). Three
inductance values at 1, 40 and 100 mH, respectialy adopted.
These values of current and inductance will be alsed for the
experimental analysis.
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2.3.2 SIPOS-JTE UIS simulations

Simulation results of SIPOS-JTE termination areumesd in Table
2.4. Avalanche energy capability is evaluated ¥ay values of Anode
peak doping at A10'" and k10 cm®, respectively. This latter is
adopted as worst case to evaluate the possikilgtthe metal-silicon
contact not is completely resistive. Also the teration is evaluated
in two optimized configurations having length of2&nd 300 pm,
respectively, as well as, two values of doping degit 6 and 8 pum,
respectively. Results highlight values of avalanehergy capability
particularly lower for some design configurationshe device
behavior during such operative conditions have besalyzed
resulting in two types of criticalities: the firsne (marked on table
with red color) related to current crowding probkedepending on the
field plate dimensioning; while the second one €grenarked) is
associated to a reach-through phenomenon occuainipe anode
contact.

Table 2.4. UIS simulations results for the SIPO&-#@rmination.

Anode Terminanation  X; Ipeak = 10A Ipeak = 25A
Peak Length [um]
[em3] [um]
1x1016 250 6 8,5 7,7 7,5) 0,65 0,64 0,64—
8 7,2 6,5 6,5 0,65 0,65 0,65
300 6 5,2 48 48 0,7 0,7 0,7
8 13,1 10,8 10,7 0,7 0,7 0,7
1x1017 250 6 53,4 49,7 49,7 39,5 39,4 39,5_
8 59,3* 55,8 55,9 41,3 41,8 41,9
300 6 | 3,8 3,1 3,8) 5,8 5,9 5,9
8 59,6* 57,3 57,5 37,6 37,6 37,5

* Failure condition NOT occurred

To understand the criticality related the extensibrthe FP, the
current density distributions at the failure momarg considered for
two different values oFPL at 45um and 15 pm (Figure 2.29). Both
structures have the same design except for the filete length. The
example refers to a UIS simulation realized withad5A, L=100mH,
for a termination of length 300 um witk=6 um. As anticipated in
82.2.2.1 by isothermal simulations, the electreddfipeak at the FP
edge becomes even more dominant with the increasiriePL. In
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particular, the value oFPL able to produce the higher breakdown
capability also generated a dominant current coution at the FP
edge. As depicted in Figure 2.29(a), during the tshsitory the
thermal dynamic is too slow respect to the eleatrmne, and the
failure condition takes place before the ionizatmmtribution can
move from its location. With a reducdePL, the two electric field
peaks at the main junction and at the FP are ewdsisibuted. In this
condition, the electro-thermal interaction allowe tmovement of the
generated current toward the active area favoribgtter distribution
of the power dissipation (Figure 2.30).

TotalCurrentDensity (A*cmA-2)
3.00e+01 1.45e+02 7.00e+02
[ b |

TotalCurrentDensity (A*cmA-: 2)
3.00e+01 1.73e+02 9.94e+02
[ .

100 o

Figure 2.29. Current density distribution duringsUWlimulation at the failure
condition for two optimized structure having FPLA& um (a) and 15 pm
(b), respectively.

TotalHeat (W'
1.050+08

(d)
Figure 2.30. Total heat flow distribution duringSJsimulation at the failure

condition for two optimized structure having FPLA& um (a) and 15 pm
(b), respectively.

The optimized structure witlFPL=15 pm allows solving the
analyzed criticality resulting in a considerablerament of the UIS
energy capability. Results are reported in Table fhe improved
design presents diminution of the BV of 40V, whishstill in the
range of the acceptable values.
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Table 2.5. UIS simulation results of the improveéB@GS-JTE structure.

F

NEW | 1x10%7 300 6 60,5* 52,9 52,8 41,5 41,8 41,8
OLD | 1x10% 300 6 3,8 31 3,8 5,8 5,9 59

It is now analyzed the second criticality underine Table 2.4. It
is related to reach-through phenomenon occurrinigeainode contact
under high current levels. If the anode peak domrngo low (in this
case ¥10' cn®), the carriers concentration can dramatically rfyodi
the band structure (see Figure 2.31a), bringirgdort of short-circuit
condition, as visible in Figure 2.31b.

Band Diagram

— Ec (Reach-Through)
|—— Ec (No Reach-Through) »

() (b)
Figure 2.31. (a) Conduction bands at the P-Anod2rijunction when
a reach-through phenomenon occurs (red line) ahdauars (blue line).

(b) Total current density distribution in presewfeeach-through
phenomenon.

2.3.3 OGA-JTE simulations

20 300

UIS 2D electro-thermal simulations are performed ©GA-JTE
termination evaluating, in analogy with isothermstudies, the
behavior when the peak doping of JTE diffusioopsimal or toolow
or too high. Results are listed in Table 2.6, where red marles
highlighted two critical case in term of energy ability. They are
related to reach-through phenomenon, as alreadyustied in the
previous section.
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Table 2.6. UIS simulation results for the optimiZ2@A-JTE termination
with four rings.

Anode Peak JTE Peak X; Ipeak = 10A Ipeak = 25A
[em3] [em3] [um]
6x1015 6 En=357[m)] En=31,0[ml] [ En= 4,5 [ml] En= 4,5 [mJ]]
1x1016
5x1015 8 En=44,9[m)] En=42,1[m)] | En=347[mJ]  En=357[m]]
6x1015 6 En=43,6[m)] En=49,8[mJ] | En=456[m)]  En=47,4[ml]
1x10%7
5x1015 8 En=52,8[m)] En=51,6[m)] | En=54,0[m)]  En=44,2[m]]
2x10% 6 En=101[m]  En=9,1[m)] || En=4,5[m) En=4,5 [ml]|
1x1016
2x10%5 8 En=27,7[ml)] En=22,1[m)] | En=482[m)]  En=47,8[ml]
2x10%5 6 En =8,8 [ml] En=8,6 [mJ] En=14,7 [mJ] En=14,8 [mJ]
1x10%7
2x10% 8 En=18,7[m)] En=19,0[m)] | En=254[mJ]  En=25,6[ml]
1x1016 6 En=459[m)] En=39,9[mJ] | En=29,3[mJ]  En=29,9 [ml]
1x1016
1x1016 8 En=62,9" [mJ] En=49,3[m)] | En=44,4[m)] En = 44,9 [mJ]
1x1016 6 En=59,3[m)] En=60,4[mJ)] | En=29,8[m)]  En=373[ml]
1x10%7
1x106 8 En=63,3"[m)] En=681[ml] | En=50,7[mJ]  En=51,9 [mJ]

* Failure condition NOT occurred

Starting from theoptimal JTE peak doping, the current density
distributions at the times t1 and t2 are shownigufe 2.32. At t1 it is
visible as several current paths are generatedn évehe main
contribution is located at the main junction edgaring the transient
there is a continuous movement of current betwediveaarea and
termination. Because of the self-heating effece tieneration of
current tends to stabilize at the edge of the maition bringing to
the device failure (Figure 2.32(b)).

TotalCumentDensity (A"em®-2) TotalCumentDensity (A*em*-2)
10e+01  10e+02  10e+03 10e+01  10e+02  10e+03

-100 0 100 200 300 400 -100 [1] 100 200
(a) (b)
Figure 2.32. Current density distributions at tiheettl (a) and t2 (b) when the
JTE peak doping isptimal.

300 400



Termination structures 118

The case of a tolmw peak doping (Figure 2.33) is very critical for
the device ruggedness. This because the eleattt geak at the edge
of the main junction is the only contribution toethonization
generation during the whole UIS transitory. Theduaed current path
(the current distribution results identical a tdd&R) brings to a fast
increment of the local temperature, which leadsdauced UIS energy
capability.

[TotalCurmrentDensity (A*cm*-2)
1.0e+01 1.0e+02 1.0e+03

TotalCurreniDensity (A'em*-2)
106401 10e+02  10e+03

f T T T
-100 0 100 200 300 400

Figure 2.33. Current density distributions at iheettl (a) and t2 (b) when
the JTE peak doping is tdaw.

