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dedicated to the capacitor charging. It causesléggadation
Abstract—In high current, high voltage, high temperature of the system operation, either by the reduction tlé

(T>125°C)  power applications, —commercially  availabl gperating frequency of the system, or a systemunetioning
conventional silicon thyristors are not suited becse they present

high leakage current. In this context, this papergsents a high
symmetrical (voltage) thyristor structure that peasts a lower
leakage current and higher breakover voltage as gared to the
conventional thyristor at T>125°C. It is shown thugh 2D physical
simulations that the replacement of the P emittef @ standard
symmetrical thyristor by a judicious association Bfdiffusions and
Schottky contacts at the anode side contributeghe reduction of
the leakage current in the forward blocking statet ahigh

temperature. A fine-tune of the anode side configtion will

improve the forward off-state behaviour with onlyraegligible on-
state voltage drop degradation. Moreover, the comggan with the
conventional anode short thyristor shows that thasertion of
Schottky contacts leads to the same improvementgeims of off-
state forward breakover voltage and leakage curresmid also
presents a high reverse blocking voltage.

Index Terms— Pulsed power, High voltage thyristor, TCAD
simulations, high temperature, Schottky contacts

. INTRODUCTION

I n high voltage and high current applications, sast{VDC
transmission 1] or pulsed power applicatior?]; a thyristor
is commonly used as a power switch because ofgts gower
switching capabilities. The thyristor architectisemade of
four layers of different doping forming an N-P-Ndaa P-N-P
bipolar transistor. The maximum operating tempeeatf the
commercially available symmetrical thyristors isngelly
limited to 125°C. Under high operating temperaturdee
leakage current increases, amplified by the trémsigains,
that leads to the parasitic latch-up of the thgrist

Moreover, the temperature induced high leakagesotican
degrade the functioning of the whole power functiorsome
cases. Indeed, in applications such as pulsed paivesiits, as

that shown in figure 13, a capacitor is charged when the
thyristor is maintained in off-state and it disayes through an

R-L circuit when the thyristor is switched on. Whéme
ambient temperature becomes high (T>125°C) theistioyr

leakage current becomes high, deviating a parhefcurrent

in the case of the thyristor parasitic latch-up.

Fig. 1: Example of a pulsed power circuit highlighting tthgristor
role.

The generally approaches reported in literatureldakage
current reduction focus on the current gain reductf the
internal bipolar transistors that compose the #tgri Indeed,
this can be achieved by different ways, such as:

- Local electron or proton irradiation at the mainctions
in order to reduce the carrier lifetime§ [

- N-type buffer layer between the N-base and Rtem

- Anode short-circuitsg]

The two last techniques,
demonstrated in high temperature applicatidsis |pad to a
degradation of the reverse blocking capability, cihimeans
that additional components, such as a diode coadéctseries
with the thyristor, must be added that leads tananease in
the number of components and cost.

Silicon carbide, thanks to its physical proprietiesuld be
considered for high temperature power applicatiblmvever,
some technological issues still need to be solsadh as the
reduction of basal plane dislocation density duritdck
epitaxial layers growth, which leads to a degramaf the
carrier lifetime and then the increase of the @teswoltage
drop, or the development of novel termination téghes for
bi-directional blocking capabilityd].

We propose a Si-thyristor structure based on thieaiton
of Schottky contacts associated to P diffusiornthatbackside
of a symmetrical silicon thyristor7] for symmetric blocking
voltage as shown in figure 2. The Schottky contaetthe
thyristor anode side leads to a reduction of theittem
injection efficiency of thel, junction, similar to conventional

which have already been
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anode shorts, while preserving the reverse blockappbility
of the device. The importance of the structure pseg in this
paper is twofold: As compared to a symmetrical @mntional
thyristor of same size and physical parametergqrésents
lower forward leakage current and higher breakoxatage
mainly at ambient temperatures above 125°C.

