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This thesis is a contribution to the conception, the fa,brica,tion and the optimization of 
the silicon microstrip detector for the Silicon Strip Tracker (SST) of the Compact Muon 
Solenoid (CMS) experiment at the future Large Hildron Collider (LHC). 

The physical motivation of this work arc ca,n be summed up by the High En.ergy Par- 
ticle community’s need to identify the mecha,nism of the ele&roweak symmetry breaking, 
taking the studies done a,t LEP and Teva,tron into a. much higher energy doma,in. LHC will 
allow experiments to cover t’he entire ma,ss range foreseen in the Standard Model (S&I) 
for the Riggs boson and most, of the parameter space for its supersymmetric (MSSM) 
extensions. The CMS detector ha,s been designed to fulfill these tasks: the combined llse 
of a very precise silicon inner tracker and highly hermetic outer ca,lorimeters is csseiitial in 
order to successf~dly identify b--jets coming from t -i \z”b or directly from Higgs decays 
such as h, --+ I;$. In pa,rticnlar, the goals of the SST arc to ensure high qua,lity momentum 
resolution, precise e/y sepa,ration and ercellcnt charged track isolation. 

At LWC, the irradiation level is expected to be so high tha,t silicon, the innermost de- 
tector construction material, will be affected during the sensor life, so that its performance 
will be strongly dependent on irra,clia,tion time and distance frorn the bea,m. Therefore, 
the detector’s design a,nd technology are constrained not only by the physics requirements 
but also by the difficult operating conditions. The key to fast, a,nd effective handling in 
this complex situation is close colla,boration n-ith silicon manufacturers. This thesis is a 
sumnia,ry of the WOl”li I had the 0pportunit;y t’o perform a,t (;he C&re S&se $‘Edectro?al,que 
et de la Microtec7l7liq?/.e S.A (CSEM), a research centre in Neuch~tcl, Switzerland. 

The refinement of an existing process already used at CSEM for the fabrication of the 
detectors for ALEPH, the L3 double-sided microvertcs clekctors a,t LEP and the AMS 
satellite experiment, has led to t’he definition of a new silicon technology well-suited for 
the SS’T silicon det,ectors. This new technology fca~iurcs great improvements in ra,cliation 
ha,rdness, dir& integration on-chip of a decoupling capac,itor for each channel and high 
voltage opera,tion. A profound undei5tanding of silicon technology is necessary to achieve 
the pla,nned goals, since problems such as cliel&ric b~~eakdown, leakage current, metal 
resistaacc or integrated ca,pa,citor yield cm only be solved by integra,tiug &-hoc process 
modificaki.ons wi tli a,n optimized design. 

The logical continuation of this ~orlc is the detcctnr cllc?,rncterizatioli. The results 
of such tests hame been directly fed into a TCAD (technology computer aided design) 
framework in order t’o test; the poe,sibilil;y of optimizing both design a,nd process to give 
the required performa,~~ces~ witholut’ wa6ting for a, new ini;egra,tion. The effectiveness of 
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electrically good detectors was verified by means of test beams before and after irradia- 
tion. The understaading of their integration in the read-out cha,in (i.e. coupling with the 
electronics and the DAQ) gave information about positJion resolution. As an example of 
this complex process, the results obtained in September 199% in building the prototypes 
for the Silicon Baarel (SiBI.) and Silicon Forward (SiFI) Milestones ase presented. 

Once the feasibility of such a silicon tracker system has been confirmed, it is important 
to test the glob1 CMS performances by studying the simulation of an interesting physics 
channel. A study on the possible observation of the lightest SUSY scalar Riggs boson Iz via 
its decay in + /IL is presented in this thesis. The strategy is to exploit the strong interaction 
prodnction of gluinos and sqwrks. Their typical casca,de decay productIs a,re neutra,linos 
a,nd charginos (primarily ,Ti) which decay nbmkmtly into h. The i clentification of the 
Riggs hosons is done via the reconstruction of the bb pairs once the la,rge bt bwkgrounds 
are suppressed lisin g missing energy .Br and jet multiplicity cuts. In order to reduce 
the rtumbcr of free pa,rameter of the MSSM theory, we ha,ve chosen to work within t;he 
SUGRA approxima,tion driven by supergravity-inspired theories. The conclusion is tha,t 
the h --+ b$ peak wa,s already visible in an interesting region io I;he SUGRA pa,ramet;er 
space during the low luminosity period of LHC. 

In Appendix 2 is describccl a study about the possibility to align several plans of Sili- 
con microstrip detectors by means of infra-red (IR,) 1 a,ser tracks measurecl by the detectors 
themselves. We performed this study for the AWE (Alpha, Magnetic Spectrometer) col- 
laboration, being the silicon wafers clesignecl and produced by CSEM. We show that by 
suitably moclifying the dielectric thickness already present a,top the sensor, the detector 
reflectivity can be reduced from 35% down to the 1% range: TR la,ser tracks can thus cross 
the six planes of detectors without significant intensity l.osses. 
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Lo scope di questa, tcsi e.g. cli descrivcre il process0 cli concezionc, progetto, fabbricazionc 
e ottimizzazione clei detectors a microstrip in silicio, in vista della loro utilizzazione nel 
Silicon Strip Tracker (SST) dell’esperimento Compxt Muon Solenoid (CMS) concepito 
per il lkturo Large Wadron Collider (LHC). 

Le motiva,zioni fkiche dl’origine cli quest0 la,voro son0 riassunte dalla necessit& cli 
iclentificare il meccanismo della rottura clella. simmetria, elettrodebole, estenclenclo cod gli 
stllcli svolti a, LEP e a, Teva,tron xl uno spettro di energic molto pi?’ vasto. LHC off?c 
la possibilit& ai cliffercnti esperimenti di coprire l’intero spettro cli massa previsto per il 
bosone cii Higgs nel Modello Standard cosi come gran park clello spazio dei pxametri 
prcvisti per le sue cstensioni sllpersilnmetriche (MSSM). I1 rivelatore CMS e’ stat0 con- 
cepito proprio per soclclisfare queste esigenzc: un sofistica,to sistemx cti tracking al silicio 
di altissima, precisione post0 nelle zone piu’ prossime alla, zona, di intera,zioiie combinato 
con un sistema cli calorimetri quasi completaniente ermetico post0 nelle zone piu’ esterne; 
permette di iclentificare correttamente i b---jet yrovenicnti da t -+ h&h 0 direttamente da 
decaclimenti di Higgs quali ad esempio 17, --F b6. In particolare, gli scopi clello SST sono cli 
assicnra,re la risoluzione in momento migliore possibile, la sepxazione precisa tra elettroni 
e gamma, ed un eccellente isola,mento nella ricoskxzionc clelle tracce da, pa,rticelle ca,riche. 

.Ad LHC il live110 cli raclia,zione previsto e’ txlo da. causare l’inversione effettiva de1 tipo 
cli clrogante nsa,to corrcntemcnte per la fd~bricazione dei detectors al silicio, clestinati a 
equipaggia,re gli st,ra,ti piu’ interni de1 rivelatore. &u&o fenorneno rende le presixioni dei 
detector al silicio clipentlent’i clad tempo di irra,ggia,mento e dalla loro clistanza da,1 punt0 
cli interazione. 

Al fine tli trovare le soluzioni piu’ ra,pidc ccl efficaci al progetto cli un tracciakore al 
silicio per LHC si e’ rivelata fondamentale la strdta. collaborazionc con i produttori dei 
sensori a,l silici.0. In questa tesi ho raccolto parte dcl kworo the ho effettnato per il 
rivelatore a, microstrip tli CMS a CSEM, Ce~~,tro SPk~z,-e~o di E;bettron,ica e Mic~~tecrmbogin 
SA, un centro cli riccrcn, e sviluppo basa,to a Ncr~~l~~tcl~ in Svizzer-a. All’interno cli questo 
osservatorio privilegiato; ho contribuito a svilnppare 1ma. versionc resistente alla ra,cliazione 
de1 proccsso prcceclentementc usato a CSEM per la f%bbrica,zione clei detectors cloppix 
faccia inst;-?,llati in AT,EPH ed .L3 a LEP e nel sa,tellite AMS. Le modiikhe rigna,rdano 
ovviamente gli aspetti precipui clell’impiego di tali clisposi tivi in a,mbicnti a,<1 alto txso di 
racliazione, quadi xl esempio lo spost-am&o clellx soglia di rotture clei clio(ii a,cl altissima, 
tensione 0 l’integrazionc tlelle ca,pacita,’ cli clisaccopl,ia,ruellto clirettametite soprn. le strip. 
Cruciale si e’ rivelnta la mia pwtccipazione alla fabbricazione clei clisposi tivi: In, mia 
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csperienza, ml progetto dci detectors unita a dcthgliate conoscenzc tecno’logiche hanno 
permesso giudicare a. priori l’interesse cli ima moclifica, progettuale 0 cli processo, riclucenclo 
quincli sensibilmente i tempi di implementazione cli move soluzioni. Continuxzione logicx 
cli quest0 lavoro e’ il collauclo clei sensori; i cui risult,;\ti son0 stati utilizzati come vcrifica 
tlelle simulazioni tecnologiche e di tlispositivo the ho messo a punto in pa~rallelo alla 
fd~bricazione. Un corretto utilizzo dei simulatori pcrmett8e di xcorckre ulteriormente 
il process0 di ottirnizza~zionc sia drl clisegno the de1 processo, senza, clover aspettase la 
fine clella fa,bbricazione cli UJI;~ protluzione di test. Ti’cffica,cia, clei sensori giudicati buoni al 
test elettrico e’ stata, vcrificata utilizza,nclo fasci cli particelle, principdmentc a,1 CERN~ six 
prima the dope l’irraggia,mento clci singoli detector. Lo studio de1 loro comportamento con 
e senza l’elettronica cli lettura mi ha. permesso cli estra,rne le ca,rakt,eristiche cli risoluzione 
in -posizione. Come esempio di intera~zione tra tutti questi differ&i aspetti, present0 
qui i risulta,ti chc a,bbia,mo ottenuto nel settcmbre .I997 costruenclo i prototipi per le 
“Milestones” de1 Barrel Tracker (SiBl) e de1 Forward Tracker (SiF’l). 

Se la fattibilita? clcl progetto di un tracciatore al silicio e’ confertnata, dai test, l’dten- 
zione cleve spostarsi sulle prestazioni clell’intero espcriinento CMS misurate, xl escmpio, 
stucliando un cande cli fisica particolare. In questa tesi present0 lo stuclio clella pos- 
sibilita’ cli rilevazione de1 piu’ leggero bosone di Eggs supersimmetrico iz attraverso il 
suo clecxlimento 17, --k 0. La strategia, utilizzata per l’osservazione sfrutta l’importante 
sezione d’urto di procluzione cli gluini c squarlts presente a, LHC. I loro proclotti tipici cli 
dedimento son0 neutralini c clixgini (pril?cil,a~inent~ ;Fi) i cui decaclimenti proclucono 
soprxttutto 12. L’iclentificazione dei bosoni cli Higgs e’ data cldla ricostruzione clelle coppie 
di b, llna volta, the i principdi fondi sono stati elimindi da tagli sull’energia mancante 
@T e sulla, molteplicita’ clei jets. Per poter definire piu’ fa,cilmente lo spazio dei parametri 
dclla teoria MSSM in cui effettua,re I’a~nalisi, si e’ scclto cli ntilizzarc l’a,pprossimazione 
SUGRA, derivata. da, considerazioni cli suptqravit.a,‘. La conclusione di questa analisi 
e’ the il picco de1 segnale 1~ + !I$ e’ visibile in una, r&one importa,nte clello spxzio clei 
parametri dcfiniti da SUGR,A gia’ clura~nte il pwiodo tli opera,zione a ba,ssa! luminosita’ cli 
LI-IC. 
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The purpose of this thesis is to describe t.he conception, the fabrication and the opti- 
mization of a silicon microstrip detector for the C&IS experiment at the future Lzige 
Hadron Collider (LHC). Such a device must be able to s-urvive 10 years in the difficult 
LHC environment. 

At present, the silicon detector technology has been aclaptcd to the purposes of the 
LEP and Tevatron experiments. At LHC, the irra,clia,tion level is expected to be so high 
that, t,he effectjive doping of silicon, the innermost detectors construction ma,terid, will 
change type during the sensor lifetime, causing its performances to be stzongly dependent 
on irradiation time and distance from the beam. 

These dra,ma,tic changes to working conditions for silicon detectors in high energy 
experiments have triggcrecl numerolls developments in the field of radiation haacln.ess. 
This has led to a full revision of the formerly standard fundamental parameters of a, 
microstrip sensor, such as design choice, integr;\tion technology, acceptzmce criteria a,nd 
cooling scheme. 

The problems rclatecl t’o radiation damage are many: the increase of depletion volbge 
and of leakage current, the decrease of charge collection eficicncy and of isolation between 
strips as well a.s the increa,se in their capacitive coupling. For the first time in the history 
of silicon detectors, t,heir design and technology are constrainecl not only by the physics 
requirements but also by the difficult operilt~ing conditions. 

The key to a fast and effective solution in this complex operation is a closer col- 
labordiou with silicon manrrf;?ctnrers. This thesis is a summary of the work I had the 
opportunity to perform f’or the CYlS silicon microstrip detector a,t the Cen,tre Svkse 
cl ‘.Electro?aiqlLe CL de 10’ l2;lzcmlccl~n~gzl~e s-1 (xnl), a. silicon detector producer based in 
Neuch2,tel; Switzerland. In this privileged onvirorrrncnt I became acquainted with the 
silicon detect-or Fa,t)rication process! which is a. derivdion of t&e known plaaa,r process, 
currently employctl at CSEM for the production of’ integrated circuits. We refined an 
existirrg process a,lrcxtly used in tlte kkbrication of t,he detectors for the ALEPH ant1 the 
L3 clouhlc-sided microvertex dctcctors at LFP and t-he ,\MS sxtellitc. The modifica,tious 
we studied a,re rclatecl to the clifkrent recjuirement-s of the LHC silicon detectors, na,mely 
radiation liarclncss7 direct iiitegra t,ion on-chip of a clecoi.~pling ca~pa,citor for ea,cli channel 
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and high voltage opera.tion. In addition, the need of CMS to cover tens of square me- 
ters with microstrip detectors requires the clcvclopment of sinlpler devices with simpler 
fa,brication processes, which, however, have no tletriinerrta~l effects on sensor performance. 
With such lxge instrumented surfaces the reliability of t;he devices becomes a. crucia,l issue 
since no replacement of silicon microstrip detectors arc foreseen. 

The performances of the CSEM detectox cle~eloped with the support of the CMS 
Silicon Strip Tracker community are suficientl~- good to allow the drafting of the Centra,l 
Trxker Technical Design R,eport with only margina, modifications with respect to the 
Technical Proposal. This demonstrc?tes the suitability of the choices mxle by the CMS 
collaboration and its shrewd confidence in the technological development. 

In Cha,ptcr 2 I will briefly introduce the physical moi;iva,tion behind the conception of 
the CMS detector. The starting point is the need to identify the mechanism of electroweak 
symmetry brea,king, extending the studies done at LET> and Teva,tron into a much larger 
energy domain. LHC will a~llow experiments to cover the entire maas range foreseen 
in the Standard Model (SM) for the Eggs boson and most of the paratneter spa,ce for 
its supersymmetric (MSSM) extensions. The CMS detector has been designed to fulfill 
these ta,sks and discover the Higgs boson(s). In this Chapter I will summarize how each 
CMS subtletector is optimized and I will summarize their main chasa,cteristics. Particulas 
emphasis will be given to the Silicon Strip Tracker; the main subject of this thesis. 

Chapter 3 is specifically devoted to the study OF the: most fundamenta.1 element of the 
silicon tracker, the microstrip detector. Starting with a short summary of the energy loss 
mechanism in solids I will discuss the physics of microstrip silicon devices. I will show 
how the design can be optimized for long exposure to heavy irradiation. The biasing 
method, the decoupling from the electronics: the strip isolation and the importance of the 
leaka,ge current are all items I will address with a view to optimizing the CMS trxking 
performances. Each piece of this complicaked patchwork must be tuned in order to obta,in 
the best spa,tia,l resolution, lowest noise a,nd cheapesi; price possible. This cha,pter will 
finish with the definition of a set of design guidclinc~s: a, i(~ool~bool~‘i ) for the CMS silicon 
microstrip detector, re;xly to bc applied in f’abricat~ioll. 

The details of t,he fabrica,tion of the CMS silicon detector are addressed in Cha,pter 4. 
Often the final nsel:s of silicon detectors, high energy paaticle physicists, ha,ve a limitecl 
knowletlge of the steps followed in clcsigiiing silicon sensors. The details of the fabrication 
are often neglected. My thesis demonstrates the effectiveness of a good understanding of 
the ba,sics of Silicon Technology. Problems such as dielectric breakdown, leakage current, 
m&a,1 resista,nce or integraked capacitor yield cm be solved integrating a,cl-hoc process 
modifications wit,11 xi optimized design. The strong interconnection between these two 
aspects has made possible the des-elopment, of a ‘!C;\~IS process” for ra,diation-hard silicon 
detectors which is now employed at, CSERJ. 

In Cha,pter 5 the clla.racteriza,tion of t’hc CM? detector prototypes pcrfortnetl in the 
last three years is tlescribcd. First:. electrical mcilsurem~ent, on cl-rip were performed in 
order to understand the tlesign specificities and t,he process effectiveness. The reslllts of 
such tests were direcAy fed into R. ‘lCt-lD (technology computer a,iclecl clpsign) fra,menrork. 
The cleta,ilecl process and device silnulatioris ma!- help iu Imdersta,il(ling fuzzy beha,viours 



or possible fkilures and may a,lso be used to cheek the possibility of optimizing bot)h 
design and process to the required performxrces, without being obliged to wait for a. new 
production. After completion of electrical cha,ra,cterizat’ioni t;he detectors have been tested 
under pajrticle bea,rns, before and after irradiation. The untlerskmding of the detector’s 
integration in the read-out chain (i.e. coupling with the clcctronics and the DAQ) give 
infornmtion about position resolution for a trxli passiqg thl,ough the detector. DilTerent; 
detector geometries were tested. 24t the end of this chapter I will report the results 
obtained in September 11997 in building t’he prototypes for the Silicon Barrel (SiBI.) and 
Silicon Forward (SilTI) Milestones. 

Once the fea,sibility of such a silicon trxker system ha,s been confirmed, it is important 
to test the global CMS performances by looking kit-0 the simula,tion of a,n interesting 
physics channel. In Clxqter 6 a study on the possible observation of the lightest SUSY 
se&r Higgs boson ii via its cleca,y /z -+ @I is presented. ‘The strategy is to exploit; 
the strong interaction production of gluinos and squa,rks. Their typical cascade cleca,y 
products arc neutralinos and charginos (primarily 2:) which decay abunda,nt,ly into 1%. 
The identificadion of the Higgs bosons is done via, the reconstruction of the 16 pairs once 
the la,rge b6 backgrounds are suppressed with missing energy gr a,nd jet multiplicity cuts. 
In order to reduce the number of free parameter of the MSSM theory, I have chosen to 
work within the SUGRA approximation driven by supergravity-inspired theories. 1 will 
show tha,t the /z + br, pe& is already visible in an interesting region in the SUGRA 
parameter space cluring t&e low luminosity period of LHC. 
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ntroduction 

In the beginning of the new century a new la,rge a,ccelerator, the Large Hadron Collider 
(LHC), will become opera~tiond in the existing 0 27 km long tunnel of the LEP electron.- 
posikron collider, actually in operation at CERN. This new collider will a,ccelerate protons 
in order to get proton-proton collision at centre-of-mc?,ss energy of 1.4 TeV and luminosity 
up tjo c N 103” crne2se1. These performances will estencl the centre-of-mass (c.m.) energy 

a,ttained by the Tevatron (the pp collider a,t Fermila,b (Chicago, USA)) by a factor ten 
and luminosity by more tha,n two order of magnitude. 

The ma,in motivation for building such machine is to investigate the mechanism re- 
sponsible for electrowcal~ symmetry breaking. Botl-I Standard Model (SM) 13.1 a,ncl its 
minimal supersymmetric extension (MSS!d) [3] suggest models for the origin of particle 
masses [3, 41. The present experimental mass constra,ints on the SM Higgs boson are loose 
(77. 5 < rn,H ,', 450 &V/c" a,t 95% C.L.), Tvit’h bounds fixed by LEP a,ncl SLD experiments 
[5, 61 Theoretical arguments on weak Higgs self-couylin g fix in my cxc a,t I TeV/c” the 
upper bound for an elementa,ry Higgs mass 171. 

The design a,nd optimization of a,n L&C detector like CMS (C ht~pact Muon Solenoid) [Sl 
must be focused in the possibility to explore the entire SM Higgs mass ra,nge tdting into 
account all the Higgs clcca,y modes and their experimenta~l signatures. Since the Wiggs 
mechanism is foreseen as very likely but it is not an observed phenomena yet, the de- 
tector must a,llow tlic study of the diXtrO\VCi\b symmet,ry breaking mechanism even if it 
is not metlia,tcd by the Higgs boson. 'The uqniwment of detecting c2 variety of different, 
sigrdures predicted by physics beyond Stanctard hlotiel lcncl to t,hc concept of a, general 
purpose detector. 

R,ecently it has been pointed out that t’he introduction of supersymmetric theories 
(SUSU) may pure the nnss divergence problem of the SM Riggs, bnt at the espense of 
introd~tcing several Higgs bosolls [2]. In tl-IP miiiimnl extension of the SM there are five 
such states and they can evcntuall~- be in733tigiltetl b:- CA%3 in a, large portion of paraan- 
etcr space, since the requiremcnhs for Riggs huuting in ;\:TSSM are simila,r to SM. The 
search for new ph-\;sic:s in a,n hatlronic environmer~t- is t’llr~ i hernlore enhanced by uoting 



2.2 The LHC collider 5 

that the production CI’OSS section for strol& intemcting gluinos and quarks are large. 
The detxctor requirements for SUSY studies a,re similar to what is foreseen for SM: the 
missing momentum mea,sin7xncnt, crucid ta.g for MSSM Higgs deca,y modes a,s well as 
for glnino and squa,rlc detection, asks for highly hermetic detectors. Although high lu- 
minosity is essential to cover the entire range of mecha,nisrns of electroweak symmetry 
breaking and to explore a significa~nt fra,ct,ion of SUSY palamcter space, LHC will start at 
c2 significant lower luminosity. The CMS del-xct,or is well suited to benefit of this period 
(L <= -~pcm-“s-l ) allowing the study of large cross section processes as those involving 
bexnty and top quarks. The importa~nt ingrdients for b-physics are good momentum and 
effective mass resolution ant1 high qudity secondary vertex reconstruction. The combined 
use of a silicon tra,dier and a, pixel detector Alows high b-jet tagging efficiency and purity, 
especiadly useful for t’op physics (t -+ Hc”)0; I-fzk -+ 77) ad some Higgs production Xl 
clcca,y modes, both a,t low and high luminosity. l?or example the observdion of H --P b6 
with rnfl w 100 GeV, both in SM a,nd SUSV may be possible only through the tagging of 
accompanying b-jets. 

The a,dva,nta,ges and the physics potential of the precise tracking perforrxmces provided 
by the micro-strip silicon detectors have been extensively clemonstrded both by L,EP 
experiments a,t CERN a,ncl CDF a,t Fermila,b. In CMS god is to get sir&u sophisticakecl 
performa,nces on a la,rger scale of a,ppara,tus and in a much more clificult environment. 

In the following sections t,he CMS structure will be summarized. In Sect. 2.3 a,11 the 
subdetectors will be introduced and briefly described. In Sect.2.4 the structure of the 
silicon tracker will be stdietl in more detail. 

.2 The HC collider 

The construction of the Large Hadron Colliclcr (LHC)[9] 1 1~2s been approved by CERN in 
late 199/l. The ma,chinc will provide proton-proton collisions with a c.m. energy of 1.~1 TeV 
aad im unprececlentecl luminosity of 103”cxn-21s-‘. In order to a,chieve the design energy 
with the constraint of the 27km circumference of the LEP tunnel, a superconducting 
magnet system must be opuxtional a,t a t;emperi-\8tllre of superfluid helium below 2 "I<, 
yielding a, dipole field of 8.4T. The LIHC is &signet1 as a. double bea,m proton-proton 
collider: the t,wo rings are inserted in the same magnet ancl cryostat in order to save 
space aaid costs. The ma~chine will proTide also heavy ions collisions with B luminosity 
of 1027cm- ’ s-’ using the csist,ing CER,S 1ieaT-y ion prodnctiou facilit,y. S‘pacc mill be 
available above t,lie LHC t,nbcs for the eu3ltlial reinstallation of LEP cornpo~lents iii view 
of a possible e -- 71 physics program. I?igure 2.1 shon-s a sketch of the beam fa,cilities at 
CER,N. 

