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Abstract

This paper discusses the trade-off between surge-current capability on the one hand and reverse-recovery
charge, ruggedness and softness of high-voltage diodes on the other hand. Diodes with a CIBH (Controlled
Injection of Backside Hol@sstructure in front of the cathode and a highly doped p*-region combine high
surge-current capability with reverse-recovery ruggedness and softness. This can be further improved by
embedding a SPEED (Self-adjusting p-Emitter Efficiency Diode) or an IDEE (Inverse injection
Dependency of Emitter Efficiency) structure in front of the anode. The IDEE concept causes a decrease of
the emitter efficiency at low current densities and an increase of the emitter efficiency at high current
densities. This reduces the reverse-recovery charge and further increases the surge-current capability. It is
shown that the recently introduced | DEE concept works more efficiently than the SPEED concept.
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INTRODUCTION n’-region. This demand conflicts with the optimisatiof
the reverse-recovery behaviour which requires aggu,
To ensure a soft and rugged reverse-recovery belavi in the application-relevant current range. Thedraff can
the plasma in the'megion should run out in front of the be improved by controlling,., by the forward current.
n"-region. The presence of a cathode-side depletiger|
at the time of plasma-layer exhaustion leads ttashcof log p
both depletion layers and a resulting snappy switch Hall's theory modern diode
behaviour [1]. Furthermore, cathode-side filamewtsich
are considered dangerous in terms of device déstnuc
[2,3], can appear. An important measure concersifg
and rugged reverse recovery is the tailoring offlesma
distribution at the on-state (Fig.1). A charactci
parameter to evaluate the plasma distribution eagiten
by the relation
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wherep.gony is the carrier density near then_’i-ljuncfuon Fig. 1: Carrier distribution during on-state ancsly before
and pagorw is the carrier density near thé-mp-junction.  exhaustion of the plasma layer (dashed lines: HaHeory,
According to Hall's theoryyow is smaller than 1 in a continuous line: typical soft-recovery diode).
diode with ideal emitters due to the higher maietitof
electrons compared to holes. However, modern diod
concepts invert the plasma distribution to achigyg > 1
[4,5] (Fig. 1).
The surge-current capability of modern wire-bonde
diodes is mainly determined by thermal stress ahige
energy losses which lead to a melting of the metdlbn
around the bondfeet [6,7]. To decrease the energgek,
the forward voltage drop at high currents shoulddve
This goal is achieved by a high plasma level inuwiele

Eig. 2 schematically shows the forward charactessind

the plasma distributions of a reference diode Vetarally

(gomogeneous emitter regions and an optimised diode.
oth diodes have the same conducting losses andsalm

the same turn-off losses at rated current. Thermopéd

diode has a significant lower voltage drop for high

current, leading to a higher surge-current capgbiBuch

an optimised diode behaviour was achieved by

implementing the _&lf-adjusted p _Bitter Eficiency



Diode (SPEED) concept [8]. However, the plasma lavel

trade-off between the forward voltage drop and the

front of the pg-region of the optimised diode is higher atreverse-recovery losses has been achieved [12fhisn

twice the rated current -I3.eq FOr this reason the
optimised diode tends to be snappy and not rugigedsi
turned off from high current levels. A measurementa

work, we want to investigate whether the CIBH cqice
still suppresses the appearance of a cathode-sjuletibn
layer during reverse recovery iy is higher than 1. If

non-optimized SPEED diode showed a lack of reversehis would be the case, the trade-off between scugeent

recovery ruggedness (Fig. 3).
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Fig. 2: Left: Schematic forward characteristic. RigSchematic
on-state charge carrier distribution.
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Fig. 3: Measured voltage and current transientsindua
destructive reverse recovery of a non-optimized SPHiode.

capability and reverse-recovery softness couldlyedrs
achieved by implementing a CIBH structure.
simulated three different diode structures with shene n
-region and the same*region with a high emitter
efficiency yc. The p-n-n*-diode (reference diode)
consists of a Jpregion with a low emitter efficiencya.
The CIBH diode additionally has a CIBH structure in
front of the cathode. In the third diode, the dgpitensity
of the anode-side emitter region has been increaged
around one order of magnitude (CIBH diode with hpdh
doping). The simulation results (Figs. 4, 5) shbatthere

is a cathode-side depletion layer in the referatiode at
t=1.875 ps.
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Fig. 4: Voltage and current waveforms during regamscovery
of a p-n-n'-diode, a CIBH diode and a CIBH diode with
increased pdoping. All diodes have a breakdown capability of
about 8 kV. (I, = 4.7 pH, Ve = 3600 V, = lageq= 200 A).