In this paper, the impact of the insertion of Sthot
contacts in the backside of a thyristor on its teieal
characteristics is studied by means of TCAD siniouhest

vasT
—
|
W, [
N | FNF
e ~ ~
t T T
2 N
IXN-Base INN-Base
! ! 1 ! 1 I ! =
—_—
~. s ~ ,
0 N\ —k— / N\ —— /
2 \ TN/ _ o NN
\WAN! P-emitteri / \/ D_ibniéénn
AR Foemitten / A/ -cEnitier
= = .
e .
Ao A | A dn ! Anada
Anuguc 2 ey SAnnuuc Anvuc
]
< W
1YY
Schottky :
i
Contact W

Fig. 2: Overview of the thyristor structure with Hadtky contacts on the
anode side.

Il. LEAKAGE CURRENT REDUCTION METHODOLOGY

The leakage current in a thyristor in the forwatdcking
mode ¥ax > 0) can be expressed by the following equation:
lco (1)

KT
1=app Oy

anode side, replacing the P emitter in the conweeati
thyristor for the reduction of the P-N-P transiggain.

Ill.  SIMULATION RESUTS

A. Sudied structures

Three symmetrical thyristor structures are studied:
conventional one, a thyristor with Schottky corgaet the
backside (figure 3 (a)) and a anode shorts thyriftgure 3
(b)). This last structure is identical to the poas one, except
that the backside electrode contacts ardiffusion instead of
the N-base region. In order to achieve a symmétrica
breakdown voltage, the N-base doping concentrati®n
uniform and lightly doped in comparison with thetyPe
regions surrounding it. P-base and P-emitter jonatiepth are
of 7um, while the cathode *Nemitter and gate *Pdiffusion
depth are of 1um. These values are in accordantte tivé
technological processi1(]. Different N* emitter widths
(Weathodd @nd an anode widthWy) of 100 um are used.

Cathode shorts are added for the reasons giveiopsy.
(a) (b)

[

7
Rp-Base
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—1 RuBase
WP | S|
J2
Wy / P-emitter P-emittpr
Anode  Anode
short
Schottky Anode
Contact
W, Wa

Fig. 3: Schematic cross section of thyristor structureshw()
Schottky contact and (b) anode shorts.

Where Icq is the leakage current of a PN junction in the

blocking state andupne and anpny the gain of the bipolar
transistors composing the thyristor shown in figire

The thyristor leakage current reduction can beeasd by
minimizing | co, apnp @ndonen. The leakage currehdo depends
on the N-base doping concentration that sets teakidlown
voltage of the device. Cathode shorts, usually uged
commercial thyristor, reduce the N-P-N current gdiming
forward blocking mode through the reductiornRpfz,seresistor
(figure 2) that connects the base and emitter isfttansistor.
The configuration of these cathode shogisHas an influence
on the N-P-N transistor current gain, the gateg#ithg

current, and the deviadVv/dt capability. The P-N-P transistor

gain can be lowered by the different methods piteseim the
introduction. We present in this paper a solutiased on an
association of Schottky contact and P diffusionsised in the
JBS (Junction Barrier Schottky) diodeS] [at the thyristor

All TCAD simulations have been performed with drift
diffusion model, as well as Shockley-Read-Hall (§RH
recombination model. Self-heating has not beenidered in
our simulations, especially in the off-state sirtbe power
dissipated in these cases is low. Schottky contaate been
simulated considering the barrier lowering effedtl][ A
barrier height of 0.61V has been specified for 8ahottky
contact in the simulator, which represent a metakfunction
(®y) of 4.5V corresponding to Chromium (Cr) when degas
on N-type silicon.

B. Off-state

On figure 4 is represented the forward blockingage as a
function of the N-base doping concentration andkitéss for
the three structures at a temperature of 27°C.
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Fig. 4: Influence of the N-base parameters on ¢hevdrd breakover
voltage at 27°C.

