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ABSTRACY
Th e Q 0f advanced SHICON JOWICES 8nNANCESs IN8 NHONINCE Of PrOCET MOdo!s
Processes such a1 ATA RIE low lemperature epitaxy and extongive use of L PCVO polysitcon changes the
propertial of the 3hcon ditusion System Dy Process :nducaed Jelacts and CoONLAMYNALGN by 0O cp Hvel Wnpun-
4103 1n these Cases phenomenciogical modals often fa:i 10 itus raviow soma of these issues are discussed
MO3Ty HOM GeVice enginesr {user ol process $IMulation toolst pomtof viow Intha companson of three labnca-
NN PFOCE 3583 1Ne S0uNCe Of MAIN daliCreNcial iN MOJeing Bre0ry 1S SHown alSo an iMEoved dittusion mod el
13 boefly giscussed

INTRODUCTION

in the :daal stuation procass modaling shou!d suppont accurate, pradictive
sinulation of advancod tochnologies if this wore true. then the masonty of the development
of new technclog:es would be accomphshed via simatators and the tmae required for such
dovelopment could be dramatcally abtreviated

it 15 widaly beheved that process simulaton of advanced processes will 1os-
cue the semiconductor industry from the prohibdive costs of dovoloping and oplmizing
such processes oxpenmentally. Our 8xpenance shows us that raaity 15 difforent. itis tho
goal of thus work clanty some 155003 connected with this topic

Because most commaerciaily available process simulation 100ls aro prepared
by the software houses, the using of these (ools 15 50 simple that almost svoerybody has
immoaiatla conhidence in designing of fabncation processes using the computar. in tho be-
ginrung of theso acuvities tho enginaaers ofton discover that the result are not aveon close
to the expenmentdl data. They conclude that CAD process modohing 1s ethor useloss in
tho worst ¢ase or thoy try to discover the pnnciplo ot tho used models and locaiizo the
source of arror in the bast case. The conclusions from both groups. 1ead to a hinai statement
that our knowtadge of physics and chemistry of majonty procossos 40es not allow us to bunt
procass simulation toots which can be used for complox simulaton of submicron VLSI fabn-
canon processes.

One can find many reasons for this situation. Ono 15 that the modoling theory
can not precodo {except in a few apphcations} tho progress 1n equipmaent used 1 he pro-
oucuon of VLS technotogres. Addional roasons are refated 1o the work of designers of
TCAD tools and they are:

—lack of systematic approach in used theory
—poor knowledqe of state of tho art processing
—lack of aiscipline with rogard to the expenmental data

The combmnation of these and other factors raises many guestions. The main questions
addrossed hero are: 13 procoss modeling usslesa 7 Whero aro the man benoiits if the an-
swer 10 the hrst question is no 7 Even i there aro sonous IMItabons How wo Can Maximize
utiizaton for the dosign of submicron processos 7

Our pxpononco show us that process simutaton 5 a very usetul compie-
ment of 6xponmental work during dosigning of tho new fabncation processos and a major
benetit which can be expocted from soptusticated {and wo must 0MBNasIZo this pont)
pracess modeiing Is incroased probability of first pass success o a New Process.

Inthe tollowing section, wo shall first discuss the details of dewice shnnking and consequent
changes in processing, followed by a prosentation of the concentration prohla engineenng
whore we will manifost the major dotcienc:es in TCAD. Finaily, we shail consider an exam-
ple apphcation modeing the submicron structura.

DEVICE SHRINKING AND CONSEQUENT CHANGES IN PROCESSING

To siustrate the type of requirements imposed by technologrcal processing
on modeling capatitihes of TCAD tools we comparo three procassos whech woro devel-
oped n the same faciiity dunng tho 1ast decada. All processes are designod for ECL typo
of curcunlts.

From tho Table 1. one can make tha following conctusions

~The most dramalic iNcraasos of Procasuing stops s n reactive on otch-
ing and LPCVD polysiicon depositions. Both processes are charac-
tenzud by tgh lovel of contamminatien.

-~ Vary signiicant increase can be seen also lor Rapd Thermai Annealing
stops.

= All dovices in now tochnologios are butit on apitaxial 5il:con with a very
fow oxygnn concentration.