In this work, we consider the SPEED concept and the

recently introduced_niverse Injection_Bpendency of
Emitter Hficiency (IDEE) concept [9], which both
improve the trade-off between surge current cajpglaihd
reverse-recovery behaviour. However, we first itigase
how the implementation of a o@trolled _hjection of

Backside_Hbles (CIBH) structure [10] guarantees soft and

rugged reverse recovery and how this accounts Her t
improvement of surge current capability. All analys
have been done using the device simulator Sentaidpis
[11].
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The aim of CIBH structure introduced in 2006 was toFig. 5: Electron density at the onset and duringree-recovery

improve diode reverse-recovery softness and rugggsin

process (t = 1.875 ps) of d-p-n*-diode, a CIBH diode and a

which has been proven by device simulation and!BH diode with increased'gdoping, Fig. 4.

experiment [10]. Furthermore, a 25 % improvemerthef



Shortly after 1.875 ps, the plasma layer exhaustistae The new IDEE structure has a highly-doped-region
diode turns into the switching self-clamping modewhich is interrupted by small n-channels (Fig. &).low
(SSCM). After about 0.3 us the diode leaves the NBSC current densities, the main part of the currentvficas

with strong current and voltage oscillations. Canirto
this behaviour, the appearance of a cathode-siglietitmn
layer is successfully prevented by the CIBH strretu
This is the reason for the high reverse-recoveftnsss of
CIBH diodes [10,12]. Although the value gf,,, in the
CIBH diode with high p doping is about 2.5, the
implemented CIBH structure inhibits the appearaoica
cathode-side depletion layer. Beside the excetleverse-
recovery behaviour, the surge-current capabilitythod
CIBH diode with high pdoping is very high compared to
the other diodes due to the increased plasma ld@a.
simulations show that the improvement of the surg
current capability is an additional potential oet&IBH
concept. However, the reverse-recovery charge ef t
CIBH diode with high p doping is very high, leading to
strongly increased switching losses.

To overcome this disadvantage, an improved anodg

emitter can be implemented by means of the SPEE
concept. This leads to low anode-side plasma |aatdtsv
and medium current densities and high plasma leakls
high current densities, which occur during a slwgeent
event. Consequently, the anode-side emitter effayie

J P jn
Jtotal
should increase with increasing forward currentsitgn

Jtotal
The SPEED structure consists of highly-dopéeameas
within a low-doped pregion (Fig. 6).
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Fig. 6: Basic structure of the SPEED-CIBH diode ¢l IDEE-
CIBH diode. The n-channels of the IDEE anode argoma
enough to shield the"dayer from the electric field.

The concept uses the fact that the amount of ntinori
current densityj,, will be higher if the doping density of
the p-emitter region is lower. At low and mediunrremt
densities, the current is mainly flowing betweee -
regions due to the higher junction barrier in theszof the
p*-regions leading to a low,. At higher current densities,
the voltage drop increases leading to a significamtent
flow through the pregions. This current flow results in
an increased plasma level.

%)
hg 0.40

electron currentjf) through the n-channels, leading to the
desired lowy,. The current through the™'pregions is
significantly lower because charge carriers havertss
the barrier of the P-n" junction. However, this changes
with increasingjww becausej, is limited due to the
resistance of the n-channels. The dependengy of the
current density is successfully inverted, compareda
reference diode with a homogenouds@gion (Fig. 7).
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Fig. 7: Emitter efficiency* of the anode-side emitter depending
on the forward current (simulated).

To compare the different diode structures, theiearr
lifetimes of the diodes were adjusted in order aventhe
same forward voltage drop at rated current (62.5TAE
SPEED and the IDEE diode were combined with a CIBH
concept, which does not influence the forward \gdta
drop. The forward characteristics of these diodesws
reduced forward voltage drops at high current dierssi
which indicate already a higher surge-current c#ipab
compared to the reference diode (Fig. 8).
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Fig. 8: Forward characteristic for high currentseferal diodes.
All diodes have a breakdown capability of about \5 k
(simulation @ T = 400 K).