MS Detector 

The Compa,ct Muon Solenoid (C!\rS) is one of the Tao gcnerd purpose detectors foreseen 
at LHC. 



2.3 The CMS De-tector 

ATLAS 

Fig. 2.1: Pictorial view of the a.ccelera,tor: complex al; CERN. The LFIC machine will be huilcl 
in the sa,me tunnel of LEP. 

CMS has been designed tvith particulas emphasis to hermeticity (covering as much of 
solid angle a,s possible), to moment,um resolution up to the highest energies (by mec2ns 
of a la,rgc trxking system in a 4 T solenoidA magnetic field), to precision mea~surement 
of photon a,nd electron (by meaax of a very segmented, short ra,diakion length; high res- 
olution crysta,l electromajgnetJic calorimeter placed inside the coil), to muon trigger and 
identification (by means of ~1, reduntkmt and hermetic system with su ficient iron to absorb 
hadrons which serves a,s the magnetic ret,uru yoke) [IO]. 

In the following sections a, summa~ry of the cltarxteristics a,nd the performances of 
the main CMS sub-tletxctxxs is presented. Special attention is devoted to t&e silicon 
microstrip detectors, past, of the central tracker. \vlnich are the main subject of this work. 

The “engine” of CMS is a, long sul’ercondtlct’ing solenoid (l- 13 m) Tvith an inner radius 
of 2.95 m generating c% uniform magnetic field of 4 ‘r [Sj. ?‘he ma,gnetic fiux is returned 
through cl I.8 m thick sa,turat~ed irou yoke (1 .S ‘I‘) instrumented with muon chambers. 
A single rna,gnct thus provides the necessary bending polver for precise inner and muou 
tracking, and efficient m~ion detection and measurement up to rapidity of 2.5. Mea,sure- 

ments xvithin the iron yoke proTide the muon st;\nd-Aone capability. In F’ig. 2.2 the CMS 
experiment is slio~n in a 3-climcllsiona~l yie7Y. The overall tlimctisions xe: a, length of 
about 21.6 mj a8 dixrroter of -15 m and a total ‘\xigllt. of a,bout 12.500 tons. 

Muons from p-p collisions xc espc~cfed to pro\-ide clexl signatures for a, wide raalge of uew 
physics processes. The muon detcc~r should fulfill t~llrec basic ta,slts: muon identificxtion, 
trigger aald momentum lllei~sllrclltel~t,. The 4 ‘T maguctic field mtl the rctwn yoke, which 
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also serves as the absorber for rnuon iclentiiica,tion, permits to fulfill these requirements. 
Starting from the primary vertex, muons are first measured in the inner traclter, then 
traverse the calorimeters, the coil and the return yoke. They are identified and measured 
in four muon stations inserted in the return yoke in the barrel and end-cap regions. The 
four stations provitle redundancy and optimize the geometrica, acceptance. The four 
muon sta,tions include also triggering planes that identify the bunch crossing and ermble 
a cut, on the muon ixmsverse momentum at the first t’rigger level. 

In a, bxrel muon station, a,bout 40 cm deep, two groups of 4 layers of aluminum drift 
tubes are usctl in the bending plane to measure precisely the Y--. qb coordinate and the local 
trajectory slope. .Another 4 la,yers arc dedicated t.0 the z coordinate. There a,re about 
2 1 10” drift tube channels in the barrel region. The goal is to xhjevc a spxe resolution of 
better than 200 /.sm per la,yer , giving a position accuracy of a,bout 100 //,I~ and an a,ngular 
precision of &out 1 mrX1 per statibn. 

The solenoidal field bends tracks in the r’ - Q pkme. The muon momentum may be 
measured in three ways: 

1. sagitta rnea,suremcnt in the inner tracker; 

2. bending angle measurement immedia.tely after the coil; 

3. sagitta measurement in the return yoke 

The last two m&hods allow a tnuon stations stxmcl-alone measurement. Best results are 
attainable combining the three methods, as shown in Tab. 2.11. 

A time resolution of much better than 2511s is needed to identify the bunch crossing. 
Six layers of RPC (resistive plate chw~mbers) x-it’h a time resolution of 2ns and sufficient 
spxe resolution are foreseen for the first-level I~IIOII trigger. 

The four end-ca,p muon stations which must, n-orl< in a ma,gnetic field use six-layer 
ca~thocle strip chambers (CSC) for precision measurement of muon position (- 100 L/m per 
layer) aad momentum. The CSCs ase also usxl for txigger purpose and are supplemented 
by the RPC trigger system which extends 11p t’o jsqj = 2.1. This double triggering scheme 
insures robustness of muon triggering. In CfiIS t,he lowest values of the muon thresholds 
for 90% trigger efficiency in vxious rapidity range are list,ed in Table 2.2. 

These thresholds will be useful for mnli.i-nmon final k&es at low luminosity or in 
B-physics studies. The tTvo-muon final states in Z or Higgs decays a,re less demanding , 
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2.864 m 

- SBil 

Fig. 2.3: Tra.nsverse view of the CMS detector. The four muon &&ions a,re indicated as MB and 
ME both in the barrel and in the forwa,rd part. The inner volume is devoted to the calorimeters 
and the tracker. The hadronic calorimeter as HB, HE ant1 HI? whether ECAL as ER and EE. 
The coverage of the subdetectors is expressed in 17 units. 
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requiring p:” > 7 f- 10 GeV/c. At high luminosity (C ‘v 10’” cx-‘s-l), the &-muon trigger 
would ha,ve a threshold at 10 GeV a,nd the more tleruantling single muon trigger with a 
t~hresholcl at 20 GeV would result in a G l&k first level trigger output rate [5]. 

2.3.3 The Calorimeter System 

The calorimetric system of CMS is mxle of a crystal electroma,gnetic cdorimetcr [II] 
(ECAL) with an haclronic calorimeter (HCAL) [la] lxhincl it. The primary function of the 
electromagnetic cdorimeter is to measure precisely elcctxons and photons. In coll,junction 
of the hadronic calorimeter it measures also jets. The ECAL system is mxle of a, high 
resolution led t]ungstate (PbWO 4 cryst,als. In the end-cxp region the ECAL extends up ) 
to rapidity 1~71 = 3.0. This central calorimetric system is complementccl in t,he forward 
region (/,YI/ < 5.0) t,hrough its very forward edensions (cf. Fig. 2.2 and Fig. 2.3). Their 
function is to insure detector hermeticity for good missing Wmsverse energy resolution, 
xncl to meixure forward “ta,gging” jets signing WI,,, .‘cr$ production through I;vW or ZZ 
fusion. I-lermeticity is paxticularly important for process where the missing El is on the 
order 0C few tens of GeV as in fi, ,FI, 11 --5 71, W -+ 111, -t + 11/b, t -+ U*b + ?-r/b and foor 
spxticlc searches connecting LEP2 and Fermila,h with LHC search ranges. 

The desired performances, the choice of clet.ection techniques ancl the design of the 
ECAL are mostly tuned on the requirements imposed by the u’ ---> yy channel. This is 
the most appropriate channel to search a,t a haclron collider for the SM Higgs boson or 
the lightest MSSM Higgs boson 11 in the SO + 1.30 GeV/c” mass ra,nge. The na,tural wiclbh 
of the Higgs in this mass window is very smdl (< 1 GeV) thus the observed signal width 
is entirely determined hy the experimental ,y’y efkctivo ma,ss resolution. This resolution 
and the level of the large and irreducible yy bacl;grouncl will clctermine the signal sig- 
nificance. To achieve x high mass resolution requires first an excellent electromagnetic 
energy resolution DE/E. However the ym/ mass resolution depends dso on the two-photon 
angular separa,tion 0. At low luminosity the e\-ent \-ertex is designated by a hard track 
in the event a,nd the angular term has only a. minor effect on the yy mass resolution (a 
contribution < 200 MeV) 

At 1.03”cm-2s-’ there XC in average 20 minimum bs events superimposed on the 
triggered yy event. 1F r% mea,n longitudinal xdxs posit,ion is used in ca~lculating the yy 
effective amass, the error introduced in the mass rcsolut~ion is very large (about 1.5 GeV 
for rnFr :-= 100 GeV). Thus, the shower position me;xsurement in the calorimeter and in the 
silicon preshower in front of it, insure x directional precision OC < 8 mrd which is sufficient 
to keep the contribution to the mass resolution bclon- 500 SleV. The goal is to have an 
ovcdl resolution cr,~~ = SO0 i\IeV for ~~‘~,~~ = lO(1 GeJ!‘/c’ at 10”” ciW2sd1. 

The use of PhWO,t for the crystals is clue its short racliat,ion length (0.9 cm) and small 
Moliere radius (2.0 cm), The low light yield of those cr?-sta,ls ca,n be overcome using silicon 
avalanche photodiode 2,s rexlout, clcment8s. The xrangcments of the crystals is shown in 
Fig. 2.5. In the lxrrel the crystal ll?lI-C a, length of 23 cm (25.8 X;O deep) and the lateral 
granrilarit~v is 2.2 X 2.2 cm’. i.e. -111 x -1~) = 0.0175 x 0.0175. The totxl volume of crystals 
is ahout I1 m3 and the total number of crystals channels is w S2700. 



2.3 The CMS Detector .-.___~- ~-. ____-. 

Fig. 2.4: A 3-D view of the electmma~gnetic cadorimcter. 
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The expected energy resolution for eleckrons or photons of El = 1.20 GeV is fig/G = 
0.6%. The in-situ ca,libration and online monitoring of’ t’hc ca,lorimeter is insured using E/p 
matching usin, (r isolated electron Gom W or % decays measured with i: 1% momentum 
resolution [S]. 

Hadron calorimetry with large geometrical covera,gc for mea,surcment of multi-jet final 
states and ~missing transverse energy is essenti;XI in bot’h sqwrk and gluino sea,rches, and 
for detection of the Higgs boson at 11173 > 100 C&\-/c”. ‘The hadronic ca,lorimeter pla,ys 
also a, fundamental role in the study of ($33 jets as well as in top and 7 physics. In CMS, 
HCAL is subdivided in a ba,rrel and a for\vard part. Bot,h parts experience the 4 ‘I’ field of 
the CMS solenoid and hence require a non-magnetic matcrkl (copper alloy and stainless 
steel). HCAL is a sampling calorimeter: it, is maclc of copper a,bsorber pla,tes interleaved 
with scintilla,tor tiles readout with embedded wa,velength shifting fibres. The minimal 
sampling thickness in the barrel past will be - 6.8 i~uclear intera,ction lengths (A) at r] =:: 0. 
In ardor to insure a,dcquate sampling depth in t,he entire pseudora,pidity range, jY?j < 3.0, 
the first absorber layer of the muon chamber is inst;l,unrentecl, as shown in Fig. 2.6. Due 
to their placement in a very high raclktion and rate environment, the WCAL forward 
extensions use as active medium quartz fibres cmtbedded in a iron a,bsorber volume. This 
makes their ha,ving big sensit,ivity to Cherenltov light3 from neutra,l pions in hadron showers 
in a very forwasd region, extremely important for missing energy measurements. 

The expected hadronic resolution is 3El.E =- loo%/& + 4.5%. The tiles arc or- 
ganized in towers; see Fig. 2.6, giving a, lateral segmcntati.on of ATI x A(i, z 0.09 x 0.09, 
adequate for goocl di-jet sepration a,nd mass resolut,ion. Particularly demanding is the 
reconstruction of highly boosted W or 2 clecayin g in two jets, produced in decays of a 
- 1 TeV/c” mass E-Riggs. 

2.3.4 The Tracker System 

The central prt of the CMS detector is dedicated to ihe trxcking syst’ems. The a,dva,nta,ges 
and the physics potcnt,ial of UIC precise kacking performance provided by pixels and micro- 
strip silicon detectors have been extensively demons.trat~cd both by T,EIp experiments aa1d 
CDF. In CMS we aim at a similar sophisticxted Ixrformance on a, lxger scale of apparatus 
a,ncl in a much more dif%xlt environment. 

The Central Tracker (CT) is radially subcli~~icl~&l in three madn subdetectors, namely 
the Pixel Detector (PD) in the innermost region closer to the interaction region, the 
Silicon Skip Tracker (SST) in the int~ermediate one aud the Micro-Strip GELS Chamber 
(MT) in the outer part, close to i-he ca,lorimeters (SW Fig. 2.7). 

The detector pla~rrcs are distributed in t#he cylindrical tra,elriag volume of CMS with 
ditnensions /z] < 2.935 m a,ncl R < 1.1% in. 

A tra,clc ovigina.tcd in the int,eracl-ion region enco~u~tcrs in t,he bxrel part of the trackeri 
first three layers of pixel cletcctx~rs pros-iding accnrac!- of 1.5 jsm, t81ien 5 la,yers of microstrip 
silicon detectors providing point-3 x+th I,5 jim prwisionz follom;ecl by 7 layers of 200 pm 
pitch, 125 or 2.50 mm long g i&S micrc3strip chambet5 (3 ISGC) giving a measurement, with N 
50 pm precision a,t normi~l incidence p:3j. In I,lie forwxd part;, t,he CT end-cqx xe n&e 
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Fig. 2.6: Sick view of the tower structure of ECAL for t;he bard a,ncl end-cap regions. 

of three pixel disks, IO f’ort\Tijrtl silicon microstrip disks a,ncl 10 MSGC pkmes. 

The CT’ is designed to ensure high quality momentum resolution, precise e/r scpara- 
tion a,ncl excellent charged track isola,tion. 

In particular, isola,tecl high pL muons and electrons should be reconstructed with ofi- 
ciencies greber than 98’%j the fbke track ra,te shoulcl be lower than 1% and the momentum 
resolution should be better tha,n Apt/pt = 0.1.3]+ (in TeV/c) over the full ra,piclity ra,nge 
of 171 5 2.5. This will allow measurement, of the lcptnn chzge up to N 2 ‘&V/c and an 
in situ ca~lilxation of the clcctromc2gnetic calor-imctcr crystds through energy-momentum 
matching using Z + ~::-e- and w- -7) CI’ clccaps. 

Once the tzaclis have been correctly identified, the measurement of the momentum is 
simplified by the 4 T magnc~tic field and the large law arm of the tra,cking system. In 
the ca,se of non-isolated tracks inside jets of trilllST:erSe energy up t’o a few hundred GeV, 
the Cent,ral Tracker is rcquirecl t’o reach a tl.tICli fiiucling efficiency of better than 90% for 
tracks of pt 2 11 GeV/tr and ghosts at: the lcwl of 5 I%. 

The pa,ttern recognition at, high luminosity requires severe constknts on the granu- 
larity of t’lie subdetectors. -4.; 10” 1 ciK2s-‘: in Wresting events will be superirnposecl on a 
ha&ground of abollt 300 sol’t cllal~gc~l tl.FlCliS -from about, 1.5 minimum bias cvcnts occw- 
ring in the same hunch crossing. Their vortices are clistributetl dong the beam direction 
with a r.m.s of 5.3 cm. To snlw the pattwn r~wognition problem, the CMS approach for 
the CT is ba,secl on very high graunlarit~;\;, st’rong segmentation in z, high hit, efficiency and 



2.3 The CMS Detector 14 

Fig. 2.7: Layout of the CMS Centrnl Tracker. From inside out, resp. the Pixel Detector (I’D), 
the Silicon Strip Tracker (SST) and the Micro Strip Gas Chamber Tracker (MT). In the baarel 
volume the detectors are arranged in coaxial cylillders, whether in the forwasd paat the detectors 
are placed in many concentric disks ring shaped. 

single-cell occupancy at the level of 11%. 

In the CT the combinakion of pixel and strip detectors will provide the ueces~a~ry 
granulasity a,ncl precision. Pixel detectors provide three climcnsional spa,ce points close to 
the ideraction vertex ancl guxrantee high precision for secondary vertex reconstruction: 
having points rnea,surccl with 15 ,wn precision in hot~h r I-^. (ii, a,nci B so close to the prima,ry 
vertex significantly reduce combinatorid ambiguii-its. 

Microstrip detectors arc the natural choice for the layers following the pixels: high 
spidial precision a,nd time resolution combinccl n-ith rzdiation hardness make silicon strip 
detectors itled for the intermediate region. 1:‘h~ fast, collection t’ime of silicon allows the 
single bunch-crossing identification. The previous running experience of Silicon Vertex 
Detectors aacl a lot, of test beam chta show t,hat jvit-‘h S/N ratio around IO:1 it is possible 
to obtain single hit efficiency compakible wit’11 .lOO%. 

Extensive simulation work shows t#hat 13 ywcisc llits in the bending plane, recon- 
structed on average per high pt track in t-he full tracking system. a,re enough to perform 
good pattern recognition. This fact, implies thai. wit-h 5 layers of silicon in the SST it 
is possible to achieve good efficienq- in linltiilg the hits produced by the Pixel Detec- 
tor in the vertex region and the hits recoust~~~ctecl ill the less congested region of the 
outer MSGC layers. r\:loreoYer it, is possible to perform I-rack srgrnent5 reconstruction and 
momcntlrm mea,surement within the silicon t8raclw, a,lone: t,his adlow a preliminasy SST 
internal alignment, facilitjating t’hen t’lie alignment among the diKerent sub-cletectolz of 
the Central Tra,clter. In an!: cask. the reqnire~nents f’or an dkctivc pat,tern recognition 
translates for the SST in ;L singlr hit, resolution of lwttcr tha,n 20 /sm a,ncl r2 two track 
resolution in the inner layers of bettel, than 200 i-cm. Thwe requirements determine ha,- 
sically the read-oul; pitch while a maximum strip length of about, -1.2 cm is necessa.ry to 
mainta6n the cell occnp;\ncy at, the 1.% level. 'I'he coruhineil cKect of the requirements 
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Table 2.3: Summary of sizes, number of chnrmels a.nti intrinsic resolutions of detectors in 
the Central Tra,cker (Pl3: pixel rletcctor, SST: silicon strip detector, MSGC: microstrip gas 
chambers). 

on resolution and segmentakion leads to ma,ny thousant Is of detector modules for I’D and 
SST and r~ IO7 electronic channels, 

The presence of b-hadrons may be tagged with reasona~ble efficiency from displaced 
vertices produced by their wea,k decays. Impa,ct para,meter measurements play an essen- 
tial role in .B physics and in taggin g b-jets in high ?lL events. The system of pixel and 
micro-strip silicon detectors provides vertexing capability in both coordinates not only 
to distinguish among different interaction vertices a,t fir11 luminosity but Aso to provide 
a precise measurement of the impact para,metcr of tracks in botll coorclirmtes a,nd ovel 
a large ra,nge of momenta. The goal is 3D vcrtes reconstruction, a tagging cfliciency for 
b-jets a,bove 20% with a mistxgging probability below 1%. F’urther const-,raints come from 
the requirement of IP reconstruction at low luminosity with good ma,ss resohttion.. For 
tracks with pt > 10 &V/c, the impa,ct parameter resolution in the tra,nsverse plane must 
be better tha,n 40 Kim over the full rl-region n-bile the corrcsponcling impact parameter 
resolution in the r-z &me is required to be better tha,n 100pm in the cent& region. 

These requirements on vcrtesing demand t,he requested accura,cy for the z measure- 
ments provided by the silicon layers to be bet-tcr tmhan ,500 /pm. 

Table 2.3 summarizes the main cha,ract,eristics of the different cletector elements of the 
centra,l tracker. 
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2.4 he CMS Silicon Strip Tracker 

Once the physica goal of the Silicon Strip Tra~clxr is sl~ecified~ the defiuition of the cleta,ils 
of the system must be set. This sect~ion ixldresscs t,lie constraints clue to its integration 
in the Central Tracltcr xx1 those imposed hv the outer detectors, especially ECAL. 

2.4.1 System Constraints 

Several experimenta. constraints must be taken into account in the definition of the design. 
The most relevant ones are the radktion environment and the limits on the material 
budget. 

2.4.1.a The radiation environment 

The most critical issue of the silicon tracker is the long-term surviva,l a,fter heavy irradi- 
ation. The system must, be designed to guarantee stable operating conditions for several 
years of running ixt, the highest luminosity. 

The levels of rxliation due to primary interactions will be very high a,round the collision 
region. In a,ddition, a high flus of neut’rons will be present in the tracking volume due 
to albedo neutrons eva~l~ora~tccl from nuclear interactions in the material of the elect,ro- 
ma,gnetic calorimeter. Assuming three years of runnin g at low luminosity followed by seven 
yeass of high luminosity, it is possible to fis a, design mlrrc for the radiation resistzmce of the 
system based on the flux of rxliation intersecting the innermost silicon layer: t,hc detector 
should maintain reliable performance a,fter a, ma,ximum flucnce of 5 x l0’” neutrons per 
cm2 and 2 x 1Oi” charged prticlcs per cm’. 

As will be demonstrated in Cha,pter 3, the design of the micro-strip devices for the 
SST will be based on the us(e of single-sided p’ segmeiitecl implants on a,n initially la-type 
bulk silicon. This option implies the coupling of t,n-o single-sided detectors ba,ck-to-back 
to equip the double-sided layers (cf. Sec. 3.3.6). The use of simple devices offers a grea,t 
advantage in terms of both cost and industrial production capa,city (cf. Sec. 4.12). It does, 
however, present a sigrmicant cha,llenge in that. after t’he inversion of the bulk induced by 
ra,cliation, the detect,ors must be substantially over-cleplcted for having good performance 
(see Sec. 3.3..5 and Chal~tei~ 5). Since the expected depletion voltage, after type inversion; 
increa,ses very rapidly as a funct’ion of t,he flucnce. i he single detector elements and the 
system a,s a whole must be tlesigncd to allow for high vollxge opcra,t,ion of the silicon 
devices. 

Ma~naging the high racliation environment, of t,he LHC will rccliiire the silicon wa,fex 
to be lie-E,tj cold. The silicon operating tcmyerature becomes iucreasingly importimt a9 
the effect of the racliation becomes more pronounced (cf. Sec. 3.3.5). The entire volume 
of the silicon tracker must 1-x perma,nently kept, ~~11 below 0 “C diuing running a,nd only 
for litnitcd periods of time it, nil1 be a,llowed 1:~~ rcacli toonr tcinperature for ma,intenance 
purposes. 
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Fig. 2.8: Neutron and charged h&on flnxes along the beam direction a,nd a,t different radii in 
the tracking cavity [8]. 

2.4.1.13 Material Budget 

The amount of materix1 within the tracker volume will affect the tracker performance 
in various ways clue, i.e. multiple sca,ttering, delta, mys, photon conversions and strong 
interactions. Even more critical is the effect, of the tmclter material on the ECAL perfor- 
inmce. Strong crnpha,sis has been put in the CMS design to allow eficicnt reconstruction 
of the H ---$ yy cleca,y moclc. This places st,ringenr requirements on the perforrnancc of 
ECAI,, which in turn seriously coustmins the material of the tracker. In order to limit 
the fraction of photons from Higgs decay convert~irlg within the tracking volume to less 
thm 45%, the tracker must, have a, mirritnuul racli;l,t;ion length compatible with a robust 
and stable construction. This constraint reflects in 2). limit of 40G% of rxliation length for 
the SST OVCI‘ a significant 71 mngel see Fig 2.9. 

2.4.2 System Characteristics 

In Chapter 3 the choice of detectmrs xr-e c1t~scribec-l in detail. I;hr the puqx~ses of this 
sect,ion it is important, to note that t#he constmint,s imposed by ratlia,tion resistance, easier 
hanclling and overall system costs, strongly suggest the option of single-sided detectors. 
This is a ma,jot dccisioo. In fact, once single-sided cletectors xc chosen, the progress in 
the definition of the reatloirt, elcctrmics, the supp01t st~uctnres and the cooling cm he 
clone cotlsistent’ly: the opiimimiion of the dcsijin (01‘ the technology can be postponed in 
a later stage. Pros aucl cons of i.his choice n-ill be simimarizecl in Chapter 3.3.7. 



2.4 The CiMS Silicon Strip Tracker 

Fig. 2.9: Ma1;eria.l in terms of x’o a,s c% limction of pseudora,pidity for SST wnd PD. [Sj 

2.4.2-a Read-out electronics 

In a,ccordance with the, single-sided device option, a fdly atdog architecture based on a, 
fast amplifier followetl by a,n analog pipeline and a, cteconvolution circuit has been chosen. 
The analog read-out a,llows a,n efficient common mode noise subtraction. In xlclition, 
it dlows a, better control of the behaviour of t,he detectors, giving larger margins for 
underst~,nclin~ and following the change oft he system performance induced by irrxliation, 
Dia,gnostics of the fa,ilures will be easier and a, tine tuning of the on-line and d-line 
thresholds will be possible t,o obtain the best I>erforma,rtce for cliH&ent running conditions 
in different layers. Mldt,i-lqw aluminisecl kapton hybrids will be used to reduce the overall 
ma,terial budget. 