An mnevitable and yot commenairty of ail the procoss steps that are Incraasing in fraquency
maost rapidly in advanced technologias 1s the production of damage of tho Crystaliatice with
production of nauveo defects and contamuination by doep impuniies
The native defects {vacancy, sall mmterstitial, intorsuital) are boleved 1o play a dominant 10lo
indifusion of iImpuritios and in dolormining the clactrcal properiies of semiconducicr mate-
nais. Ditusion of impunies tollowmng won impiantation {with ¢amago of tho structuro atier
implantation) 13 often discussed in recent literaturo and saverai models have been pro-
posed o axplain thesa pronomena { 1 ]. Intudtivoly wo can gxpect some anomalius in the
rodistubution of impurities. Howover, Misra and Hasoll { 2 | show that aven i fUE process-
1ng wihorg the waler temporature goos up to 300 °C {as a function of RF powwr donsity) this
lemporaturo 5 sutficient to induce the ditusion of nauve point dofects and thereforn
chango the diftusion behavior. But the anneating behavior of RIE induced defucts are rala-
tivoly unknown. Tho situation ss similar for RTA processes Theso crcumstances rosult n
a very poor bass for tho creating of models for TCAD

Anothor vary important conciusion can e deduced from Tabie 1. The next
generaton of technoiogicat processes will oxtensvely use singte waler processINg aquip-
ment whore thera 13 no possibility for monitor waters Therefore we cannot {uniess weo acd
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an additional tost struciure} venty the resulls and reproducitanty of processing This pont
has very important consequences for the acgursiion of axpenmental gata which we need
for the design of modols appropnate for TCAD. Ganorally the data can be oxtracted from
the speciai opjects where procassing condions could 0@ sightly or significantly aifferent
than the process condittons on the structure which s under invustigation

CONCENTRATION PROFILE ENGINEERING

The tymcal approach of developing New 1abncabon procosses usuaily as-
sumes that we know targot concentration profiles for the devices. The target profilo of de-
vices is dotemmined by a vaniety of approaches: inturtively, Dased on our Previous expan-
onces or as a resuft of rofatvely preaictatle device simuiations. Profilo angineenng 15 a
procass of desigring of Individual tachnological 0peratcns in such a way that we can croate
the desired structure and at the same fime mect the roquirements dofined by the target pro-
hlg.

The procass steps used in VLSI fabncaton tachnologies can ba dvided into
three modules. Evory moduio s typically formed of the following substructures:

—solation sinucture and bulk of active devices
—actve dovices
—interconnections and contact

Each modulo has a uniquoe positon in the process Hlow and is charactenzed by range of
processing temperatures. Fig. 1 shows a simpiiied dlagram of Processing tomperatures
and timos for thraee processes which we mentionad sarier. For example, process MS51s 100
minutes in a range of tomperatures higher than 1000°C, 855 minutes i arange of tampera-
tures betweon 900°C and 1000°C and 120 minutes at temperatures betwoon 800°C and
900°C. Surpnsingly and contrary to common myth, the thermai budget of advanced pro-
€835505 15 not kower than “conventional” {not submicron) processes. The ime of processing
with tamparatures tughar than 1000°C 1s decroasing, but 1he total ime of themai process-
ing 15 longer. if we introduce the performance index as product of the processing tme and
the procossing temporature we can find”

procoss performance :ndax {°C mun]
' 550£3
M3 890E3
M5 960E3

From the viewpoint of difftusron and redistnbution of impunties, this does not
maean a trend in the wrong direction becausa the main part of the higher thermal budget
i for the more complicated rsolation structura. If wa compara the same performance index
for steps attor deop collector formaton:

[T M3 M5
TECHNOLOGY T, 6T GCMOS !
YEAR 1352 ' 1986 15990 '
PRIMARY APPLICATION ECL €cL ECL
SOLATION 7 L0COS LOCOS TRENCH
LITOGRAPHY {AS DROWNI fumj I z 175 12
CASE THICKNESS [A] T 2500 1200 900

| | !
¥ MASK STEPS APPLIED i 0 : 6 20 '
# IMPLANT STEPS ! 7 7 15
{# AEACTIVE 'ON ETCH STLPS ) 12 25
¥ CRITICAL WETETCH STEPS i 0 0 0 —]
[ FURNACE DIFf USION STCPS ; [ = ¢ ) i
[V THERMAL OXIDATIGN STEPS %'_—3 T s T 6
|¥ HIGH PRESSURE OXIDATION STERS | 1 i l 3
# APID THERMAL ANNEAL STLPS | ] | [ 5
# FURNACE ANNEAL S11 PS ] 3 6 ; |
# LPCVD OXIDE DEPOSITION STEPS , 2 R 3 7__J’
¥ LPCVD MTRIDE DEPOSITION STEPS 2 4 4 i
#LPCVD POLY DEPCSITION STEPS TR FA B R
# CPITAXAL GROWTH S1LPS - v N I
# ETCH BACK PLANARIZATION R B ™ _—2——‘1
¥SILICICE CLPOSITION STLRS [ v 1
(W METAL 1 - 1 R ]
[TOTAL NUMBER STEPS T m 63 67
| R - [