These results show a successful control of thetemit To improve the safe operation area of diodes, tiea
efficiency. IDEE concept works more efficiently ththe  emitter structures were combined with a CIBH cathod
SPEED concept, because there is no barrier likgothe structure. To demonstrate the effect of CIBH,
junction for the charge carriers. electrothermal reverse-recovery simulations of IDEE-
diode and the SPEED-diode with and without a CIBH
REVERSE-RECOVERY DESTRUCTION CAUSED  structure were performed. The simulation circuihgists
BY CATHODE-SIDE FILAMENTS of an ideal switch, a voltage and current sourceir@uit
inductance and an additional resistance which dirttie
Diodes with a SPEED or an IDEE emitter concept havéransient overvoltage [2]. The initial current leweas 2.5
higher values ofj, at high currents which promotes the times the rated current and 3 times the rated oyrre
appearance of a cathode-side depletion layer duringspectively.
reverse recovery at high forward currents. A catheide The voltage and current waveforms (Figs. 9, 10Yhef
depletion layer is not only critical in terms offte@ss. If diodes with and without CIBH structure are similar.
both the extension of the cathode-side depletigerland Figures 11 and 12 show the current density didiobuof
the reverse current are high, current filaments agipear. all diodes at 0.¢s. The diodes without CIBH structure
Cathode-side filaments tend to be immobile or thely  show a single immobile cathode-side filament. Catrre
move with a relatively small velocity [2,13]. THatads to contraction into a single filament with a high amnt
strong local heating and can cause diode destructialensity is successfully suppressed in the diodeh wi
through thermal runaway [14]. Such a destructiorCIBH structure by triggering multiple filaments #te
mechanism is seen as the reason for the dioderdailupositions of the p-islands with a respective maximu
shown in Fig. 3. current density that is much smaller compared te th
maximum current density in the cathode-side filatran

0 //-—ﬂ-— the diode without CIBH structure.
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Fig. 9: Voltage and current waveforms during regamscovery
of the SPEED-CIBH diode and the SPEED diode witholaH
(Le =714 nH, V4. = 2500 V, £ = 2.5l 14e¢= 156.25 A, Titia =
400 K, R =2.52). Fig. 11: Current density distribution in the SPE#Dde without
CIBH (left) and with CIBH (right) at 0.6s, Fig. 7.
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Fig. 10: Voltage and current during reverse recpvef the
IDEE-CIBH diode and the IDEE diode without CIBH (& X B
714 nH, V4 = 2500 V, £ = 3 ljaea= 187.5 A, Thitia = 400 K, R . TP .
=20 \ee F rated Tt Fig. 12: Current density distribution in the IDEde without

CIBH (left) and with CIBH (right) at 0.@s, Fig. 8.



INCREASED SURGE CURRENT CAPABILITY deep pt deep ptwith VLD shallow p~

To investigate the surge-current capability, etsbrmal - - -
simulations with 10 ms half sine pulses were pentxt.

Auger and Shockley-Read-Hall recombination, carrier

carrier  scattering, doping-dependent, temperature - - -
dependent and electric-field-dependent mobilitiesren
included. Both emitter concepts, SPEED and IDEEd le
to a power loss reduction at high surge currentlicating

a significant improvement of the surge-current Géjg
(Fig. 13). The 22-% reduction of IDEE-CIBH diode is

Fig. 14: Investigated SPEED variations (schemayital

higher than the 17-% reduction of the SPEED-CIBH ) P
diode. These results show the better emitter efficy of £ ~ [ T i)
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The lateral pp* junction of the SPEED structure can leadS [
to increased electric-field strength peaks duriagerse ﬁ
recovery. If such electric-field strength peaks aery 1x10°
high, they limit the diode ruggedness. Three dffer 0.2 0'3Time fus] 0.4 0.5

SPEED variations were investigated numerically

(Fig. 14). The first type has deep-fegions, so that the Fig. 16: Absolute value of the maximum electriddistrength in
p'-n" junction has the same penetration depth as the p the anode emitter region for different SPEED designd certain
junction. In the second SPEED structure, refer@cag ~PONtS Intime.

