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'nlis paper presents a novel program system capable of sinul.ating 
2-0 transient device behaviour W'W3er various operating oon:Utions. 
Automatic set 14> and refinement of the grid by equidistribution of the 
local discretization error has been inplemented in view of a reaso­
nable am:>Unt of <XlllPJter resources. For the time discretization an 
autcmatic time step control algorithm is used. The new time step is 
calculated with a predict.or-corrector method. Due to the possibly 
large variation of the solution di.ring transient sinulation, it is 
necessary t.o introduce a •M:>ving Grid•. 'nlis is aocaiplished by tra­
cing the local discretization error which is equidistrib.lted by inser­
ting grid points. As an ex.aq>le the rate effect in thyristors is ana­
lyzed for devioes with and witl:xlut emitter shorts. The shorted devi­
ces are not triggered even if the distance between shorts is increased 
to 1.4 mn, whereas sillulations of equivalent devices without the emit­
ter short show fireing. 

The cptinun design of power thyristors requires m.merical ana­

lysis tools capable o~ sinul.ating device behaviour under various con­

ditions. Special ~sis 111JSt be laid on the transient si.Dulation of 

su:h structures. In spite of a rn.mb!r of successful aproaches /1/-/3/ 

no efficiently ~licable program has been designed so far. The 

extreme operating points (high voltages or high current densities) 

have forced restrictions on bias conditions and/or geometry. There­

fore we have designed a nore rigorous awroach to the solution of the 

semioonduct.or partial differential equation (PDE) system. An exact 

numerical 2-0 transient nodel with locally refined grid structures, 

automatic grid adaption to the different stationary and transtent 

operating points, and an automatic time step control algoritln will be 

presented. The design and handling of the program system is explained 

in /4/. 'Ibis paper here concentrates on the discretization methods 

both for space and time. Algorithmic aspects will be explained first, 

followed by a discussion of the advantages of numerical methods over 
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heuristic ones.' A detailed investigation of the rate effect in power 

thyristbrs will give an insight into the broad range of ai;plications 

for the program! sytem Bl\MBI (Basic Analyzer of K:s an::l Bipolar 

devices). 

' 'Ihe rumeri9<il analysis of semiconductor devices requires the 

oolution, of three POEs (Poisson's equation and t\llO o::ntinuity equa­

tions fPr electrons and ooles, respectively) • eorlsideriD;J typical 

properties of poi.ier devices (large geometries, high voltages, high 

current densities) special eittJbasis has to be laid on the discreti­

zation ~thods ih order to guarantee o::nvergence and to limit the 
i ' 

expenditj.lre of caip..1ter resources. '!be methods used in Bl\HBI will be 

outlined' and di$.tssed in the follow!D;l sections. 
I , 

I I 
Spac:ial piscreti~tion - •Finite Boxes• 

Basically there are b;() possible at:Proaches foe the discreti-
1 ' 

zation ~f ~ in b;() dimensions: the finite differeoce and the 

finite element method. Both of them have been discussed in many pa­

pers and we wb not o::ntribute to that here. Instead, we have de-
' veloped ~ rore generalized method, based on finite differences, the so 

called •hnite Bbxes• discretizations /5/ which can be described as 
I I 

follows:! usually a finite difference grid consists of a regular pat-

tern of rectangles, which means that a mesh line passes throughout the 
I . . 

whole device. ~is leads to a large nurrber of points in regions where 

a coarse, grid suffices (eg. the weakly doped bulk) if there is a small 

part of t:M device require!D;l a very fine grid (eg. a shallow emitter 

in a power thyfistor). Therefore, particularly in power devices the 

eatp.Jter resourO(!s are dramatically in:::reased. A better awroach is 

to resqict ~ fine mesh to regions where it is enforced by the PDE 

system ~ to g~rate a coarse grid in <bnains where the oolution 

does rot vary lll;X:h. Ulis idea is realized in the "Finite Boxes• o::n­

cept. The mesh is built up by rectangular cells of different size ac­

cordiD;J to the variation of the solution. Ulis method permits lines 

to termj_nate ariiywhere in the device in any direction. Figs. 1 an::l 2 

srow the differel)Ce between this ai;proach (Fig. 1) an::l the classical 
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finite difference grid. '!be advantages of the "Finite Boxes" method 

are not only a reduction of the total number of grid points by rore 

than 50 \ rut also a nunt>er of other iJttiortant aspects: 

• First of all illproved stability of the solution of the POE system 
is achieved because of the fact that there are only few llE:>sh points in 
domains lobere the solution is constant. Otherwise, due to a large 

length to width ratio of grid distance oscillations may occur if the 

change from small boxes to large ones is too rapid. 

