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'l11e area of ai,:plicatioo for power KSFE'l's has steadily irx::reased 
in spite of the fact that these devices afPeared on the market only a 
few years ago. '111eir greatest advantages Oller bipolar power devices 
involve their fast 1Mitching capability am the presence of a well de­
fined safe operati!VJ area, which stems from the lack of secorrl break­
<'bm. 'lbis broadenir.; of C1Jil>lication requires not only measuring the 
devices b.tt·also sinu1atir.; t;heir performance with runerical tools. 
To help tackle this problem, the progranrsystem BAMBI (Basic Anal~er 
of ~ and Bipolar devices) has been developed to analyze arbitrarily 
shaped devices using new s:IJwlation tectniques. It has been si.x:oes­
fully applied for the sinulation of vertical DO> power transistors. 
'l11e presented results, concernir.; a particular SIFl«:6 transistor, 
encaipass the three different ranges of the IV-characteristic. 

Semiconductor device s:IJwlatioo has becane m:>re am n:ore neces­

sary when me considers the time period required from the design to 

the production and the ability to measure the device. 1-t:>st of the 

published simulation systems are restricted to certain aspects: either 

to a special ki:'~ of device or to predefined physical parameter 

JOOdels. '111erefore it was our goal to design a program of broad gener­

ality, which can handle both bipolar and !CG devices, which is not re­

sticted to a rectangular device geometry and which handles arbitrary 

physical parameter irodels, even tarulated data obtained by measure­

ments. 'lbis program system BAMBI (Basic Analyzer of KS and Bipolar 

devices) is described in the first section. 

One awlication is the investigation of vertical power !oO>PETs, 

in particular SIFl«:6 transistors. 'l11e sinulation results are des­

cribed in the secorrl section. 'Ibey encaipass ooth calculated N­

characteristics in cooparison to measured results and internal distri­

b.ttions for typical bias points. 



188 

i 
~ - the jrumerical tool 

I 
, First ;of all the a:lvantages of BAMBI shall be outlined. 'lbe 

Input-QJtp.lt-flow in the program system has been designed as follows: 

~I is ~ three pass cxincept.In Pass 1 the user input is processed, 

in Eiass 2 tHe three semicooductor equations are solved 1:7;{. a si.nl.11-

t:ar.J,us NeJton method, and in Pass 3 the •Post-Processing" (line 

pririt:er ou~t, plots, etc.) is performed. 
; 

' 
: The i~t of Pass 1 contains all the information about the device 
' I 

to be sillJ.J,lated: 'lbe b:x.lOOaries are described 1:7;{ polygons, with each 

edge having ~ unique bouOOary cooditioo (Diric;M'let cooditioo for con­

tacts and NeLnnann cooditioo for free surfaces). 'lbe polygons describe 

a siemiconductor area where all 3 partial differential semicoodlX:tor 
' equations (l'OE) are solved ard in the case where surrourding di-

elecjtrica are also specified, only the Laplace equatioo is calculated. 

[).Je : to the. fact that very different devices can be analyzed, it is 

neoe5sary to. fornJJl.ate a rather generalized initial guess: space 

charge neutrality ard carrier equilibril.mi. '!bis starting coodition is 
I ' 

not ~uff icieilt if a device has ti«> steady state solutions for one bias 

poinl:, like a thyristor. It is then necessary to allow for the option 

of a' high injectioo starting cooditioo, where an initial plasma, exis­

ting throughout the device, is estimated. 

The program system is oot only able to si.nl.llate C:C-characteris­

tics b.lt also to analyze transient behaviour. In order to step a 

charrcterist~c a •step• - ccmnaro has been established taking a pre­

vi~ly calculated bias point as the initial guess for a sucx:eeding 

bias!point. 'Aoother item is the •restart• - optioo which is very 

helpful if . the user wants to investigate the influence of certain 

parameters ard their variations on the device. As explained in the 
I . . 

follpwing paragrai:ti each model can be easily changed ard, 1:7;{ taking 

the.rrevious calculations as input, sensitivity tests can be per­
form!rl. '!bis user input is read 1:7;{ Pass 1, checked ard subsequently 

tran$lated into a nmber of subroutines ard furotions for Pass 2. 