Table 2.6 indicates as an increment of the avaknehergy
capability can be achieved if the JTE peak dopsnigigh. In this case,
a better thermal distribution is due to the genenadf several current
paths. At the time t1 (Figure 2.34(a)) a main aofrreontribution is
located in active area, situation particularly adegeous in term of
power dissipation. Figure 2.34(b) shows as, evertthia case, the
failure condition is due to the current crowdingcing at the edge
of the main junction.

TotalCumentDensity (A"cm*-2)
108401 106402 10e+03

[TolalCurmreniDensity (A*cm*-2)
1.0e+01 1.0e+02 1.0a+03

.|IUJ é| ]cln 200 y‘:n 400 -I:II Lll IEIJ 200 JI:II:I 400
(a) (b)
Figure 2.34. Current density distributions at theettl (a) and t2 (b) when the
JTE peak doping is taagh.
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2.4 Faillure in termination and relation with
NDR branch

In this section, the failure condition at the temation area due to
filamentation problem is analyzed and correlatedth®s NDR branch
on avalanche |-V curve. Depending on the overaliaedesign the
avalanche breakdown can occur either in active area termination
area. This last can reveal particularly criticalcg the actual trend for
the design of power semiconductor devices is thmamhel of high
current density to reduce the overall die areactElethermal UIS
simulation on 2D structures are carried out to grenf such analysis
since it is commonly used in power devices valaatin term of
avalanche ruggedness [12]. During UIS transientvemky current
distribution can take place reducing the avalanehergy capability
[23]- [29].

For this analysis a 2D FFR termination designed d0600V
punch-through IGBT is considered. FFR geometry éalized
following two different techniques able to produeeth a similar
breakdown capability, two different set of distambetween the rings.
The avalanche behavior at low current level isedédht for the two
structures, permitting a better comprehension ef dynamic that
occurs passing from low to high current level. e tatter condition
the interaction between local electric field andrgje, as well as, the
presence of a NDR region in the forward blocking kurve are
investigated with preliminary isothermal simulasoihe self-heating
effect on the termination region is evaluated byanseof transient
electro-thermal TCAD simulations by applying anatized UIS test
to the structures. Firstly, the influence of thereféects on the current
paths distribution is analyzed in PDR conditionsialy, an analysis
on the maximum sustainable energy in NDR conditioa performed
for different design solutions. Experimental pramfthe theoretical
results and current filamentation evidences arallfinreported, by
means of infrared thermal analysis.

Figure 2.35 shows the geometry of the adopted FEFRimation.
Both structures have the rings widths fixed aturhQ since it
represents a good trade-off to minimize the ovetatiensions, and
use three rings. Such number allows reaching a BY beyond the
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rate voltage of 600V, and a higher amount of itas useful for scope
of this analysis. The structures are realized adgghe optimization
methodologies proposed in [4] and [8], here caldil and M2,
respectively. Both of them are aimed to maximize BV by
appropriately spacing the distances among the ohihsd2 and d3).

Contact , Hookup-Ring  Rings Field Stop
N-epy
N-buffer
P-collector

Figure 2.35. Sketch of FFR adopted for 600V PT-IGBT

It is important to note as in this analysis theivactarea is not
directly connected to the termination, since hopk-ung is
considered. The hook-up is an interface region @pyately designed
to connect the active area with the terminatidj.[3

The Epy-layer has doping concentration of £16m? and
thickness of 5pm. The Buffer region has doping concentration and
thickness of 1x18 cn® and 1mm, respectively, while the collector
concentration is 5x10 cn®. Finally, the results refer to terminations
designed for a square active device of £.chine physical models are
same discussed in the Chapter 1, where the mbelel University of
Bologna has beenadopted for the avalanche generation. All
parameters are kept at their default values, exiteptecombination
lifetime of the Scharfetter model. Usually, lifeenkilling techniques
are adopted in the PT-IGBT technology and this kext into account
with a reduction of the lifetime in the structurdattwan electron
lifetime and hole lifetime of s and 300 ns, respectively. The two set
of distances generated for M1 and M2 are listed in

Table 2.7.
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Table 2.7. Rings spacing of M1 and M2.

Technique | d1 [um] | d2 [um] | d3 [um]
M1 17 21 26
M2 18 21.5 27.5

The avalanche I-V curves of the two optimized temtions are
reported in Figure 2.36 for a temperature of 300k visible that for
a current level of 1A the M1 structure reaches a BV 15V higher
than M2 case; while for | > 10A they exhibit similar NDRamches
with AV andAl of 180V and 950A, respectively.
10°
10
10’
10°
107 FL
102 g
10°
10*

Collector Current [A]

775 825 875

Collector Voltage [V]

675 725

Figure 2.36. Avalanche I-V curves of the optimiddtl andM2 structures.

The weak difference between the two sets of rirsfladices does
not significantly influences the maximum BV achiment; however
it affects the electric field distribution which mgrates different local
impact ionization rates. Contrary [4] and [8] whehe optimization
techniques leaded to a uniform electric field peaks each ring
junction and a consequent uniform distribution afrent density at
low current level, in this analysis, the electigld peaks are unevenly
distributed. This is because in [4] and [8] a @EnP/N junction
(Diode structure) was analyzed, while in the PT-TG&ructure the
current gain of the verticgbnp regulates the carriers flows ratio
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together with the impact generation rate in a maamplex
distribution. Non-uniformity of the generated cars are reported at
I=10p A in Figure 2.37M1 geometry produces a main contribution on
the edge of the first ring, whil®12 has a main contribution on the
edge of the hook-up ring.

Impactionization (cmA-3*sA-1) Impactionization (cmA-3°sA-1)
1.00e+08 1.00e+13 1.00e+18 100 ] 1.00e+08 1.00e+13 |._uuev|a

120 4

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210

(@) (b)
Figure2.37. Impact ionization distributions at 1=10 pA fd1 (a) and M2 (b).

It is more clear observing Figure 2.38 where theexu density
distributions of the two structures are depicted.

60 4

80 80 |
Abs(TotalCurrentDensity-V) (A*cm”-2)
1004 1.00e-06 3.16e-05 1.00e-03 100

Abs(TotalCurrentDensity-V) (A*cm*-2)
1.00e-06 3.16e-05 1.00e-03

B |

120 4 120 4

(a) (b)
Figure 2.38. Current density distributions at 1508 for M1 (a) and M2 (b).

At this point, the behavior at high current levilsanalyzed. The
passage from low to high current level is definethie following. The
electric field can be redistributed according tésBon law:

E — q( ND + p_ rb (26)
dx £
From (2.6) it is possible to define a thresholdent densitydrh:
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3r, = ANV, (2.7)

The doping concentration of the analyzed strucgiives a =10
A/lcm? and the device operates in high current levelsrmthe local
current density exceeds this value. Because otohneplexity of the
phenomena that regulate termination behavior,ntlt@ppen that the
condition is verified locally in a portion of thergcture, even if the
overall forced current density is lower than the current density
level. In the investigated structures, the locajhhicurrent level
condition is reached for I>80mA and over this caotrievel bothM1
andM2 show the same current distributions (Figure 2.39).
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Figure 2.39. Impact ionization distribution at higirrent level (I=500A) for
M1 (a). A very similar behavior occurs at M2 ashis in (b).

Figure 2.40shows the current density distribution at highrent
levels (I=500A) of both structures. The high holggction from the
P-Collector into the depletion region warps the cile field
distribution and an electric field peakyea=3.3%10° [V-cmY] is
achieved at the edge of the hook-up ring, whererttpact ionization
shows a peak.
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Figure 2.40. Current density distribution at high current leddeb00A) for
M1 (a). A very similar behavior occurs at M2 asblis in (b).