• Secondly and even irore i.nportant is the possibility to generate a 
mesh for an arbitrarily shaped device automatically. A mapping is 
used for the representation of the grid points. For the initial guess 
new grid points are inserted locally according to the specified device 

geometry and the doping profile. During the iteration process the 

mesh is refined by eva:!.uating a weight-furction (local discretization 
error) until both the solution and the truncation error match their 

criteria. 

• It is also possible to trace the local discretization error during 
transient analysis and to introduce a •M:wing Grid•. Considering the 

ruilding up and rem:>11ing of space charge regions during turn-<>ff and 

turn-on of thyristors such a concept is of particular interest. Not 

the whole mesh lines 111.JSt be shifted, like it should have been done in 
a classical grid, rut adaption of the grid is restricted to sm.tll 

areas arC>uOO the critical regions. 

Time discretizati&i - Transient Analysis 

tunerical analysis of thyristors, particularly of G'ID-elements, 

requires steady-state as well as transient calculations. 'lberefore, 
we have inplemented algorittms for a ti.me depen:3ent solution in BAMBI. 

Again we have to consider carefully the discretization methods for the 
ti.me d:>main. Following the design rule, to establish an easy to use 
and very flexible software tool, an automatic time step control algo­

rithm has, been inplemented. We use a standard backward Elller 111ethod 
for the transient solution of the semiconductor equations, which 

inplies oo methodological restr:ictions on the ti.me steps. Never the 

less, accuracy as well as convergence properties are highly influenced 
by the choice of the step width. Up to now heuristic methods have 
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been used /2/, /3/, oot only an autorratic algorithn based on a mathe­

matical calculus can guarantee stability for arbitrary devices. In 

B.*IBI a corrector-predictor method is intJlemented. The space charge 

dlange between tW'O su:::ceeding time steps is calculated. If it reaso­

nably small (typically l~r than 0.1 As/an3) the new time step can be 

up to twice as large as the old one. If it ircreases during transient 

analysis, the j time ircreirent is decreased. This calculus is the 

transient equivalent to the weigth-furction for the spacial discre-

tization and can be looked l.pO!l as a tim'l discretization error. 

Investigations showed that the analysis of the switefiing behaviour of 

majority devices like rM:S transistors require smaller tim'l steps than 

that of mirority devices (eg. bipolar transistors). '!he turn-on of a 

SIIM:G transistor /6/ does oot allow larger time steps than At • 1 ns 

durin:i the final formation of the electron channel whereas in tran­

sient analysis of the GIO-performance the time steps are mainly re­

stricted !::¥ the ·~ing Grid" criterion as outlined in the next sec­

tioo. 

In case of poor convergence, the actual tim'l step, t.tn, is drop­

ped and the calculation is restarted fI'OOI the solution at point l:n-1 

with a smaller ircrement. Since the fully imlicit method causes a 

Newton iteration at each tim'l step, we need an initial guess. It is 

derived !::¥ linear extrapolation of the previous tW'O solutions at 

points tn-1 and l:n-2· As explained previously the local discreti­

zation error is traced during the transient analysis. If the error 

exceeds a certain tolerance value the iresh is cdapted. In this 

manner , the calailation is always accatplished with a mini.nun number 

of mesh points 5aving a great deal of carp.ltation time. 

As an exanple we present the "Moving Grid" during dU/dt-trig­

geril"lj of a thyristor. Details of the geometry and dopi!"Y1 profile can 

be fourd in the result section. In this partiailar investigation the 

emittec width is 600 um. Fig. 3 shows a section of a "Finite Boxes" 

grid 20 um deep around the cathode contact for the steady state opera­

ting point at uA " av, at t = 1.66 ns (UA "' 8.3V) and t • 82.3 ns 

(UA = 411.4V). 'I'1e lateral voltage drop along the emitter forces a 

refinerrent of the grid there. 'l'1e largest distance bet\.ieen grid 

points in x-direction shrinks from 300 um at t = 0 to 75 um at 

t = 82.3 ns. 
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Results 

The program system BAMBI has been su:x:essfully ai;:plied to the 

analysis of thyristors /7/, G'ID-elements /8/, GaAs MESFETs /9/ am 
SIIMlS transistors /4/. Steady state calculations of power thyristors 

have been presented in /7/ both for 2-D planar and cylindrically 

sy:rrrnetric devices. In this paper we concentrate on the stlrly of the 

rate effect in thyristors and the influence of emitter shorts. 