High speed optical links, bxxcl on laser ~ehnology, will feature radiation hardness, 
sma,ll size, low power dissipation and high analogue transmission qdity. 

2.4.2.b Detector Modules 
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Fig. 2.10: Readout electxouics scl-rcu~. 

2.4.2.~ Mechanical structure 

Low ma,ss supporting structures are foreseen. The mccha,nics will incorpora,te f;he cooling 
system, cables and optical links and all other services (a,ligument~ monitoring and survey 
systems). High performance cubon fibre composit’es a,re foreseen r?s basic makerid of the 
mechanical structure. Since a temperature ra,nge of about 40 “C is expected in between 
the assembly and running: temperature of the most critid parts the st,ructure will be 
fabricated with the constraint of having a therma~l expansion coefficient (CTE) close 
to zero. Symmetric structures will lx x3311 for all mechanicd elements incorporating 
materids with CTE different from zero (i.e. the detfctor modules) to avoid hi-metallic 
effects. 

2.4.2.d Cooling 

The operating tempera~turc of the silicon tracker will be -10 “C. The cooling system will 
he ba,sccl on fluids used to cool down by dir& concluction of all elements producing power 
(electronics, optical links and service cards:, cables ilIlC1 silicon detectors) a,nd on cold dry 
nitrogen flowing tlirorlgh the system. A t:hcrmal shield will isolat’e the volume occupied 
by silicon and pisel detectors from the volume of t,he hlSGC running at +1S “C. Small, 
thin wallccl meta, pipes Tyill be used for the cooling system. 

2.4.2.e Alignment and mechanical stability 

The liid position ol’ each detector strip in space will bc determined by using txxks. 
Survey data will be nsecl to corrstra,in the initiid infoimation and to speed up the iterative 
procedure. A monitoring s)-st-em n-ill be used t’o coutr~ol the sta,bilit;y with time of the 
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Fig. 2.11: ‘I’mnsverse vietv of the silicon basrel detector. 

detector. 

The single detector modules will be fabricated with an internal precision of :5/m in 
the detector pla,ne ajnd of about 30 /em in the coordina,te pcrpenclicnla~r to the plane. The 
mechanicxl structure will allow a survey procedure durin g the a,ssembly of the modules 
to know the absolute initial position of each st,rip irl space with an accuracy better than 
1.10 bun. Maximum deviations from the nominal positions due to the combined effects of 
mxhining precision; gra,vity and thermal deforma,t-ions will be kept at the level of tens 
of microns. Stability with time under st,able operating conditions will be at the level of 
10 microns. 

2.4.3 System Organizations 

The Silicon Strip Tracker (SST) consists of >>l>prosir~~i~tel~ 7.5 111’ of instrumented micro- 
strip silicon clctectors. It is comprtsed of 3, baru~l region consisting of five equa,lly spaced 
cylindrica.1 la,ycrs and six mini-dkks and a. f’orn-ard/h;lcl;~~artl region exh one composed 
of ten disks (cf. Fig. 2.1;>). 

The silicon scllsors arc OYgilIliZC!tl in deiector modules formed by one or two detectors 
for a,n overa, strip length between 6 and 12.5 cm. Dct,ectors and on-board electronics are 
a,sscmbled on low mass supportiug clementx. The detector mocl~~~l~s a.rc mounted on very 
light 2nd stiff supporting strllctures incorporating cables. cooling s,ystem and a,11 other 
services. In the following paragraphs is gjven a short tlescriptioli of cixh pa,rt of the SST. 
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The Barrel Part 

The barrel part instruments the radial region hetnwn 21. and 63.5 cm (cf. Fig. 2.~ll). The 
leugth of the entire system is 117.3 cm. ,111 cylindrical layers nre eqllipped with rectangula,r 
detectors and provide xxia,l information; in ad&t-ion la,~*ers 1-Z and 5 provide also small- 
angle stereo measurements. Three small disks on eacll side complement the first two 
barrel layers and a,re equipped with we&e-shaped clet,ect;ors and provide a 4 xzd a, rxliad 
measurement.The USC of this geometry reduces t’he number of detector modules while 
optimizing the cletector performance for very inclined tracks. 

Traclts a.t 171 < 1.2 are fully conta,ined in the barrel detector and cross only cylindrica~l 
layers. For 1~71 > 1.2 tra,cl;s cross bot,h the cylindrical layers and the mini-end-cap disks. 
The pseudo-rapidity coverage of the la,st disk of t,he mini-cml-cap extends clown to 1971 5 2. 
Ta,ble 2.4 lists the pitch-size and the number of channels per module foreseen for each 
la,yer. The strips in the stereo view are tillxd by 1.00 mra.cl with respect, to the beam line, 
thus allowing a, measurement OF the z-coordina,te, 

The dimension of the rectangular detectors are set to 63 x 64 mm2 in order to use 
all the ava,ila,ble surfxe on a 4” wa,fer. The detectors are ti.lted by 9” to compensate for 
the Lorentz angle and are arra,nged to alloy ci and z o\-erlap to avoid dcacl regions. This 
overlap a,lso tx~kcs into accoimt the spread of the prinwy vertex. The structure is slightly 
asymmetric in z to allow active det~ector elcment,s for pcrpendiculx tracks at q = 0. The 
xceptance of each detxxtor layer is listed in Table 2.5 (due to the overlap, a,cccptance 
numbers 1 100% are listed). 

A total number of I372 single-sided iClIIC1 IX0 double-sided modules will be iSIsed to 
equip the cylindrical layers of the barrel ilet,ect-or. S200 silicou detectors will be needed. 
In tot,a,l, a,n area, of X3.6 rn’ of silicon senc;orS anti X\J 3.2 I 10G analog channels ha,ve to he 
produced. 

The Barrel mini-end-caps 

The so ca3led “nlil~i-~~l~d-Ca~~)S‘: haw lx~a introduced in order to optimize the hcrmeticity 
of the barrel part of the SST lwcping the number of detectors as smit,ll as possible. Each 
disk is an inclepcndent, unit, colk3ining two rings of detectors. In txxh disk the two rings 
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Table 2.5: l&dia.l positions, number of motlules and detectors and geometrica, acceptance 
(Act.) of each layer for the barrel silicon tracker [14]. (ss) Single Sided detector, (ds) Double 
sided detector, (a): axial geometry, (s) stereo geometry; (ch) readout cha,nnel 

of detectors arc positioned on the two sides of the supporting structure. This a,lIows free 
space for the optic;11 links; services a,ncl connections. 

The basic detector element, of the mini-disks is a pa,ir of wedge shaped detectors, 
couplecl back-to-hack. In the front devicq radial strips point to the hean-line (c/-view). 
In the device on the baclq the strips are tilted h;v 100 rn~~l (stereo-view), t,hus pointiug 
to a concentric ring xolmcl the beam line. 

The most important parameters of the mini-end-cap detectors a,re listed in Table 2.6. 

Table 2.6: Radial positions and relevant nu~nhers of the bwrel mini-disk detectors. (a) axiad 
geometry, (s) stereo geometry, (ch) rea,dol tt channel. 

The 6 disks of the mini clrcl-cap contain IOSO silicon detectors (540 with rxlial skips 
and the other half kth stereo strips and clor~hle-mcta,l connections) resulting in a, tota, 
area of 4.1 m2 ant-i 41.5000 ana,log clxmnels. 

The grand total for the barrel detector a,rnnmds to 92SO silicon sensors (37.7 m’) xix1 
w 2.6 . 10” electronic channels. 
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Barrel Mini End-cap End-cap 

Fig. 2.12: Side view of the silicon barrel detector-, including the mini end-caps. 

The Forward/Backward Part 

The fc,rv\iarcl/ba,cli~~art-l pa,rts reconstruct tracks in the radial region between 22 and 59 cm. 
Exh of the twenty disks is made out of concentric rings ot’ wedge-sha,pecl detectors. On 
each side disks 11 to 6 cont& four ringsi, disks 7-8 three rings and disks 9-IO two rings 
only. Rings I and 4 provicle double-sided information lvhile disks 2 a,nd 3 a,re single-sidecl. 

The z positions of the disks have been defined to gxuantee full coverage and to 
optimize the trxk reconstrr~ction performance c~er the fi~ll pseudo-rapidity region covered 
by the for~varcl-basl\-m;arrl detector: I .2 5 177 / 5 2.5. 

The SST &ends longitrtdilla~lly for a,bont .?i..5 m. ~I?ach silicon detector is read-out by 
front-cncl electronics on a. pitch, va,r:-ing for dil’ikreut layers xtcl tlislisl between 52 and 
266 pm. 

The detectors in each CliSli arc organized in rillgs. ‘Table 2.7’ s bows t;h eir climensiolx 
aid charxteristics. 

The detector modules are xwml~lcd on both sides of the slrpporting structure of each 
clisk. Ovcrla,p in both coordirxltcs is obtained l-g- mormting acljxent, modules which are 
slightly offset in z. 
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Table 2.7: Dimerrsious of t,lle cud-ca,p rings. 
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the Silic ic stri 

A short review of the energy loss mecha,nism on silicon introduces to the problem of the 
eficiency OC a silicon detector: both energ!’ a,ncl posit ion resolution depend on how well the 
detector is suited to respond to ionisation. For the specific application of silicon detectors 
described in this thesis, most of the particles crossing the detectors a,re minimum ionizing 
particles and t;he goa, will be to reconstruct, their passage through the system with the 
best precision possible. The objective ca,n be atjtainctl only if the entire chain of detector, 
a,mplifier and rexlout system is able to keep the signal well above the intrinsic noise level. 
In this cha,pter, a,fter a brief smrm~ary of semiconductor physics with pa.rticula,r attention 
to phenomena directly a,f?ecting the silicon detectors, the most important characteristics 
r&ted to the S/N ra,tio arc studied: design details7 leakage current, high voltage opera- 
tion, capa,citive coupling and biasing methods are reviewed in order to optimize the CMS 
microstrip detector for safe opcrakion in the LI-IC en\-ironment. 

3.1 Energy Loss of High Energy barged articles 
in Silicon 

High energy charged pa,rticles traversing cr!-stalline silicon cau lose energy eit,her by ioni- 
sation OF the atomic electrons or bg the non-iconizirlg energy loss (tiIEL), i.e. displacement 
of silicon atoms from the crysta,l lattice; mostly 1-q the process of Coulomb nuclear sca,t- 
tering. The atom will be displaced from it,s lat8tiw site onl;~ if the energy t’ransfer to 
the nucleus exceeds a~~~~rOXil~li~i:el~ 3.5 cV. Belon- 181ia,t; the energy is clissipa,ted by la,ttice 
vibrations. 

Displacements of silicon atoms to interstitia~l posit,ions is one of the main rxdiation 
tlama,ge niccha~nisnis. For a high encrg~- part-iclc, the fra,ct,inn of energy loss going into 
the NIEL~ mechanism is relati\-el\: small. hnt the cum~~lat8i\~e cfiecb 011 t)he detector per- 
formance can be sewre. ;\ dcl cctor placed in ;I ncirt ran flus experiences no signal from 
primary ioiiisxtion. but, the inleract,ions can cause il high lewl of PWI, iu view of the large 
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neutron-silicon scattering cross-sect’ion. For both chargccl ha8drons and neutrons, other 
meclia,nisms of energy loss a,ncl rxliation ClXllilge exist; notably neutron capture followed 
by nuclear deca,y, a,ncl inela,stic uuclcas sca,ttering. In this srction, the atkcnt~ion is set 
on the ionisa,tion energy loss [Is], whereas non-ionizing energy loss and more gcncra~1l-y 
radiation induced mechx~isms will be anal~-xc1 in Section 3.3.5. 

3.1.1 Rutherford scattering and Bethe-Bloch equation 

If all t,he a,toniic electrons were Free: as if die crystd consisted of the silicon nuclei neu- 
tradizecl elect;rica,lly by a homogeneo~~s electron plasma., when a, clmrgecl particle traverses 
the ma,terial, it loses energy by collisions (Coulomb sc;l,ttfering) with the elect’rons. Close 
collisions, while rare, will result in la,rge energy tra.nsfers, while the much more proba,ble 
distant collisions give small energy transfers. 

The process can be thoughtj of classically in terms of the impulse gcnera,tecl by the 
attractive or repulsive Coulomb interaction between the projectile and the electron. 

The greater probability of remote collisions arises simply from the greaker volume of 
material a,vadlable for collisions with a given impact, pxramet’er range, as the corresponding 
cylinder (of mclius eqiml to the impact pammeter) espmds. 

In this simple case, the probability for a. collision to imprt an energy 3 to an atomic 
electron is given by the Rxthcrford cross-section: 

(3.1) 

where q and m are the charge and mass of the electron. 

The fact, tha,t the mass of the struck particle is in the denominator eqkins why scat- 
tering off the silicon nuclei, which i2I"c! much more massive, ca,llses very little energy loss, 
even if t,hese collisions cause t,he major contribution to the multiple scattering. Moreover, 
for sufficiently lxgc momentum transfers~ t,hest nuclear collisi.ons contribute to the NOEL 
referred to a,bove. 

The releva,nt information are t,he mean PnerS;y loss and also t.he fluctuakions, for tra;ver- 
sal of r2 given thickness clet8ector. However. the ini:egrxl of Eq. (3.1) over all E clivergcs 
like l/E. The stopping power of this free-elect,ron plasma would indeed be infinite, clue 
to the long-range Coulomb interaction. In practice, the electrons are bound and this 
prevents very low energy transfe~z to the vast member of electrons which axe distant -from 
the particle traject-01.3’. 

This divergence is conventionally avoided by introducing a senli-empirica cutoff (bind- 
ing energy) &ni,i which dcpencls on the ai-oinic number % of Ilic rtia,teriill. This is iiec- 
essarily xl approximate approach~ since i 1 ignores the fact t,hal; the outer elect,rons are 
bound tliEerently in gaseous mcclia, llrarr the>- arc in solids. I-Towever, a. slightly corrected 
Rutherford formula, is edrcmel-\- useful as l,egauds the close collisions, which a.re most, 
importa,nt in defining the fl~lCt,Ili\~tiO~~S in encrq- loss iii ‘thick sa,mples (greater than ap- 
prosimidely 50 /1m of silicon, for esaniple~. The rqnirecl correction is the upper cute-lf 
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.Gnm in energy transfer imposed by the rela,i;ivist’ic kinematics of the collision process. If 
the projectile mass is tnnch greater tha,ii 77).,: we ha,ve E&,,n!z; = %7nc”/P~y”. 

Kccpiiig into account the quant~rm mechanical na\tnre of parlkles and energy transfers, 
Bethe and Bloch [lG, 1.71 modified the semicla,ssical cspression of the specific energy loss, 
so that for a, heavy, spin 0; incident pa,rticle is 

where n, is the electron density per unit, I-olume, q nud YYL are chasge and mass of the 
electron, Z and ,O a,re charge and velocit,y of t,he incident pzuticle~ I is the mean ionisation 
potential for the medium and 0 is a, correct’ion function which takes into account the 
dielectric screening in dense materkl; (“density cfl’ect,“) [IS]; responsible for the decrease 
of energy loss a,fter the rela,tivistic rise ‘. 

The most important features of Eq. (3.3) arc its independence from the mass of the 
incident particle and its material dependence which is lineas through ne and logarithmic 
throrq$ the mea,n ionisation potential 1. In Table 3.1 are resumed the most important 
electromagnetical properties of Silicon. 

It is clez that for low momentum pa!rticles the cL!?/d~: CWV~ show the 1/u” drop up to 
a broad minimum for /+y N 3 + 3.5. As @ continues t,o increase the lnT2 factor begins to 
dominxte a,ncl dG/tdn: starts to illcrease (relativisk rise) up t;o a point where the screening 
of the a,tomic electrons reduce t,he increase from ,?c ln y2 to cx In y, flattening the energy 
loss for very high 7 to a conskmt value; a,lso referred as the Fermi plateau. Most of 
the rela,tivistic particles have energy loss close to the ininimum~ and nre said minimiun 
ionizing puticles, or mip. The Eq. (3.2) can be intlegrated to find the total range R of a 
particle loosing energy only throq& ionisat’iort. Ii- is clear t’hat, most of the ionisation is 
done when the particle slows tlown and it, is ;Ilmost, st-opped within the medium, i.e. at 
very low @. In Fig. 3.1. the range for different, particles in Silicon is shown as a function 
of the part,icle energy. 

The amount of cnerg~- lost b>- a charged p;articlc thiit has traversed a fixed thickness 
of absorber will vary dile t;o the statisticA nature of its iul-era,c,tions with iticlividua,l atoms 
in the material. Therefore the ciE/dn- shoilld be intended as an averaged valne. 

The Poisson statistics on euerg~- tra~~sf~~~s in this range gins rise to fluctuations on the 
overall energy loss for each t,raycrsal. Tlms 1-11~ o~:erall energy loss distribution consists 
of an approxima,tely Galrssian core plus a high tail, populated by traversals for which a 
few close collisions occi~red. each generating s(~\-er;~l times t,he mec?n energy loss. Due to 
the I/.@ term in the Ruthcrf’orcl formula, for each sample thickness, t#here is a.n energy 
-.--...I_.~ _____ --.--..~- - -..--_.-.-. 

'For a more clctailecl dcsc~iption WC [19] and relater1 r&rc~~~~s. 
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Fig. 3.1: R,a,nge-energy curves for different chxgcd particles in Silicon [al], 

transfer range in which the integrated prolxkility of such transfers through the sample 
falls from almost unity to nea~~ly zero. While the energy trmsfer region in whi& the 
proba,bility function falls almost to zero is dcpeuclent on t’he sxnple thickness, this merely 
introduces a,n ovemll scale fxtor, so the form of the overall energy loss clistuibution is 
constant (the Ladau-Vmilov distribution) over a, wide range of detector thicknesses. 

The rare close collisions with energy trimsfer greater than approximately 10 1icV gen- 
erate d-electrons of significant range; which will release electron-hole pairs along their 
path with a rate of approximately one per 3.6 eV of energy loss”. 

This etrect may he important in tracking detectors clue to its potential for degrading 
the precision. 

For these close collisions, all atomic electrons behave as if they a.~ free and the R,uthw- 
ford formula may be used n-it11 confidence. FOY thin satnples~ the energy loss flllctlmtions 
ase not a~tleqlmtely handlecl by t,he Rutherford formula with cutoffs &in and E,,,,. In 
this case, the hulk of the energy loss arises from low energy tva,nsfer collisions for which 
the binding of the alomic electrons must lx liancllod in detail. 

Qualitatively, t,he cffcct ot’ t’hc biucliug of the atomic electrons is to generate resonmce- 
like enhmwmmts in the energ,v loss cross-scctio12, a,hove the vallles eqectecl from the 
Rutherford formula, xc Fig. .3.3. ‘II’lle K-shell electrons produce ~11 enhancement, iu the 2 
to 10 1teV rqgc, the L-shell in the 100 eV t,o 1 lieI: range. and the M-shell a, resonmce at 
around 20 eV. Belon- this rcsonancc, t,he cross-section ua,pidly falls to zero, in the region 
around I5 eV where the Rutherl;?rcl fomiula ~oultl be cut off by the empiricad ionisation 
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threshold energy. The most satisfxtory moclcrn treatment proceeds from the energy- 
dependent photo-absorption cross-section. This is of closely linked to the energy 1.0~s 
process for charged particles, which t’unclamentallt; proceeds via the excha,nge of virt ud 
photous. Combining photo-absorption a,nd EELS (electron energy loss spectroscopy) data, 
Bichsel [22] has ma~de a, precise determination of the mip energy loss cross-section for 
silicon. The most subtle effects are connected wit,h the vdence (M-shell) electrons. These 
behave as a nexly homogeneous &use gas (plasma) cndxxlcleci in rl, fixed positive charge 
distribution. The real or virtual photons couple to this by generating longitudinal density 
oscillations, the quantum of which is called a plasmon a.ncl has a mean energy of 17 eV. 
‘The plasrnons deexcite almost entirely by elec%ron-hole pa,ir creation. These somewhat, 
energetic cha,rge carriers arc referred to as ‘hot carriers’. Like the b-electrons produced in 
the close collisions, they lose energy by thermal scattering, opticad phonon sca,tterillg and 
ionisdion. 

The pla,smon escit,akion is responsible for the cstremely large cross-section in the UV 
region followed by a long tail for 1onTer energies7 a~llowing therefore silicon to be optically 
sensitive even in the visible region. 

The closely related energy loss cross-section for a MIP is shown in fig. 3.2. 

Fig. 3.2: Energy loss cross-section for MIT’s in silicon. IWSUS energy loss in primary collisions. 
R.utherford cross-section a~ is superimposed. 

Note 1ha.t on average it# cscc~tls the Itnt8herford cross-section in the energy range 
10 CV to 5 keV. Above Ic) lie\-. it- is fern- close to i-he liutherforcl vaduc. By integrating 
the diflerent components of this cross-section: it is possible t,o deduce the total mexi 
collision rates associa,tecl with the different, processes (see ‘Tab. 3.2). Thus, despite the 
fact that on average a slice of silicon I pm in tlliClil1eSS Jvill yield SO electron-hole pa,irs; 
the Poisson statistics on th(? primary process (on iwwge 3.5 collisions per micron) clearly 
implies a, very broad distribution. n-it;h even non-negligible probability of zero collisions, 
i.e. absolutely no signal. For thin samples. correct statistical trei~tmcl~t of the primary 
process is essential if redist~ic energy loss jst-raggling) distributions are to be ca,lculatecl. 
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Table 3.2: Electxou collision probability ue per pm a,s a function of electronic shells in silicon 
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Implications for Tracking Detectors For high precision tracking; thcrc ase clear 
advantages in keeping the silicon detectxx as t,hin i$S possible. A thin detector is opti- 
mal as regxds mult;iple scattering. A detector with the thinnest possible active region 
(which may be significantly less than the physical thickness) is optimal as regards point, 
mca,surernenl; precision, for two distinct reasons. 

1. For non-orthogonal incidence tracks, the concern arises from &electrons of suificient 
range to pull the centroicl of the chitrge deposition significamtly off the trxk. The 
ra,nge becomes significant for high-precision tlrxkers for E greater than approsi- 
matcly 10 keV, for which the generatiou probability is less tha,n 10% per micron. 
Thus, a, detector of t,hickness 10 bsm is much less likely to yield a ‘bad’ coordi- 
nate tha,n one of thickness 300 ,M~ . If t,he magnituclc of the energy deposition in 
the detector can be mcxsurecl some cd the ba,cl coordinates will be appxent by the 
a,bnormally large associated energy. They could then be eliminat~ecl by a cut on 
the energy deposit, but this usually leads to lmacceptable inefficiency and is rarely 
implemented. 

2. The scconcl reasou for preferring detectors t,o be as thin as possible a,pplics to the 
case of a,ngled tracks. In principle it, may be possible to infer the position of such 
a track by measuring the entry and exit points in t,he detector, but more usually 
the best one can do is to measure the centroid of the elongated charge distribution, 
and take this to represent, the track position a,s it tramersed the detector mid-plane. 
In this case, large Auctua,tions in the energy loss (clue to e,jection of Ii- and L-shell 
electrons and b-electrons) may be sdicient; to cause serious track pulls for thick 
detectors. In the thin detector there is a, 10% probability of producing a b-electron 
which, if it occurs near one end of the trxck, pulls the co-ordina,te from its true 
position by 4 jsm . In the thick detector, there is the sa,me probability of producing 
a* b-electron which can pull the co-ordinate 1.)~ S7 //,rn . 

However, the rcquiremcnt of high detect,ion t:fficiency suggest to come to a compromise. 
In Fig. 3.3 are shown the energy loss clist%but;ious for very thin (e.g. I /,m Si) and 
“normid” dct’ector thickriessos. It is clea,r that in the first cast the energy loss distribution 
is very broxl, with peaks corrrsponcling to II. 1. 2,. , I plasmons excited, followed by a long 
tail estentling to very la,rge energy losses. ;1n ef?icient trFlCliil1, m clelxctor could ne.ver be 
built with such an active layer. At, 300 /r,m . the Lanc1a.u distribution gives an a,dcqua,te 
represcntation~ thus strorr~ly retiuciug the rnilS at loaner energy. 

Therefore, while very thin detectors are ideal from the vien;pointJ of trxking precision, 
great care must be i;akeii to assi~c that- system noise alloys a sufficie-ntly low thresholcl 
to xhievc the desired cletcctor dficicnq. 
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Fig. 3.4: Gxseous silicon allowed energy levels compared with energy bands in the solid material. 