In such condition, the current crowds at the edigéhe hookup
ring, and this effect is the same in both the arelystructures. In
principle, the current collected by each ring sdobke the same,
however, at high current levels the higher resestiurrent path for the
carriers, coming from the floating filed rings, dsato a current
crowding at the junction directly connected to gréuFinally, it can
be observed in Figure 2.36 that the passage franrtdohigh current
level for M1 HCL is characterized by a fast vaoatin shape of the
avalanche IV curve.

2.4.1 Electro-thermal analysis

The aim of this section is the investigation of tuerent paths in the
termination area when electro-thermal effects acduring the UIS
test, up to high current levels. UIS test is usethvestigate the effect
of the temperature in avalanche conditions. Duthng test, the load
current reaches a maximum valggx/than, linearly decreasing down
to zero value, forcing the device to conduct inlawvehe conditions.
UIS test leads the device in electro-thermal ovesst conditions,
because of the contemporary high current and hijfage values, and
both electrical and thermal effects are strictlyrelated to each other
and depend on the inductance value L (Figure 2.Zhg slope
depends on the inductance value and the BV in dacce to eq.(2.5).

“ “ t
Ton Torr

Figure 2.41. Inductive current trend under UIS testifferent value of
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inductance L.

To a better understanding of the thermal effecke €lectrical

dynamics is reduced supposing that the test isopedd with an

inductance whose value tends to infinite, therefdreonstant current
level. This is of course a worst-case condition @ridvestigates the
lower boundary of the avalanche ruggedness of tituetare. Three
current levels are investigated to analyze the \aehaat different

levels of the I-V avalanche curve: I=1mA, I=1A abhebA. Figure

2.42 shows the Voltage, the Current and the maxinamperature for
the three current levels during a current pulsé aitluration of 50@s.
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Figure 2.42.Collector voltage and maximum latte@perature curves for
the structure$/1 (a) andVi2 (b) during the current pulses at 1ImA, 1A, 5A.
The 2D current density distribution and temperatfrithe devices are taken
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at times t1 = 20s, t2 = 3ps and t3 = 50s.

For I=1mA, at low current level, an electro-therreguilibrium is
achieved after a transient, therefore the maximemperature and the
BV are constant during the current pulse. It habddighlighted that
the current flow is so low, that the Collector vagje exhibits a ramp,
due to the charge of the depletion region capamitamhis aspect is
clear in Figure 2.43 where the current density latitce temperature
distributions for M1 and M2 at tl= @6, t2= 3qs, t3= 5@s are
reported. Current waveforms perfectly overlap fathb structures,
while the temperature variation is negligible. Losurrent level
electro-thermal simulations exhibit a terminatidrehavior similar to
isothermal case in terms of current distribution.
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Figure 2.43. Current distributions il (a) andM2 (b) when a current dfmA
is forced in avalanche conditions. In (c) and (@) @epicted the section profiles
of the total current density CD) and maximum lattice temperatuler]
extracted at @m from the surface favll andM2, respectively. They show the
steady-state behavior at the times t1, t2 and t3.

A different behavior rises when the forced curnsnin the range
of the high current levels. With a pulse of 1A, ttwdlector voltage of
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both structures is approximately constant during plulse and the
maximum temperature reaches about 360K (). Becaltiske HCL

achievement, thermal effects produce a variationelettric field

distribution, and a consequent migration of thekpaarrent from the

first ring to the hookup ring of M1.

20

40

60

80

100

120

Abs(TotalCurrentDensity-V) (A*cm”-2)
1.00e-01 3.16e+00 1.00e+02
[N ‘m

0 50

ISEINN)
a o

~
3

Total Current Density [A/cm?]

©
o
T

60 H

100

(@)

150 200

41 43 45

- - TCD (t1)H
- — TCD (12)
——TCD (13)[

——LT(®3) |]

100 150
X [um]

(©

L L
0 50 200

Lattice Temperature [K]

20

40

60 -

80

100

120

Total Current Density [A/cm?]

Abs(TotalCurrentDensity-V) (A*cm”-2)

1.00e-01 3.16e+00 1.00e+02
[ o
0 50 100 150 200
(b)
120
105
<)
75
60
45
30
15
0 : ' 3
50 100 150 200
X [um]
(d)

Lattice Temperature [K]

Figure 2.44. Current distributions M1 (a) andM2 (b) when a current dfA is
forced in avalanche conditions are shown. In (c) @) are depicted the
section profiles of th@ CD andLT extracted at@n from the surface favil

andM2, respectively. From t1 to t3 a temperature risestd the carrier

movement from the first ring to the hook-up ring.

This effect is emphasized at=bA. The temperature rises and,
locally, the impact ionization rate reduces. Evércurrent density
peak decreases at the hook-up junction, the inteficurrent density

in such area grows leading to a stronger temperatgrease because

of the higher dissipated power (Figure 2.45).
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Figure 2.45. The section profiles of current dgnaitd max temperature for
M1 (a) andVi2 (b) for three time t1, t2 and t3 are shown whendtnuctures
are triggered in avalanche condition with a curpanse of IBA.

This effect reduces drastically the reliability iavalanche
condition because of power dissipation occurs nestricted area of
the device (termination area). Therefore, thermalathic shows a
worsening of the behavior respect to the isotherozede. Critical
thermal effects appearing already belowa&5A) the NDR branch,
hence, are not linked to the filamentation probleketually, the
current crowding observed in the previous analgsies not depend
on the current filamentation in the longitudinatedition due to the
NDR branch of the overall I-V curve in avalanchendition, but
rather to the transverse complexity of the ternamaérea. Finally, the
thermal generation electron-hole pairs due to teenperature
increment leads to the rising of the intrinsic marconcentration and
when the leakage current reaches the donor coatemtrN, of
epitaxial layer, th@npjunctions does not regulate the current flux and
the device fails. Typically, the short-circuit catmoh in Silicon
material occurs when the device temperature cro3S€K. This
temperature limit can be used to estimate the takefailure of the
termination area as well.

2.4.2 Current crowding analysis in presence of NDR

In this section, through 2D TCAD simulations, tihermal effects of
the crowding current on the termination behavior amalanche
condition and in presence of an NDR branch in tieblocking curve
of the termination area is analyzed. The aim iscbmprehension of
the impact of the local increasing temperature, tduhe filament, on
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the device avalanche ruggedness. In detail, thlysasastimates the
thermal dynamics occurring in the device during I1& test and the
amount of energy dissipated, making a comparisom fwo structure
that exhibit different NDR branch on I-V curve.

Since the interaction between active area and textion strongly
affects the device ruggedness in avalanche condjtiags not possible
to know in advance if the avalanche current flowsone region or
another), for the analysis, active area and tertmina are
appropriately connected (Figure 2.46).

Active area L, Termination area

20
40

60 -
80
1004
120

140 {

0 40 80 120 160 200 240 280 320 360 400

Figure 2.46. TCAD model of the analyzed structure.

In detail, 20Qum of active area is connected to the terminatiea ar
through a hook-up ring that has the same deptihefflbating field
rings and a width namedyL The termination area is optimized by
means of the technique coming from [4]. In orderathieve two
devices that exhibit different NDR branch, it wésen to act on the
hook-up width. Indeed, the hook-up ring adds astes path to the
current collected by the floating rings and itseeffis increased by
increasing its width. This reduces bdthand AV values of the NDR
branch. In particular, the two structures havenaid 3Qum (Case)
and 7@um (Case2, respectively. In Figure 2.47 avalanche curve of
CaselandCaseZare shown and compared with that of the activa.are
The first one present a valley point atlL615A, while a second one a
valley point at =863A. It can be assumed that the avalanche current
flows in termination area due to the lower BV aftlast.
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Figure 2.47. |-V avalanche curves@se] Case2structures and active
area. FoCaselthe filament area is proportional Al = lvi- lrorceq While
for Case2s proportional taAl12 = |z~ lrorced

In [25] the correlation between the NDR branch #mel filament
area is analyzed. In particular, it is found the &rea of the filament
is proportional to the ratio between the currerthatvalley point and
the triggered current. Since the filament is fodusea small portion
of the termination, in order to analyze the therefédcts produced by
this phenomenon through 2D simulation, it is neetted¢onsider a
structure whose transverse dimensions are propaitto the filament
area. The filament area is estimated by the reldf®B):

AZiIament =1 Force/ J Valley (28)

As predicted, the filament generation occurringtteg termination
region during the UIS simulation. In botiasel and Case2 the
filament is localized at the hook-up junction edgamaining stable in
that place during the pulse. In Figure 2.48 thenfiént thermal effects
of the two terminations whose dimensions are detexthby eq.(2.8)
are shown. The devices are triggered in avalandreitton by
applying a current pulse with peak of 10A, a curnaiue that lies on
the NDR branch.
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Figure 2.48. Collector current, Collector VoltageldMaximum temperature
curves during the UIS test f@asel(a) andCase2(b), with a triggered
current of 10A in filamentation condition.