The Rate Effect in 'l!lyristors 

As it is a:mronly known a n--p-n-p structure can be triggered 

either ~ injection of carriers throu:;ih the gate contact into the p­

base or ~ a displacement current resulting from a steep ranp of anode 

voltage, which is called the rate effect. The =rent flow is pro­

portional to the <fJ/dt value of the ranp. The emitter is forced to 

inject carriers into the p-base which drift towards the blocking p-n­

junction. If the ranp is steep ~h, the device is fired. 'lhis un­

wanted triggering can be avoided ~ emitter shorts. They set the 

emitter potential equal to the p-base potential and 9'.> injectico of 

electrons is prohibited. In the following o.o sections both effects 

will be stooied. 

Triggeril!J of a n-p--n-p Structure 

The device g~try of the analyzed thyristor element is sh<J.m in 

Fig. 4. The device exhibits a cylindrical symnetry. The calculations 

can be performed quasi three dimensional after refornulatioo of the 

basic semiconductor equations in cylindrical coordinates /7/. The 

cathode contact is assiined to be a circular area with 96 un radius. 

The device is assumed to have a floating gate. Fig. 5 is a plot of 

the doping profile. A steep voltage ranti has been ai;:plied to the 

anode (1): 

UA = 1000 V/us•t (1) 

Fig. 6 shows the anode current versus time characteristic. A constant 

current value can be observed for about 50 ns (corresponding to an 

anode bias of 50V). 'lhis current ioads the depletion capacitance. 
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After that pericd "1e can ol:serve a linear ircrease of the anode cur­

rent with a slope of about 15 mil/us. This ircrease becanes expo­

nential and leeds to triggering at t " 450 ns (UA "' 450V). 

In the following we discuss snapshots of the electrcn ard the 

hole coocentrations. Figs. 7 ard 8 show the electron and hole concen­

trations at t • 0, i.e. at equilibriun. The next series is taken at 

t "' 25 ns (UA"' 25V) during the load phase (Fig. 9,10). We observe 

that the electron concentration in the p-n-junction, which should 

block, is increased, due to injection from the emi tt.:;r, and the holes 

injected from the anode flood the b..!lk. 'lbe next snapshot is taken at 

t = 170 ns (UA" 170V). 'lbe electron cxn=entration (Fig. ll) shows a 

slightly =re extended depletion region, b.lt the level is already 

above the intrinsic coooentration. The injection of holes (Fig. 12) 

from the anode is so strong that the entire n-body is flooded now. 

The final series is taken just before triggerin;1 at t • 430 ns 

(UA "' 430V). niie carrier concentrations (Figs. 13,14) have reached 

erx:>rnously high values d.lrin;1 this operatin;1 condition. There is 

alm:lst oo barrier left, particularly. regardin;1 the hole concentration. 

Analysis of Einitter Shorts 

The dJ/dt triggerin;1 is usually prohibited by emitter shorts. 

The displa::ement current in the blo::kin;1 p-n junction is continued by 

a conduction current through the p-base where the carriers are exhaus­

ted by the short. So, the injecticn of electrons by the emitter is 

sq:ipressed. This ideal descriptic:n neglects the lateral expansion of 

the device. The holes collected by the p-base contact pass laterally 

aloog the emitter ard Wuce a voltage drop there. If the bias in the 

centre of the emitter reaches O. "N the emitter starts to inject elec­

trons in spite of the short. The effectiveness of the short deperos 

on the· lateral dimensions and on the p-base sheet resistarce. In the 

following section these considerations are proved by 2-D mnerical 

simulations. 

The basic geometry and the dopin;1 profile of the analyzed device 

is identical to that in the previous section. The emitter short is 

simulated by connectin:J gate and cathode contact (equal bias value}. 