Tahle I. Companson of processes M1 M2 M3

NOTES 1 process M1 usos wnpianied omidtor
2 process M3 and M5 use a DOlySICON #Triler
3 Afpr we o t O
4 40 M1 3680 COMRCIOX (Odow e DASE/aaUteT tormatan
5 Number of IMpIaniation steps n M5 NCude 11e ru3hokd and punchthrough smplants




procosa t pertormance ndex {°C mun|
[SH) 74€3
M3 1003
M5 135€3

in allcases, atter formation of the tsolation and wolls we have a concentration
protilg which 1s exposed to thermai treatment shorter than 120 minutas This treatment bas
a smaltampact on the bulk concentration profilo This is lustrated in Fyg 2ang Fxg. 3 whera
the changes aftor the projoctod thermal budget 1or typical Processing of an active dovice
{0 gate sourcesdrain Lase. enittar) at950°C are shown for the NPN and N—cnannol ran-
515107 raspectiveiy From both plots it1s cloar that the changos in redistnbution of Mpuntes
are very smail.

THE MAJOR DEFICIENCIES IN PROCESS MODELING

Butoro wa go further in our ciscussion we naed 1o clanlfy questions regaraing
e dimensionahty of process simulation toots. Tha typcal opituon 1s that subancron ge-
VICES NUCcessItato wo—dimensional process Simulation. In our view 1he major prodbiems
whora iateral difusion 1s imponant can be solved I oNe dumension with Appropniate intar-
polaticn into the second dimanswon. Where two dimansionai solutions aro needed s for oif-
tusion nvirom anisotropic matenais {as 1s poiysticon with a columnar structure) in Fig 4
ang Fig 5 a companson s shown betwean boron dilusion from potysilicon in two structures
with an oxiga/mitnde window. The interface aroa Hotwoon the polysiicon and sdicon s the
$ame in doth cases. From caiculated data we ¢an 500 that the arror in junction depth dotor-
mination is trghor than 25%. This factor, and tha neglecting of amisotropic diffusvity 1n poly-
silicon, leads to a poor pradicion of emitter junction depth This 1s true where arsenic 1s im-
plantad into nonplanar polysdicon and ditfuses into siticon through a tapered ox:de spacor
wiIndow with a very DIg aspect ralio Wagy/Wionom-

The difficultios accompanying process modeling ara very well know: for a
genoral roviow of this 1ssuas see for axample | 3 J. It we tocus only on diffusion modoling
thon the main deficilencios can be hstod as:

~Diftusion principle 1s not defined.

-Vacancies are considered to promota ditfusion by formation ot defect—~
wnpunty paws, but the process of lormation of pars (s not oxphcitly n-
cluded.

—Nonequiibrium phenomena are not included.
-Anneoaling of point defects is not included.

~The contnbution of individual point defect or defect—mpurity pairs to -
fusion is not known.

—No ditfusivity dependence on heating and coofing rates are accounted
for

—No dapendonca of diffusion behavior on the thermal history of the water
s incluced.
—An inconsistoncy in low and high temporatura aitfusion behavior

Our expanence shows us that thero 1s another source of difficuttigs which 1s not very often
remompored - mmensa discrepancies betwgen active and chemical cancentration {espe-
cially f ATA s usod i processing) as will be shown in our campanson of activation efhicien-
cy by RATA compared to a conventional fumaco anngal.

