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ADSmACT 
Th« compi«i tabrtcatton procsssing of advanced )><«:on doviccs •finances !n« i<nponanc« o( p/oceia modou 
'̂ iOC»3S«) siiCi ai HTA RlC >ow idrr^^eratur* «p>iaxy and «iitonsiv« ui« o' l >*CVO pc>v '̂'>con cnangss rh« 
pfOcani«3 o) tt« 3>i»con dirtu^ton 3ysi«m uy pfocess mducod de'ocfs ano coniaitiinaiton by aecp fvoi wiipon-
ii«9 In ilt«s« cases pt̂ iVKneoo<o<j>caJ(TK>d«)i) ofiod fn.l in itusrovrow some o< mess JSSU«3 a/od'scussod 
fno3Cy>foma«vic««ngin«er|us«'oi process si'TXjianontools) po<niof viovw initioco<Tipan3onoitrir»«iaonca-
iton pfoCdiMS lh« soufC* d main d«<iO«nc»Ai m mod«i<ng tneory u jiwwn also an imptovoo <jifiu5>on moo<M 
•3 bnfitly diSCUSIOd 

j n additional lost structure) vonfy tho rosuits and roproducibtiity o( processing This pomt 
has vory important consoquoncos for itio acquisition o( Gxponmentai data wnicli wo noed 
for tho dosign of modois appropriate for T C A D . Gonoraily Itio data can tKJ oxtraciod from 
iho spocial oOjOCls wHoro procossmg conditions couid Do sdghtiy or significantly Oifforont 
than Iho process conditions on ino siruciuro which is undor mvosiigation 

INTRODUCTION CONCENTRATION PROFILE ENGINEERING 

in tho idoal Situation process modGimg shou'd suppon accurate, prodrclivo 
simuiaircnof advancod tocnnofogios if this wore iruo. then inoma|0ntyo( tho devofopmont 
of new technologies would tx) accomphshod via simulators and tho time roquirod (or sucn 
doveiopmont could i>o dramatically aWjroviated 

it IS widoiy believed that process simulation o( ad-vancod procossos will res­
cue tho semiconductor industry from the prohibitivo costs of developing and optimizing 
such processes oxpenmontally. Our expenenco snows us ihat reality is dittoront. it is the 
goal of this worit danfy some issues connodod with this topic 

Because most commercially available process simulation tools are proparod 
by the software houses, tho using of these tools is so simple that almost ovorytxxiy has 
immediate confidence in designing of (abncation processes using the computer, in tho be-
ginnir>g ot tJieso activities tho ongihoors often discover that the result are not oven cioso 
to Iho oxponmontal data. They conclude that CAO process modoimg is either usoioss in 
the worst case or they try to discover the pnnciple of the used models and localize the 
source of error tn tho best case. Tho conclusions from both groups, lead Jo a final statement 
thai our krwwtodge of physics and cfwmistry ot majonty processes does not allow us to Duiit 
process Simulation toots which can be used for complex simulation of submicron VLSI fabn-
caiion processes. 

One can tmd many reasons for this situation. One is that the modeling theory 
can not precede (except m a low applications) the progress m equipment used m the pro-
auction ot VLSi technologies. Additional reasons aro roiatod to the worn of designers of 
TCAD tools and Uiey are: 

- tack of systematic approach m used theory 

-poor krjowiodge of state of tho art processing 

-^ack of discipfino with regard to the expenmentai data 

Tho combination ot these and other factors raises many questions. Tho mam questions 

addressed hero are: is process modeling usoioss ? Whore aro the mam benotits if the an­

swer to the tirst question is no ? Even it there are sonous iimrtations now wo can maximize 

utilization for the design ot submicron processes ? 