Both terminations show a fast increment of the mmaxn
temperature with th€aselthat reaches the temperature threshold of
700 K in t; = 114 ns while theCase2in t-. = 450 ns. The rapid
temperature threshold achievement is caused bystability of
filament at the edge of the main junction. As expecCase2design
allows to dissipate a higher energy amount, cooeging to 3.94 mJ,
respect to 95@QJ of the other structure.
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2.4.3 Experimental results

The previous numerical analysis and theoreticat@gah is supported
by an experimental case study discussed in thisogsecA 600V—
200A rated commercial IGBT with trench-gate stroetis used as
device under test for dynamic thermal analysisviedanche condition.
This aspect is investigated by both UIS test andraied
thermography. In Figure 2.49 is shown the devideab®r under UIS
test at a peak current of 1 A.

T T T T 1000

Collector Current [A]
Collector Voltage [V]

55 6 6.5 7 75 8
Time [s] -8

Figure 2.49. UIS current and voltage waveforms wit=1A on a DUT.

The curves show the device failure at low dissigharergy after
about 200 ns, confirming the results achieved avipus section. To
investigate the current distribution on the dewirea, a state-of-art
infrared thermography system [31] is employed tdgeen transient
lock-in measurements [32] in UIS operation. Thighteque is
demanded for measuring transient operation withort¢ime interval,
resulting in a weak temperature increase on thecdewp-surface.
(The principle is based on the periodically reparitof the transient
and detect the temperature distribution in locksiode [33]). The
resultant thermal map shows the mean value of #mepérature
distribution over the repetition time. As in thenmerical analysis, the
power is applied to the DUT only for 4t time and the temperature
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distribution detected is basically the mean tempeeadistribution
during this time.

Experiments are carried-out at different currentele during
avalanche operation, and thermal maps show themresf a current
filamentation phenomenon on the device periphemyessonstrated in
the numerical analysis. In the following two relevacases are
reported. In Figure 2.50 (a) the resultant ampéttltermal map of the
lock-in algorithm is shown for a total current o5MA.

@) (b)

Figure 2.50. Amplitude thermal map for a translenk-in measure in
avalanche condition at 0.5mA; (b) Related powetrithigtion after
emissivity correction algorithm application.

A hot spot is visible on the termination regionwewer to recover
the real power distribution it is mandatory to camgate the
emissivity contrast effect [33]. Using the in-phas®l the out-phase
output images of the lock-in procedure the corestimation of the
power distribution was revealed [34] as depicteglFe 2.50 (b). This
last picture confirms a filament presence on thenitgation region,
with some other weak current conduction on the phery. The
second presented result is obtained for a curese lof 2mA. Figure
2.51 (a) show again the presence of hot spotsedédkice periphery;
on the other Figure 2.51 (b) clearly shows two entrfilaments inside
the device.
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(a) )

Figure 2.51. Amplitude thermal map for a translenk-in measure in
avalanche condition at 2mA,; (b) Related power ithigtion after emissivity
correction algorithm application.

The first one located across the termination regind the device
active area, while the second one insists on thweaarea. The
meaning is that increasing the external currentrenfdaments can
coexists and an interplay between the two regiosssa
Summarizing the work presented in this sectiongystof the current
path at high current levels in avalanche conditias carried out for
the termination of a PT IGBT structure, with a 60@dtage rate by
means of 2D TCAD simulations. Two termination dasigwere
presented with two different methodology of optiatian in order to
maximize the breakdown voltage. The analysis ofenirpaths was
extended up to high current levels by studying pileenomena
occurring both in static and dynamic conditionse Htatic avalanche
I-V curve shows different behavior of the two stures with current
paths generated at low current level distributedifferent locations.
Nevertheless, the field-charge interaction at higirrent level
produces as effect a current crowding at the mactjon and the
current distribution of both terminations tends uwiform. Electro-
thermal simulations were performed to evaluatettieemal dynamics
occurring in the structures during the UIS testddferent current
values. They confirm the results achieved in iswiizd analysis,
which highlight analogous crowding current probleadigh current
level due the movement (in both cases) of the ntidensity toward
the hookup junction. Although it cannot talks ofafhentation
problem, the current crowding occurring at highrent level leads as
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consequence an increment of power dissipationrasticted portion
of the device that severely affecting the reliapiliAn in-depth
filament analysis in 2D simulations was presentétie results
highlight times and dynamics of failure in accordan with
experimental cases. These last were studied by snehrnnfrared
thermography with lock-in measurements. The thermaps reveal
the filament generations at the periphery of theiake that are
responsible for the eventual device failure.

2.5 Process emulation of a FFR termination

The predictive emulation of a real technologicalgass by means of
TCAD simulations permits to reduce the time-constiompand costs

of fabrication process. Simulation process usuallplves deposition,

etching, planarization and implantation of diffearespecies. The
models development related to each process phasengtituted of

separate field of research [35].

In this section, a FFR termination process is etadlaThe final
FFR structure is the same adopted in the previoatysis for a PT-
IGBT 600V rated.

The process flow expects the following steps:

» Epitaxial growing

» Oxide growing on the epitaxial layer

» Boron implantation and diffusion

* Trench Gate generation process

* Active area implantations and diffusions

The optionAdvanced Calibratiorhas been activated. It provides
advanced process models for an accurate defintfiothe doping
profile.

As starting point, the domain of the Collector layse defined
together with a grid mesh by the command:
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line x location= 0.0 spacing=50<nm> tag=SiTop

line x location= 0.5<um> spacing=100<nm>

line x location= 3<um> spacing=500<nm>

line x location=$ysub<um> spacing= 3.0<um> tag=SiBottom
line y location=0.0 spacing=2.5<um> tag=Mid

line y location=$xsi<um> spacing=2.5<um> tag=Right
region Silicon xlo=SiTop xhi=SiBottom ylo=Mid yhi=Right

init concentration=5e18 field=Phosphorus !DelayFull

Phosphorus is used as dopant with a concentratibr1®™® cni®.
The mesh in proximity of the surface has been maatg tight, as
visible in Figure 2.52. Because of improving thewacy and the
convergence of the followingpitaxial growingstep. The following
command have been used:

mgoals on min.normal.size= 0.01<um> normal.growth.ratio= 1.41 \
accuracy= 1e-6<um> minedge= 2e-5<um> max.box.angle= 90

refinebox name= Interface1 # min.normal.size= 0.05\
interface.materials= "Silicon"

where mgoals instances change the default parameters, while
refineboxdefines the interface refinements.

Y

Figure 2.52. Mesh grid at the surface of the emtdayer.