3.2 Physics and Properties of Silicon 

Electrons under the influence of the Coulomb potentii~l of an atomic nucleus have only 
certain a,llowed levels. As more at,oms a,re xlded to form a, crystalline st,ructure, the 
discrete energy levels of the inclividua,l &oms merge into a series of’ energy bands in which 
the individual st,ates are so cksely spa,ced t,o be essentially continuous. These allowed 
bands are bounded by maximum and minimum energies and they ma,y he separated from 
adjacent allowed bands by forbidden-energy gqx or they ma,y overkq other bands. The 
detailed behaviour of the lxmcls fundamentally determines the electronic properties of the 
material: it is the essential fea,ture differelAia,ting conductors (no gap), insulators (big 
gap) a,nd sernicontluct,ors (sma,ll gall). In Fig. 3.4 a,re shown the akomic energy levels and 
the energy lxx& for ga~scous and solid silicon. 

The levels previously occupied by valence electrons are merged in a, valence band and 
those previously lmfillecl become the concluctlion band. Due to its original al;omic energy 
level structure, silicon at absolute zero temperat,urc has a small forbidden energy band 
ga,p (- 1.1 eV>; typica, of semiconductor mat’erials. It shoi~ilcl be noted here that the lasge 
band gq in silicon cliositle is 9 eV, much larger than typica, thermal or field impasted 
energies, thus ma,king it an excellent insulat,or and. coupled with the case with which 
the surfxe of the silicon cadl be osidised in a controlled manner, xcounts partially for 
t,he pre-eminerrcc of silicon in producing elect’ronic devices. At a.ny tempcra,ture above 
0 “I< the valence band is not ent’irel\- filled because oi’ small nninhei~ of electrons possess 
enough thermal ener:gy io ho esitcd across the for~bidden ga,ll into the nest adlowed band, 
leaving all equal. amount of vacant states (holes) in the valence band. The electrons in the 
conduction ba,nd can easily gain small amount~s of energy and can respond to an applied 
electric field thus I)roducing a cirrrcut flop. --it the same time in the valence band there is 
a re-arrangement of states n-hich cnn be I>ictilrc4 as t-he lx~l~~ard movement; (with respect 
to elect’rons) of holes in rc~q~onsc of i-he apJ,lic4 field. .A materi:\, in which the number 
of elect’rorls in the conduction band 12 cqunls the iurmher of holes in the valence bantl p 
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Fig. 3.5: Measured ionisadion energies from vxious inllxxities iti Silicon. The levels above 
(below) mid-g a p ase mea,surecl kom the bottom (top) of the condllction (valence) ba,nd and arc! 
donor (acceptor) levels unless indicated by ~4 for acceptor level (by D for donor level). From [23]. 

is called 1:ntrinsic semiconductor. When a semiconductor is doped with impurities, the 

semiconclucI;or becomes eztrk,.sic ad impurity energy levels a,rc introduced. The most 
useful means -for controlling the number of carriers is by incorporating substitutional im- 
purities, that is, replacing a, silicon a,tom n:itjh an impurity a,tom with, for example1 five 
valence electrons (like phosphorus): four impurity electrons will fill the covdent bonds 
between impurity a,tom and neighbox silicon atoms while the fifth electron is only wedily 
hound to the impurity atom by the excess of positive charge on the nucleus. Only a small 
amount of energy is sufficient to free this electron so t’hat it can wa,ncler about the crpslzl 
and contribute to electricd conduction. Since t,he sul.,stitution~?.l group V impurities clo- 
nate electrons to the silicon which becomes tz-.-type, t,hey are known a,s clon~~rs. If mod 
of the impurities are of the donor type, the number of electron in the conduction band 
is much greater than the number of holes in the va,lencc band. Electrons a,re then called 
mu,)o7+ty carriers, and holes are called ml,nori%y carriers. Ardogous arguments can be 
a,ppliecl to Group TII impurit’ies (like Boron) in which one cadent bond per atom is left 
unfilled thus causing s hole conduction clue to inter.rr;l,l la,ttice’s electron rearrangements. 
The silicon becomes p--type and these impuritjies atoms are called accqdors, In Fig. 3.5 
are shown the measurecl ionisa,tion energy of variolls impurities in Silicon. 

It is clea,r that, For sha~llon; donors, there usually is enough thermad energy to supply the 
energy .En to iouize all donor impurities at room temperature and thus provide an equal 
number of electrons in the conduction band. This condition is ca,lled co~77,pkte ion,kk7n. 

Thermal equilibrium analysis. ‘The f&e-carrier clcnsities in semiconcluctors are rc- 
lated t,o the populations of xllo~~cl dates in the conduction 2nd valence lzmds. The den- 
sities are tlepentleiit. upon the net energy in the cq-stal T\.tlicli is st#orecl in crystal-ldtice 
vibrations ($honons) a,s -\-r-c311 as b!; t,lit; electroils. -41 though i\ semiconductor crystal may 
be excited by csternd SOUI‘CCS such as incident: photoelectric ra,dia,tion, there exist ma,ny 
situ&ions where the iolxl energy is funct’ion only ot’ crystal tempetxture. Tn this case the 
semiconductor will sponta~neollsl~~ reach a StJiltE! known as liae7-77d eq7sdl:brkm, a, clyna,mic 
situation in which every process is balanced by- it,s inTerse process. Most! of the silicon 
properties will be described au the thermal cquilihrium concli tions unless sta,tetl dilfereutly. 
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Fig. 3.6: Silicon energy ha.tdgap as function of’ temperature. 

the number of vxancies (1~01~) in the valence lx& p, n = p = 721 , where the subscript 
i, reminds the use of intrinsic majterid. The intrinsic concentrt\,tion of carriers clearly 
depends on temperakure and is also function of’ the energy ba?ncl pp. In Fig. 3.6 and 
Fig. 3.7 both dependencies ase l~ighlight~ed in the case OF Silicon. 

A first important consequence of thermal equilibrium is expressed in the so called 
m,cx,ss-a,ctl;on law which holds for both intrinsic and extrinsic semiconductors: 

np -= nf . (3.3) 

It shows that increalsing the numl2er of electrons in a. sample by a,clcling donors ca,uses 
the hole concentration to decrease, since t#he intrinsic ca,rrier concentration is constant (at 
room tempcraturc for silicon 7zi = I.15 X 10’Ocn-“). 

The electron density in the conduction bi~~nd in an intrinsic semiconductor is given by 
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Fig. 3.7: Electron concentration in Silicon a.!: a. fnnci:ion of temperature in a sa,mple with a 
donor concentmtion of 10L”cn-3. From [24j. 

a,pplies (i.e. (E, -...~ E,f) >> kT meaning that only fcv allonwl states in the cond~~ctiol~ 
band a,re filled a in a not too highly clopcd l?,---type semiconductor) Eq. (3.4) cm be 
approximately emlmted to yield 

(3.6) 

where NC is called the effective density oT states at the condl~ction-bar~d edges, given by 

the expression 

(3.7) 

where m$, is the effective mass of the electron”. ‘l’he abox expressions cm be easily 
ada,pted for holes by tneans of indices change. 

For an intrinsic semicoutluctor, the neutrality contlition obtained equa,t;ing ~1, espressed 
by Eq. (3.6) with it,s analogous for holes p; lcatls to 

(34 
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(3.10) 

the energy separation from the Fermi level to the intrinsic Fermi level is a measure of the 
departure of the semiconductor from intrinsic ma,terial. 

When the density of dopant in the crystal approxhes fV,, the approximation of Fermi- 
Dirac statistics for electIron density by the simpler 1 lasTlrell-Boltzmanl statistics becomes 
invalid. Moreover; in a heavily doped semiconductor the band structure itself begins to 
be pert,urbcd, since the &t&y of dopa,nt at’om is such tha,t individual impurit,y atoms 
interact with one another. The energy levels they introduce a,re no longer distinct and 
broadens into bands. These impurity bands can overlap the acljacent conclnction or va,lence 
bands so thak no energy is required to ionize the dopani; atoms xtd provide free carriers. 
The most significant pcrtlubatiol~ is the redlxtion of the silicon lxutdgap, giving rise to 
the so cadled band-gap rr,arrowCa,g effect (BGS,). 111 Fig. 3.8 is clear tha,t the effect can be 
noticeable from 101” elect,rons CYI~-~ s&cre 1.E, is more t’han 10% of t,he bandgap energy. 

This helia,vionr can be ohser~cd in microsr-rip detectors since tlrc definition of the 
strips and guard-rings is done via ion implautat-ions. Dnscs are such tha,t the impurity 
concentrakions may excess the threshold described above. The combination of BGN with 
a, local high electric field lllily re~lucc significallt81y the tb~~l~olds rhr impact ionisakion 
and jimction brealcdon;u (cf. Sec. x3.3j. Thcrefo~~e this pl~cnornct~~on will caiIse at lea,st 
higher lea,ka,ge currcnt~ fan-ing i-hrongh t,he contacts. increrrsiq the overall noise and hence, 
degtadiiig the dctcctor pcrformxices. 
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Fig. 3.9: Effect of a,n electric field ~5 on the conduction process (a) at thermal eqnilibrium and 
(b) unclw biassing condition. From [23]. 

3.2.1 Carrier Action 

In the previous section a,re delined the sta.tic properties of intrinsic and extrinsic semi- 
conductor materials a,t the thermal equililxium. If the seruiconductor system is per- 
turbed (e.g. by the passage of cha,rged pa,rticles through a microstrip detector), a net 
carrier response is generated, giving rise to currents that can flow within and external to 
the semiconductor q&em. Under normal operating conditions there are three primasy 
types of carrier actions occurring inside semiconductors: drijt, di~#k&w, and gen,era,tkn- 
recombination,. 

3.2.1~ Carrier Drift 

In thermal equilibrium conditions, electrons within a, la,tticc of a 7%~-type semiconductor 
ha,ve a certain energy giving rise to a,lmost rmcln~n themml motion of the electrons around 
equilibrium positions. Typical electron thermal velocity a,t room t,emperature (300 ‘I<) in 
silicon is of t,lie order of 1O7 cm/set. If a small electric field E is applied to the scmicon- 
ductnr, each electron will experience a force --qE from t’he field a,nd it will be accelera~ted 
along the field during Ore time bekveen tilCrlIliII1 collisions. 

‘I’lle net effect will be t,he superposition of a, field induced velocity component to the 
thermal motion incliiced one. This additional compo~ncnt is cAled drift uebocity a,nd can be 
defined for electrons as ~J,L =I: LL,?~: Tvlrcre j.b,!. the ebec:tro72 77aobil?:lx~, tlescrihcs how strongly 
the mot,ion of a,n electron is influenced 1.)~ the a,pplietl electric field. 

(3.11) 

The mobility, defined in Eel. (3.1-l) in the case of electrons: depends on the effective 
mass of the carrier and on the mean free t8ime betn-een collisions, 7;%, which is determined 
by vxious scattering mechanisms. like the scattering n-it11 impurities and the interac- 
tion with the lattice \-i~llzations (phnuons scattering). In Fig. 3.10 the electron and hole 
mobility as function of the dol)nnt concentration at roo11-I teniperature is shown: below 
~ol"clI1-" : mobilitics ill'e cssentiall~~ independent of the doping concentration, since ionized 
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impurity scat,txriug can be neglected comparcxl Jyii-h lattice sca,ttering, which in t,urn is in- 
dependent of N/l or N n, the total acceptor or donor concentrations. For doping in excess 
of r-u 10L5cm-“, ionized impurity scat,tering can no longer bc neglected, correspondingly 
decreasing the cxrier mobilities. An important observation is t)he dependence of mobility 
on both density and type of tlopant impuritks. Sotc tha,t greater el.ectron mobility is clue 
nminly to the smaller effective mass of electrons. Figure 3.11 highlights the dependence of 
the electron mobility on the temperakure for silicon Tvith difl’erent donor concentrations. 
In all the cdculations in t’his thesis, the mobility is pa~ramcterized following MasetG’s 
description [26] : 

(3.12) 

where N is the clopant density of the silicon a.nd the other parameters a,re different for 
different clopa~nts and arc resumed for Boron and Phosphorus (the impnrities used in the 
CSEM process) in Table 3.3. 

For example, in light;ly doped silicon (a,s the wxlal bulk material used for silicon de- 
tector fabrication) at room tempcrattue, the electron mobility is 1350 cm2/V s and hole 
mobility is 480 cd/V s. In mnch more highly clopctl regions; like t,he diodes building the 
micro-strips, the mobility of curiers drops to much lower vc21ucs~ thus influencing the con- 
duction rnecha~nism with important conseqnences 011 lealiage cwreilt, signal development 
and response time of the device. 

Resistivity is an iml>ort,;lnt material paratwter closely related to carrier drift. Quan- 
titdively resistivity p is defined as t)hc proportionality conskmt between electric field and 
the total prticle currentj per unit area. Ron-ing in t#he materid; that is 

In an l~omogrneous tuakrialj .J = J,, = q/u,, 772 for tlitl electron current density (a,nalogous 
equation holds for holes) j a,ncl t~hcrefore 

In Fig. 3.12 the silicon rcsisti\-it-,? at room t~cmperalxre is dio~n as limction of impurity 
concentration. For pure silicon ;7t X)01<, pj == 23.5 I<IZ*cm. Usu;-?ll-\r micro strip detectors 
are fa,brica~ted on 2 - 20kQ~cm suixtrcates: as will lx described la,ter on, the higher the 
resistivity, the lower the bias wlt,age needed to frdll\i criq>le’te the siulxdratc, thus simplifying 
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Fig. 3.10: Room kmperaturc carrier mobilitics in silicon 2,s a function of dopant concentration. 
From 1241. 

concentrations. 
[as]. 
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Fig. 3.12: Silicon resistivity as a. func:l;ion of’ doping concentrationl27j. 

biasing and electronics. The totId current density clue to drift phenomena. can be written 
as the sum of electrons and holes coniponcnts: 

3.2.1.b Carrier Diffusion 

In semiconductors, t,he low conductivity coupled Jvit’h the possibility of spxtial varixtion of 
carrier densities a,nd energies, held to clifkion of cxriers which GUI affoct~ very much the 
current flow. ‘l3iis contribution to the current is 1x3ially known as cli~fYasion current. It ca,n 
be easily clemonstra,tecl that1 t,he current induced by those processes in the one-climensionwl 
cast lia,s the form, [as]: 

(3.1.6) 

wherr 2; is the direction of carrier density; I = o~~,,T~,, is the mcm free path of x-r electron, 
expressed in terms of thermal ~-do&t!- and a\-cxxge time between scadtering events. Tt is 
possible to write Eq. (3.16) in il snore useful form 1)~ i~ppl~-i~lg Eq. (3.1.1) with the theorem 
of equipx%ition of energy: 

(3.17) 
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In presence of an electric field the t,otal curreid for electrons will then be: 

and analogous for holes: 

(3.18) 

(3.1.9) 

3.2.1.~ Carrier Generation and &xmnbination 

In this section is presented a brief summa.ry of the mechanisms of generation a,ncl recom- 
bination which a,re of direct interest for t,he microstrip detectors. For further details refer 
to [23, as]. 

Wherever the thermal equilibrium is disturbed, e.g. 1%~ f $‘, processes take place to 
restore it. If excess ca,rriers a’re introtlucecl in the semiconclnctor, np > $, the mecha- 
nism which restore equilibrium is the recomlkution of illjectecl minority carriers with the 
majority ca,rriers present in the semiconductor. 

External carriers can be intlroclucd e.g. by the passage of an ionizing particle through 
the semiconductor: if the transferred energy exceeds Es, the hand-gap energy, electron 
holes pairs can be produced ant1 they will contribute to the conduction. These a,ddit,ional 
carriers are cdled excess ca,rriers. Usually the concontra~tion of excess carriers does not 
significantly compa,re with the clopin g conccntrat~ion present in the semiconductor: this 
condition, tha,t is, LAY-L = Ap << ND is referred to as bout-devel k$~tl:on. 

l’tecomhina,tion processes can involve t;he emission of a, photon (radiative recornbina- 
Lion) or not, and ca,n be defined as d7k.c% or kdirect-, Direct recornbina,tion is frequently 
enconrlterecl in direct semicondllctors like gallium-a,rscnide rather tha,n silicon where in- 
direct recombina,tion is clominant. Direct recombination reflects the fa,ct that an electron 
in the valence ba’ncl of a direct semiconductor does not require a, change in the crysta,l 
momentum to make the transition in the conduction ba,nd7 which is actually the case for 
silicon: such an electron ncetls a. simultaneous three pa,rticle rea,ction (the electron, the 
hole and a ktice phonou) to he able t’o julnp in t’he conclnction bend, thus making such a, 
reaction very unlikely. Indirect recoml~ina,t:ion ma,kes ilse of two-pa,rticlc interactions; Sikh 
as those between a free ca,rricr and a, lattice phollon~ that can takes place if there a,re local- 
ized dlowecl energy states into which electron ant1 holes can make transitions. In pra,ctice 
localized st,ates in t’lle forl>idtlen bi3lltl gap are always present, tlile to lattice imperfections 
or heca.ilse of impnri i;y atoms: tliils loath actin g as st,eppirig stones for carriers. 

‘The formulation of gelleri~ti.01~ and recombination currents throl~gh localized states or 
recombina,t,iorr centers was originall>- clcrived 1,~ Shocklcy and Rcacl [29] and by Hall [30] 
and the process is commoril~- referred as Sl-TR. recomhinatior~. In Fig, 3.13 are sl;et(;lle<l 
the variolis tl~iMlSitiOllS which takes place through recortil,iila.tion-generation (RG-) centers. 
If Nt is the 1iGceut~ers tlelrsir!- in thr silicon, Z?k,,(, are t,lie spontartcoils recornhinat,ion 
rates due to the four clifTercnt proc’csses. C;” is t-he spontaneous genera,tion rate under 
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equilibrium conditions the net recombination rate U can 1~ defined as follows [S]: 

(3.20) 

a,ssuming that the capture cross sections for electrons and holes are equal (Op = 0, = 00). 
If the thermal ecpilihrirm is disturbed by a sucldcn crea,tion of equal number of excess 
carriers, e.g. the pa,ssagc of a, mip, m1cler lam:-injection conditions we get (pi, = pn ^.-- pnO is 
the excess density of mcaucies in.ject,ecl in a. /L--type rrlaterial a,t thernml equilibrium mcl 
plLO is the carrier equilibrium density): 

which cm be rewritten as: 

(3.21) 

(3.22) 

(3.23) 

These rela,tionships aYe rclat23cl to an excess cal7+3: injection cbiven by au external illu- 
mination source; i.c. np > 71:. The mnc argument-s cm 1~ applied to the case of a, 
carrier extraction a,s is the usual situation of’ 3 p/7---junction under reverse bias condi- 
tions (q2 < 725): to restore The sptem t’o quilihrium. carriers must he generated by the 
RG-centers, giviug: 

(3.24) 
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the trap to the mid-gap, the shortest the genera Con lifetime. Heavy metal contamination, 
like gold, even at low concentra,t~ion, or radiation induced defects are setting tra,p level 
close to the miclgq): this situation has to lx avoiclcd. Usually rg before irradiation is 
of the order of some milliseconds, allowing minority ca,rrier generated all over the silicon 
bulk to be fully collected to the electrodes, aJ-aiding tlzqerous cha,rge loss. 

Another source of RG-centers is the surface of the semiconductor. Because of the 
abrupt discontinuity of t,hc la,ttice structure at the surface a, large number of dangling 
bonds will increase the density of extra. localiz4 &a tcs having energies within the forbid- 
den ga,p. The presence of a passivating oxide at the surface ties up many of the bonds 
that would otherwise contribute to surface st,at,es a,ntl protects the surface from foreign 
atoms. Such a,11 oxide cxl reduce the density of surface states/[ from a,bout 7 0’” to less 
than 10” cm-‘. The kinetics of RG at t’he surfc?ce are similar to those considered for the. 
bulk, except for the fact tha,t the density of traps is an a,rea density, thns expressed as 
N,(cmm2). In low-illjectiou conditions t,he surface RG-ra,tc is: 

(3.25) 
where P,~ and ns are the superficial densit;v of electrons and holes a,t the surfa,ce Si-SiO2. 
The product ~l~~~a,J\i, is called sv$~e reco~&i?antGn vebocl,%y, s, and depends on physical 
na,ture and density of t,he surface RG-centers as well as on the potential a,t the surface. If 
the surfxc is depleted of mobile carrieq 72, and 13,~ arc small and s is large. If we compa,re 
s with the definition of minority carrier lifetime 7- (I: given in Eq. (3.24)) is evident that s 
is related to the rate at which excess carrier will recombine at the surface just a,s I/,i; is 
related to the rate at which they recombine iu the bulk. In the ma,tter of facts, s is very 
sensible to the potential of the silicon surfa,ce and can determine the overall behaviour of 
the surface conduction in a MOSFET-like device. ijn average value for s in a microstrip 
detector ma,de on high resistivity silicon is t!-pically centered around 10 cm/set. 

The combined efFect lvhen drift; diffusion and gerlcr;~tion-rcco~~il)ination phenomena, 
are present is described in the cmstin,uity eg~~~ntiosa.s which a,re given below [23, 311: 

(3.27) 
(3.25) 
(3.29) 

where it is assumed that, neither diffusion constants II),, aud D,, nor mobilitics l-b,, and /Lo 

are function of [)osition. Tog&her with t,lie conlinuity equations: the Poisson equation 
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must be satisfied, 

GE /’ 
.- y-: -- 
cl:c t: 

(3.30) 

with p is the spatial cha,rge density (given by 1-k a,lgcbraic sum of carrier densities and 
ionized impurity concent-ra,tions) and E is the dielectric constant of the semiconductor 
(E,yi = 11.7). wt1 I 1 approprkde boundary conditions, t-his syst,cm of differential cqllation 
gives an unique solution and it alllows to clescribc most, of the electrical cha,ra,cteristics of 
a silicon device, like a microstrip clctector. 

3.2.2 Toward the microstrip detector: the p -.l. n junction 

Up to now the discussion took into consideration t,he properties of semiconductor materials 
and the a,ction of carriers in the hypothesis of uniform density of clopauts. It is interesting 
here to briefly resume t’he behaviour of two different semiconductors once they are kept 
in contact. A p - n junction is produced by forming a, single crystd semiconductor such 
tha,t past of the crystad is doped p--tge a~ncl the other part is doped la-type. Junctions 
ase then classified as a,Dr~q,t when the t’ransition from II-- type to ,n,--type is extremely 
narrow (some atomic clistauces), and gm0defl if this transition is more spread out over a 
larger distance. The fundamental characterist)ic of it 23 -.- 77, junction is that it rectifies 
the current flowing through it, i.e. it alloys the ca,rriers to easily pass in one direction 
only, &pending to the bias polarity applied to the junction. It behaves then diode-like. 
At equilibrium, assuming intcrnd charge neutra,litJi: when the t,wo materids are joined, 
the carrier concentration cliffcrence between the JP- a,ncl TL-regions causes the cazriers to 
diffuse. The charge imbdance produces an electric field, which counteracts the diflksion 
so t,hat in thermal equilibrium the net flow of carriers is zero. The space charge region near 
the mcta,llurgical junction is referred to as depletion zc?n.e since ma,jority carriers have been 
removed. In Fig. 3.14 a,re summarized the characteristics of the junction electrostatic. 

The general form for the electric field E can be inferred from the Gauss theorem, 
using 2,s the net charge cleusity the charge imbdalice between chaqge ca,rricrs a,nd ions, 
p(z) = q(p - YL + i’\‘n --- N-1). It follows that, even at thermal equilibrium, it exists a 
potential clifIerencc across the Sjiinction, the built-in potentid: 

(3.31) 

In the case of high resistivity silicon for ‘I\‘ISSD Tyitli the typicxl doping concentrxtion for 
bulk and implanted areas, (;Vn =: ~l.O”cn-” c cmcl ‘AT..\ = IPcrll--~'), (hi = 0.639 v. 

In the depletion a,pprosimat,ion (i.e. tho densit;!- of mobile c;lrriers in t,he depletion 
region is smail compared to the aecq>tors and donors concentra,tion) j it is possible to 
solve the Poisson equzkon j3.N) in or~ler to get, t-hc electric fielcl in both regions: 

(3.32) 

(3.33) 
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Fig. 3.14: Summaxy of’ a p .--- n. junction electrosta,t;ics at; equilibrium (filled line) and under 
reverse bias (dashed lines). (a) Depletion region, jb) Charge density, (c) Electxic field, (d) 
Potential. 