At the anode a voltage (2) is applied. 
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UA = 5000 V/us·t (2) 

The steady state solution at equilibrium is certainly identical 

to that of the unshorted device (cf. Fig. 7,8). The calculated I(t) -

characteristic is plotted in Fig. 15. A constant load current into 

the depletion capacitances can be observed for about 20 ns. 'Ulen the 

anode current decreases towards a constant level (depletion current) . 

'Ule emitter short prohibits the injection of electrons into the p-base 

and the space charge layer arouod the blocking juoctioo is formed. 

h:X:ordill3 to the calculus dedoced in the theory section the time steps 

are oontioously irx:reased (up to At = 100 ns) . At t = 360 ns 

(UA = 1800V) an abrupt rise of the anode current due to beginning car­

rier multiplication in the space charge layer occurs. 'l1le current in­

creases dramatically up to 0.2 A where the slope decreases because of 

the n- sheet resistance. 'Ule effect of avalanche generation can 

clearly be seen in the plots of the carrier coocentrations at 

t • 360 ns (UA • 1800V) and t = 380 ns (UA = 1900V) (Fig. 16-19). The 

electron and hole coocentrations inmediately before the avalanche 

breakCbwn (Fig. 16,17) exhibit a 150 um thick space charge region in 

the centre of the device. In the following plots (Fig. 18,19) at 

t = 380 ns this layer has been ret1DVed cxircpletely by the generated 

electron-hole pairs. The emitter starts to inject electrons into the 

p-base. In Fig. 20 the total generation - recanbination rate is plot­

ted quasi logarithntj.cally (z = sign (a) *log (l+a/1018)). The large area 

of carrier multiplifcation can be seen, rut towards the anode recanbi­

nation dominates because of the injected holes. 

'Ibis result demonstrates the effectiveness of the assuned emitter 

short. The thyristor - designed to block 1600V - is not triggered by 

the steep ranp voltage up to its performance limits. 'l1le maxi.Jrum pos­

sible distance between emitter shorts able to block the assured dU/dt 

of 5000 V/us has been investigated. The results are sumiarized in 

Fig. 21. The average cathode current densities over time are plotted 

for different emitter widths. 'lbe area uoderneath the curves equals 

the total charge (electrons) injected by the emitter during the rapid 

anode voltage irx:rease. Up to an emitter width of 1400 um this charge 

is too small to trigger the device. 
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A oovel 2-D transient sirr-·?'\tion system Bl!HBI has been presented. 

Basically it has been desig ~?:-the analysis of power devices with 

respect to the high vol~agejhigh 'iA'.:ent operating points. SOphisti­

cated algoritmrs for the spacial and time discretization have been 

designed and su:::cessfully applied. As a demonstration, the results of 

a stu:fy of the l!'ate effect in power thyristors have been presented and 

analyzed. 
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Fig. 1: Finite Boxes Grid for a p-n junction. 

Fig. 2: Finite Dif~erences Grid for a p-n junction. 
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Fig. 3: Section of a Finite Boxes Grid 
(75(; urn x 20 urn) for a thyristor 
at t = 0, 1.66 ns and 82.3 ns. 
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Fig. 5: Doping Concentration for the thyristor. 
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Fig. 4: Simulation Domain for Fig. 6: Transient Anode Current 

the analyzed thyristor. for UA = 1000 V/us·t 



182 

f, l•O 
UA-0 

e 
1' 
i 
t> 5! 
"' 
~ ,,. ,,. 

Fig. 7: Concentration of Electroos at t • O. Fig. 8: COnoentration of Holes at t • o. 
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Fig. 9: Concentr~tion of Electrons at t • 25 ns. Fig. 10': Concentration of Boles at t "' 25 
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Fig. 11: Concentration of Ele::::trons at t = 170 ns. 
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Fig. 12: Concentration of Holes at t 
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Fig. 13: Concentration of Electrons at t = 430 ns. 

Fig. 14: Concentration of Holes at t 
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Fig. 16: ~tratioo of Electrons 

at: t "' 360, ns CUA • 1800V) • 
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Fig. 18: eorX::entration of Electrons 

at ,t = 380 ns (UA = 1900V). 
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Fig. 17: Caloentration of Boles 

at t •. 360 ns (OA • 1800V) • 
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Fig. 19: Concentration of Holes 

at t = 380 ns (UA = 1900V) . 