Both Buffer layer and Drift layer are realized &pitaxial growing
with the command:

diffuse thick= 7K <um> temperature= 900 <C> time 7/ME <min>\
epi epi_doping= {Phosphorous = DopingConcentration } \
epi_layers= Ninfo= $diff_info

In particular, TK, TIME and N are set to determine the number of
horizontal lines composing the grid. The epitalager is grown at the
temperature of 900K. The doping concentration i$0%cnr? for the
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Buffer and 1x1& cm?® for Drift. Figure 2.53 shows the whole
termination area after the epitaxial growing. Itwsll visible as the
back side is a PT structure.
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Y
Figure 2.53. FFR structure after the epitaxial gnow

The mesh grid of the bulk has been made recuranggadaptive
meshing It enhances the evolution of the doping profileing the
process. This permits to reduce the simulation tiiwe to its direct
action on the operating areas. The re-mesh carrdyedpd for any
process step: etching, deposition, implantation,. éturthermore, a
specific interval time can be set to make an evanaontrol on the
re-mesh necessity. The adaptive meshing is activatéh the
command:

pdbSet Grid Adaptive 1

In this project three adaptivefineboxehave been adopted:

refinebox name= Buttom adaptive Silicon \
min="-0.1 -0.1" max="50 180.1" \
refine.min.edge=".5 .5" refine.max.edge= "5.0 5.0" \
def.abs.error="2.5e18" def.rel.error="0.5"

refinebox name= Epi adaptive Silicon \
min="0 -0.1" max="-75 180.1" \
refine.min.edge= "0.2 .5" refine.max.edge= "2.0 2.0" \
def.abs.error="2.5e14" def.rel.error="0.5"
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refinebox name= Active adaptive Silicon\
min="-75.0 -0.1" max= "50 180"\
refine.min.edge= "0.2 0.5" refine.max.edge="5.0 5.0" \
abs.error= "Phosphorus= 5e14 Boron= 5e14 Arsenic= 5e16"
def.rel.error= "1.0" max.dose.error= "Phosphorus= 1e8 Boron= 1e9
Arsenic= 1e11"

def.abs.errorand def.rel.error are the absolute and relative error,
respectively. The minimum length edge is set by meeaf
refine.min.edge This last if too small can introduce a too large
number of nodes. The first refinebox (named “Botipra applied to
the PT structure, the second (named “Epi”) is aubto the Epi-layer,
and the third (named “Active”) is applied to the oldn structure
exerting a control action respect to doping conegioins.

It is important that the top of the structure haggy thin mesh the
favor the accuracy and convergence during ttiermal oxidation
During such process step, part of the silicon sarfa consumed since
its reaction with the oxide atoms. Thermal oxidati® realize with the
following command:

grid set.min.normal.size=3<nm> set.normal.growth.ratio.2d=1.6
diffuse temperature=110<C> time=80<min> H20

The mesh oxide generation during the oxidatiogeisby means
of the commandyrid, specifying the minimum grid size and aspect
ratio. The oxidation is made in Wet Ambient at anperature of
110°C for a time of 80 minutes. It allows generating@xide layer of
800 nm with a consumption of surface of about 3d5(Rigure 2.54).

0

1
2
3
4

Figure 2.54. Structure surface after thermal oxidat

An anisotropic etching has been used to generate nthsk
windows for the Boron implantation (Figure 2.55). “Acreening”
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oxide of 20nm is deposited on the surface to faher penetration
capacitance of the implantation and, furthermagducing the surface
damage.
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Figure 2.55. Mask etching to realize the main jiomcaind rings
implantations.

To realize the implantation and diffusion of the r@&o an
appropriate re-meshing is needed to achieve arraecdefinition of
the generated doping profile as in Figure 2.56.
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Figure 2.56. Mesh grid improvement for drive-inpste

The Boron implantation and diffusion have been gateel with
the command:
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implant Boron dose=5e14 energy=150 tilt=0 rotation=0
diffuse temperature=1150<C> time=20<min> H20

A Boron dose of 5x1¥ cnm? with energy of 150eV has been
implanted with angulation of zero degrees. It i#ofwed by dopant
diffusion by means of thermal oxidation in Wet Ambi at
temperature of 115Q for a time of 20 minutes. The latter his been
realized selecting thReactmodel for the thermal diffusion as:

pdbSet Silicon Boron DiffModel React

React model allows an advanced description of topadt
transport. It solves a set of differential equagitimat describe both the
substitutional and defects of the flux dopant. tieon surface at the
end of the thermal oxidation results deeply modifes visible in
Figure 2.57. It can be seen as the oxide has catbanfurther portion
of silicon in correspondence of the mask windowiHis phase the
junction depth of the Boron is lower than 4um.

INetActive (cm”-3)

Figure 2.57. Surface view after Boron diffusion.

The structure is then subjected to a Nitridatioocpss realized at
temperature = 1150 and time = 80’. Only at this point the Trench
Gate and P-body are realized. Taking into acccdumthermal budget
due to these last two process steps, the finattsiml results as in
Figure 2.60, where the Boron junction depth haslred 6 um.
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Figure 2.58. End process FFR structure.

In is interesting to see as the doping profilehef whole structure
(extracted along the vertical black line) changaigany step process
(see Figure 2.59).
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Figure 2.59. Vertical doping profile extractedla £nd of each step process:
P1 = Boron implantation diffusion; P2 = Nitridatid®3 = Trench Gate; P4 =
P-body implant diffusion.
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The influence of the process parameters on the rBaimping
profile are reported in Figure 2.60.
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Figure 2.60. Boron doping profile for: (a) diffeteaombinations of Energies
and Tilt angulations with Temperature = 1TP80and Time = 20’; (b)
different combination of Temperatures and Time\Ehergy = 150eV and
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Chapter 3

Short-Circuit capability analysis on a
new design of FS-IGBT device.

Today is always more growing the demand of highabdity for
power semiconductor devices. In particular, indgelike automotive
or high power converters a comprehension of tHeraimechanisms
is needed to prevent the device premature desiruaiuring its
nominal condition. The Short-Circuit is one of tineost critical
condition for a semiconductor device which is sotgd to a
contemporary action of high current and high vadtagat lead to a
quick increase of temperature due to the Jouletfiie this condition,
the current is only limited by the internal deviesistance and could
be several times higher than the nominal ratedleaging to a fault
condition. In this scenario the reliability of a®GBT 600V rated,
realized in Field-Stop (FS) technology, is analyaswder Short-
Circuit over-stress condition. The involved deviseprovided by a
leader company in the field of power semiconduaevices. The
IGBT Short-Circuit failure mechanisms can be esadnt
distinguished in three main modes as depictedgnrei3.1 [1]:

A) The failure occurs near the peak current [2]. it ba named as
“Power limited failure”.

B) The failure occurs during the steady state duehwo high
energy dissipation which produces a local increade
temperature [3]. It can be called “Energy limitidiae”.

C) The device fails at the turn-off, definable as ‘@nfogeneous
operation failure” [4].

In this work only the failure modg is considered.
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[A] Power [B] Energy Limit Failure
Limited Failure N

[C] Inhomogeneous
Opera}ion Failure

"\. Collector
Current

Figure 3.1. Short-Circuit failure mechanisms.

The aim of this analysis is to evaluate the infheerof the device
design on the Short-Circuit capability by means 3 TCAD
simulations. This requires an experimental charation of the
DUT in order to calibrate the physical models ofe tTCAD
elementary cell. Finally, several design proposedrder to increase
the Short-Circuit capability.

3.1 Structure definition and calibration

A correct description of the elementary cell phgbimodels is needed
due to the strong dependence between the dynamingdine Short-

Circuit and device design. It also requires of dmgpboth electrical

and thermal equations. Since the elementary cedimgéries and

doping profiles directly affect the Short-Circudpability, its accurate
calibration and description is mandatory for a diiative evolution of

the device operations.

3.1.1 Structure definition

In this section the definition of the elementaryl e presented. Prior
to proceed with the calibration phase, the recanstn of realistic
doping profiles and geometries is necessary. Irerotd extrapolate
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the information both Scanning Electron MicroscopgyEM) and

Spreading Resistance Profiling (SRP) techniques baen used.

A SEM image of the device top view is shown in Feg®d.2, where
the section of the elementary cell that needs ef definition is

highlighted. The active area can be achieved fonmsgtry of the

elementary cell, replicating it along the longitai direction and
extruding it along the transversal direction. WiRBAD simulation is

more convenient working on the half pitch cell é@luce the number
of nodes constituting the mesh. The overhead streigs known as
Self Aligned Structure [5].