For the potentixl I/(x) within the cleplction region, one gets: 

(3.35) 
Since the potential function In- must he continuous at the int~erface, (n: = 0)) equating 
there Eq. (3.34) and Eq. (3.35), one ca.n solve for xc,, tIllus getiiug an expression for the 
depleted zone in the n-side of the junction: 

(3.36) 
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applied across the junction, Eq. (3.37) becomes: 

(3. 38) 

a,nd the diode is known a,s /‘OYWK~ bia,scd if 1 i, > 0 on t,hc y--region a,rrcl TWWS(: biased 
if the polaxity is opposite. In the first cascl t-lie n-idth is reduced. This f’act yields an 
increase in the hole diffmion current compol~cnt over the thermal equilibrium va,lue, since 
a, large number of holes hxve energies grci-trer than the barrier height a,nd are Ale to 
diffuse into the n-ma,teriad. The hole drif’t current component remains the same a,s 
the thermal equilibrium value, since a, chxqq in the lxxrier hci.ght has no effect on the 
number of holes T,~,. The 1101~s able to cliffme from the p-region into the ?z-region are 
called ?;n.jccted minority UIJY-~,~KS. Same argllments can be a,ppliecl to the electrons. The 
net effect of a forward bias is a, large increase in the diflilsion current component while 
the drift components remain fixed nea,r their thermal rquilibrium values. Since the Fermi 
distribution function clistributxs carriers nearly esponcnt-ially with increasing energy, the 
number of carriers able to clif?‘usc across the junct~ion r\:ill increa,se exponentially when the 
potential barrier is reduced, as is the case of t,he forward biased cliocle charactcrist,ic curve. 

If the diode is reversely biased, the width of tlx deplet,ion region, the electric field 
and the potcntia,l will increase, implying a wider depletion region and an higher electric 
field due to the increase of the potential drop a,cross the junction. In Fig. 3.15, the slope 
of the band edges in the depletion region has increased; reflecting the increase in the 
electric field. The number of’ holes (pP) having sufficient energy to get over the potentia,l 
bxrier into the n-region is reduced, thus reclucing the hole diff~lsion current to less its 
thermad equilibrium va,lue. The drif’t component rcma,ins at its equilibrium va,lue, limited 
by the supply of minority carriers clectxons (nP) in the p-region. The reverse current is 
therefore small, negative, limited by the supply of thermadly genera,ted minority carriers 
a,ncl independent of I.$ aft’er few volts of reJ.crse bias. Increasing further the reverse bias 
voltixgc does not af-fcct the minority carrier supply. Uierefore ltceping the reverse current 
to a constant; value. Its tempcra,ture clcpendencc is importa,nt and it will he studied la,ter 
in this cha,pter. 

3.3 The microstriy detector 

At this point there a,rc enough information to derive 1,hc basic charxcteristics of a, typi- 
ca,l high cnrrgy pariBicle clckct~or. In Fig. 3.16 is sketched a double-sided silicon dctectol 
of thickness 1 macle of high purity. high rcsistivity ,I--type silicoll. In order to obtain 
position sensitivity for the silicon detectors, t81ie conr-entional front, side y+ -- ?), junct,ion 
is pa,ttcrried, subdividiiig t’lie diode electrodes into nlau>- snia,llcr diodes which ca,n be 
readout, separakcly. On the bacl<siclc a contact si-ructure is created. This conta,ct consists 
essentia,lly in a high close of t!-p(’ 77, dopant eitht>r difl’usetl t,hrougb the surhcc or impla,ntcd 
into ant1 it ca,n bc uniform or structllred. .The lx~~~l\rsitde doping profile ha,s a txrofold func- 
tion. First) it a~ssures an ohmic: cont~ac‘t ilt thci Silic(?n---~liIll.lilllllil int,erfh,ce~ and secondly, 
a,s it will be described in Sec. 3.3.2.c. it decrcxses tll(’ diode le;~kagc current by retlucing 
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Incident 

Current 

Fig. 3.16: Goss section of a double-sided silicon microstrip detector: operative principle. 

the number of minority carrier rexhing the TL + layer frank the hack contact. Wherea,s the 
p’n, junction is permeable for minority cxries coming from one region and entering the 
other region and blocking for ma,jority casriers, the high-low “juncbion”, meaning with 
this a d --- 7% zone, is permeable for majority carriers a,nd blocking for minority ones. 
Because of this fact the high-low “junction” is referred I;0 as minority ca,rrier r’e,jkctl,on 
‘jwlction~ [32] I 

.A positive voltage 1 /$, a~qdiecl t,o ihe 77 ----side of the detector, will deplete the high 
resistivity silicon 1~~11~ 111) to the depiction region kll reach the d-region of the back 
contact. The entire thickness of the silicon lx& is now entirely depleted of majority 
carriers and the only current, flowing t,hrouglr the detector is clue to the t.herma,l gencratiou 
of electron-hole pairs in the, space charge ZOJI~ (SCR,). 

Charge Collection When a. Charged lm%iclc pass t-hrongh the detector, it loses energy 
by Coulomb sca,ttcring m-ith the electrons and it 7vill free an electron from the lattice, 
thus creating an electron-hole pair, wit;11 nrl a-era,ge rate of one per 3.6 eV”. It follows 
tha,t, with a typical thickness of 300 ,um, arouncl 24.000 electron-holes pairs a,re released 
in the bulk. Since the detector is fully clepletd~ full collection of the electron-holes pairs 
genera.ted by the lmssage of 2% char& particlc is aswrcd. Electxons -will drift towalxl the 
72-i--contact; holes tomrd the p!+-stCp follon-ing tlrc int’ernal electric field. 
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detector towards electrodes and at the same t,imc will difke radially. The I’lMS rxlius 
of the diffused charge distribution is described by 

ii=&: (3.39) 

where D is the diffusion constant from Eq. 3. I T and 1~;i is the mca,n drift time, a,s previously 
described in See. 3.2.1.a. 

It should be noted that for a given applied reverse ~oltc?ge 1: ‘;,, the electric field is linear 
in the bulk mther than constant (see Fig. 3.14) and therefore one should expect to find 
differences in respect to conventiona,l ionisation ChFlt~lbelX. First, outside the depletion 
region the electric field E is zero, therefore the charge produced in this zone cannot, be 
collected. Then, even in a, totally de&ted ckt;ec,tor, the electric field is almost zero on at 
least one electrode, thus, strictly speaking, causing a,n infinite charge collection time. In 
practice, because of charge motion, an indllcetl signal a,ppears on the electrodes: 

(3.40) 

where W is the thickness of the detector and n:o is the distance of the produced charge Q 
from the junction. About SG’% of t,he charge is ct~llected in Y- = ~PQ, which is typically 
20 nsec for 10 1iQ~cr-n silicon detector. 

In a,n overdepleted substrca,te~ collection time is determined mainly by the drift velocity 
cxlculated a,t the electrode, where the electric field is not a,‘n;ymore zero. The previous es- 
tima,tion is confirmecl by a,ssuming a typical field of -1 KV/cm a,ncl a 300 Ibin thick detector. 
Following IQ. 3.39, electrons created by a mip impinging orthogonally the detector will 
be fully collected after 20 nsec thus fixing the minimum respome time of the device, as- 
suming tha,t full chqe collcct,ion efficiency is required. Holes collection time is connected 
to electron collection time throlrgh t,he ratio of mobilities: ‘rTj = ;;r,, (ps,l/p,) : in the ca,se of 
silicon at room temperakurc the ratio ~L,~/~+ N 3 and collection is dominated by electrons. 
Of course, collection is strongly xfkctcd by carrier tx\ppiuff and rc-emission, which ca.n be 
considera,bly lengthen the pulsq as in hexil!- doped lithium compensated crystals. Lifter 
20 nsec the electronic cloud will have a diamct~er of about IS /m. Assuming a typicA im- 
pla,nt pitch of 25 pm; thus fixing the elementary ccl1 dimensions, a, charge relexxcl Al over 
a cell gives a, signal on the sa.me strip. Clearl!;, i-f the tra,,jectory of the ionizing particle is 
not orthogonal with respect, to the &me of the detertor. the transit time will increxe and 
the electron cloucl corresponding to a tacking angle of 45” will have a, diameter of 25 /.brn. 
It should be noted that here we xc not considering the case of iS--electrons emission or 
the presence of a magnet-k field: bot,h CBIEES n-oulcl svstcltlnt,ically displace the charge 
centroid, tlins introducing an error in the position Illeasnretiie.ui;. 

Such cloud widening nxq spread t#he charge oxr the ncighboriug strips due to the 
mutual cqxcitive coupling of microstrips. er-entually increasing t,he precision on position 
measuren~ent beyond its intrinsic upper liltlit, described b!; (T-, = ~1 fi, where p is the 
strip pit’& [X1]. This can be seen as an attract,ive opt;ion for improving spa,tial precisj.on 
beyond the limits of the detector rr‘ iT~i~lllll~~itT- if and oulv if the electronics meant to rcxl- / 
out the single channel is able to mc‘xllre the cluani8ity of (‘ha,rge deposited on its referring 
strip and this charge is abox,e t)llc iICC(?ptFLble noise thresholtl. 
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Fig. 3.17: Signal charge measurement in mic,rostrip detect 01‘s lq loo noise amplification, sam- 
pling, storage and multiplexed output readout: functional spt;em. 

With a typicd implant pitch of 25 pm some authors [34j reported one micron precision 
by centroid finding: on the b&s of measured cha,rge collection on adjacent strips and by 
using ultra low noise aanplifiers. More detailccl description on charge division and position 
resolution are given in Sec. 5.3.3. 

3.3.1 The optimization of the Signal to Noise ratio 

In the process of optimizing t,hc detector system it is vary important to have a. model 
of how the ideal system should look lilac [35]. In the most general case the system con- 
sists of a, solid-st& clet,cctor Tvit,h biasing networl\-; a. preamplifier which conditions the 
shape of the signal a, first time before putting it on the signal bus, a,ncl a shaper, which 
recovers the signd from the added noise and makes signal processing more accurate (cf. 
Fig. 3.17). In most ca,ses a charge sensitive preamplif?Pr is preferred to a voltage or current 
amplifier. The ma,in reason for t,hat, is the fit that this type allows the output signal to 
be made intlepenclent of dekctor capacitance, which behaves non-linea,r a,s a function of 
the applied bias. The shapel: consists usually in a combination of RC(int;egration) and 
CR,(clifferentia,tion) circuits [X1. In this chapter the Pmphasis is put on the detector prt; 
more cletds of the amplification circuits c;an bc folmcl in the Tra.clter TDR [14]. 

The q&al resolution and t#he llifr fintling efficiency* in a niicrost~rip detector dcpeucl on 
the skip pitch a,ncl on t,hc siqml-to-noise ratio. In order lo study t,he espcctccl S/N ratio 
it is usefill to decouple tile T-Gous noise sollrces in clif~krc~nt, contributions and cvalltate 
them separakely~ wheticvPr possible. 

The most important noise sources for a microstrip dekctor can he surnrnasized as 
in Fig. 3AS’: a volkqe genera.tnr in series with the cletPctor and the amplifier 2nd a 
current, genera,tor in parallel n-it11 the dctert~or: those Tao cont~ribution are then iderdi fiecl 
respectively aa pu,rtsbbcb and .serYnl noise. 

In the first category are incluclcd the shot-noise created by the leakage currcut in the 
-.-_ -.--- ____... -.--- I--..^--.-- _-- I 

7Hcrr the noise incluccxl lx ilw rest of i;he pullout, chair1 is not, tjnlxw illto accor~nt , 1 
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Fig. 3.18: Noise sources in a silicon cletecto~ syst-em. For synhols refer to Tab. 3.4. From [37] 

detector and the thermn.1 noise from the biasing resistors. On the other hand, t,he series 
resistance noise in t,he detector and in the front, of t’he input-transistor of the pre-amplifier, 
the flicker noise: the chzmnel thermal noise and the bulk series-resistance noise in the input 
trimsistor are considered in series with the input- transistor. All the above noise sources 
are white except the flicker noise which ha,s a, l/,1? dependence on the frequency. 

For low lea,ka,ge current: the parallel noise is mainly Johnson-type thermal noise gcn- 
erated in the biasing resistors of the detect-ors and/or the fccclbxck resistor of the pre- 
amplifier. The seria,l noise ca,n bc cla,ssified as external or internal to the prcitmplifier. 
The only external source is a Johnson-type noise clue to the resistance of the metal strip 
connected at the input of the anplifier. The int,ernal sources come from fluct,uations in 
the dmin current. 

Noise is usually expressed in terms of cc~nivalent noise ctmge (ENC), defined as the 
chasge that, generated in the detector would give a, signal equivalent to the noise a,t the 
output of the readout cha,in and reMed the root mean square (RMS) noise voltage at the 
out,put of the sha,per directly to the signal height at t,he input. The definition of ENC is 
dependent on the type of shaper in the amplifier, am1 the definition have been adapted 
to the CR,-HC chain of the -4PVG. 

In Ta,ble 3.4 xe rcs~uned the clifI’erent noise contribution expressed in ENC. Since the 
noise contributions frotn the amplifier a.re intlependent we can regroup them in a, more 
familiar form: 
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Table 3.4: Summary of noise sources for a, microstrip detector [X3]. e is the Euler constant, r is 
the peaking time of the a.rnplifier, ItOtis the detector dark cu~‘rent, 12, and R,, ase resp. the vallle 
of biasing resistors and the resistance obtained hy the parallel of the metal contacting the strips 
and the feedback resistor across the amplifier; Ciof is the total capacitance of the detector, li’h: 
is a, process dependent; constaalt (- lo-““) [30]: II’ is the transistor width, L,jf is the effective 
transistor length, gm is the transconductzu~ce~ RbL,lk is the amplifier bulk resistance a,nd finally 
rl is another process dependent parameter, (- 0.1). 

Main contributors are the leakage current ILot, the total capacitance at the input of 
the amplifier CIotr the shaping time 7 a,ncl both I& and I&. The straightforward recom- 
mendations woulcl then be: low leakage current, short shqing time, high polxization 
resisizmcc, low met4 resista~ncc and; finally, the smadlest strip capacitance. Some of these 
parameters are already constxaincd, as the shqing time 7, which is strongly dependent 
on the LHC beam crossing r&e a,nd thus is “freezecl” to 50 nsec in order to maximize the 
collected luminosity. 

The purpose of the rest of the chapter is to demonstrat~e tha,t there a,re via,ble solutions 
to the S/N problem, understanding the impact of’ all the formerly mentioned physical 
qwntities on the signal in the CMS microstrip det~wtor. The study begins with lea,ka,ge 
currents, continues with capacitances and ends up 13~ looking into the resistances. During 
the almlysis I took the olgorlunity to st,rcss on certi?irl ;trguments like junction breakdown 
or edge stabilization, not strici;ly liI,lied i-0 tile optinlization of the S/N ratio biit rather 
to the correct opera,tion of microstrip det-ect,ors. The iinal part is devoted to the study of 
rxliation induced problems and a final estimation of the noise contributions is given. 
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3.3.2 Leakage currents 

In the following sections the ma,jou sources of dark current ibr a detector will be investi- 
ga,ted; the effect of the ba~cl~ contact, to the lea,kage cllrrent will be described, entling with 
an a,nalysis of the breaklowu performzmces for such devices. 

One of the biggest, issues concerning dei-ector quality is its leakage current. Iu those 
cases where the detector is f’ollowcd 1~~” a IX-coupled integrating preamplifier, the lea,kage 
current is integrated together with the signal and degrades the S/N ratio and detector 
resolution. If a coupling capxitor is used inst-cad; the signal is decoupled from the detector 
dark current, allowing t,htls much bet t#er S/X performxnces. Even so, the lezkage current; 
still has to be small in order to limit potter dissipation and ;-?,void the detector from heating, 
which in turn tends to increase the leakage curreut: as demonstra,ted l&r-. 

Assuming that optical generation and xalanchc multiplica~tion do not occur, WC cm 
identify four main sources of le&age current in a, reverse biased diode type detector (cf. 
Fig. 3.19): 

1. Thermal gertera,tion in the bulk deplct,ion lqer, 

2. Thermal generation at the dcplet~ecl SZ -- Sic)2 snrfxe, 

3. Difksion from nerrtral regions towa,rds the edge of the depletion layer, 

4. Injection from the (KLetid) contact. 

Genera,lly spe&ing, the contribrrtion to the tla,rk current of the detector of these four 
le&a,ge sources can be reduced by taking ca,re of some details. In fact, the formerly 
mentioned high-purity material ca,n help since it, presents a, lower a,mount of impurities 
and thus of genera,tiol?-rccomlbil7ation centers (contribution (I)); the pa,ssivation of the 
surfa,ce, usually by oxida,tion, reduces t’he number of slnface stakes and thus the surface 
generation (ca,use (2)). 

An xcurate design, making USC of gua,rd rings surrounding the device (cf. Sec. 3.3.3.a)) 
strongly suppresses tAie contribution of surface gcncra,tion; an v,+ implanta,tion at the 
cutting edges (cf. Sec. 3.3.3.e) shield the active zone of the tletector from lateral diffilsion 
of free cxriers coming:for cxunple, from the strongl;\- damaged cutting edge (causes (2) 
and (3)). 

The contact to the bulk IGtli the high-load--junction reduces the cffectivc diffkion length 
a,nd a,void carriers injection from the contact (cai~se (4)) (cf. Sec. 3.3.2.~). Moreover, as 
generation is a thermal process a further reduction can be xhicevccl by cooling t,he device 
(cf. I?ig. 321). La,st bllt’ riot least;, ill1 adequate processing sequence ha.s to be chosen) as 
will be shown in Clia~pter 4. 

In order to undersl;imtl the different procrsscs responsible for the leakage current of a 
detector, the diode struct,ut.e is tli~idet-1 into f’our regions as shown in Fig. 3.19. 

The outer two regions (.-I and D) represeni; the high-doped regions (resp. p- and ?P), 
the inner two the deplc~ted (sl)a(:e-cl~>~rge, region B) and r~udepleted parts (quasi-neutral 
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Fig. 3.19: Leakage cxrrrnt sou~'c~s in semi-depleted silicon detector:(l) generation in space- 
charge region, (2) sur-t;2ce gencmtion, (3) diffilsion in tbe quasi-neutral region, (4) diffusion from 
the contact. The bulk is m-type silicon, Pi1 < 0 is the averse bias. 

region C) of the low-doped bulk. A reverse bias volt,age which is a,ppliecl to the metal 
contxts will a,ppear xross the ~1% junction since the potential drop xross the high-lofw 
junction is negligible (cf. Sec. 3.3.2.~). 

The thickness of the depleted bull; (see Fig. 3.19 for symbols mcl later for lTli%theTTl~tiCd 
details, Eq. (3.52)), 

(3.42) 

is proportional to the squared root of the a,ppliccl bias Trolta,ge; 1/i (cf. Fig 3.20), iv, is the 
doping of the bulk rmterial and q$, is the built-irl potential a,t the metal-scmiconclrrctor 
interface. I/Y is the physical thickness of t,lie wa f’eu. 

In each region elects-on-holes pairs are tlielniall~ gc-‘neratecl, which contributes to the 
tOtid leakage current n-lien c~0llcc-td at the contact. either I:)!: di fliu3ion 0~ drift. 

In order to cadc1ilate the ciment in a, fisetl area: one has t,o solve the current and 
continuity ec~ua?ltiolls j giwi in Eq. (3.X)-(3.29). 

In this Sect,ioii it will lx xsunic~l that hotli $7) and 77,+12 junction are ;Ihmpt (cf. 
Sec. 32.2) wil.h r.miforrn doping rlcmjtics 1-ogc2hcr n-iC-h fill1 ionisation of clopants. &pin 
2, low-illjcction regime is assllrnecl if not ‘;t-;I ted dif?brenily >Itld dct:ailecl h;lla,nce betmreen 
majority and ininol~ii-J- carriers across jllrlctiori is ;\ssrmietl to hc wdid ill steady sta,te a,s 
well as rxncler~ biilS. 
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Fig. 3.20: Wd a,s c2 function of depletion volt;age I,;,. Differ-ent cwves colwsponds to different 
Nd,:, here expressed in terms of resistivity, [Olm/cm”]. 

In this case the tota. current density in the structure sketched above is given by the 
sum of contributions due to Jnl,, diffusion current due to electrons in the p+ region, J& 
and Jpnh, the diffusion currctds clue to holes in the 97, and nS regions aad Tg, diffusion 
current in the p’n depletion layer. 

For the sake of completeness, it is more interest,iug t’o derive the leakage current 
contribution of cdl region separately, cf. Fig 3.19. 

3.3.2~1 Region A: the diffusion current 

The region A is unclepleted, quasi-neutral. Thus, l&c current in this region is determined 
by the diffusion of minority carriers (here electrons) into this region. The general form of 
a diffusion ba,secl current for tIllis region is: 

J&fJ = cJS-111..~ (3.43) 

where An, is the variation of the nlinority carrier concent1dio-u in region A with respect 
to its equilibrium vadile; and s is the surface recombination velocity. Assuming infinite 
surface reconibina,tion velocity- (s ..-k ~2). the minority carrier concentration is a,ltva,ys 
equal to its equilibrium value. This correspontls t,o a, perfect8 ohmic conta,ct and leds to 
L!vL,~~ = 0 at the surfkce. 

Using Eq. (3.27); i>8ssut~~ing a constant: clopillg profile and no degenerative effects, the 
contribut;ion oi‘ this region to the lealage current, of wgion ,A can be clircctly caIlcula,t~ecl 1401 
as the stancla~rd solution of Et]. (3.X)-(3.23): 
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In most cases it is sufficient to use IScl. (3..111) for an cst,imatioii of current contribution 
from region A. However, in the ca,se of very thin la,yers, this simple cstimake for the 
current contribution is far too high, clue to the simplifying assumption of a infinit,e surf&x 
genera,tion velocity. In these ca,ses the cquat’ion should be substituted by that of Schottky 
barrier [as]. 

3.3.2.13 Region B: the generation current 

The depleted part of the diode is referred as part B. For the sake of simplicity the 
genera,tion rate is assumed to be the sane in the &ire layer [4:1], even if some ca,ution 
must be exercised if depletion of the bulk is only partially developccl: in the usual mode of 
operation for silicon clctcctors, i.e. full depletion or even overdepletion, 
is justified [42]. 

Given that, the current contribution of the space cha,rge region B 
standxd (thermal) generation current: 

the approximation 

can be seen as the 

(3.45) 

where U(x) is the net bdance of gcnera,tion and recombination in the space-charge zone 
(see Eq. (3.20)). Tl le integral can be approsimatcd by: 

where Ed is the genern,tion lifetime in the space charge zone which has been assumed to be 
equal to the recombination one. From this formula, ita is clear tha,t the generation lifetime 
clcpends on ‘na a,s compared with the diffusion components which have r2 nf charxter. 
This cha~racteristic is fundxnental in the process of understanding the main causes of 
dask currents in a silicon detector. Fig. 3.2.1 rclxesents the current, a,t two cliffcrcnt 
temperatlues a,s a, funct’ion of reverse bias voltage. 7Cf :::=:l msec. As cspectecl, the curves 
depend to I,$ as squared root. This behaviour is olxervcd in 1 ..‘-. 1)’ plot of real devices, 
especially at suflicientlly high reverse voltage (I;0 >> 2\;olt,) and can be vcri6ed studying its 
behaviorrr as a function of l/T, 21,s explained by A-lrrl~enii~s [-U]. lf’the contluction process is 
mainly due to thermal generat’ion. then plot-ting t,lie currclktl defined in IQ. (3.46), vers11s 
I/:1‘, a, slope correspontlin~ to half the forbidden gap shoulcl be seen; see Fig. 13.22. This 
can be derivccl from the temperaturce depcnc.lenc~~ of the intxinsic clopiqg concentration ‘7~~: 

On the other hrd, if t&e currrnt, is clominatccl 1,~ cliftirsion; acc(lrdirrg to EC]. (3.44) 
depending on 77,:) then a. chnnge x-ii-11 slope L;:,, is to 1.x found. We will come back to t,hese 
considerations in the cha,pter clew-ot.e(d t,o the test 0C the devices. 
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Fig. 3.21: Generation current ([A/ cm”]) as r2 filnction of reverse bias voltqe at 380K (curve 
(us)) and 3OOK (curve (b)). 



3.3 The microstrip detector 58 

3.3.2.~ Region C and D: the high-low junction 

Regions C and D xc undepleted. As in region >4, the difksion of t,he minority carriers 
(here holes) is the dominant; corkibntion t.o the lcxkage current. But because of the 
diffkrent doping lcvcls of the trvo zones, it is convenient to model the contribut,ions of 
these regions separately. The contact of TJYO regions of the samme type of doping but 
different densities (like region C and II) is called hG~h-lozu jmction and it has been object 
of extensive studies especially in the field of ,wlar cells [&I, GJ. 