Our oxpononco show us that process simulation is a very useful comple­
ment ot experimental work dunng designing ot tho new fabncation processes and a major 
benefit which can bo oxpoclod f rom sophis t ica ted {and wo must emonasizo this pom;) 
process mode l ing is increased probabi l i ty of Iirst pass success on a now process, 
in the (oliowing section, wo shall first discuss tho details of device shnnking arxj consequent 
changes m processing, followed by a presentation of me corxrontration profile ongmoenng 
whore wo will manifest tho major doiiciencios m TCAO. Fmaiiy. we snail consider an exam­
ple application modeling the submicron structure. 

DEVICE SHRINKING AND CONSEQUENT CHANGES IN PROCESSING 

To illustrate the type ot roquirements imoosed by tecnnoiogicai procossmg 
on modeling capaniiitios of TCAO tools we compare throe processes which wore devel­
oped in the samo faclity dunng the last decade. AH processes are designed for ECL typo 
o( Circuits. 

From tho Table i. one can make the following conclusions 

- T h e most dramatic increases ot procoscmg stops is m reaciivo lon etch­
ing and LPCVD poiysiiicon depositions. 8otn processes aro cnarac-
tonzod by high level of contamination. 

- Vory Significant increase can bo seen also lor Rapid Thermal Annealing 
stops. 

- All devices m new tochnoiogios are buiit on epitaxial silicon witn a very 
low oxygon concontration. 

An inovitablo ar>d yet commonality of all tho process stops thai are increasing m frequency 
most rapidly m advanced technotogios is tho production of damage oi tho crystal lattice witn 
production ot native detects and contamination by deep impunnes 
The native defects (vacar>cy. sell mtorstitial, interstitial) are txjiieved to play a dominant roio 
in diffusion ot impuntios and in dotormming the oioctrcai proponies of somtconductor mato-
nals. Diffusion of impuntios toiiowmg *on implantation (witn damago of tho structure after 
implantation) is often discussed in recent literature and sevorai mooois have boon pro-
pOGOd to explain those phenomena ( 1 ]. tntuitivoly wo can oxpoct somo anomalios m iho 
rodisiiiDution of impurities. However, f^ israand Hasoi i(2 ] show that ovon m HIE procoss­
mg whero the water temperature goes up to 300'^C (as a (unction of RFpowor donsily) this 
tomporaturo ts sufficient lo induce the diffusion of nativo pomt defects and thoroforo 
change tho diffusion txjhavior. But tho anneaimg t>eh3v)or of RiG mducod dofoas aro rela­
tively unknown. The situation is similar for RTA processes These circumstances result in 
a very poor basis for Iho creating of models tor TCAD 

Another very important concfustcn can oo deduced (nam Table i. Tho next 
gorwratton of tochnotogicat processes wii! extensively use smote wafer processing equip­
ment w lwro there is no possibility for monitor wafers Therotoro wo canrwt (unless wo aod 

Tho typical approach ot dnvoiopmg now fabncaton processes usually as­
sumes that we kjTOw target concentration profiles lor tho devices. The target pro'iio ot de­
vices IS dotermir>od by a vanety of approaches: intuitively, txisod on our provtous expon-
oncos or as a result ot relatively proaicJabio device simulations. Profile onginoenr^g is a 
process of designing ot individual technological operations m such a way that we can croalo 
the desired str\jclure and at the samo time meet the roquiremonts deimed by the target pro­
file. 

Tho process steps used m VLSi tabncation iochrx)k>gies can be divided into 
throe modules. Every modulo is typically formed ot iue toik»wing suCjstruciures; 