Figure 3.2. SEM section of the analyzed structure.

The Gate Trench and the Contact Trench can be denes

geometrically separated. In particular, the fortres on the right side
of the rectangle, while the latter is on the opside. By measuring
such dimensions is possible to determine the gewsebf the

elementary cell. The Contact Trench has the mdeabsuppressing
the letch-up phenomenon [6]. It allows reducing foe holes that
passing below Emitter diffusion coming from the Eer contact. In

absence of Contact Trench, the path travelled tgshio approach the
silicon/metal junction interface generates a higl@tage drop at the
P-body/Emitter junction. The Contact Trench haghier advantage,
since the metal/silicon interface increases th@mdxnation rate of
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carriers reducing the holes flow. However, as it e illustrated in
the next section, this solution a part to increasdatch-up immunity,
also reduces the device reliability during the amahe condition.

The doping profile are achieved by means of botP &Rasurements
and by process emulation. The latter, realized eftiulation process
tool of ATHENA® Silvaco, has provided the most bétinformation.
The P-body diffusion is realized before the Trefsdte structure, and
doping profile in proximity of the Silicon/Oxide terface presents a
curvature, due to the Boron segregation [60] witthi@ oxide, which
reduces the concentration close to the interface.

Emulation process data together with SRP measutsmbave
provided the doping profile of the P-body regiord dhe back of the
device. In Figure 3.3(a) illustrates the SRP peobf the P-body
diffusion. In general, the SRP measurements asetaffy uncertainty,
this leads to recreate the doping profiles usetbinthe simulations
mainly by means of process emulation. The SRP Iprafie used to
verity the coherence of the achieved results. Tdpng) profile of the
elementary cell are recreated by superimposition GHussian
functions.
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Figure 3.3. (a) SRP profile of the P-body regidr).ZD TCAD elementary
cell of the FS-IGBT.
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Figure 3.3(b) offers a geometrical point of viewtbé reconstructed
TCAD structure. It points out as the main differemespect to the real
one is the vertical slope of the trench. The formessents light

shrinkage from the top to the bottom, while theorestructed trench
has a vertical slope. Anyway, this detail has md¢want effects on
both on-state and avalanche conditions. FiguresBBodvs the absolute
doping profile extracted in correspondence of tlaelbline of Figure

3.3(b).
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Figure 3.4. Doping profile of the overall structure

3.1.2 Emitter diffusion modulation

As previously discussed, during the Short-Circudde the device is
forced under high voltage and high current, whiah generate high
power dissipation due to the local increment oftdmaperature. Since
a larger Short-Circuit current produces a largesrrial loss, the
device has to be design to produce an adequat@satucurrent. The
Short-Circuit capability can be essentially addeelssn two factor:

1) Saturation current of the device. The Short-Cir@apability
decreases when the saturation current increasestodtiee
rising of the local temperature.

2) Carriers lifetime. The Short-Circuit capability neases when
the lifetime of the device decreases. The lifetftmeough the
diffusion length) is related to the gain of the gmtic PNP of
the structure in accordance to equations (1.14) @ntb).
Since the saturation Emitter current can be exprkas:



Short-Circuit capability analysis on a new desififF8-IGBT device
153

|
e = > (3.1)
- 1-ape

Eq.(3.1) highlights as the injection efficiency tfe IGBT
reduces the Short-Circuit capability.

To reduce the saturation current, it is possiblegbmize the surface
structure as reported in [8], [9]. Another possibtdution consists in
the modulation of the Emitter diffusion region*jN10], [11]. The
Self-Aligned process is modified to control the eeion of the
Emitter diffusion along the orthogonal plan to thection in Figure
3.3(b). The Emitter modulation can be defined as rdttio between
N*-Emitter diffusion length along the z-axis and #lementary cell
length along the z-axis expressed in percentage. 3 cell and
layout of the structure in which the Emitter modiaa is applied is
depicted in Figure 3.5. In Table 3.1 are reportexddsimulated/on and
Isat values of the calibrated structure for differentmiter
modulations. In particulatM25, M50and M75 refer to a structures
having the Emitter diffusion modulated of 25%, 50&0d 75%,
respectively.

Gate Trench
(insulated by Oxide)

Source Region

p-base (no Source region)

Figure 3.5. (a) 3D structure. (b) Top view layofitte structure.



Chapter 3 154

Table 3.1 Von andlsa for different Emitter modulations of the analyzed

structure.
Design | Von[V] at Jc= 100A/cn? Isat [A] at V ce = 10V
M 25 1.246 11.62
M 50 1.288 11.30
M 75 1.247 11.42

3.2 Experimental calibration
Driver !H, P‘l, !l_l_,l l,

Figure 3.6. Experimental set-up of the pulsed ctiraeer

Figure 3.6 illustrates the setup adopted to tthee-Vce and t-
Vee curves of the DUT. The measurements are led updésed
regime in way to not affect the results by selfthep effects. The
setup operates providing a fixed Gate voltage byameeof the
generator Y, while Vhys fixes the Collector voltage. Four Power
MOSFET in parallel control Ms The FPGA manages the timing and
operates a feedback control to stabilize both Gatd Collector
voltages, and it is configurable. Terminal chagdstics have been
measured at three temperatures 25, 100 and 150TKE.output
characteristic is traced imposing a Gate voltag@5, while the ¢-
Vee curve is traced for &= 10V.

To evaluate the lifetime dependence of the devige the
temperature Inductive Load Switching (ILS) measwests have been
carried out. The ILS test is an industrial testdufse quality control of
power semiconductor devices [12]-[15]. During thstta considerable
energy can be dissipated by the DUT determinindgitare. The aim
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of this test is to identify the failure startingiptp hence, the amount of
energy dissipated before the catastrophic event.

The set-up circuit for the ILS measurements is @yals to that
depicted in Figure 1.21. During the turn-off thereat decreases, in a
first time linearly, then due to stored charge, ombination
mechanisms overcome. The -carriers lifetime can keluated
observing the current tail of the device (see Fagdu7). It provides a
global information since it is not possible distinghing the lifetime
associated to the Drift region and the Buffer ragidue to the tight
length of the Field Stop buffer. A detailed evaioatof the buffer
lifetime is not possible because of the oscillagioccurring for e =
400V at ambient temperature. Iterating the proocedor different
temperatures, it is possible to determine the t@mdhe temperature
dependence of the lifetime. This allows estimatimg paramete€ of
the eq. 1.112.
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Figure 3.7. ILS waveforms evaluation for the lifiei extrapolation.



Short-Circuit capability analysis on a new desififF8-IGBT device

157

Lifetime [s]

X
25

—©— Vbatt = 300V
—©— Vbatt = 350V
—&— Vbatt = 400V

05F

~

0
300 320

I | I
360 380 400
Temperature [K]

420

Figure 3.8. Extrapolated lifetime in dependencéemmperature extrapolated

at different battery voltages.

The calibration produce expects to match both theulatedlc-Vee
andlc-Vce characteristics on the experimental ones. Theecfitting
of the Ic-Vee characteristic is constituted by two parts: thenfy of
the sub-threshold region and the fitting at highreot level. The
calibration is realized at three temperatures:1Z®and 150C. The
parameters of the physical models considered tthditexperimental
curves are reported in Table 3.2.