In this section’ it is shown tha,t the hi:g7~-iow junction has simiku effect on lowering 
the level of’ the leaka,ge current of reverse hiijsetl diodes like silicon detectors. 

The pot&id barrier prosent at the int,erf;lce lxdween the lmll~ n, and the heavily doped 
tn+ region inhibits the flow of’ nlinority ca,rriers coming from the depleted bulk towards the 
ohmic contact a,ncl then reduces the da.rk cmwnt: this is the ca,use of its denomination OC 
“reflecting junction”. 

In fact it can he clcmonstrat~ecl (cf. Appendix A) t,lia.t the minority carrier concentra- 
tion in the "low" zone, PC, rela,tes with l-‘n in the following way (see Eq. (A.9)): 

This expression shows that the minority casrier conccntra,tion is reduced by a, factor 
fV~/i&~ in going from 7b to 72.‘. side of the /zh$,-hi junction. 

If t;he extra doping profile for region D was not present, the leakage current JC (cf. 
Eq. (A.18)) wo111c1 become very la,rge as full depletion is a,pproa,ched. In fxt, at fnll cleple- 
tion, the diffusion current across the hZgi%-low jwction J,,, sat,ura,tes at (cf. Eq. (A.23)): 

This current density can he made smaller by simpl!- incwsing the doping clensity of 
region .D, NL,. It is possihlc to compa,re the effect, of the .D region on the current, by 
comparing this situntion with the case of no “high“ region (i.e. no 11 region, only C-like): 
the ratio of the hole current in the same struct,we wit-h or without, a. u,+ layer, measures 
then the effectivcncss of the backside impurity conccutra Con (cf. Eq. (A .24)) : 
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Fig. 3.23: Theoretical ratio between diff’usion a.ud generation current a,s a function of depletion 
voltage and recombina,tiort lifet,ime. Dkmonds (*I; = I mscc) a,nd circles (TV = 10 msec). 

One should be conscious that, in a structure like t,hat sketched in Fig. 3.20, at full 
depletion, assuming a bulk genera,tion lifetime of 1 . IO-” see, the genera,tion current is 
rJg P .JB = 5 nA/cm2, still two order of rrmgnitncle larger than the diffusion current ,J/,,(. 
In Fig. 3.23 is shown how the diffusion cnrrcnt can become dominant over the generation 
in the space-charge zone, especia,lly at; low bias (i.e. IS’ Cf < 14”) in case of high generation 
lifetime. In the section devoted to t,he generation currents (region R) has been highlighted 
how increzing temperature the current n-onld increase (cf. Fig. 3.21); we should thrls 
expect an interval of low depletion voltages in which .Jg > L7,L wit,h a similar way of the 
previous case of higher rq. 

3.3.2.d Conclusious 

One important conclusion which ca,n be clraixx is that the effectiveness of the 7x+. layer in 
reducing the hole diffusion component t’o the current stxongly clepcntls on the degree of 
“ohmicness” of the back cont’act, (cf. :1ppentlis ;1) 1 

A practical conseqilencc of this f’act shoi~lcl than be that the quality of the surlace 
of the silicon (i.e. the ~~afcr lapping) shoultl be not too goocl! A ~vorse surface will 

have more trapping centers which n-ill then increase the prolubilil;y OC recombina,tion and 
then .sb. It, seems a non-sense situation, especially in the semiconductor industry where 
piirity and cleanness are pushed to their physical limits. However, since at the surface, 
both recombination and geuerattion are coi~i rollctl 1~;. 1 hcsc irlterface states, which cl0 not 
ha,ve well tlefined energy 1~~1. the ~zai-rol of .i’!,. like the optimization of the backside 
doping profile, is a very challenging task. So-\\-;itla~-s t here are some techniques used in 
semicondrxtor industry which delihelai-ely IlI?3li(CS iiw of backside da,ma,g~s? like scratching 
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Fig. 3.24: Jf,l [R/cm-"] as a. fwxtion of depletion volta.ge .c;X [V]. The circles represent the 
case of NC = 8 . 10”cm-” and iv,, = 1 . 1020cm-“; the diamonds NC == 8 . 101’cm-” and 
Nf, = I . 102”cm--“. Ideal ohmic conta.ct is assmnecl. 

the surface or depositing %ggrossive” materiixl directly 011 surfax, in order to stimulate 
an higher recombination ok’ minority carriers. Other possibilities are to use as metallic 
contact aa element with an higher potentia,l lxurier, stopping diffusion. In the Chapter 4 
I will analyze in detail some of these techniques. In a,ny ca,se, the lcaltage currenl; is aJwa,ys 
reduced by the presence of a high-low ,junction. 
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known a,s Back Surfxe Field [44], . IS enha,nced in devices with diffusion lengths which are 
la,rge compared to the substrate thickness, as in microstrip silicon detectors. It can be 
demonstrated that cvcn in the case of partial depletion of the sub&r& l/r;;d < T/VT; the 
presence of the high-h) .junct,ion helps to keep the contribution to the current of region 
C is below JB. 

In conclusion, the lea,ltage current of a diode matle on lligll-resistivity substrate can be 
modeled as the sum of a. generation and diflksion current: 

J tot(*) 

5: 10-O 

(3.45) 

Fig. 3.25: Exxmplc of ideal hchaviour of i.1~~: iota,1 leakqe cllrrent L7to,, in a. 1 cm2 diode. 

Up to now n~rrltiylicat~ion a,nd brea.ltdo~~n effects are not taken into account due to 
their higher voltage threshold: .wve can only sa,y that, f’ollowing our ideal description, the 
current will increase with depletion voltage as fi3r as full tlepletion occurs and then it will 
saturate. 

It is useful to distinguish le&gc current contributions 8s depletion la,yer dependent 
instead of dilfiision a,ncl generation ones: 

where c70 is the ~;C’~..--inclepelldent contribut,ion. 

The diffusion curlat, conbributes t80 both terms since it is lowering with deplction 
voltage: whereas tlke generation currcn~: only coni:ribul-cs to the first, one. lf the generation 
in the depletion layer dominat (5. the leakage current is proportion;l,l to the depletion 
layer volunic A, a .I~1 1~ and inyc>rstll>- propol,tional to t-hc generation lifetime, (Eq.3.46). 
In Chapter 5 I will give some practical examples by using CNS diodes for extract both 
current contributions. 
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Fig. 3.26: Critical electric field for wa~la~nche a.ncl Zencr breal~rlotvn in Silicon FLS functions of 
dopant concentration [28]. 

The contribution JO can also be clcscribed as t,he slope, ~72, of the double logarithmic 
plot of the _I- V curve where a, value of k means no contribution, whether for ~17, < l/2 this 
contribution ma,y be sizable. The factor 777, may be a,lso greater tha,n i in the cxx of high 
reverse bks towc?,rd depletion and over, where the effective generation width a,pproxhes 
I;v, with I/v, N TV and of course due to non-ideal junction phenomena. It is probably 
useful recalling Eq. (3.47) and the discussion made about8 the origin of genera,tion current: 
it is clear now that, if the current stems mainly from a, diffusion process, according to their 
dependence on ~2:; then a change in the Arrhenius plot, with a, slope ir, is to be found , 
instead of .E:,/2 a,s it, should be clue to pure generation (cf. Fig. 3.X). 

3.3.3 Breakdown Phenomena 

When the electric field in t,he Silicon is increasecl alxx-e a certa,in va,lue, cadled c&cd 
jiern, l!i&&, the carriers gain enough kinet,ic energy to sewrate electron-hole pa,&. 

At, high field one out of two bredxlown jUICD) processes may be dominant: Ze~zer 
breakdown or avdn,~zcirc brcaldown. The first case implies tjha,t the high field within the 
silicon can exert s~&kient force on a coxdeutly bound electron to free it: the electron 
tunnels through the energy barriers without intxractling wit,11 any pa,rticle. This event has 
8, consequence the creation of two cxriers n-hich contribute to the dark current of the 
diode. In the second brea~ldon;n process. free cxriers ma!; gain sld?icient kinetic energy 
during their drift in i,hc electric field that, tliq‘ caii break co~derit~ bounds in the lattice 
when they collide kth it (~~~~xacl- iow.Is&0~7). EJW!; carrier crede t,wo more cxrriers 
which ma,y accelera~te xlcl become themselves a, c~,use for avalanching collisions, leading 
to a, mu1 tiplica,tion of Cill'Yi(113 in the space-charge region ~hcn the field is large enough. 
In the ca,se of silicon microstrip detectors opera~tetl in full tleple-tion the impact ionisation 
is the ma,jor cause of brral;clowi. 

An obviolrs requirements for silicou d&cc tars is tjliat their brea,liclo~vn voltage is much 
higher than the volta,ge ncccled for fully tlcplete t,he (let-xct,or volume. To analyze the 
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Fig. 3.27: Dehils of’ EL pie -I n - ?a? structure used in the hrealidown calculations. 

breakdown behkour, the txo cases of’ a, palrallel plane and of’ a, cylindrical junction xe 
reviewed: it will be clear tha,t! the breakdown chxxteristics arc determined by the curved 
part of the junction. It, should bc noticed that in rea,lit.y the theoretical breakdown voltage 
is never rexhed due to far-from-idea,1 conditions of the silicon surface and its internal 
structure: trapped chixge at the Si, -.- SiOz int’crface as well as the presence of itnpurities 
or defects in the kttice act, a.s a combined source of midgap defects which are lowering the 
strength of’ the junction barrier. For the moment we will develop the idea,1 case, dela,ying 
the effects of impurities a,nd lattice dxnage to a lc?,i-cr section. 

In the following, is assnmed t’he step charxt~er of the junction, reflecting better the 
a,brupt distribnGon of implanted dopants in a high resistivity diode even a,ftcr thermal 
annealing. 

The structure ILLSN~ for the breakdown computat~ion is pretty simple and is shown in 
Fig. 3.27: it cr2n be represcntetl as r? vert’ical OF/& diode, with t,hc silicon bulk, intrinsic 
or not, xting as a briclge. For sake of cAcula,tion simplicit8y, the origin of .?;-axis is a,t the 
main junction, which sta!-s at a, dist’ance X,j from t,lie silicon surf&x and ha,s a, curva,ture 
rj. .xP(< 0) a’ncl .x:,i(> 0) xe the clq~letion region x-iclths in respectively 19” part and 7b+ 
part of the junction. In the first case Tx assLm10 an infinite fl3.t junction. Wit’li regxd 
to a, reverse lks voltage I,;,, JYe can sol\-e the Poisson eqna,tion [23] using aa boundary 
conditions the fxt that, the electric field is zero in the neutral regious. This holds to an 
expression for eleclxic tielcl ;-Icross the junction region: 

which depentls linezly on tile t-thickness of’ depleted silicon 111 both regions and ha;ving 

its maximum r2t x ::x 0, i.c. nt- the jlmction. Here the electric field must be continuous 
so that Np:xl, = A!‘,&. It is clWr from this tha,t 1,hc widt,li of the depleted region on 
each side of the junction is in\-orsely Ixoport,ional i-o the dopa,nf; tlensity: the higher 
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the dopant concentration, the na,rrower the space-chaxge region. In the usua,l case of 
microstrip detectors, the ratio lV,/iV(i is of the order of 10’ f- 107, ca,using i2n highly 
asymmetric depletion madly developecl in the lowly clopccl bulk. Integlxting a,gain the 
field expression Eq. (3.50), WC obtain the potent~ial variation a,cross t,he junction, mostly 
referred a,s built,-in potentkl, q!+: 

(3.51) 

Typically in a silicon detector the built-in potential is of the order of 0.27 ‘1-1 0.281/’ and 
the tnajor portion of potential cha,nge occurs in the region with the lower clopant con- 
cerkration. The extension of the spa,ce charge zone will be as in the previous section (cf. 
Eq. (3.42)) therefore: 

(3.52) 

In case of full clepletion (:cd 2 TY) it is useful to rewrite t,hc field as the sum of two parts, 
the first, referring to the volta,gc: I,;.,, necessxy tlo estcxncl t’he space cha,rge zone up to 
the 1~x1~ contact (process often referred as recr,c~b-thro76gjl) and the latker to the. cventtd 
overdepletion voltage I/,d =: I<1 .-- 14.t: 

(3.53) 

From this equation is evident th;-?t after full cleplet,ion the field is growing linearly with 
the applied bia,s Q;l, up to its masimum~ 

(3.54) 

We can extend these results to the case of a, q-lindrical junction, assuming tha,t the 
la,teral depletion is independent from the vertical one: after full depletion the vertical 
depletion stops whether the la,tera,l one does not,. In [-lri] the Poisson equation is solved 
in cylindrical coorclinakes~ giving: 

(3.55) 

(323) 
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The ma,ximum field, which is the most interesting situa,t,ion for breakdown calcirlations, 
occurs for small ?‘, more precisely a,t the junction 7’ = ?“,i = .?I,j, giving [45]: 

In both cases7 the depletion-region x-idt,h and the niasirnum clcctric field in a, p -- 72 
diode incrcasc a,s reverse bias increase. Physicallv. one rspect~ that these quantities should 
reach a maximum somehow. At high voltages: some of the ma.teriall making up the device, 
such a,s the insulating layers of silicon dioxide or nitride, may rupture, or the current 
through the junction nIa,y increase fast. h bhc firsts cnsey the tli~III~gf2 will be irreversible 
and the device stops functioning. In the case of hrca~kdown of t#lze reverse-biased junction 
barrier, impeding current t)o flow through. the damage is generally not destructive, at 
least unless the high current involved melt n portion of the silicon. The voltage at which 
the brea,ktlown will take IAace,l~~~c~, depends on the struct,ure of the junction and on the 
doping distribution. 

As stated More, the electric field is 10~ at the edges of’ the spxe charge region, so 
the a,va,lanche phenomena, is confined to the portiou of t,lie depleted bulk closer to the 
junction. Following [49/ we can define rbi a,ncl 72,f as t,lic iuiinlxx of carriers respectively 
entering a,ncl leaving the depletion region after the multiplication had occnrretli: 

where Q is the ionisa,tion coefficient, expressing the density of’ probability tha,t a, carrier 
creates an electron-hole pair passing through the high f-ielcl region; CC, a,nd CX~ are respec- 
tively the lirnits of the depletion region. It is possible t,o define a multiplication factor A4 
as the ratio of ns/n;: 

This parameter tends to infinity, implying infinite tlllllt,il)liCat,iOll, as the integral at de- 
nominator tends to one. Avalanche hreal~clon:r~ is defined then a,s: 

Following [.50] 0 is def-ined as: 

with K a,d .R dimensional constants: for electrons I_ =:: 7 IO” cm^‘r a,ncl B =: 1.23 ’ lO”V 
cm- ’ . Were is &ted the dependence from t,he electric field, n-lriclr is reasona,hle due to 
its influence on the carriers drift velocit>+ and then on their kirretic energy, enhancing 
the prolA3ility of carrier iilllltiJ~licarion. Same alit-hors [Nj prefers an approsimatecl 
expression for Eq. (%.cil): 
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Derivation of the breakdown characteristics In t.his pa,ra,gra,ph a clcrisdon of BKD 
performance charxteristics of an ideal junction is done: a graclud a,pp~~oa,ch is chosen, 
looking first to uniformly eloped zones, then to implantation edges and finxlly to impla,nt 
corners. 

1. One tlimensionid ca,sc: t,he planar junction. 

In the ca,se of a,n infinite plane junction on a snbstrat’e of finite lV, we can study 
the BKD charxteristics using Eq. (3.X) wit,h the help of Eq. (3.60): following 
Kurana [52], 

(3.63) 

where it is clear tha,t the brealxlown voltage depends in good approsimation linearly 
from the detector thickness.Using the approximation (3.62)) we can extract Vbkcl a,ncl 
Gkd as 

In the case of ~1, detector with a, high-low junction iq>t the bxkside, once t>he deplc- 
tion voltage reach the rexh-through value 1,$,, the depletion zone does not extend 
significantly any more. Since T/I; is fixed, increa,sing the bias voltage will just rise the 
electric field a,t the rna,in junction, x.i: and also its value at the high-low junction. 
Whether I =: Ihk:d the cspression (3.64) should be modified as [rjl.]: 

(3.66) 

In Fig. 3.28 is shown 1 ,kCl as a function of’ the substrate doping density NC,,. 

2. Two dimensional case: t)he cylindrical junckn, 

Up to now the Al~prosiri~a,tioiis mxle ar‘p consist ent- Trith one climensional cakxkdions 
of the 131~1~ characteristics. seti.ing t#he best possible scenario nnd its asymptotic 
conditions. In it microstrip cletec%or thr palternin,g of the impla,nt8ecl doping for the 
strip structure definition, causes se~c~al discont-inuiticls of the implantation in the 
pIa,rre para~llcl to the surface. IYlic implanted ionic species will sprea,cl over their 
mask tlefinod zone due to t'llc high tempera~tnre tll~~~llli?l xtiration (see Fig. 3.27). 
It can be ShOWl tht the latC?rill diffllsion Of the junction “:j On the CSEM pr0ceSS 

is close to 80% of the junction depth .x:,7: in or,der- t,o simplify calculations it mill be 
is a,ssumecl thi>t j’,j y:= ,I’,;. Folloxkg 048. .JI.;: it, is possible to clcrive T~;i~~C~: 
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Fig. 3.28: Ureakdowu voltage for p4- on rz-type silicon detectors with high-low junction on the 
backside r2s a, function of bulk doping density. Infinite pla,nc junction is a,ssumed. Comparison 
between 100 /Am (cla~shecl line) t\ncl 300 k/,rn (continuous line) thick wafers. 

This formula, shows t.he same lxd~aviour as in the plana,r case: I&, is proportional of 
rj SI xn. The ra,did hrea,kdown is independent of t,he subst,rate doping concentration 
since its contribution a,t frill depletion cancels in the ra,tio W/r.d. In Fig. 3.29 is 
plotted lhktl as a, function of the lateral displacemc:nt of the junction: it is interesting 
to see how the brealidown ilnprovcx when the junci;ion is smoother. It is possible 
to compare both ca,scs of pla,nar and cylindrical junctions throllgh the ratio of the 
niasimum electric fields [53] : 

(3.68) 

Iiicrea,sing the depletion voltage, I’,{ increases to dues much bigger than 2rj, thus 
increasing the electric field peak value. i\Joreover, the sha,llow the junction, the lower 
the breakdown; since Cc:,,aclnz will rapid\- iiicreasc. Assuming for E(Y) a. dependence 
cx t it is possible to relate the two critici yolt,ages ‘1531 2,s follows: 

(3.69) 
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Fig. 3.29: Bre~kt2own voltage in the cylindriml case as a, function of the radial development of 
the jlmction. 
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In Fig. 3.31 is plotted the comparison between the normalized breakdown voltage 
VbkCi in the spherical a,ntl cylindrical case as a, funct~ion of the curvature of the junc- 
tion. It is clear th;\t especially at low radii, i.e. shallow junctions, the critical1 voltage 
is a factor ten lower in the spherical junction cxse, mea,ning that the brea,kclown in 
ideal conditions will stat at, the impla,nt corners. The relative balance between 
these two junction terminations can 1~ seen in Fig. 3.32: for r,j < 1OOpm (assuming 
300 pm thick substra.t:e) l-he spherical termination will hc the primary cause of c2 
structure hre&tlown. Since in most pract~ical cases ri is much lower than 100 /an , 
we expect rnost of detector breakdowns lia,ppen ilt, the corners or in the bent zones. 

1 2 5 IO 20 

5 bm) 

Breakdown instabilities An interesting efI’ect often seen in mea,surements is the so 
called w&:-out hrcaktlown [54]. The overall eff’cct, is that after successive opera,tions in 
avala,nche mode the bl.e&dowll volta,ge illcrci>se. This is due to the injection of electrons 
in the oxidc close to the junction cclges: this accumulation of negative charges temporarily 
acts as a2 local MOS effect. t,hus relasiqg the field lines in the most criticA a,rea. This 
effect will satjurate due to the illC~eilSC2 of the harrier h($ght at, t,lie intcrfa,ce Si-Si02: after 
a period of anriealing (no voltage applied across the jlubction; ii0 temperatiue changes) 
the brealido7~n vol t.a,gt‘ n-ill cll,iCi- Rgi7ill back to its init tl~r~~sliolcl. This pherromen;~ is 
mainly caused hy the t-rapping of electrons in w&r molecules which are present wit,hin the 
oxide layer with x concentration n-hich clepc~ncls on the type of osiclc and on its (lepositiol~ 
e/o g0Wth mcthocl. E\Wl if it Ci311 be SeeI1 i7S ;I beneficial cfif&, t;his can cailses scvwe 

instabilities in the behaCoirr of I-11~: tlevice alit1 it shoi~lt:l be avoided. In Fig. 3.34 is shown 
the drift; Of the bre~1~ktl0~Y11 TOlti7~C? Of' it ]i'+ -I'. IL jlluction a,~ time--tlclays from 0 to IO hours 
after the a~pplication 0-t‘ l CIO\~’ bias: the el-l‘et:t of tli(x clrift of lleg;>tj\ie cha,rges towar& the 
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Fig. 3.32: Ratio of’ spherical and cylindrical breakdown voltages. In abscissa t,hc junction 
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Si-SiO2 interfxe is evident. Should be notced that t,he drift in I&l is only relevant in 
conditions of sufficient humidity: Longoni [.X5] shows that in dry or ambient humidity 
conditions (5 40% humidity) the cxrier migration through the oxidc is frozen out or at 
least is characterized by a, very long time constaut, (many hours). Rising the humidity 
(2 SO%), the system relaxes t’o equilibrium conditions, for a, given bia,s condition, in a, 
reasonable time ancl BKD improvements take place. 

‘1 4 L. 
2 

9 
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160 

0 0 2 2 4 4 6 6 8 8 10 10 

Time (h) Time (h) 

Fig. 3.34: Drift; of the l3KD voltage! of n p’--jrrnctiou on IO k:fl.cm n---type substrate. The dots 
refer to RKD values a.ft,er 0 to IO hours afkr t,he a.pplica,tion of 100 V reverse bias. Ambient 
humidity conditions. 

Conclusions Previous calcukkions show clexly that’ the most clelicake region with re- 
spect to BKD in a, p + ..I.. T7. silicon device xc tlrc il~lph~lt~tiO~1 corners. I-Ierc the critical 
voltage may be liunclwcl time lower than in i,he planar CilSC and unsde conditions may 
be reached even before full depletion. It is thrref’ore clear that the layout rules used 
in designing the device newt define a lower limit, for irnpla,ntation width, so that in the 
cxx of the shallower junction profile, the corner effect does not transform in a, tipeRect! 
Good ha,bit is to smooth implant~ations co~xors in the clcsign: rountling them whenever 
the design rules a,lln~ it,. 

As mt~ntioiiecl before. tlip real s-dues for l~reiMon~n ~~oltagcs are lower tha,n theory 
suggests: defects, impurities 2nd radiation Clil~l7~~P acts as sinker for carriers xicl lxxausc 
a,t those sites the field is higher. lxea~l~lo~~~~ occlzry when t,hc field there is high enough to 
free carriers from nssociate~l traps. After being wlcawl these carrier can retain enoilglr 
energy to start adancliing. At t-he sllrfaw 1 lit CSil('l shape of t,hc depletion layer cleter- 
mines the Slli?,pe of the surface c:oniponeuts of The clwtric ficlcl. -4s -will be clemonstratcd 
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later, cf. 4.4 and 5.1, at I-,he surface of a clctcctor ma,de of rz--type silicon, there is a,n 
a,ccumula,tion layer of electrons which prevents the silicon surface from depleting, bending 
the potential lines towa,rcls the diode. In a. p’ - 12 cletector this causes a, higher graclicnt 
for the field, with lines which terminate almost perpencliculx to the surfxe, increasing 
the possibility of impact ionisalkion, lowering t,he lxealtdown threshold. One possible so- 
lution would be trying to smooth the bchn~iour of these field lines close to the surfxe, 
id&g them pxallel t,o the surface, as in the case of planar junctions. Two solutions are 
proposed up-to-now: guard ring structures ant1 field plates. 

3.3.3~ Guard rings 

The first idea is to surround the active diode n-it,11 other diode-like structures left mostly 
floating which act a,s a voltage divider. RF increasiug t,hc reverse bias, punch-through 

Fig. 3.35: Pictorid view of’ a guaxd ring a?,nd an act,ivc diode. A gate skructure is drawn. 