' 
!with respect to the Q:)ping profile ard the physical models, it 

srould be pointed out that the user is responsible for sui;plying 

seve~al subroutines in accordance with required data. 'lhe <X10rdinates 

of 1 point' inside the described si.nl.llation area are 51Wlied to the 
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subroutine for the doping profile, which has to return the net cbping 

cx:mcentration (t;) - ~) arxl the total i.rrplrity concentration (lb + ~) 

at this point. 'lbese values can be calculated analytically, eg. by an 

error function, or they can be derived from the output of a process 

sinlJJ.ator. For time dependent calculations the user has to SutJf>ly. a 

subroutine which gives the actual bias for a given time arxl bourrlary. 

'lbe physical l!Odels for the carrier nobilities arxl the generation -

recombination rate are designed as functions with several inp.1t para­

meters: the coordinates of the point where the nobility is calculated 

(this allows for surface or substrate effects), the carrier arxl 

inp,lrity conoentrations (to define the respective scattering pro­

cesses), the x- arxl y~nts of the electric field arxl the current 

densities (to take into account velcx::ity saturation in the nobility 

m:>del and avalanche generation in the generation irodel). 

Ad:Htionally the user has the possibility to write a furction for 

the intrinsic conoentration ni. 'lbe input parameters are the coordi­

nates of a point inside the sinlJJ.ation area arxl the oonor- am 
acceptor-concentrations. 

In pass 2 the solution of the semiconductor equations in the des­

cribed area has to be achieved. 'lbe subr6utines written by Pass l to­

gether with the user si,wlied subroutines and functions are the ooly 

inp.lt for Pass 2. 'lbe discretization is done by the "Finite Boxes" -

method. /1/. At first a relatively coarse grid is set ~ auto­

matically for the inital guess, and during calculation it is refined 

by equidistributing the local truncation error of -the PDE system. The 

generated outp.Jt yields the resulting current values arxl the internal 

distrib.ltions c:tibsen by the print card on the inp.lt-&!ck. To restart 

the calculation or to continue the calculation with a time dependent 

investigation binary files are provided which contain information 

about the grid, the values of the electrical potential and the carrier 

concentrations, and some internal scaling factors. !hose binary files 

together with the user si,wlied routines and the routines written in 

Pass 1 are the inp.lt of the "Post-Processor• Pass 3 where the user can 

recalculate any internal distrib.ltion for the purpose of printi°'.3 arxl 

plotting. 
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SllKl5 transistor: - calculated results 

Before discussing results it is necessary to descrite a S:uM:S 

tran.s.istor /2/, /3/, particularly, the sinulation area and the doping 

profile: A SIJM:S transistor chip consists of several thousaOOs of 

cells' (Fig .1) with a conm:in drain regioo (rulk of the chip). 'lbe 

sour<:¢ and ga~ contacts on top of the chip are separated by a field 

oxide:. It is ooly recessary to sinulate half a cell because of the 

periq:lic structure of the cells as srown in Fig. 2. '!be bouOOary oon­

ditiohs of the sinulatioo area are either Dirichlet conditions - for 

the s0urce, drain and gate contacts on top and bottom of the cell - or 

Neumann c:oOOitions - for the left and right eagis of the cell and the 

free oxide surface between source and gate. '!be followin:J terms will 

be adopted in the text: the ccnp:inent of the electric field or the 

current densities parallel to the SiSiQi - interface is called the 

lateral ~t whereas the ooopinent perpendicular to the interface 

is calle:l the transverse caip:r.ent. Fig. 2 is a schematic plot of the 

p- ~ n-OOped areas: the very shallow n+ source diffusioo, the double 

diffu;iea p area, the n- epitaxial layer and the n+ substrate. 'lbe 

dopi~ profile is 500wn in Fig. 31 it is calculated with SUPR™ /4/ in 

one dj.mension (different runs for the 3 areas) and exteMed analyti­

cally to b;() dimensions. Fig. 4 stx:iws the calculated IV~ac­

teristics: the characteristics for gate voltages u; • 6V and u; • lOV 

~re investigated nore precisely. Coosiderin:J the shape of these 

curve1 a characteristic can be divided into three different regimes: 

Tue first rejgioo is the resistance region, characterized by a drain 

curreqt ircrease coircidin;J with a drain voltage ircrease. 'lbis part 

extends C!E'.Proximately towards a bias point where UD • u;. 'lbe 

charadteristic paraireter is the on-resistance for which a value of 

0.16 'Chn is calculated. Measurements of actual devices show the same 

result. 