Forward breakover voltage (]x103) )

For low values of the N-base doping concentratithe
breakover voltage is limited by the reach-througtthe base,
leading to a reduction of the breakover voltage wlosvering
the doping concentration, while for high valuess ilimited by
the avalanche breakdown of the reverse biakeplinction,
which means that the increase of the doping coratomn
means a reduction of the breakover voltage. Coresglyy for
a given N-base layer thickness; there is an optindaping
concentration, which gives the highest breakoveltage.
From the results on figure 4, at a fixXég, value, the insertion
of Schottky contacts or anode short leads to arease of the
maximum breakover voltage. As a result, for an exdible
breakover voltage, the N-base layer thickness eatowered
compared to the case of a conventional thyriseading to a
reduction of the on-state voltage.

0,10

IW_=0,24,610,20 um

T T T T T T T T T T T
-1000 -2000 -3000 -4000 -5000

Vi V)
Fig. 5: Influence of the Schottky contact width t¢ime leakage
current, the valu®Vs = 0 corresponds to a plane P-N junction.

0 -6000

The leakage current in a Schottky contact can fgh hi
because of the barrier lowering effect under tles@nce of an
electric field at the interfacel]]. However, this degradation
can be limited by the small spacing between twaffasions,
protecting the Schottky contact against excesdetric field
values, as used in JBS diodes. This effect istilitisd on
figure 5, where one can notice that the Schotthkytax must
be narrow in order to prevent the degradation ef réverse
blocking characteristics of the thyristor.

3

On figure 6, the reverse characteristics of theighyr with
Schottky contacts and the conventional one are aoedpat
different temperatures.

— Conventional thyristor ‘
Thyristor with Schottky contact

101 -------------

27, 125, 150, 175 °C

Ny (Axem?)]

' 1000 -2000 -3000 -4000 -5000 -6000
VW)

Fig. 6: Influence of temperature on the reverseattaristics of the
thyristor with Schottky contactd\; = 4 um) and the conventional
one.

0

The anode of the structure with Schottky contaets heen
determined considering the previous simulationsiltesAs a
consequence, a Schottky contact widtty) (of 4um has been
chosen and maintained constant in the followingises of
this paper. A lower value would have given bettsuits, but
would have been very difficult to realize using faérication
process usedl1]]. We can notice on figure 6 that both
structures present the same breakdown voltage ticerias
function of temperature, but the presence of thaofky
contact leads to a soft transition near the avalkatceakdown
because of the barrier lowering effect. However|oaer
reverse leakage current could be expected withutlee of a
Schottky metal that is characterized by a higheriéaheight,
as detailed section 3.

Closed symbols: conventional thyristor
Open symbols: thyristor with Schottky contact
Cross filled symbols: thyristor with anode shorts

Wca(hode_ 100 ()

=200 um

——
Wcathode

50

100 150

Temperature (° C)
Fig. 7: Temperature effect on the forward breakddavrdifferent N
cathode widths.

200

Forward breakover voltage (:b<103) )

Figure 7 shows the evolution of the forward breadtov
voltage as a function of temperature for the trs®actures.
For every structure, the reduction of thé dathode width
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(Weathodd leads to an improvement of the forward breakover

voltage at high temperatures. Indeed, when redudingode
the minimum gate current necessary to turn-on taeice
increases, because of the P-base resistRpagg. (figure 3)

which is proportional to the Ncathode width, meaning that

the current flowing through this resistor requiredforward
bias the P-N junction between P-base aridrst be high if
the Rp.paseiS small.

For a fixed value ofWganoge the insertion of Schottky
contacts or anode short leads to a reduction ddcfign

efficiency of theJ, junction, because a part of the carriers are

deviated through the Schottky contacts or the arsiumts.
Consequently, this thyristor presents an improvenienits
breakover voltage at a higher temperature as cadptr a
conventional thyristor. The variation of the breadovoltage
with temperature of thyristors with Schottky conads
identical to that of thyristors with anode shortsganing that
the Schottky contact has the same effect as thaeastort.
The forward blocking characteristics of the threecures
is presented on figure 8. The lower leakage curienthe
thyristors with Schottky contacts and anode shaoats
compared to the conventional thyristor case expliair
improved off-state capability at high temperature.