(PT) conduction is established between t(he active diode and the guxdg, self biasing the 
floating ring at an intcrmecliate potential x+t h respect0 to that of both sides of the p+ - n, 
junction. The clepletjion region rexhcs tjlrcn the fioa king ring, acting as an equipotentid 
region and sprexls the depletion region to c? Tvicler area,: the ma,in junction (e.g. the active 
strip) has to resist the voltage diflercnce x-ith the rirlg and the ring has to resist the 
remaining pxt, of the applied voltage. The electric field at, junction edges (i.e. close to the 
surface) is thus decreased imcl consequentl:- the a\xlanclie I~redidnn-ri I-oltage is increa,sed. 
A stra,ight,f(~rtva,rd extension of this principl’ is to multipl;C t;bc number of guard-ring 
structures surrounding the active diode. In orilr2 t 0 acliieT-e a, real improvement in the 
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J&d it is necessasy to ca,rcfully study the geometry and the working conditions of the 
multi-guard structure. In fact, the p&entia,l harrier between each pair of diffusions which 
set the PT threshold depends strongly on the relative distance, on the biasing conditions 
and on the device lea81qe current. For more details anti analytical calculakions see [S-l, 531. 

Recently at; CSEM we participated t’o the design, production and test of a series of 
test structures devoted to the optimization of the spacing between the detector a,ntl the 
guard rings. Results arc vcr? encouraging and the:. n-ill be illustrated in Sec. 5.2.l.a. 

In devices developed to resist high doses of radiation, a, tremendous dcplct~ion volt,age 
should be alpplied in order to frilly clepletc t’lie suhstlate a,fter type inversion; see 3.3.5: 
this implies the design of many concentric guards at, precise distances each other in order 
to “digest” up to 1kV over 300 kcm without2 hreakdow~. 

3.3.3.11 Field plate 

The use of field plates is useful as well. A field plaire is t,hought as the metal contact to 
the active part of the diode, which often is the rea,dout metA; le-ft, extending on top of the 
oxide outwards, well beyond t)he projected distance of the impla,nta,tion, i.e. the junction 
(cf. Fig. 3.36). 

The surface of a, silicon device is i-kays passi~atcd -wit,11 a, SiOa layer (see later in 
Sec. 4.4): at or nea,r the interface resides a va,riety of fixed and mobile charges. In the most 
common case of p’ on 71, C 1.11 IJ~ silicon detectors the net contribution of these clia,rges 
tra,nslates in a density of 10” -- 101”cn-” mobile el~c~trons at, the silicon surface. Having 
an electron accumula,tion la>-er SO close to tlit> etlges of the 1) -.. ‘~1. jlmctions, prevenks the 
silicon surface from depleting, narrcwilig the space charge rrgion. Therefore the electric 
field is higher increasing the prol,abilii-,v of impact ionisation. In Figs. 3.37 and 3.3s the 
development of the high ficxltl zone at t,lie inberface Si-SiQ ot’ t,he strip jIinction edge 
(highlighted in the figjlres 17:‘ i-he thicker lint in the silicon bully) by rising the depletion 
voltage, is shown. 

If properly gronntlcd 01 pc)larized, the field l>li>te dcplcl-e t,he surface beneath the oxide 
just close to the juuction (also knon-a as :1f OS qrj;zri’). smoot-,hing the potentia,l lines and 
relaxing the electric field. 
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Fig. 3.37: Simulation results of a, detail of the elcctxic field at tile strip edge. Situation at 3OV, 
before full depletion. Tmpped charge density of 3.1012cnl-‘“.” has been used. 

In high volt,a,ge operation this kind of st~~cturc ma;v encounter some problems due to 
dielectric breakdowns or cm induce noise on t’lre signals often referred a,s micro-discha,rge 
problem [56], but if some design recipes are ~especi~cd~ this pot,ent,ial problem ma,y be 
avoided, a,t lea,st its threshold is shifted to hightlr \-oltage regimes. 

3.3.3.~ Edges 

One of the critical regions is the cut edge of the detectors. Pola~rizing the xtivc zone 
with an incrcaaing bix voltage. the space charge region extends 1at;erally even after full 
depletion a,nd the injection in the SCR of a,n a~mo~rnt~ nf charge carriers might be a, source 
of leakage currenl; increase. 

The cut border resrllts in i2 hewil? dam;tgecl surt’acc: here a, large quantity of dangling 
bonds, t,ra,ps and defects act-s as a source of free carriers which can be injected within the 
xtive pa,rt of the cletector if’ the SCR, wach the cut borcler. _-1ii obviolls but impra,cticd 
solution moulcl he to keep ilS large as possible i,he distance from the i-tCtiVe part to the cut 
line. A via,ble solution is to perform 7~ + irnplxits across the scribe line: here the SCR, is 
obliged to Wlrinl? itself’ n-it bin a slightly- smaller s-olume beneath the junctions, without 
sprexling out towards the damaged ~lrrf’ace. 

The best solution for the sake of l3l<D ptdormances ~~oultl be a surfa,cc depleted 
of mobile charges (elect,rons) up to the xribc ctlgw. This ca,n be atta,incd by means 
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Fig. 3.38: Simulation results of n detail of the electric field at i;he strip edge. Situation at lOOV, 
after full depletion. ‘Trapped charge density of 340L”cnM~~Z has been used. 

of a, low dose shdow ~-4~irrlpla,nt -which superimposes to those of the multigua,rds and 
extends totvxcls the dicing lint. ‘This option combined with the ~2+implantation across 
the cut a,s tlescrihed above: with a,n accurate study of’ the geometrid disposition increae 
significantly the high-voltage performa,nce of the dwice, as will be proved later in the 
Chapter devoted t,o the test, of read devices. 

Conclusions Nowaclal\;s in designing c2 silicon strip sensor suitable for high radiation 
environments, a cornbinat~ion of t,hese techniques is currently used. In Cha,pter 5 will 
be resumed the results of a,ii important, program of prototypes design ancl developed a,t 
CSEM for the CMS SST purposes. 
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3.3.4 Microstrip Capacitance 

The cqxxikxice of silicon microstrip detxxtors is an important quantity which is a, major 
limiting factor to the noise, especially for fa,st systems. =\s descr-ibetl in the section dc- 
votecl to the position resolntjion of MSD; charge sharing a,nd its improvement of spatia,l 
resolution of systems with xna,logue readout: arc? based on the delica,te balance among 
capacita,nces of a st,rip against; the b111k (i.e. t’he back contract), the neighboring strips 
and the eventual deconpling capacitIancc (if’ the detector is AC coupled with the elec- 
tronics). Therefore a careful design of t’he geometry of t#he strips is necessary to ensure 
good detector performaInces. The contribution of non-geometrical sources to the detector 
capacitance, as surface charge or environmental hlmkIity, can be determined only once 
the geometrical va,lue is csta,blished. In the folloTving are reported the results of a geomet- 

Fig. 3.39: Electrical scheme of the clif?erent capacita.nce present in a, microstrip detector. Filled 
points represents rea,tlont strips, empty pointz floating stxipsjnot directly connected to the elec- 
tronics). C,,\c is the decoupling capxitance of ;I. strip, ITi, is the interstrip capacitance ancl CYg 
is the ca,pacita,nce to the bull<. 

rical calculation of microstrip c~apa~citanc:cs, These results will be confronted later with a, 
2D simulation perforn~~l by ‘n~eans of full rcsolut8ion of Poisson and transport equat,ions 
for a2 strip-like strluAirrc. This approach t,akes int’o account (i) a. suitable clcscription of 
carrier mobilities, by niCalis of a concentration tlqvnclent model [57] i3,tld (ii) an xcurate 
pa,ra,meter charactcriza,tioll of the SHR, generation-~ecolrlbillatiolr model. ‘I’llis al1ows a 
complete description of bot2l geometrical and non-~cometric-ai coni;ribntions to the total 
strip ca,pxitaucc. IinoTkrg the geometrical results, the etkct of swface cl~argc is stiltlied. 

3.3.4~ Geometrical capacitances 
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mathema,tically very rigorous and CPU intensive, a number of approximated methods, 
well suited to be integrated in a. C!ID program have been proposed [60]. Sakurai [61] 
makes use of an empirical formula tuned on the numerical tlata, formerly cited. The total 
capacitance per unit length of the cent’ral of three lines of width ZU, thickness t, spa,cecl .q 
(thus with a, pitch p), lying on a silicon substrate of t~hicltness TV, is 

(3.72) 

The formula is compact, easy to handle anal the errorlo: especiahy for very small w/W 
and w/p h-’ w/s as in the case of microstrip detectors, is well below 10%: the problem is 
that cm not differentiate among the different cont,ributions of the strip capacitance, e.g. 
Ci, and Cg. Kiitz et trl. [62] studied the capacitive charge division in a microstrip detector 
by means of a purely electrost,atic method: every strip is a,pprosimated through three 
equally spaced wires with ra,dius p so tha,t the distance between the first and the third 
one is equa,l to the strip width, while the ground plane, i.e. the bxk plane, is substituted 
through the method of ima,ges by the same array of Ivires lying symmetrically respect to 
the plane itself at a diskmce of’ 2W. With a suitable choice of initial conditions, it is 
-possible to solve the linear system corrcla,ting the cha,rge on ea,ch strip to the voltage of 
all the others: 

q’i.j z 
x, 

111 

c ! 

. ..-y.li..-.-- __._-.“---- 
2~~Of,Si 

J 
+ --+ 4/x2 

(3.73) 

(3.74) 

where \IJ,, is the potential induced on t’he i-strip by a charge ,A, at the jth wire and its 
image charge. 

Catta,neo [63] confirmed la tcr the previous res~rlts proposing the applicat.ion of the 
conformal transformations [64] to solve the capacita.nce problem in a system with trans- 
lationa,l symmetry a,long the z a,sis. This mct’hod adlo~ t’o transform in the complex plane 
a, complicate configuration of condircAors into another i,hat can be ana,lytically solved, 
like the case of txo concentrically cylinders or t,wo parallel planes. The resirlts for the 
intcrstrip ca,pacitancc are the follon-ing: 
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where 

(3.76) 

in Fig. 3.40 is shown Ci, as R function of 11$/p compared with the calculation mxle for 
the total strip capacitance C,,ot (i.e. includiq the cont,rihutiou of C,, 
backplane). 

the cappxcita~nce to 
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Fig. 3.40: (Ti,? (dotted line) ad (-(tot (fdl line) a,s aa function of w/p. 

Hall et ab. [65] approach is based on the variational determination of the line capac- 
itance in the Fourier domain: using the charge density function as trial function. The 
general result is 

(3.77) 

where F(,O) is the Fourier transform of the charge distribution j’(x) and & provides the 
norm,2lization. G(p) xntl ,/‘(.I.) arc tlPf?nd as 
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the charge fraction on c~ch strip; the charge fra,ct’ions on each strip allow the calculation 
of the neighboring capaci t.ances. Requiring chxge neutrality allows the computa,tion of 
the strip versus the ba~ckplauc. In Fig. 3.3.1.2. is showrn the tot;\,1 strip ca,pa,cita,nce as a 
function of the ratio width over pitxh 7(i,/p. 

All the mentioned methods a,re consistent and sufficiently precise to estimate the 
ca,pacita,nce coupling of a strip with respect; to all other electrodes. It should be noted 
tha,t none of the a,bove takes into a~ccount the effect of the oxide chxge on the interstrip 
capacitance. The electron lxyer present at- the surface of a p+ - n detector crea,tes a 
floa,ting electrode and it, will not vanish even after the full depletion of the substrate. As 
will be explained in the next section, the electrons rvill crea,t;e a, clmge pocket in between 
the strips which shrinks if the reverse volt,age is risen: t,he exxt distance from the p-‘-strip 
and the electron la,yer depends not only on reverse volt-age but Aso on the electron density. 

In order t,o t&e ilit’ accoutit tmhe effect, of t,liis iloatiqg electrode, the solution (3.75) 
has been suita,bly modikd. III thcx idcal case of no int,erstrip cha,rge, C,, N C:,,,,(,F), 
i.e. it can be siniulat~ed quite ilCCUYatC?l~ by 1nEaus of il piire geometricA calculation (see 
Eq. (3.71): Eq. (3.X), Eq. (3.X)) md all the p;ll’amei-erisations can be expressed a,s 
functions of the mtio ~l/p. Tf’ Tw include the fioatirl g clemode (SW la,t,er: Fig. 3.14); the 
interstrip capacitance lwcomes Cj,s = C7,q(zOJ17 --t-- CllOcli, 1’) In order t’o define C,float it is useful &. 
to introduce the gap s from the j~lnction to rhe floalting electrode and by means of that, 
rcwrit;e t#he eqxcssion of ~~~~~~~~ as: 
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where 

In this simple description the due of .s is t&en from cletla,ilect simulation of such a. 
structure as a function of \;b and l’\‘,s. 

Ii 50pm pitch 

0 20 40 60 80 100 

“bias(v) 

Fig. 3.42: Depletion voltaage clependcnce of the strip>-flontiug electrode ga,p (in /srn). R.esults 
for two typical trapped clxqe densities xc shown. 

3.3.4.b Simulated capacitances 

In the following the combined USC of process and deCce simulations for the description 
of microstrip detector capxita~nces is described [(iri]. ‘This kind of approach make it pos- 
sible to establish a. close correlation 1xAn:een falxicatiou process paxneters and cletcctor 
performance. The analysis lix been carried out starting from the knowledge of process 
recipes and parameters. ant1 xconnting for the same ~~l~O~c~lith~~~~i~I,hic CAD mask layout 
1x3~1 for the actual device protlwtion. 
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Simulation outline All of the simulation activity described in the following has been 
ca.rried out hy using the Virtuajl Wafer Fal:, (VWF) [cii]) cicvdoped by sIWAcO@. Such a 
package provides process- xx1 de\iice-simulat~ors; as well as da,tahase functions (allowing 
data exchange among simulators and/or experimenta, data) and pre- and post-processing 
graphic utilities. In particular, 2D process-siInlllat,iori has been performecl by the AnIImA 
program, predicting xtual device cross-s&ion. doping profiles, oxide-trqqecl charge clis- 
tribution, etc.; a cletixil of the obtknecl de\-ice structjure is illustrated 123’ Fig. 3.43. 

Such data, are then forwarded to the device simulator ATLAS; which in turn works out 
the electrical beha,viour of the device under in\-estigation: “external” responses (I-V curves, 
terminad capacitances, for instance) are predicted, Tvliicli can lx compa,recl with measures; 
moreover: “internal” quantity distributions (e.g.: rlect’ric field, carrier concentrations) 
that, instcezl, can hardly be obtained through espcrimental tecbriiqiles, are obtained as 
well. 

Simulation results ‘Tlre simulated device hx hcen chatackrizecl with respect to two 
Fimcla~mental para,meters: tlcpletion -\-oltage 2nd st,rip c;lpncita,nce, 

Depletion voltage 1 &i can he extracted by looking a,i the strip capaci’rance t,o bacli- 
plane (C,) which, in tlll.11, call l>t 0bt;\incxl fk1nl :\(I’ SilllUli\~iOl~S. DepIction volta,ge ca,n 
be inferred from the knee position in the customary l/c;‘;: s‘s. 1 j, plot (Figs, 3.46- 3.47). 
As expectecl, tleplet’ion voltage is quite sensil)le to t,he snbstra,tc doping concentration, 
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whereas it exhibit,s a, much smaller sensitivity on the a,mount of oxide-trapped cha,rgc. It 
is worth mentioning t,hat, at first order, ra,diation da,nrage effects on Si microstrip tletec- 
tors ca,n he taken irito account by proper adjustment-s of 130th bulk- and oxide-impurity 
concentration [6S]: so t’hat the sa,me kind of analysis can a.ccount for irradiated cletectors 
as well. 

0 20 40 60 80 100 

“bias [“I 

Fig. 3.46: Effect of the oxide charge on the capacitzmce to backplzme. 

As already mentioned, strip capacitances plays a domina,nt role in settling the noise 
performance of Si microstrip systems. Optimal strip geometry comes from a tra,de-off be- 
tween detector resolution (which calls for minimum pitch, i.e., large capacitance values) 
and noise performa,ncc which~ on the contrary. require to 1owc1~ the capa,citance value. AC 
simulakions hame been used t,o investigate the depentlenq~ of the strip capa,citance ‘upon 
process para,met,ers. Although strip capacitance depends essentially on clevice geometry, 
significzmt non-geometIrical contributions come a,lso from the surface charge layers accu- 
mulated at the Si/SZc)~ interface (see Sec. .A.-1.3). SimuMion allows for analyzing the 
correlation between the amount of oxide-trapped cha,rge mcl the electron layer builcl-up. 
In this pa,rticular case 1 used a < 111 > silicon substrate, in order to match with what 
is commonly used in procl~~tctio~~. The possibiiity of -ilsing < I00 > substrates for ra,di- 
ation hardened device is encoluaged by Brews [69] since the amount of charge trapped 
at the surface is r^ri 10 tinirs 10~~ (see Sec. 4..4.3). It-s cf?ect, on t,hc charge build-up will 
be ten times lower and therefore easily mast’erccl by means of I’;, augmentation. Some 
experimenlal evidence ot' this c4f”ec.t Tvill be shown lilter iii C%aj)t,er 5. 

An almost logarithmic deponctency on the ini;t~rfnce charge-density ca,n be inferred 
from the plot in Fig. 3.47. 

As expected, t’lie nc~al~est--li~ighbors inf;erstrip ca pacita,nce is much more sensitive to 
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Fig. 3.47: Oxide chasgc effect; on sepa~ai-c strip contributions. 

the charge surfa,ce la,yer t’han other contrihntions. Dependency of the total strip capac- 
ita,nce cst7.+ (G7.il, = c;;, -t- qc,is;l + Cis.3), where Ci,s,n denotes the ca,pa,citance to n-th 
neighbors) upon the applied strip bias is illustrat,ed by Fig. 3.48 (contributions of 3rd 
and higher-order neighboring strips turn out; t#o be negligihle~ since -$,L < 1%). Again, 75.1 
dii%rcnt va,lues of the oxide-trapped charge xe a,cconnted f’or: the increase of the latter is 
shown to result in a capacitance increase a,ud: t8hus; in a. worse S/N ratio. ‘To this respect, 
hence, simnkxtion adlows to predict the opera,tional limits, in terms of accumulated oxide 
charge, within which the detectors can provide satisfactory performance for their whole 
lifctirne. 

In order to compxc simulation results kth actual silicon microstrip detectors, mea,- 
sureinents have been performed on a, full-scale L4c-couplecl detector coming from a cMs 
test production. Sepal&e capacitance components had-c been individua,lly measured, fol- 
lowing the scheme of Fig. 3.39. Compa,risons with data are given in Fig. 3.49. both from 
a cpntitakive 

Conclusions An estensiye set of numerical simulations has been carried out: to inves- 
tigatc several issues concerning tlesign and optimiza,t~ion of integrated silicon microstrip 
detectors. .Joint, process- iand d(~‘T-Ike-sillnllat-ion a,llon-ed for est~ahlishing close correlations 
between fl-thriixtion process parameWrs and &\-ice electrical response. Simulation rcslllts 
have heen va~lidatetl l,J- comparing them 7vith actual device measurements: good a,gree- 
ment ha,s ~Y.XII fon~~d in all cases. This illust-rates l)oth practicalit8y a.nd reliability of the 
TCAD approa~ch to the cfficienl. tlesign and optimizat8ion of silicon Inicrostrip detectors: 
the application of coil\-ctnt-ioiA nnitlerical simillat-ion tPcliIiiqlte to wafer-sca,le 1c design 
a,ppears t’o he an atlxxctivr ITi>!- to rcduc~e protot:~pilrg time a,ncl cxpellses, as well a,s 
providing a, mean for ph!;sical insight of’ dcra,ilcd det ectx>r operation. 
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3.3.5 Radiation resistance 

The surviva,l of silicon det,ect,ors in the LTHC raclia tion environment depends strongly on 
careful detector design and wise choice of the mairerial. The design va,lrro for the radiation 
resistance of the system is set by the flus of neut,ral a,nd cha,rged particles received by the 
innermost barrel layer. Already mentioned in Chapter 2 a. total fluence of 1.6. ~I.01’Lcm-2 
neutrons is the prediction at t,his radius. Broadly speaking, the radiation da,mage suffered 
by the detectors can be divided into two classes; cflccts which arc due to surface daanage 
and those which a,re due to bulk dama,ge. -1s will be shown in the following sections, the 
effects of bulk da,ma,ge are considered to be the greatest source of concern and it is here 
that every effort must, be made to guarantee reliable pcrforma,nce for the lifetime of’ the 
experiment. 

3.3.52 Surface damage 

Surfa,ce damage occurs when the holes product~l by ionizing radiation in the surfa,ce 
oxide layer either become trapped in the oxide or interact wit,11 atoms at the silicon- 
oxide interface to form interface stxtes (see See. 4.G.3). Fixed positive charge in the 
oxide layer modifies the oxide field, while interface st,a,tes give rise to new energy levels in 
the forbidden gap which can modify the device behaviour. These changes ca,n lead to a 
decrease in inter-strip isola,tion, causing unwant~ed signal chasge skring, a,nd an increase 
in inter-skip capacitances which is a ma,jor lkctor in determining the electronic noise 
of the system. However; it, has been clemonst-ra,ted that a. careful choice of fabrication 
technology and geometry can minimize the changes in clcvice behaviour to an acceptable 
level. The capacitive coupling between each strip aud its neighbors is dominated by the 
quality of the oxide at the interfa,ce (which depends on process and crystal orientation) 
and by the ratio of strip width to strip pitch. After irln~clia~tion, the value of the coupling 
can bc increa,sed by as much as a fa,ctor of w 3. n-lien the trapped charge in the oxide 
sa,turates, a,s can be appreckted in Fig. 3.:1’i and .Fig. 3.18. 

It, is possible to reduce i-hc da,ma,gc-illdllced coupling by subst,antia,lly over-depleGng 
the device. This produces high fields on the strip side and confines the oxide cha,rge in 
the region between t,he strips, thus reducing the capacitance. Hence a technology which 
allows high voltage operat-8ic>n of irradiated tleyices xvi11 keel> t,he impa,ct of these changes 
on system performance under contjrol. The llxe of :IC! coupling is not believed to present 
any pa.rticula,r problems with regard to ratliai-ion d;kma,ge. Polysilicon bias resistors have 
been sl~o~~~n to be relatively insensitive i-o ionizing radiation (see I_;&. 5.25) while the 11se of 
high quality dielectric layers for the coupling capacitors slioi~lcl guara,ntee stable opera,tion 
for the duration of the experiment,. 

3.3.5.x, Bulk damage 

Leakage current 7%~ 111111; l<~i\l<agc cllrrent in dett~t~~ is clescribed in t,erms of the 
quaatity J,,;which is the leal;agt~ curr[‘nt, 1.~ mlit volume. It is well estA~lishet1 that the 
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increase in JU,, during irradiation is tlireci;ly proportional to received fiucnce: 

where t,he proportionality constant,, c;y, is known a,s the dnmqe cc~~,stc~,nf. The bulk 
current; exhibits temperature-del~endent a,nnea,ling effects which must be t&en into x- 
count. The usual quantity for mea,suring t,he le&age current increwz is a,, the due of 
L\! after a11 annealing has ceased. At room tcmperaturct cx, is achieved N 20 days after 
the end of the irra,diation. At: the projected opera,ting telnperature (-10 “C), the current; 
will fall to ~1~ within 3 years. ‘The a,nnealing effect, Jvill be considered in the following. 
The current itself is strongly dependent on temperature, The &da, are found to fit the 
form: 

(3.52) 

The average value of .E;l,,, from the various measurements ta,l<en is (0.62 -+ 0.03) eV. 
The va,lue of Q, for irra,diat,ion with I MeV neutrons at 20 “C is (2.9 i: 0.2) + 10” A cm-‘. 
At, -10 “C, cl?‘,, faAls to (I.4 rtr 0.2) . IO-’ 1-I cn-‘. Hence, for the innermost micro-strip 
layer in the lxrrel region; a, current density of N 6pA and2 is expected after 10 yeass of 
operation (see Fig. 3.50). 

Time (years) 
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tha,t, with heavily irrxliatetl silicon detect,ors, one must, take into account the possibility 
of t,herma,l runaway. 

Charge collection efficiency The signal to noise ratio is a,lso AJkctecl by clecrea.se 
in chasge collection efl?ciency; which are caused by tile trqqGqg of charge carriers at 
radia,tion-induced defects in the silicon blllli. It 112s been shown by several groups tAa,t 
the resulting signal loss is moderate and has a. Tvalue of < 10% al’ter a Alienee of 1 + 101” n 
cm-l. Recent results demons tratc t,hat N .lO% of die signal remains dter 1 . 10’” n cmW2. 
On the basis of the rcferenccs quoted there, it is estimatett tha,t the bdlistic deficit suffered 
by the innermost micro-strip lxycrs - for an effective shaping time of 25 11s - will not exceed 
15%, which is considered tolera,ble. 