in ait cammonly avadable process modeling pragrams, basic phenomeno-
logical giffusion models aro used. After many years of apphication they have boen relatively
well “catibrated” (hitted) to a large class of equiibnum diffuson problems. Unfortunately.
these ciftusion modois tail in some increasingly IMPOrtant €ases such as dittusion at igh
concentranon. difusion at iow tomperature {roverse anneaiing of geactivation), reaistnbu-
tron of impuntios from dittuston sources with very steep concentration gradionts or diffusion
dunng rapid thermal (RTA) processing. The acquisiion of concentration profies from ex-
penments to "calibrate” the models dopends on ane or mora analytical techniques: SiMS,
R8S. incramontal Hall and sheet resistance measurement. CV protiing and sproading re-
515tance moasuromeont All methods, but especially the 1ast two methads sutfer rom cantain
amitatigns The ditfusion tength involved in these phonomena s so small that aven smatl
measurement error leads 1o a large uncertainty n the dotermination of the aittuson coeth-
cient This s5 why the analytical data used for "calibration” of 1heso models has been pnmar-
iy based on the chemical concantration of impunties due to the good accuracy of SIMS
However, the oloctncally active concentrations arg of pnmary interest.

Two oxpenments wero conducted to mnvestgate arsenic ditfusion dunng
ATA. In tho first. wa have measured cnorical and active concentraton protide, for samples
annealed under similar conditions in the ATA equipment (PEAK ALP 6000) and furnace
(TYLAN ) The substrates used in s axpenment were ail 100 mm diamoter <100>, CZ.
siicon waters of rasistivity 6 0-8 5 Q2cm. boron doped. One group of waters was thermailty
oxichzed te an oxide thicknoss of 40nm. LPCVD polysilicon of thickness 180nm was dopos-
40d on 1he second group of wators aftar an HF tch. Arsanic with a dese of 1E16 cm~2 and
an gnergy ot 50 keV was imptanted into both group of walers. Annealing was performed
113 mitrogen ambent with the tamperature—time profido shown in Fig 6. The intontion was
10 creata the samu thermal cycio in both the RTA and tumace anneals  SiMS and SRP wore
uSea to determino the concentrations proties (Fig.7 and Fig 8). Significant dittorences
wul@ Obsarved n the active concentration profilos ovon though the chenucal profdas wory
cssennally identical, Tha rate of temperaturo ncraaso and the time at tempaerature {60 sec
At 900°} for tho sotharmal porton of the anneals wore the same  Speciai attenuon was
grven 1o the dotermination of tha cochng rate of all waters in those gxpunments. For sam-
0105 annualod n 1he ATA systom the coonng rata from 900° to 750 °C was 70 °Crsac. For
sampligs annealud n the furnace and ceolod in free air, the cooling rate in the samo rango
of temparatures was 40 °Cl/sec

In the socond expanment, the rolo of temperature ramp rate dunng ATA was
turthar expiored  Tho oxpenment was porformed on the same type of sampies with 4 40
nm thick thormai oxidu and an arsenmic imptant of 1E18{cm'21 at50kaV The firstgroup was
reated up with a "slow” programmed heating rate of 0 333 °C/sac and cooled gown with
A "last” programmed rato of 47 5 °C/sec Tho retative ramp rates for the second group ot
Walors was roversed. kooping the ime at tamparaturo for the 1sothermal portion of tho an-
n0al{10sec at 950°) and the fotal thormai budget tho same {see Fig §). SIMS and aitteren-
1al Hatl measurornant gl carngr concentration and motriity wure used tor acquisition of
chemical ang gieetnicatly active concantration prohios, respoactively As saon from the mea-
sured data (Fig 10). the "ast” cooling rate. which was approximately 150 tmes groater than

1
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the “slow” cooling rate. gave an active concentraton that was only 2 imes r:gher  Wa can
conciude that tho fastor cochng rato n the ATA anneal can contnbuta to highor activation
ethiciancy. but another vanabloe 18 clearty rosponsible 1or the magonty of the aftect

The oxpanments doscnbed above ware not simulated cormactly by using process simula-
tion tools.

Many of the problorns hstad above can bo solved {or at teast :improved} by
corroct dotarmination of the Fermi ievel of the diffusion system and appropnate depen-
danca of ditfusivity on concentration of point dofocts A relationship which descnooes the
concantration of point dolects in the form rvn, ) doas not follow the tomperatura depen-
dance of the point defocts. the dopendence of diffusivity as a function of doping concontra-
tion with this approximaton does not 10ad to “saturat:on” of tho concantraton of pant do-
focts  Also, tho relative changos of cancentration of individual chargod delocts with aoping
lovol are indepondent of activation anargy. However. i11s known irom the behawvior of Ce-
quneratd sem:conductors that, in the imat, further increases N mpunty conCoNration can-
not 1nCroase the concantration of pont detocts.