-isolation structure and bulk ot active devices 

-active devices 

-tnterconriecttons and contact 

Each modulo has a unique position m tho process tlow and is characlenzed by range ot 
processing temperatures. Fig. 1 sliows a simplified diagram of procossir>g temperatures 
and times for three processes which wo mentioned earlier. For example, process MS is 100 
minutes m a rar^o of temperatures higher than 1 0 0 0 ^ , 855 minutes tn a range ot tempera­
tures between 900°C and 1000*^ and 120 mmu'es at lemporaturos between 800^0 and 
9 0 0 X . Surpnsmgiy arxJ contrary to common myth, the thermal budget of advanced pro­
cesses IS not tower than "conventionai' (not submicron) processes. The time of processing 
with temperatures htgher than 1000°C is decreasing, but tho total time ot thomnai process­
ing is longer, if we introduce the performance index as product of the processing time and 
tho processing temperature we can f ind' 
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From the viewpoint ot diffusion and rodistnbution of impumios. this does rx>t 
moan a trend m ifx) wrong d i reawn because the mam part of tho higher thermal budget 
is for the more complicated isolation structure. H we compare tho same performance index 
for steps after deep collector fomiai ion: 
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Table i. Comparison of prucessos M1.M2 M 3 

NOTES 1 pfoc«43 Ml u3oa •mpianied o*Tni(or 
2 proc*53 M3 and M5 us« a pOys'iicon •rrxrio* 
3 AJ pioce3Stt3 a/« 30ila.'i9rTy>ot po3C«33«3 
i m Mi o*«p co(;«atx loiov tr>« baso'onuiiof (orrf-iiioo 
£ Nî nt>«r ot impianiadon 3iep3 m Mij lociudo me inrosiKM una purKmthrouoh icn(xanC3 
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inailc.iSGS, at tor lormat ionol tho isolation and wolts wehavo a concontratton 
prodio wnicn IS oxposod to thormai troalment shortor than 120 minutoa This trontmom has 
n small jtnpacl on iMo bulk concontration prodio This is iilustratod m Fig 2 ana Kig. 3 wtiofo 
!lio cnangos attor ttio projoctod thormai Dudgot tor lyprcal procossmg ol an aciivo dovico 
ho gaio sourco/dram baso. oniinor) at QSO^C arc shown JorlhoNPN and r4-cnannol Iran-
S'Stor fospeciivoiy Ffom boin plots ft is dear inai Iho changoa m lodistnoution of impufitio'^ 
a'o vofy small. 

THE MAJOR DEFICIENCIES IN PROCESS MODELING 

Qoioro wo go (urthor m our discussion wo nood to Clanly questions rogaroing 
Iho dimonsionaiiiy o( process simulation loo's. The typicai opinion is ttiat suumicron co-
vicos nocossitato two-dimensional process simulation. In our viow the major prooioms 
whofo lateral diHusion is imporiant can bo sotvod m one dimension with oppropnato mlor-
poialion into tno soconcj dimonsion. Where two dimensional solutions aro noodoo is for dif­
fusion in/)rom anisotropic matonais {as is poiysilicon with a columnar stnjcturG} in Rg 4 
ana Fig 5 a comparison is shown between boron difluston from poiyS'liCon in two stnjcturos 
with an oxido/nitfido window. Tiio mtorlaco aroa txjtwoon the polys'licon and silicon is me 
same in ooth cases. From calculated data wo can see that the error m junction depth deter­
mination IS highor than 25%. This laclor. and the neglecting of amsotroptc ditfusivity m poly-
Silicon, leads to a poor prediction of omittor junction depth This is true where arsenic is im­
planted into nonpianar poiysilicon and diHusos into silicon through a tapered oxido spacer 
window with a very pig aspect ratio w^Wbonom-

The ditiicuitios accompanying process modoi i r^ aro very well k row; (or a 
general review ot this issues see tor oxamplo ( 3 ]• '* wo focus only on diffusion modeling 
then the main deficioncios can be listed as: 

-OiHusion principlo is not dotmed. 

-Vacancies aro considered to promote diffusion by tormation ol defoct-
impunty pairs, but the process of lormation ol pairs is not explicitly in­
cluded. 

-Norxjquiiibnum phenomena are not included. 

-Annealing of point delects is not ir>cludod. 

-The contribution of individual point d o l e d or delocl-impurity pairs to dif­
fusion IS not known. 

-No diMucivity dopondonco on tieating and coolmg rates aro accounted 
for 

- N o dependence ol diffusion behavior on the thermal history of tho wafer 
"S inciuood. 