'1ibe next part of the IV-characteristic - the saturatioo regioo -

is despribed by a constant current value in spite of an ircreasin:J 

drain voltage. By ccnparing simulations in this regioo with experi­

mentally obtained curves a significant difference at higher gate 

voltages (Ui :> 8V) is observed. 'file measurements show a decreasing 

current value, if the drain voltage is ircreased: looking at the 

internal distriootions, especially at the electron concentrations 

(Figs. 5-7) which will be done later, it can be concluded that this 

has to be a thermal effect. 
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Fig l: Unit Cell Structure of 

a SIPM:\S Transistor. 

Fig 2: Sinulaticn Gecrnetry for 

a SlIM:lS Transistor. 

~ ~ Fig l: t:>cpin;i ?rofile of a 
~ 

/. :11 SIPM:\S Transistor. 
:;i 
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The heat flow equation is not solved and; therefore, this effect 

of a negative differential resistance can not be seen in the si.nu­

lations. This aspect is the only rotable difference between the 

calculations and the exper irnent. 

The third part of the IV-charocteristic is charocterized l:7j an 

ircrease of the drain current at very.high drain voltages. It is the 

carri~ multiplication and breakOOwn region where carriers are gene­

rated' resultil'l3 in an additional role current due to inpact ioni­

zatioo. 'nle advantage of a sinulatioo in this range of the IV-charac­

teristic is obvious: measurements are inpossible due to thermal des­

troctioo of the device whereas calculations can be utilized for an 

op~ design. 

...... 

;J 
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ORRIN VOLTRGE (V) 

Fig 4: Calailated IV-charocteristic for the investigated Po.rer Transistor· 

Finally we present internal dis tr ibutioos for the three parts of 

the IV-characteristic at a gate voltage u:; " lOV. For the resistance 

region the bias point UD "' :N is analyzed, in the saturation region UD 

= 20V, and in the carrier nlll.tiplicatioo region UD • lOOV ai::e con­

sidered. 'nle physical parameters are taken frcm /5/. Figs. 5-7 show 

the electron distributions: in the resistance regioo (Fig. 5) an 

ac=mulation layer urx'lerneath the whole gate contact can clearly be 

observed. This occumulation is rerooved l:7j a space charge region 

spreadirg out from the centre of the gate contact at higher drain 

voltages (Fig. 6). The space charge arourd the p-base is also in-
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creased. The electrons are squeezed into a very narrow band from the 

channel through the epilayer. In this layer the electron concentra­

tion equals the doping concentration, but in the carrier rrultipli­

cation region it exceeds this level ·ig. 7). 'Ihe space charge region 

around the p-area is in:::reased enormously and extends towards the n+ 

substrate. 

The electric field and current o::Jl1il0llents are plotted quasi 

logarithmically using transformation (1): 

z a sign(a) * log(l + a/1on1 (1) 

The transverse cx:ritX>nent of the electric field (Figs. 8-10) will be 

investigated first at the SiSiCli - interface and afterwards in the 

epilayer. A considerable large value is observed at the interface due 

to the high electric field in the oxide, as well as to the expansion 

of the space charge area. In the resistance region (Fig. 8) a ho!ro­

genous field distribJtion is formed, which correspocrls to the accunu­

lation of electrons. For larger drain voltages oo..iever, (Figs. 9,10), 

the conponent changes its sign from a large positive value in the 

channel to a large negative value under the centre of the gate 

contact. In the n+ substrate the potential is shorted. In the n­

epilayer the electric field has a small negative value which ircreases 

if there is a space charge. This space charge region is notably 

larger at higher drain voltages. 'Ihe lateral electric field oorrpo­

nents (Figs. 11-13) reflect the spreading of the electric field arourxl 

the p-zone space charge region as well as arourxl the gate space charge 

regicn. 'lbe rryative peak in the n+ source region results from a 

doping step which is technologically caused. 'Ihe. electrons flow with 

saturation velocity from the channel through a narrow path in the epi­

layer towards the n+ substrate. 'Ihe transverse electron current 

density conponents (Figs. 14-16) demonstrate clearly the squeezing of 

the electron concentration. At UD = 'JV (Fig. 14) they flow 

honogeneously from the accl.lllulation zone to the n~ epilayer. In the 

saturation regicn (Fig. 15) the accunulation terniinates shortly after 

thE> channel. The small area of a large positive conponent character­

izes the end of the n+ source region where the electrons are squeezed 

in order to pass through the channel. The lateral electron current 

density conponents (Figs. 17-19) derronstrate the current flux from the 

source contact through the n+ source region and the channel. 'Ihey 
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then mJve parallel to the interface - relatively far in the resistance 

regi<f<1 (Fig. 17) and only a short distance at higher drain voltages 

(Fig$. 18,19) - until they turn into the epilayer where they spread 

arouro the space charge region. 'I11e nvdulus of the electron current 

density (Figs. 20-22) ~ain slx>ws the electron path for the three bias 

points. 