Conventional thyristor
i Thyristor with Schottky contact
Thyristor with anode shorts

200 pm

cathode .

104 :
— 10%4 1
S
é 1071 1
,_;xt 104 00 T -

10*4 :

10° e . i . .

0 1000 2000 3000 4000 5000 6000
Ve )

Fig. 8: Forward blocking characteristics of theethrstructures for
different temperatures.

The reduced leakage current in the thyristor withdtky
contacts can be explained by comparing the tramsisturrent

gainsapne and anpy Of both structures. In order to extract the

different gains, several structures of identicatesi and
parameters have been simulated and their leakagentu
evolution compared: the thyristor which are thejscbof the

study, a PN junction, a PNP and a NPN bipolar jonct
transistor (BJT). Figure 9 shows an example ofdgakcurrent
simulated for the four structures. In this casepaventional

thyristor is compared with the three other struesur

Leakage current Gaina Tzo75¢
V - i - Thyristor o | —
10° < T 1,0
~@ - NPN PP
101 PN e RIVY
~k- PNP R I N 08
!
3 ]
~ 10°3 7 Jos
5 ¥
X -4 | s
< 10 E&'./j-OA
b4
<
D 10°%4 e -
/r"* ,.-l—'ﬂr @MK= 0" ? lo2
10°- - [P(
—SRI K OKIOK LD - 0--0---0--0-0--040,0
10" T ;
0 1000 2000 3000 4000 5000
Vo V)

Fig. 9: Leakage current comparison of a conventitimaistor with
three other structures of same size and transiginsevolution with
the applied voltage.

The curves of figure 9 show that the leakage ctiirethe
PN junction and the NPN transistor are identidainéans that
the current gain of the N-P-N transisteygsy remains very
weak. This low value comes from the presence olficzid
shorts in the NPN transistor, as same as in theésthy. The
higher leakage current in the PNP transistor aadhyristor is
due to theopyp increase with the anode voltage. When the
thyristor voltage reaches the breakover point, Bé-P
current gain value is equal to 1. The suypy+opne iS Obtained
from equation 1 by comparing the leakage currenthia
thyristor and in the PN junction. The sum of botansistor
gains is almost equal to that of the P-N-P onecas §igure 9.
Consequently, the conventional thyristor breakox@tage is
mainly limited by the P-N-P current gain.

—a— Conventional thyristor ‘
®— Thyristor with Schottky contactsw B

Open symbols: T = 125°C

1,04

0,84 Closed symbols: T = 27°C
0,64 i
UD.

0,4 1

0,2 i

0,04 . : . ol

0 1000 2000 3000 4000 5000 6000
Vi V)

Fig. 10: P-N-P transistor gain comparison for thgristor with
Schottky contact and the conventional one at diffetemperatures.

Figure 10 shows the evolution of the P-N-P traonsigain
as a function of the anode voltage for the thyristath
Schottky contact and the conventional thyristor. the
conventional thyristor, thepyp increases more rapidly and
reaches a value of 1 at a lower anode voltage.€ltessllts are
in good agreement with the results from figure Be Bbrupt
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increase ofupnp in the thyristor with Schottky contacts atleads to a degradation of the on-state voltage .drop
ambient temperature is mainly due to the avalarm®use Consequently a loWy/W, value should be preferred in order
the injections of holes from the P-emitter are Very at this to keep good performance since the gain in thestete is low.
temperature.

—=—27°C | Closed symbols: W .. =100 um
®— 125°C | | Open symbols: W =200 pm
C. Oﬂ-ﬂa’[e | —A— 175 °C .p y . cathodle ul

The on-state voltage drop of the three structures i
represented on figure 11 for a current densityOsf &.cmZ.