- A n inconsistency in low and high temporaturo diffusion pohavior 
Our oxponenco shows us that there is another source of diHicuitios which is not very often 
(omomtwred - immense discrepancies between active and chemical concentration (espe­
cially if R T A IS used in processing) as will be shown m our companson of activation efficien­
cy Dy R T A compared ID a conventional furnace anneal. 

In ail commonly available process modeling programs, basic phonomono* 
logical difiusion models aro used. After many years of application they havo boon relatively 
well 'caiibratod' (fitted) to a largo class of oquilibnum diffusion problems. Unfortunately, 
these CiffusKsn models fail in somo increasingly important cases such as diffusion at high 
concentration, diffusion at low temporaturo (reverse annealing or deactivation), rodisinbu-
!ion of impuriiios from diffusion sources with very steep concentration gradients or diffusion 
during rapid thermal (RTA) processing. The acquisition of concentration profiles from ox-
ponmonts to "calibrate" the models depends on one or more analytical toctviiques: SiMS. 
R8S. mcromontai Hall and sheet resistance moasuromont. CV profiling arx! spreading ro-
GiStanco moasuromont All methods, but especially the fast two methods suffer from conam 
iirniiations Tho diffusion length involved m these phorKjmona is so small that even small 
measurement error loads to a largo ufwortamty in the dotermmation of the aiffusK)n coeffi­
cient This js why the analytical data used for "calibration" of iheso models has boon onmar-
iiy based on tho chomicai corKoniraiion of impuntios duo to the good accuracy of SiMS 
However, ihe oioctncaiiy active concentrations aro of pnmary interest. 

Two oxporimonts wore conducted to mvostigato arsenic diffusion dunng 
RTA. in iho first, wo have moasurod cnemicoi and active concentration profile, lor samples 
annealed under similar conditions m iho RTA equipment (PEAK ALP 6000) and fumaco 
( T V i ^ N ) TJio Substrates usod in ihis exponment were ail iCO mm diameter <iOO>. CZ. 
Giiicon wafers of rosisiiviiy 6 0-8 5 Qcm. boron dopod. Ono group of wafers was ihemiaiiy 
oxidized to an oxido thickness of 40nm. LPCVO poiysilicon of thicknoss 1 SOnm was dopos-
' todon mo second group of wafers alter an HFotch. Arson icwi thadoseof 1E16cm~^ and 
an energy of 50 koV was implanted mlo both group of wafers. Annealing was performed 
in a nitrogen ambient with tno lomporaturo-t imo profile shown in Fig.6. The intention was 
10 creaio the same thermal cycie m both tho RTA and furnace anneals SIMS and SRP wore 
usco 10 dotormmo t^io concentrations profiles (Fig.7 and Fig 8). Signrficant difforenccG 
wL!(o oDsorvoa m ine active corKontration profiles ovon though the chemical profiles wore 
c-.seniiaiiy idonticai. Tho rate of lomperaturo increase and tho time at temperature (60 sec 
at 900°} for ih<j isothermal ponion of me anneals wore the same Special ationiion wa^ 
givon 10 the determination of the cooling rate ol all wafers m those oxponmenis. For sam­
ples annualod in iho RTA system tno coo'ing rate from 900° to 750 °C was 70 "C.'soc. For 
camples anne.nod m the furnace and cooiod m free air, tho cooling rate in the same range 
of temperatures was 40 °C/50C 

In tho second uxpenmont, iho role of temporaturo ramp rate dunng RTA was 
lurthor oxplorud Tho oxponmeni was performed on tho same typo of samples with a 40 
nrntnickinermaloxidu and an orsonic implant of !E l6{cm"^J3t SOkoV TJio first gioup was 
poatod up With a 'slow" programmed heating rate of 0 333 "C/soc and cooled down with 
a "fast" programmed rate of -17 5 °C/soc The reiativo ramp rates for tho second group ot 
waters was reversed, keeping the time at temperature for the isothermal portion of tfie an­
neal (1 Osoc at 950°) and iho total thonnai budget the same (seo F q 9 ) . SIMS and differon-
ti.il Hnll moasufomoni ol carnor concentration and mobility wore used for acquisition of 
choniicai ana oioctricaiiy active cortcentration profiles, rospociivoiy As seen from the moa-
•:uf()d data (Fig lO). the "fast'cooling rate, which was approximatoiy 150 timos greater than 