Regardit"B the hole a:n:::entrations at low drain voltages the posi­

tively charged carriers are kept in the double diffused p zone, but at 

aval<+nche =nditions (Fig. 23) an area of excess holes in the n- epi­

layer and underneath the SiSiOi - interface is observed. 'I11e carriers 

are 'rot generated directly at the interface but ¥- a .distance of 1 llll 

urdetneath as also dem::nstrated by the generation - recanbination rate 

(Fig. 24) • The holes fla.i directly towards the interface as well as 

to the p-zcne from the point of maxinun generation, where they are 

exhausted by the shortage of the source =ntact resultit"B in a lateral 

hole current ,c::oqx:nent. '!be fraction of holes at the interface either 

recaribines or passes parallel to the interface also towards the p-

zcne. 

'I.tie 2-D semioonductor sinulation system EWIBI has been presented. 

The ;features of 131\MBI - the generality of device gearetries and 

fi1ysical parameter m::x3els - have been described. It is possible to 

simulate various kirds of devices. '!be user is requested to only des­

cr ibei the sinulation area as si.Jttlly as possible and to supply the 

external subr~utines. Discretization and solution are done auto­

matically. l!JIMBI has been successfully ai:plied to the sinulation of 

SJ:FM:S transistors. 'nle calculated IV-characteristics are caipared to 

measured data and differences are explained. A discussion of the 

internal distributions i.Jttiroves 

mechanisms. 'I11e results help 

the understandit"B of the physical 

to optimize the design of su::h 

transistors with regard to blc:x::kit"B voltage and on-resistance. 
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Fig 6: Electrcn Concentration at UD=20V, tx>=lOV. 

Fig 5: Electron C.."TlCentr a tioo 

at UD=3V,lXi=lOV. 

Fig 7: Electron concentratioo 

at UO-lOOV, tx;=lOV. 
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Fig 9: Transverse Ele::tric Field Catp:nent 

at UI;>=20V, lX>=lOV. 

Fig 8: Transverse Eloctr ic Field 

Cotpcoent at t)[)-3V, l)'.;zlOV. 

Fig 10: Transverse Ele::tric Field 

Cotpcoent at l.lD=lOOV, U}al0' 
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Fig U: Lateral Electric Field Calponent 

at UI>=20V, 00--lOV. 

.. 
'~ 

~ 

Fig 11: Lateral Electric Field 

Coopooent at Ul)c3V, tx;:lOV. 

<> ~ Fig 13: Lateral Electric Field 
..; 

' o O::ltponent at UD=lOOV, tx;:lOV. 
'..; . 

')' I 



Fig 15: Tqnsverse Electron Current 

Dellsity Carpooent 

at UD=20V, ~lOV. 
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"" :l v ct Fig 14: Transverse Electrcn Current 

~ Density CCl!ponent 

' ...: ' , at UD=3V, o::;..1ov • .. ... 

... 

' ...: 
' ' ...: 

":- . 

Fig 16: Transverse Electrcn Current 

Density CCltponent 

at UO-lOOV, t.G=lOV. 



Fig 18: Lateral Electroo Current Density 

Carponent at lJl)oc20V, OO=lOV. 

l!l!I 

Fig 17: Lateral Electron Current 

Density carpcoent 

at UD=3V, u.:;=1ov. 

Fig 19: Lateral Electron Current 

Density crnponent 

at UD=lOOV, l.J3=10V. 
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Fig 21: M:ldulus of the Electron Current 

Density at U0-20V, -00-lOV. 

"'H 
= .r ~ Fig 20: z.bfulus of the F.lectroo 

~ Current Density 

~ ::;.i at 'CJD-JV, tx;=lOV. 

"'~ 
6 

.r ;;< Fig 22: z.bfulus of the ele:::troo 

.~ Current Density 
~ 

at UO-lOOV, u:;slOV. 
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