—s— Thyristor with Schottky contacts
—e— Thyristor with anode shorts

o e ]
ool M '

5,6- OM

Forward brakover voltage (kV)

S - - - - Conventional thyristor 5 4 i

o B ,,I,, ,,,,,,,,,,I,,,,,,,,, wI T T T T

£ 124 ], =200Acm’] 1 52 1

o) T 5{ omr—ar— 8|

< 10 4

§ 4,8 -

o 84 E 4,6 T T T T T

g 0,0 0,1 0,2 0,3 0,4 0,5 0,6

2 64 1 Schottky contact width W/W

o

8 4] i Fig. 12: Breakover voltage as a function of theditty contact ratio

] on the anode width.

S|

o 24 Bm® __________

g . . . . . . . 2) Schottky contacts placement

§ 0,02 004 006 008 010 012 014 016 Figure 13 shows the leakage current in the forvdimrection

W IW, decomposed into two components: electron currewifig

Fig. 11: On-state voltage drop as a function of $ithottky contact into the Schottky contacts and hole current flowingp the
ratio on the anode width for the three structures. P-emitters. The current increase/at= 4.8kV comes from the

P-N-P transistor current gain increase, which atswesponds

The on-state voltage drop for the thyristors with&tky to the breakover voltage of the conventional thgrisThe
contacts and anode shorts is represented as dofuraftthe current increase in the dotted curve is due toamedle of the
ratio of the Schottky contact width\{ on figure 3) to the reverse biased P-N junctida (see figure 2), until the thyristor

anode cell width \(/; on figure 3). TheWs value has been |atch-up which corresponds to the last point ofdbtied curve
chosen equal to 4pm in accordance with the resofits in figure 13.

figure 5. Consequently, when the to W, ratio increases, the

Current through P-emitters

P emitter width decreasegj(), which leads to the reduction of 1} o= Current through Scholttky contacts

the injection of carriers into the N-base regiondan
consequently to an increase of the on-state voltage. This
voltage drop increase with thg/W, ratio is more pronounced
in the case of thyristors with anode shorts. Onatteer hand,
for larger P emitter, the on-state voltage dropglseto that of
the conventional thyristor value. Consequently, 8ehottky
contact surface should be maintained small comptar¢ide P

=
<

Leakage current (Axcm’)
=
o
>

emitter one in order not to increase the conducpomwer 1075 3
losses. As an example, foVd/W, ratio of 0.03, the on-state
voltage drop degradation is of about 0.15V for thgristor Wt
with Schottky contacts, while the on-state voltdgep is equal 0 1000 2000 3000 4000 5000 6000
to 1.9V in the conventional thyristor. Vi V)
Fig. 13: Current flowing in Schottky contacts anemitters in the
D. Optimisation of Schottky contacts thyristor forward blocking mode at 125°C

1) P-emitter width .

Figure 12, representing the evolution of the breeko  1h€ maximum hole current necessary for the thyristh-
voltage as a function of the ratio of the Schotteytact width UP depends on the P-emitters width and positiotis respect
W, to the anode cell width\,, shows that the increase of theto the cathode shorts positions. Indeed, the hojested from
Schottky contact width leads to a slight improvetmienthe the P-emitters create a voltage drop in the re®si& sase
breakover voltage. At high temperatures, where thihen flowing laterally through+ the P-base. The istpr
improvement is more noticeable, the widening of Schottky l2{ch-up as soon as one P-base' chthode junction becomes
contact results in an increase of about hundredvalfs. forward biased, which lead to an undesirable triggeof the
However, as seen previously, the increase oy, ratio  thyristor, as represented figure 14.
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N-base

I "\ F-emitter \{ F-emitter ) [ F-emitier)( P-emitter \(_

showing the non-uniform current distribution. Tharkkr colors
correspond to the higher current densities

Since the maximum current density is at the midifl¢he
P-emitter width (see figure 15), it is necessarypltace the
cathode shorts in such a way that the hole cuo@ming from
the P emitter have the shortest path when flowimgthe

cathode shorts through the P-base. Consequentlgry ev

P-emitter should be aligned with a cathode shorroter to
achieve a higher voltage with a uniform latch-up tbé
thyristor.