the 's low' cooling rate, gave an active corKentration that was only 2 timos higher Wo can 
conclude that the faster cooimg rate m tho RTA anneal can contnbuto to higiier aCTivation 
efficiency, txit another vanabie is cieariy rosponsibio for the majority of the o f eci 

The oxponmonia doscnbod abovo wora not simulated correctly by usmg process Simula­
tion tools. 

Many of tho probioms listed abovo can be solved (or at least improved} by 
correct dolorni I nation of tho Formi level of the diffusion system arxj appropnate dopon­
donco of ditfusivity on concentration of point do loas A relationship which doscnboa me 
concontration of point dofects m the form n/n,"' does rxit loUow tno tomperaturo depon-
dor^o of tho point defects, tho doponderice of ditfusivity as a function of doping cortconira-
tion witti this approximation does not load to "saturation" of tho concemratton of pomi do­
fects Also, the relative changes of conconiration of individual charged defects with aopmg 
level are ir>dopendent of activation energy. However, it is known from the tiohavior of do-
generate semiconductors that, m the limit, further increases m impuniy concentration can­
not increase Ihe concentration of point defects. 

ADVANCED MODEL FOR IMPURITY DIFFUSION IN SILICON 

Several new models for modolmg of diffusion processes including RTA havo 
boon developed recently {4 ] However, those approaches use a physical formalism whicn 
has tho same doficioncios mentioned atxsvo. and are improved only m that a higher numoor 
of tilting parameters m tho diffusion coolficient allow for higher degree of freedom m calibra­
tion. 

We extended the previous work on ttie point defect diffusion mechanism m 
Silicon and propose an improved verswn of the diffusion mooeJ Wo solve for mo Formi iovoi 
and eliminate certain ideas lacking acceptable physical background, lor example the frac-
tionaj interstitial factor f|. The ft)la(ivo importance of each mechanism depends on iho t ime 
ovofut lon o l all species present in the sys tem This model is described by tho foltowmg 
aquations: 

a[A,] 

a|/i,l 

= krlA,] -k;iA,]l I 1 +i:.-[A,][V]-k.-{A,] 

= V 0^V(/1,1 -k,-lA,\[ I I ^•k,'lA,]{ I ]-k.-\A,n\n + k.-lA,] 

( M 

3\Ay] = V OjiJintJliVM,] + DXylA,]Vm * T^DiAAA^'i' 

-*; . . 'M.I(^^ -k:y{A,V: 

(3 ) 

DvV-ivi - /.-.(i / i(Ki - ( r j iv]) - kuiAAm * ^;,^l/l,^^ ' ••' 

o( / ! 

and tho total (ctiemicai) concentration of impuntios is 

(5 ) 

(6) 

For a list of me used symtxiis and the method of determination of the Femm level see (Sj 
This mooel IS currently undergoing computer implementation Tho numoncal values of tho 
parameters rosuHiiig from tho analytical calculations (with mooroticai physical suppon) 
soom to be realistic and Ihoy are venfiod with systematic exponmentai data. 
Wo believe that a now generation of diffusion models will bo based on a similar sot of OQua-
iions The maior benefit of this appnaach is (hat tho active concentration is solved dunng 
iimo evolution of me diffusion system and not "after processing" from knowir>g tho chemicaf 
concentration. 