Table 3.2. Parameters details

M odel Symbol Default Value | Calibrated Value
Tn 1x10° [s] 6.921x10 [s]
T 3x10° [s] 2.078x10 [s]
Scharfetter NRef 1x10' [cm™d) 8x10" [cm?]
Tu -1.5 3.5
Etrap 0.33 [eV] -0.2 [eV]
Arora Hmax,n 1252 [cnf/V-s] 1001.6 [criV-g]
Hmin,n 88 [cn/Vs] 70.4 [cni/V 9]
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As visible from eq.(1.53) the sub-threshold currgiope depends on
the ratio between the oxide capacitance and thdeti®p region
capacitance. The oxide capacitance is related g¢ovétiues of both
oxide permittivity and thickness. Since this lasishbeen extracted
from SEM images, the former is varied in order ibthe sub-
threshold curve in semi-logarithmic scale. A firslheck can be
provided observing the slope of the characteristitich exclusively
depends on the oxide thickness. To determine tleshibld voltage an
iterative procedure is adopted where the Silicom®xinterface
charge density is varied. Eq.(1.46) highlights lees ¢ollector current,
in pinch-off region, is mainly governed by the é¢ten mobility in the
channel and the gain of vertical PNP structure, ldteer mainly
dependent on minority carriers lifetime. For tiemson, the holes
value of each parameter has been kept at its defalule. To fit the
experimental théc-Vee characteristic, only the electron value of the
following parameters have been changegin the eq.(1.102) anglin
eg.(1.106) have been considered to -calibrate thapdeature
dependence. In [68] has been pointed out as a @domenergy level
(Ewrap) regulates the recombination rate, because opdtveer silicon
devices mainly work at high injection levels of tmnority carriers.
Equations (1.47), (1.51) and (1.52) show as thstate voltage drop
are strongly governed by the minority carrierstirfee. Thereforezpo
and zno in eq.(1.118) are chosen to regulate the voltage of the
Drift layer (Vng), but it also affects the threshold voltage. Friima
literature [54] the ratio betweetyo and o is regulated by capture
cross sectioan andop. The doping dependence of the minority carrier
lifetime is calibrated through the parametéger in eq.(1.118) To
estimate the global lifetime of the structure andaleate the
temperature dependence of the lifetime (paramet€rin eq.(1.119)),
experimental measurements of ILS have been ledh@mi¢vice. This
approach will be treated in the following. As rejed in eq.(1.50), the
on-state voltage drop can be considered formedht@ge tcontributions.
The contribution due to the Collector/Buffer jurcti affects the
voltage drop at low current (low injection). Evédritie doping profile
of the back part of the device are extracted by SR and process
emulation, a further calibration of the Collectaga concentration
and junction depth has been needed to fit the @rpetal curves. The
leakage current atdé = OV is achieved considerirrap = (E: - Ei) =
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= -0.2 eV.Euqp is the distance between the intrinsic Fermi |eved
the trap level within the bandgap [59]. The thrddhmltage has been
calibrated by means of a Silicon/Oxide interfacargle density of
1.7x10'" cm?. The calibrated and experimental characteristies a
reported in Figure 3.9. To fit the measured chreties a contact
resistance of 0.75 fhhas been taken into account.

250 . :

T T T

—s—SIM T=25°C
200 —e— SIM T=100°C
] —a—SIM T=150°C
= EXP T=25°C
e EXP T=100°C
A EXP T=150°C

150

0,0 05 10 15
VCE [V]

300 —

250 ——SIM T=25°C
——SIM T=100°C
SIM T=150°C
" EXP T=25°C
1 e EXP T=100°C
1501 4 EXPT=150°C

200 +

(b)

100

Collector Current [A]

50+

Gate Voltage [V]

Figure 3.9. Simulated and measured terminal cuaftes calibration for the
FS-IGBT: (a) £-Vce characteristic; (b)stV ce characteristic.

The Short-Circuit condition takes place when theiceis turned-on
in absence of a Load and the whole battery voltagsts across the
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device. When the device turn-on, the current thihotige device
reaches its saturation value and a great amoustargy is dissipated
within the device during the pulse duratibm

TW
Eoe = [ 1 Wt (32)
0

The Short-Circuit capabilitfon can be defined as temporal time
occurring from the Gate pulse starting time to fiikire moment. In
Figure 3.10 are depicted the typical Short-Cireugtveforms for an
IGBT device. During théon, the Collector current exhibits a negative
slope due to mobility reduction into the channeioPto reach the
failure moment at th&, time, the current tends to rise because of the
thermal latch-up.

Experimental measurements under Short-Circuit ¢mmdhave been
carried out on the analyzed device. A reduced Culievoltage has
been applied in order to evaluate the saturatioment without
triggering the failure. A first measure realizedlhwV Vge= 13V and
Vce = 150V has provided more accurate results aslgisib Figure
3.11(a). The saturation current remains quite @dtetween 15 pm
and 20 um, and can be estimated as about 680Asddwd measure
is led at higher saturation current witleg/= 15V and \¢e = 150V
(Figure 3.11(b)). Nevertheless, a lower accura@cltgeved due to the
saturation of the current probe. The saturatiometurseems to be
around 1100A. Even if not destructive, the two meas serve to
comprehend if the elementary cell is well calibdaten Figure 3.12
are shown the Short-Circuit simulation waveformstloé calibrated
structure. An acceptable agreement with the expariah ones is
achieved since the main focus of the work is onluatang the
influence of design on the Short-Circuit capability
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Figure 3.10. Simulation of typical Collector curremd surface temperature
during the Short-Circuit at different duration tisne
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Figure 3.11. No fail Short-Circuit measures ondhalyzed device for: (a)
Vee=13V and \&e=150; (b) Vee=15V and \&e=150V.
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3.3 Design proposals

From the previous analysis it has pointed out &s Short-Circuit
capability can be mainly addressed to the saturatiarrent of the
device. The Emitter diffusion modulation has beeespnted as
possible improvement to reduce the saturation ntirk&ith the same
scope, a further design modification is proposethia section. It is
based on the control of the spatial distributiorthef elementary cells
along the Emitter modulation direction. The saftoratof the device
can be essentially addressed to current contribudfothe MOSFET
channel. As visible in Figure 3.13, in presence toé Emitter
modulation the physical channel is not confinedobeN*-Emitter
diffusion because of the lateral spreading of tleeteons. The latter
has a finite size, since the diffusion length of tarriers governs the
phenomenon. Actually, if the not modulated P-bpdytion (nwm) is
too tight, the lateral spread of the electron tetodsompletely fill this
area and the saturation current is insensitiveaovariations of_nm.

Zpitch

N*-Emitter
diffusion —£

eCurrentDensity (A*cmA-: 2)
- 1.800e 405

.l.wo“oa
Figure 3.13. Electron current density distributadong the Emitter
modulation direction of the elementary cell.
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The idea is to evaluate the influence of the spagparation Zpitch)
between the cells along the z-axis on the saturatiorent. Defining
Lem as the length of the Emitter diffusion along thaxzs, the analysis
is led considering an Emitter modulation at 50%, for Lnm = Lewm..
The proposed structures are illustrated in Figuitd.3The aspect ratio
along the z-axis is increased as follatys: 0.5Zp2: 0.25Zps.

- STRLlis the actual calibrated elementary cell.
- STR2hasZpitch double respect to STR1.
- STR3hasZitch quadruple respect to STR1.

The Area Factor of the elementary cell is scaledelsely

proportional respect to the aspect ratio. The sgmademesh is adopted
for each structure in order to guarantee the resut not affected by
numerical errors. This can be demonstrated coneglehe static

characteristics in Figure 3.15, which show, as ttireshold voltage
remains equal for three structures.

STR1 STR2 STR3

Figure 3.14. 3D proposed design.
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Figure 3.15. (a)d-Vee characteristic and (b) sub-threshold curves of the
proposed structures.

Short-Circuit simulations have been performed fbe tproposed
structures at both ambient temperature and T=15Figure 3.16).
The results confirm a great reduction of the codlecurrent with
increasing of the&Zpiten, Which produces as effect an increase of the
Short-Circuit capability. It can be noted as thdlembor current
diminution is not proportional to the incrementaktor of the cell
dimension. Because of the lateral spreading ofelketron tends to
saturate its effect. Remembering that the moduriatias been kept at
the 50%, it can deduce as strong control of thergabn current can
be practiced by controlling both the Emitter diffus modulation and
the spatial transversal distance among the cells.
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Figure 3.16. Short-Circuit simulations for the ppepd structure at different

Finally, the

temperature: (&) T = 26; (b) T = 150C.

results achieved on the proposed iras are

summarized in Table 3.3.
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Table 3.3. Short-Circuit results comparison of ph@posed structures.