deep p with VLD, the doping concentration of thé-p

regions decreases gradually in lateral directidme Third  voltage waveforms (Fig. 15). However, the analgdithe
SPEED structure possesses shallow highly-dopéd pmaximum electric-field strength peaks in the SPEED
regions. The area ratios/p at the anode contact have structures reveals significant differences (Fig. Tie use
been adjusted for all three SPEED structures irrotd  of the deep pwith VLD structure reduces the peak values
achieve the same on-state operating point as fheeree by around 6 %. The reduction could be further iaseel
diode (Fig. 8). Electrothermal simulations of thd® by an optimisation of the lateral doping variatidine on-
reverse recovery were performed by switching o# th state voltage drop of the SPEED with deémvjth VLD is
diodes from the rated current at a dc-link voltagfe about 0.2 V higher at the tenfold of the rated ety
2500 V. Due to the adjustment of the area ratip pthe  indicating a small reduction of the surge-curreagability
stored charge carriers and the valueg:@f are similar in  compared to the SPEED with de€prpgions. This could
all three diodes, leading to nearly identmairentand be modified by larger extensions of the VLD areHse



SPEED with shallow Pregions shows the same small[7] B. Heinze, R. Baburske, J. Lutz, H.-J. Schutfffects of

reduction of the surge-current capability, but liis tcase
the reduction of the electric-field strength peaksing
reverse recovery accounts for about 18 %. Therefbee
SPEED with shallow Ppregions delivers the best
compromise. The electric field peaks are locatetthénp-
regions. For that reason, lateral electric-fieldemstjth
components do not influence the electric field peak

CONCLUSION

A significant improvement of the trade-off betwesmge-
current capability and reverse-recovery charadtesihas
been presented for a CIBH-diode with a highly-dopéd
region at the anode side. Simulations show the @iom
potential of the CIBH diode. A further improvemes#n

metallisation and bondfeet in 3.3 kV free-wheelidigdes at
surge current conditions”, in Proc. of ISPS, PragGeech
Republic, Aug., 2008.

[8] H. Schlangenotto, J. Serafin, F. Sawitzki, H.adder,
“Improved recovery of fast power diodes with selftesting p
emitter efficiency”, IEEE Electron Device Lettersl. 10, no. 7,
July 1989.

[9] R. Baburske, J. Lutz, H.-J. Schulze, H.P. FelR.
Siemieniec, “A new diode structure with Inverse ettjon
dependency of emitter efficiency”, in Proc. ISP3fxoshima,
June 2010.

[10] M. Chen, J. Lutz, M. Domeij, H. P. Felsl, H.Schulze, “A
novel diode structure with controlled injectionlmickside holes
(CIBH) ", in Proc. ISPSD, pp. 9-12, June 2006.

[11] (2007) Advanced TCAD manual. Synopsys Inc. kitain

be achieved by implementing anode emitter concept¥iew, CA. [Online]. Availablehttp:/www.synopsys

such as SPEED and IDEE, which modify the dependengg?]

of emitter-efficiency on current density. Both cepts
contribute to a reduction of the reverse-recovdrgrge.
The IDEE-CIBH diode delivers the best trade-offwé

J. Biermann, M. Pfaffenlehner, H. P. Felsl, Gutt,
H. Schulze, “CIBH Diode with superior soft switchilehavior
in 3.3kV moduls for fast switching applicationsih Proc.
PCIM, May, 2008.

22-% energy loss reduction during surge currente Thi13) £ _J. Niedemostheide, F. Falck, H.-J. SchulzeKellner-
CIBH structure prevents single cathode-side filat®en werdehausen, “Influence of Joule heating on curfitments

which are supposed to be the reason for the mehture
reverse-recovery ruggedness of SPEED

induced by avalanche injection”, in IEE Proc.-CitsiDevices

diodesSyst., vol. 153, pp. 3-10, 2006.

Furthermore, an appropriate design of the SPEE%A] R. Baburske, J. Lutz, H.-J. Schulze, F.-J.démmostheide,

structure with a low penetration depth of therggion

and/or VLD structures at the lateral-p junctions are
essential to avoid highly destructive electricdiel
strengths.
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