CONCLUSION 

Tho ment of an application of process modeling depends on the examiner's 
viewpoint. Certainly, the contemporary available process modeling tools are sufficient for 
educational purrxjses. However, for tho design of processes for suomicron devices whore 
not only tho thermal troatmoni but also the shape of the structure rioturmmo iho diffusion 
botxavior. meso tool are still insufficient Thus a major part of the design phase of now locn-
nolog<cal processes must still be based on exoenmontal work 

in engmeenng practice, combination of exponmentai data and simulation 15 necessary to 
achieve the acceptable prodiciabiliiy of TC AD tools For example the modulo which creates 
the isolation ar>d bulk of ttio devices can t̂ o charactonzed almost fuHy by moasuromont on 
"big" test Objects Loading of tho concentration profile from those moasureniont into a gnd 
prepared accorair>g to SEM cross-soctions we can eliminate errors connected with tho epi­
taxy (auiodopirig) and high space changes of structure ounng hign temperature process­
ing. Those prooiems are not traditionally predicted satisfactoniy py TCAD tools. 
Evun mougn wo discussed many problems with process modeling, in our opinion i f ^ pro­
cess Simulation can contnbuto to our knowledge of processing phenomena and wo can im-
provo ouf level of understanding of the underlying theory with practical results Gvon if wo 
nru not able cioato tho bettor numerical m.odois we can Donefit from qualitatively higher 
level of unceiGianding ot our structures This fact is not negligible 
Our ciscjssion was iimii,KJ to high spood bipolar processes. Ihortoro it is fair to rioie inat 
the proa ctab.iiiy of me simulation results for MOS processes is slightly bettor than for b^po 
lar pfocosses 

' Tins qjan'iiiicvc OSIHTVJIKXI ot tlio dopGndooco ol 3W oqinntxiuni concB"'ration o( vncarKW? on tf>« dopirvg 
i«v€ii 19 txi'il on a iiMKnvx3yn,imic approacri ao^iinq tno inouwij ol LayfOiHjian niuitifHteri)« nunimiiaoon 
Ol injo c-ne'gv Ol Ĉ * Sysio<n !)io Hiofnio<Jynam«; apprcDCJi iJO<»5 noi 5.'K>W ilw lou/c* ot pomt 0«'»ct3 arx3 
!tii3 loads 10 "icofoa concopuja'uation ot irm cotoci fiunos (foni or lo tiw surtaco misriaco 
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Ml. M3. M5 PROCESSING TEMPeRATURES 
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Fig.1 Simplified diagram of processing lemperaturas and processing times 
for processes M1,M2,M3. 
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Fig.2. Chariges in redistnbution of Impuritiea 
atier pro)acted thermal budget for NPN 
transistor. 

Fig.3. Changes in redistnbution of impurities 
after projected thermal budget tor 
N-chanrwl transator. 

Fig.4. Diffusion from boron doped polysilicon 
in rectangular window. 

RTA vs FURNACE EXPERIMENT 
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Rg.6. Temperatijr»-time profile (or anneal of wafers in RTA (solid line) 
and furnace (dotted line). 

Fig.S. Diffusion from boron doped polysilicon 
in tapered window. 
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RTA vs furnace anneal 900 C RTA vs furnace anneal 900 C 
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Fig.7. Concentration profiles tor arsenic implanted into 
silicon; as implanted {dotted line), for active 
{lower 2 cun/es) and chemical {upper 2 cun/es) 
after anneaJ by RTA (solid line) and furnace 
(dashed line). 

Fig.8. Concentratkm profiles lor arsenic implanted into 
arxj drtfused from potysilicon; as implanted {dotted 
lirw), for active (lower 2 cun/es) and chemical 
(upper 2 curves) after anneal by RTA {solkl line) 
and tumace {dasf̂ ed line). 

SLOW (0.333 C/sec) vs FAST (47.5C/sec) COOLING As 1E16@50keV/400A screen oxide/RTA 950C 
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Fig.9. Temp«ratui»Hima protil* for RTA annealing with fast (dotted line) 
and slow (solid line) cooling rates 

Rg. 10 Active (lower 2 cun/es) and chemical (upper Z cun«s) concentration 
for last (dotted line) and slow (solid line) cooling rale dunng RTA anneal 
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