2

Hole current density (Axem™)

N-base

P-cmitter )/ P-emitter [ P-emitter \{ P-emitter }{ P-emitter \[ P-emitter
Anode

400 600
X (qum)
Fig. 15: Hole current density distribution in thebldse close to
the anode electrode for¥ = 4.8kV

200 800

Figure 16 shows the current distribution in theeca$ a
uniform latch-up of the device when considering ttimal
configuration. The values considered
Weathode= Wp = 100 um. Moreover, this configuration would
improve thedV/dt capability of the thyristor.

in this cage a

6

Anvue

Fig. 16: Current density distribution in the thyoisjust after the
latch-up in the optimal anode configuration. Therkda colors
correspond to the higher current densities

3) Schottky contact barrier height

Different metals can be used for the realizationeatifying
contact on silicon. The table 1 lists the barri@ight of
different metals on N-type silicoig].

TABLE |
SCHOTTKY BARRIER HEIGHT FOR METAL ONN-TYPE SILICON

Metal Cr w Pt Al
Work function®y (V) 4,5 4,6 53 4,25
Barrier heightdg (V) 0,61 0,67 0,81 0,6

The ®p values given in table 1 have been used in the
simulations for the forward and reverse blockingtes. A
lower value of @z of 0.5V has also been used in the
simulations for comparison purposes. The resuisshown on
figure 17 and 18 respectively and compared to
characteristics of the conventional thyristor.

the

1¢ —® =05V -— @ =067V
---®, =061V ------ ® =081V
Conventional thyristor
A_,r-\ 104 E
=
o
X
<
4
- 10° E
T=125°C]
103 - T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000
Vi V)

Fig. 17: Forward blocking characteristics of theyristor with
Schottky contact for different barrier heights



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATIONNUMBER (DOUBLE-CLICK HERE TO EDIT) <

The results in the forward blocking state shtvat the
barrier height has only a minor influence on thekbige
current, except for the value of 0.81V where thdéndiky
contact is no more efficient for the reduction bé tP-N-P
transistor gain and then of the leakage current.

—® =05V
---®, =061V
Conventional thyristor

-— ©,=067V

10"

10’4

10" 4

J,, (Axcm?)

1074

103 T T T T T T T T : —
0  -1000 -2000 -3000 -4000
Ve V)

Fig. 18: Influence of the Schottky barrier heightfie thyristor on
the reverse blocking characteristics

-5000 -6000

On the contrary, the barrier height of the metas laa
influence on the reverse leakage current. The temuof ®g
leads to a degradation of the reverse current ¢ggakarrent in
the thyristor. From these simulations, a Schottigribr height
of 0,67V presents the best trade-off between imgmeent in
the forward blocking mode and degradation of theerse
leakage current.

IV. CONCLUSION

In this paper, different high voltage (5 kV) thyds
structures: a conventional symmetrical thyriston, anode
short thyristor and the proposed thyristor struetwsing
Schottky contact at the anode side, have been aeshga
terms of on- and off-state electrical performandeie
simulation results showed that the thyristor witbh&tky
contacts exhibits an improved forward breakovertagd at
high temperature as compared to the conventionalstbr
and presents a lower leakage current. These imprewes in
the blocking state electrical performance is adiieat the
cost of only a slight degradation of the on-statétage drop.
Thanks to the use of Schottky contacts, the praptsgistor
structure exhibits the same performance gain of ahede
short thyristor at high temperature, while pressgvithe
reverse blocking capability, as same as in the eotional
thyristor structure. These improvements are higldgirable
for high voltage, high current pulsed power appiazs [L3].

The structure optimisation method was detailed. Ndee
shown by TCAD simulations that the arrangement loé t
Schottky contacts and’ Rmitter diffusions have an impact on
the forward and reverse electrical characterigtfahe device.
A fine tune of the anode configuration leads tooptimized
trade-off between forward breakover voltage, omestarward
voltage drop and reverse blocking leakage current.
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