ADVANCED MODEL FOR IMPURITY DIFFUSION IN SILICON

Saveral new modeols for modehing of drffusion processes including RATA have
Doen doveloped recently { 4] However. these approaches uso a physical formansm which
has tho same do!iciencios mentioned above, and arg improved only in thata figher numeoor
of iitting parameters in the diftusion coethicient allow for tugher degroe of froedom in cahbra-
tion,

Weo extended tho provious work on the pomnt dolect diffusion moechamsm in
siicon and propose animproved version of the difusion modsl We sotve for tho Fermlavel
and ehiminato cenain «doas lacking acceptable physical background. for examplo the trac-
tionaj interstitial factor fi. The relative :mponance of each mechamsm dapends on the time
evolution of afl species prosent in the system This mode! is descrbed by the following
Aquations:
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and the total {chemical) concantration of impunties 1s

A7l = (4,) + (4] + 1AV )

For a iist of the used symbiols and tho method of determinaton af the Ferm) iovel see 5]
This moceiss currently undargoing computer implementation  The numencal values of the
parametors resuting from the anatyticat calculations (with meoretcal physical suppon)
soem (o b reakstic and thay ara venhed with systematic expenmental data.

Wao beheve that a now generation of dittusion modeis will be based on a similar set of equa-
tions The maor benefit of this approach »s that the active concentration is solvod dunng
img gvotution of the diftuson system and not "alter processing” from knawing the chemical
concentration.

CONCLUSION

The ment of an applicaton of process modeling dapends on the examingr’s
viewpant. Certainly. the contemporary avadable procoss modeling tools ara suthciont for
educational purmoses. However, for the dosign of processos for sutmicron devices whoro
nat only the thermal treatment but aiso the shape of the structurd doturmine the difusion
behavior. these tool aro sull msuthcrent Thus a major partof tho dosign phase of new tech-
nological processes must stdl be based on expenmental work

in gngimeenng practice. combination of expenmentai data and simutation 15 ngcessary
achigve the accoptanle predictabiity of TCAD tocls For oxampie the modulo which croates
the isolation and butk of the dgvices can be charactenzed almost fuily by maasurement on
1g” lest objects Loading of the concentratron prolile from thesa moasuremont into a gnd
proparod according to SEM cross-sections we can ehminate orrors connacted with tha opr-
faxy (autodomng) and figh space changas of structure gurnng Nigh toMpPAralure Process-
ing. These protloms are not traditionally predicted saustactonly oy TCAD tools.

£vun (hough we Ciscussad Many protlems wilth Procass Moaenng, N our opiNon tha pro-
CuGS SIMUIAtIoN CaN CONtRbULY 10 our kNowledge of Processing phenomena and wo canm-
prave our loval of understanding of the undaerlying theory with pracical rosulls Evend we
are not able creata the bettor numencal models wo ¢an benght from qualhitatvely higher
iuvel of ungerstanding of our structures This factss not reghgible

Our ciscussion was irmited to high speod tipolar processes, therforg 115 1air 1o note that
the prea ctabvity of the simulat:on resuits for MOS procosses 1s shighitly bettar than for DI
lar procasses

I This quantitatve 0SHMation of tio dof; co of he oq; CONC of vacancas on the doping
10vet 1% DUl 0N 2 INHEAMOCYNAMC APHIOACH J0PIYING 1o MONOY Of LaGrLMgian Miuitiphers o mmsmazanon
o Irgy cnergy of T8 sysiem Tha thermodynamic appreach doas Net show INe 10usCe 0f POt Jetects and
1hu3 1023 10 WICO BCT CONCHPILANTIUON Of 1NG COIOCT Huxes 1rom Of 10 (e Surtace intertace
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TEMPERATURE [C]

RTA vs furnace anneal 900 C
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Fig.7. Concentration profiles for arsenic implanted into
silicon; as implanted (dotted line), for active
(lower 2 curves) and chemical (upper 2 curves)
after anneal by RTA (solid line) and furnace
(dashed line).
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Fig.8. Concentration profiles for arsenic implanted into
and diffused from polysilicon; as implanted (dotted
line), for active (lower 2 curves) and chemical
(upper 2 curves) after anneal by RTA (solid line)
and fumace (dashed line).
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