Design at T_:25 C (at EOOA) at T=25°C
at T=150°C at T=25°C at T=15C°C
at T=150°C
1030 1.515 78
STR1 979 1.557 5.3
892 1.552 85
STR2 838 1.608 5.8
806 1.601 8.7
STR3 750 1.682 6.3
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Appendix A

Study and simulation of the state-of-art
RC-IGBT devices

In the context of the study of the more modern emdvative power
semiconductor devices, part of my research activag addressed to
a new power device named Reverse Conducting (RBFIG
Introduced on market in recent years, the RC-1GBiicept is based
on integrating both IGBT and Free-Wheeling DiodéV({®) in a
unique monolithic block [1]-[4]. In this mode, tH&C-IGBT has the
advantages deriving by the state-of-art of IGBT &NdD enclosed in
a more compact module able to reduce size and guoatanteeing
also a reduced thermal ripple [5]-[7]. RC-IGBT igaimly employed in
medium voltage regime (600V-1200V) operating at lowrent in
Soft-Switching applications. Due to the generatainextra-voltage
during the turn-off and extra-current during thenton, the operating
in Hard-Switching mode is possible only in limiteapplications
without overcome the SOA limits Figure A.1) [1][8][
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Hard Switching Soft Switching
High-current,
SOA P high-voltage _._.__S_QA.___,‘_LTVhermal resistance limit areaj
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low-voltage and
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Vce Vce
SOA Locus for Hard Switching ‘ SOA Locus for Soft Switching
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Vce
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Ic
Switching Characteristics Current Resonance Voltage Resonance
(Example) (Example) (Example)

Figure A.1. Comparison between Hard and Soft Switgbhperating mode
of a RC-IGBT device.

In principle, RC-IGBT is achieved as modificatioham IGBT device
making a series of P/N layout design at the callediackside.
Nevertheless, the difficulty of the IGBT mode tatfg approach in
conductivity modulation regime has introduced tleeessity to adopt
a different configuration. As visible in Figure A.Zhe device is
realized as a hybrid version of an RC-IGBT and@BT (Pilot area),
where the latter must guarantee the suppressiotheofsnap-back
phenomenon [9][10]. One of the main aspects of th&hnology
regards the conflict between the IGBT and FWD penénces. The
former requires a plasma enhancement near the dtf@idthode
IGBT to reduce on-state drop and suppress the lsaelp- while the
latter requires a plasma reduction for a betterensy recovery.
Usually, localized lifetime killing techniques aapplied to improve
the behavior of both IGBT and FWD modes. Anothersgere aspect
regards the alignment of the P and N (Short Anagdg)ons at the
backside to minimize the uneven distributions drge.
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Figure A.2. Geometry of a hybrid RC-IGBT and PIGBT.

Even if the Pilot IGBT offers the possibility to muress the Snap-
back, the presence of the Short Anodes introdueesral secondary
shapbacks as illustrated in Figure A.3. This isalbse the transition in
bipolar operation occurs when the voltage drop srthe Short
Anode and Buffer junction overcomes the built-idtage [11]. This
aspect can be appreciate observing FigureA.4, wiherdoly density
distribution is shown during the current increasidgyway, the
secondary Snap-back can be eliminated using al rgimoach of the
Short Anodes layout [12].

50

— — (a)IGBT
—— (b) RC-IGBT, Ln+p = 240pm
——— (c) BiGT, pilot 900pm

40 A

Anode current (A)

ﬁap—back
0 5 10 15 20 25
On-state voltage (V)

Figure A.3. Simulated typical on-state characterisdmparing IGBT (trace
(a)), RC-IGBT (trace (b)) and Hybrid RC-IGBT (tra@).
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Figure A.4. Hole density distribution in a hybri€RGBT and IGBT
device. Froma to h the current density in rising. The Pilot IGBT esated at
the center in these images.

It is now provided an analytical analysis on thepmession
mechanism of the Snap-back phenomenon [13]. WherAtiode is
biased, the electron current flowing from thé 8hort Anode to the
Drift region passing through the Buffer layer. Tisistivity of this
last produces a voltage drofuv between the two pointsl and N
indicated in Figure A.5. When the voltage drop hesw the Anode
and M {am) becomes higher than the built-in voltage of the P
emitter/N-buffer junction, the holes starts to flawto the Drift layer
leading to the conductivity modulation of the regidhe voltage at
the point M can be seen as:

Vi = Voui * Vorin (A.3)

In conductivity modulationV,, ~V,_, .
The Snap-back voltagéss due to the unipolar regime can be written:

Ve = Ryl +V, (A.4)

NBuffer/ N*

where Rp and Iv are the resistance and the electron current of
the Drift layer, respectively. The voltage drop between the
Anode and M is given by:

Vau =Vim TV, (A.5)

NBuffer/ N*

The voltage drop across the points N and M is glwen
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Vi, = LI,
Zau, N (L, + L)

where Z is the transversal dimension of the stnecty andL, are the
lengths of the P-emitter and"Mnode region, respectively, andNp
are the width and doping concentration of the tDrégion,
respectively.

The device becomes Snap-back free whep:= R, |, .

(A.6)

Cathode (K)

1

N*source N Gate (G)
P-body

N-drift Ve Ve

AVS); = Vslx - VII
R

oM ——— N-buffery

Figure A.5.Schematic of RC-IGBT basic structure.

To support the above mentioned analysis, 2D TCADukitions have
been performed. As visible in Figure A.6, the uppant of the device
is achieved replicating an elementary Trench-MOSIEEIT, while a

Pilot IGBT area and a single Short Anode diffusimnstitute the
backside. During the forward conduction, the etattcurrent transits
within the Buffer from Short Anode generating atagke drop in
accordance to eq.(A.6). The aim of this analysisoievaluate the
influence of the Pilot area dimension on the Snagkbbehavior.
Figure A.7 illustrates the geometry and the dongfile (extracted
along the lines of Figure A.6) which determine thelt-in voltage

drop of the N-Buffer/P-Collector junction.
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Figure A.6. TCAD RC-IGBT structure to analyze theaf-back
phenomenon.
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Figure A.7. Vertical doping profile of the analyzZRE€-IGBT structure.

The Lk-Vce simulated characteristic of the structure is shawn
FigureA.8 for different ratio of the Pilot IGBT Igth (Lp) and FWD
length Cn). It can be seen as increasing the Pilot areansixte the
occurring Snap-back decreases, since the longatdirtensionLp
directly affects the resistance of the Buffer lagarthe IGBT side. If
the Pilot area is large enough, the bipolar regiapdly takes place
and the on-state characteristic becomes Snap-baek f
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Figure A.8. Simulated I-V output characteristic éiferent dimensions of
the Pilot IGBT.

The inductive turn-on behavior is investigated #ormulticellular
structure Snap-back free, whose design parameterseaorted in
Table A.1. The electron current distribution is idé&gd in Figure A.9
for three instant time. It highlights as the tum-@ynamic is strongly
affected the 2D behavior. Indeed, the electrorritigion startlingly
spread from the Diode side (Short Anode) in bottica and lateral
direction. Due to the symmetry of the boundary comas, the
structure starts operating in bipolar conditiorthe left of the IGBT
area K=0). At the P-Collector/N-Anode interface, the @len

distribution is influenced by the presence of theparallel FWD.

-50 - Abs(eCumnrentDensity-V) (A*cm*-2)
8.000e-02 4.4720-01 2.5000+00
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Figure A.9. Electron current distribution duringgtimductive turn-on
simulation of a RC-IGBT att=0.5 pus (a); t = 1(py t = 1.5 ps (c).

Table A.1. RC-IGBT structure parameters for TCABslations.

Symbol Quantity Value
L Total length 400 um
Lp IGBT length 345 um
Ln FWD length 55 um
W Epi-layer thickness 100 pm
Ws Buffer thickness 1,5um
Nepi Epi-layer doping concentration| x10' cnr®
Ng Buffer doping concentration | x50 cn®
Pt Cell pitch

Sum
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