Effective doping concentration The depletIion voltage of a silicon detector depends 
upon the effective doping concentrakion of the substrat-c material: 

(3S3) 

where (3: is the dept,h of the diode. The value of i’\ieff is determined by the conccntrakion 
of space charge in the depletion region. In an ~mirrxliatecl device, the space charge arises 
predominantly from the phospholus clopant4. 

Irradktion results in an xcumulation of negative spxe charge in the depletion region 
due to the introduct;ion of acceptor defects which have energy levels deep within the for- 
bidden gap. n-type detect,ors therefore become progressively less n--type with increasing 
hadron fluence until they invert, to effectively I’-type and then continue to becotne more 
p-type beyond this point, apparent,ly without, limit, (see Fig. 3.51). 

The inversion fluence: depends strongly on t’he iuitkl resistivity of the substrate ma- 
terial (see Fig. 3.5-l) and has been pa~ra,meterized For 2-1 Ge\i protons a,s: 

Detectors still work beyxd the inversion fhlence as the junction moves from the pm’- 
strips to the 12 + back-plane cotkxt. At high flllcnces. ~~C)TTYX~~ Niirf ca,n be such that the 
depletion volt,age exceeds the breakdown x~lt’agr of the deCce and &kient operation is no 
longer possible. In tAe period a,ftcr irrxliation. the, xnneaJing behaviour OF iVeff displays 
two distinct phases. There is an inir-i al reduction in negative spxe charge ‘(beneficial 
;annea,ling) j which is later clominatcd by a slon-er. but’ much laygerp increaue in acceptor 
conceatra,tion. This second phase is kuoxn as “reverse itnnealing” The rate at which re- 
verse annealiiig proceeds is highly Lemperature dcp~nclent,: the cha,nges, 1113 to sAxration, 
can tdie ma,ny yxrs at 4 0 “C hut, are accclerat~cd to a matter of -\\-eelts at room tempera- 
ture. Consequently; rcvpri;e i-~nnealing imposes xtrict: limits on the operation temperxture 
of the SST and requires that ltlitillt-~~Il~lllCtl and Tvarm-1Ip pcriocls be lielIt to a minimum. 
It follows tha,t the cha,nges in S,,f,[ can be JTrirten ns the suln of t,hrc>e components: 



3.3 The rnicrostrip detector -____..____ ~---..---___-- 89 

800 

700 

600 

e-. 
L 
a, 500 
D -Y 
z 
K .o 400 

3 
E 
2 300 
2 

200 

100 

c 

A Pavia (nominal fluence) 
X Bucharest (nominal fluence) 

Ljublijana (nominal fluence) 

-.i)-. simulation for 4.5 kohm cm 
.-:\.. simulation for 8.2 kohm cm 

Ttttiii i i iiitt?i i i iiiiiii t-v 

lOi 
13 

neutrons fY,O,nce (cm-‘) 
1O’J lOI 

Fig. 3.51: Evolution of the depiction voltagt: with flucnce. Data refers to edge structures 
described in Sec. 3.3.3.c. 

where 

to the sta>ble damage and 



3.3 The microstrip detector 90 ~- ----- ___-. .-___ 

$ 350 
22 

s 300 
5 .- 
=z E 250 

ifi 

U 12 3 4 5 6 7 8 9 10 

Time (years) 

Fig. 3.52: Predicted evolution of I&, with hirne for lxurel layer 1 for two different initial 
resistivities. The worse scena.rio for a total fluencc of 2.4 . 10% cm-’ is also shown for each 
initial resistivity. 

1.5 is also shown. It is clex that efficient operation ca,n be guxantecd for the duration 
of the experiment, if the breakdown voltiqe is high enongh. From these cakxktions and 
from signA-to-noise considerations which are discussed in section 3.3.1, we require that 
the detector can he safely operated np to .500 I-. 

Fig. 3.52 and Fig. 3.53 show the leakage current and the corresponding dissipa,ted 
power. The worst ca,se scenario including t,he safety factor of I.5 is shown as well. The 
same maintenance scenario as for Fig. 3.32 has been assumed. The power dissipation has 
been calculated with an operatjing voltage n-hi& is II...j. I~;,. From these figures we conclude 
that sa,fe operation conditions can 1~ obtainetl. 



3.3 The microstrip detector ___~ ---- .-.~-.-___--.-___.- . . 91 

L 

fve.f.10 
c 

SC 

SY 

ga 

k:", 

kxo 

&a 

kY1. 

ho 

&Y ---...I. __--- 

,,i 

Time (year) 

Fig. 3.53: Power c1ensit.y clissip~~tecl on a silicon lrlodule (clotted line). The sin~nladion wa.S clone 

for a 4 k62.cm substrate. The solid line shows t,lle power dissipahl for, a, nraxind fluence of 
2.4 . 1o”L 11 Cn-2 / . 
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3.3.6 The Single or Double Side Choice 

Conventiona,lly the most common type of microstrip silicon clet~ectors is single-sided (SS) 
p’ - n. The reason for that, is stra,ightforwarcl: t-he fabricat8ion process used in the 
fabrica,tion of such devices is a, direct derivation of the pli-u?X process used in the IC 
industry. Uy rnea,ns of that: t,he front side only of t,he silicon w;afer is pa,tterned, being the 
bxksidc damaged by t,he autxmakic handling. 

In developing the technology suited for silicon dct-&ox, pzticular care have been 
devoted to avoid serious dama.ges on the back of t,he w&r: mechanical scra,tches on t,he 
back surface may wea,ken t’he high-low jlmction suit,ed to prevent, charge injection in the 
bulk from the bxk-side contact. 

I pasticipated in the past to the fabrica8tion of a fully- double-sided (US) silicon detector, 
meaning active patterning on both sides. i.e. both detector faces able to collect charges 
from ionizing particles [7-l, 721. This work led to the production of t.he detectors for t’he 
first fully double-sided silicon vertex detector, t,he ALEPH VDET [‘X31. 

Radiation resista.nt doll’ble-sided devices lxwe been produced and tested within the 
CMS R&D activities /74]. 

Double-sided detectors may provide t’TT-0 advantages over (for example) a, pair of SS 
detectors: 

e Easiness in solving t,he a,mbiguity problem in multi-hit events 

0 Less material. 

In principle is possible to measure t;he signa, charges in the p- and the la-side clusters 
and use the correla,tion between them to rule out f&e associations. In practice, operative 
conditions of silicon detectors great’ly redllce this possibility (i.e. low S/N ratio on wide 
clusters on one or either sides). 

The efl?xtiveness of DS det,ecl,ors in reducing t,he multiple scattering by means of sup- 
port structures, ca,bles and cooling, should be carefully ana,lyzecl since multiple scattering 
is proportional to the squared root, of the t8hickness of the ma,terial and by using two SS 
detectors mounted back-to-back, many items are sharctl~ i;hus the added material do not 
necessxrily doubles. Moreover US devices are inixinsically more expensive because of the 
special h;-?,ndling espla,ined above and of their intrinsic lower production yield. 

For the double-sided layers CXIS plan T,O use t,wo single-sided bxk-to-back sensors, one 
of which will have small angle Sterno strips. This allow an easy r-outing of the signal to 
the electronics located at out’ end of t,he module without making use of flexible circuites 
(copper on ka,pton or upilex 1-bin foils 1721). &en in t;he case of small a,ngles; in order to 
avoid dead regions: the ilse of double met~al connections is envisagecl; since the number 
of second metal lines crossing the detector is J~J* limited, thus t;he S/N ratio is not 
significantly dcgxled 1~~: the increased strip ca,pacitance. hol,licr rexon to prefer back- 
to-back sensors is driwn b?- the i~~na~~oirlable high ~01 f-age operation: the electronics can 
be opera&cd without-, an nflset- groilncl \vhich is uecesf;ary xhcn truly dolrble-sided devices 
are usetl. 



3.3 The microstrip detector 93 .-~ --~ . ..- ___- ..- .~ 

The rz+ on ~-bulk devices, dthough interestirrg, do not seem to offer clelinite advan- 
tages in the SST system. They are IIIOP~ expensive than lxuly single-sided &vices since 
they need a pattern on the front side, making them ‘LcpxGi’ double-sided, F‘inally~ op- 
tirnization of the performa,nce of these dwices in the 4T field of CMS would be highly 
problemakic clue to the higher Lorentz aqglc of the electrons. 

3.3.7 Conclusions 

In the previous sections, the main sources of noise for a2 SSD ha,ve been discussed. 

Fig. 3.54 reports the expected performance of non-irra,ciiatecl detectors as a. function 
of the width/pitch ratio. 
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Fig. 3.54: Predicted clmrge collection efficiency (c.c.e.) (a,); noise (ENC) b) and S/N ratio 
(c) versus w/p for CSEM detectors. In the noise plot. the solid line represents the suni of all 
contributions, whereas the rmconnectd points ~‘qxescnt~ fxmn top to bottom, noise from: the 
arnplifier~ the strip resistance. the bias uesistauce nnrl l&P w~cI:se bias an-rent. From [37] 

An essential fccature of Fig, .3.5db is t,h;ti- noise is i-ot2dly dominated ljy the front-end 
electronics. 

Leakage cwrcnt, Iv-ill not af&ct~ substantia~ll!; the clei-ector performances until the find 
sta,ges of high lmninositj!; operat,ion, when st;t~uglg irraclia,tecl detectors will show total 
leaka,ge currents in the mA range. An xceptable level of’ perkmuance will be rexhed only 
by rnexx of tlepl.et,ion To1 t’ages significantly higher tIllan the depletion one (see Sec. 5.3.1). 

Strip bia,s resistors in t-he MQ range are safe enough to keel:) pxallel Johnson noise 
contribution very low since cwn after strong irradiation their dues do not lower signifi- 
cantly. 
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The compact geometry chosen for the moclulcs (I or 2 detectors/module) will keep 
the series resistance cont~ribution under control but the ca,pacitive load must be kept, as 
low as possible, which will a,lso ensure the highest, charge collection efficiency (Fig. 3.54w). 
Low dues of the W/P ra,tio are thercfore preferred. The prcclictecl signal-to-noise rwtio 
~mould be above 12 tbr W/J~ .< 0.2. 

From Sec. 3.3.1, it is clea,r that some ittlms may be solved by mea,us of a careful design 
only, others combining a good design ant1 ~1, fine technological tuning and the rest by 
process choices alone. Pure technologica~l choices n-ill be described in the next cha,pt;er. 

It is possible to draft a, guideline for the best, CSfS silicon strip detector design, by 
summing up the most important items not exclusively process relaked: 

e The thickness of the silicon substrat-c shoulcl be chosen a,s a compromise between 
signal-to-noise and process easiness. ‘Thin snbstra,tcs tza,nsla,tes in low signal charge, 
exacerbated by the reduction in the signd voltage due to an increa,sed ca,pacitance 
from strip to ba~cltside, a,nd thus poor signal to noise performances but, a,re less 
sensitive to multiple scattering problems”. 

0 Carefully controlled close 2nd doping profile will limit the occurrence of criticd fields 
at the .junction edge. 

o Good ohmic contact is needed to avoid leakage current: increa,se by cha,rgc irljeection 
from t,he back contact. The effectiveness of the high-low junction on the ba~cksidc is 
proven. 

o Edge stabilization by means of an n-well impla,ntation on top of the cutting area on 
t,he junction side will avoid charge illjet:t.ion from the nsea da,ma,ged by the cutting 
procedure. The presence of such a n-ide and smooth 71, +-implant relaxes the high 
fields close to the cut thus improving the breal~low~~ limit of the detector. 

o Multi-guard structures between the detcct,or active a,rea, and the ni- edge implant 
are importard to distribute the voltage drop on the junction sicle over a kqcr region, 
enhancing the brealdowu performances of t-he device. 

* The thickness of the decoupling oxide of the skip Tvhich fixes the decoupling ca- 
pacitor due sl~oulcl be chosen by looking to the i>imetl noise performances and the 
design width of both in1planta~tion a,ncl reaclout~ metal. 

* The red-out pitch being defined 1~~ the requirement~s on spa t,ial a,ccirri~cy a,nd two- 
track resolution, t,he strip n-idth dl be determined by i3. com])romise between wider 
impla,iik and safet.~- in ierrns of field ~ (yrilclirnts close to the implants. Narrower 
implants which minimize the collpling t,o t,hr adjaceni: implants will recluce the 
system noise too. The inter-drip caparitancr shoidd then be such tlia,t it greatly 
esccetls the stl,ip-tc’-hacl;sitle capacitance in order to &void serious signal loss from 
floating strips. 

- ._.. I~.---.-_-..-- I...^... I.-_. . ..--. ” ,,_-_ ._.” 
‘-‘It should be noted t,liaf. inldt iple sc;lttwing clepeuds l’i~xu he scpawtl mot of the subsixntc thiclmess. 1 L 
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o The value of the poly-silicon resistor neccled to bia,s the implants is a, compromise 
guxxnteeing good uniformity and a, negligible -\-dta,ge drop, minimizing the contri- 
bution to the thermal noise. 

o The thickness and t,he lateral dimensions of all metal electrodes ase chosen as high 
as possible to reduce the total series resistance of the read-out strips. 

o The intermetal dielectric for the det~v~tors with double metal signal re-routing (for 
bxk-to-back modules) should be as high as possible in order to lower the stra,y 
capa,citance between the strip of thtl two mct,nl layers which contributes to the 
series Johnson noise of the detector (or nmlule). 



apter 

abrication 

This chapter is meant aa an introduction to t’he fabricaiion procedure of silicon microstrip 
detectors. The basic concepts come from the p1nna.r process, widely used in IC industry 
for circuit fabrication. Bllt some importa~nt~ differences emerge. some of thern being re- 
sponsible for the specific complexities of tldector fabrication. The inclividual processes 
required to produce silicon detectors and the manner in which they are combined to make 
the detector will be briefly described. In particular I xvi11 summarise the ma,jor steps we 
have chosen a,t CSEM for the fa,bricxtion of single sided, AC-coupled silicon detectors, the 
latter being the final choice -for the SST of the CA.lS experiment. 

4.1 Introduction 

The complexity and scale of many new applications for charged particle detectors require 
well-controlled fabrica~tion techniques. Hence. r? rnoclcrn tletcct,or process shonltl offer 
minimum sensitivity to process-induced cnutaminants and idea,ll!; would be compatible 
with contemporasy integrated circuit (,IC) fkbrication techniques. However, typid fa,b- 
rica,tion processes for radiation detectors do not t’ulfill either of these goals. While iu one 
notable ca,sc olttstancling results have been achiewrl [?5]: the process used is incompatible 
with convent,iona,l IC fabrication and is wry sensitiw to t,he temperature at# which the 
implanted dopa,ntz3 a,ro annealed. This is cllle to t#lie estrcnie se1isitivit.y of detector leakage 
current, to impurities that, introtlucc ene1.g le-\~ls near the centre of the silicon bandgap. 

At CSlr’,!Ll, a combination of filirl!- conwntionxl int,egrat,ecl circui.ts processing tech- 
niques c?re used to rezdise IotT--leakage. radiation-hitrcl riTcliati<>n detectors. By utilising 
gettering techniques that, actiwl:- counterac-t1 the prwencc of harmful impurities in die 
active volume of the device (see Sec. 4.11), the sensitivity ol‘ t,lie process to varia,tions in 
the fabricat~ion environmeni- is grrat,l>- rcclucecl. In addition. t,he MC of relatively high pro- 
cressing t,emperaturcs makes t,he process ctescrihetl hew full\- cornpat’ible mi th convcnt,ional 
IC processing. 



4.2 Substrate choice 97 ~~- -~- - 

of thermal oxide1 on each surface. As fdxication proceeds, other layers covering only 
one side of the wafer such as CI’D oxidc: poly-cl,ystalline silicon, silicon nitride, a,ncl 
various metals will be ~lded. lntermisecl with these steps will be pakterning (lithogra,phy); 
etching, diffusion, and ion implant~ation. 

Exh of the w&r fabrication operations listed below have many steps and usually 
ma,ny varia,tions, depending on exactly the kind of structure to be built. A wafer ma,y 
circulate back through some of them several times. defining the order in which the steps 
are performed, the so cxllecl (‘process Aon-” : is a key- lx& of the detector technology 
designer. 

4.2 Substrate choice 

Basic characteristics of the silicon substra,te are of capit,al importance in cletect;or fabri- 
cation. Crystal orienta,tion, resistivity, unifbrmit~y in doping and thickness clifRxntiate 
detectors from mainst’ream CMOS or bipolar IC t~echnologies. 

As ‘Ilable 4.1 shows, the orientation a,ffec%s nearly all of the wafer-hb processing steps. 
_-__... l.- -_-_.-...______----...-.-.~ . ...--..” ...” ..--. ~ - . ..-~- ..-..... 

Operation Effect of Orient,a,i-ion - ..-.. -.--~-.- 
-TherAl oxitla,tio~~~ I-tat,e varies witl_l 0rient;al;ion; (1.00) < (110) < (111). - 

Etching With some etchants rate is very low in [ill] direction. 

DifIusion Dif?usion is dependent in silicon when clone in conjunc- 
tion with thermal osidakion; (100) > (111). 

Ion implantakion Range is greatest in [IlO] direction; also is greater cli- 
redly in ot;hctr low-indices directions as compared with 
slightly of?orient a t’ioii clircctions. --..II ~ _-.. ~“.-._- -..d ----~...-- ~lll... 

Table 4.1: E&A of crystal orient&ion on the mGn processing steps. 

The ma,terial specifications for silicon clel.ector fd3rica~tion arc qllite different from wlia,t 
is needed in orclinary IC tcclinologyjr16]. In Table .1.2 arc summa,rizecl the main substrate 
requirements. 

Resistivity characteristics are wry dif%rent both in a,bsolute vdlle a,nd in uniformity. 
This fact tra,nsla,tes in using (->sclusi\-cl!- Flea t:-Zone (FZ) silicon, which ensure the highest 
purity, for detector fa,brication. But, FZ is not the st,anclard for IC industry which prefers 
Teal-Little or CZ growl ~silicon, i\Ilcl this ca,uses difficult supplies, long delivery times 
(sever4 months) and higher prices. 

Wafer thickness is another crucial diffewnc,e: st-anclard ICs are mainly based on surfxe 
phenomena. The silicon bulk thickness is theref’orc not of pxa,mount importxnce from 
the elcctricad point of T-iew. On the other hand, the necessity of fa,st automa,tic hanclling 
requires good mechanical st’reiigih: n-hi& trxxlates in the thickness specifications. 
.-~.--_ ~^- 

lThermnl oxide is SiO? frmned 1)~ osicli,kg the silicon surface. 
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Item IC Detector Item IC Detector ---_-.-..I .--..- ~--...“^-~_-~. I- .~ - .-.-. -.-~...-.~ 
T 

.-...:-__.I==- .-“--- .-~ ~~.__. 
Resistivity (0+cm) i Slice thickness (j/~7x) 

Min 0.008 1000 / i\lin 375 -J: 2.5 200 xt 10 

icl as 20 > 8000 710 & 25 300 ItI 1 .5 ___.__-._.._ -.-.“_ll--.-----.-““.~...~..~--. .-.---.- ~- -._. I” .- ̂ .... ~--.-.-~ __--..~_ 
Resistivity 10% 5% rfO.fjmm rtO.limm 
gradient 

Dislocation < 100 < 10 j Bow (i’u?~) 35 15 
density/cm2 I 

-~- ---...“l.- -.-l- - -_--.--~-“-.-~-.--- 

-I 

~- I-l.X.-.- 
Carbon < 2 Cd 3 OS~gC?ll 25-40 ppm > 100 ppm 
Cont. Cont. --~--- ..-- -- l..-~._.~~--.. ~ .._ -_..-..l ._.._ _---_“-.^.---- -_..--- 

Table 4.2: Compxisorr between SEMI - a standxclization organization in the semiconductor 
industry- standasds for 4” n-type Si lC wafers a,ncl detector-grnde wafers. 

In the case of silicon detectors, t)he substrate is the active part of the device and 
thickness defines its energy response. Moreover, in high raclia,tion environments like LHC, 
n-type silicon is srtbject to type inversion (see See. 3.3.5.b) and the depletion voltage 
may rise to unaccept&le values if the thickness is too large: CMS chose 300~~71 t,hick 
wafers as a good compromise. Nevertheless innermost layer of pixel dct;ectors may ask for 
thicknesses down to 2OO/wn. Difficult& in processing such thin wafers may then arise: 

o due to their lighter weight, they are difficult to handle with automa,tic cquiprnent, 
tuned for stjancla,rd IC wafers: this fact, ca,uscs wafer brealtagq lowering drama,tically 
the so-called mechanical yield; 

* therma, osicla,tion a,ncl dielectric layers gron-n or deposited during process do induce 
tensile and compressive stresses to the la,ttice. causing bowing or even breakages; 

o wa,fer bowing may he too lxgc to allox. i.e. bump bonding or support gluing with 
Full size d&ct,ors: 

0 ba.dly conditioned wa,fer c&es ma;- induce edge chipping: silicon particulatcs may 
fa,ll hack out;0 KilfC3 surface during fa hrication. affecting device integrity; 

0 procurement time for thin xkfers is TP~T; long and may considerably slow down the 
duty cycle of the fabrication process. 

Historicallgi the crystal orientxt,iol~ used for detect-ox is (1 1 I) I I tried to understand the 
motivation for this choice by looking into early silicon clctector litera,ture. Kemmer 1751, 
which is consider4 as the founder of’ t,he modern ~a!; of processing silicon detectlors, or 
Hollantl [‘i7]; who est-~enclcrl the liemmer process t’o higher t,hern~l budgets, do not give 
any explxlation. M!; personal brlievc is t’hat, this choice which xnazingly lasted for more 
than 15 years has ken tlriyen by one: or a conll,ina,t,inrr, of t,he following fxk: (111) 
wafers were at that time t’he only available iu F‘Z at high rkstivity, (1 II) wafers ase 
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less prone to aluminum pitting (see See 4.9.1) and therefore junctions are safer, (111) 
tva,fers suffer less impla~nt cha~nnelling (see Sec. 4.6) and therefore the control on the 
implanted doping species is better. Recently one importa,ntj drawback in using (1-t 1.) 
slices for strip detectors sliited for operatjion in high radia,tion environments has been 
highlighted: the higher density of surface charge (see Sec. 4.4.3) with respect to (100) 
ca,uses higher interstrip cqktances, espc~ciallv after irra,diation (see Sec. 5.2.4); rising 
the noise contribution of the detector [B]. 

Resistivity lack of uniformity on t)he wafers are not welcome: local va,riations in de- 
pletion voltage as well as electric. field ma,y cause weird detector bchaviours, especially 
if operated just above full depletion. J1 good rule of tjliumb is to take a safety factor of 
30% - 50% on the depletAon voltage: when defining the opekive voltage. 

Last important difference is wafer‘s oxygen conccntra.tion. Since some months, the 
RI)48 collaboration (RWE) at CER.N has performed in-depth studies of the effect of 
oxygen in detector grade silicon a,nd its effect on detector performa,nces after t;ypc inver- 
sion [79]. It comes out that oxygen may definitely help in lowering the effect of reverse 
annealing (Sec. 3.3.5.1~ a,nd Sec. 4.11.2): in Fig. 4.11. arc sununa~rized the R,OSI? tests on 
diodes made with different substrates: highlighting the excellent bchaviour of osygena,ted 
materials. CSEM is currently processin g a CMS silicon strip detector batch ma,king use 

Fig. 4.1: EIfcctive doping change as a. fun&ion of Z-1 &V/c prol,on fluence -for various sub- 
stratm. 1791 

of a prelimimq deep osvgcn diffusion. 

Substrate pr~~~uwtl~nt for silicon tletect-or ma~l~~fi~ctul~il~g is a. scriolis problem. Nowa,- 
days silicon ma,nufa~cturers are conccntraWd in producing 6 -- is” silicon, CZ-grown, typi- 
ca,lly p-type, 700 --- 800 /urn thick and n-ith a. rw,ist,ivit~- close to 1-2 it.cm. ‘Therefore the 
production of subst’rates suiirtl for silicon detectors is not iu their mainstream commercia,l 
interest: growing hyperpure silicou is more difliclrlt. more expensive; the dia,meter (on 4” 
there will be t,he larger volume) has been almost al~~ndoned by TC industry, lapping and 
polishing silicon to 300 ///x thick n-afers may case yield losses. hlorcover; production vol- 
umes required by ih IIF:I’ c~on~n~ui~il-y are not large erro-rrgh t 0 convince 1;hc ma,jor silicon 
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producers to change their attitude a,ntl to rise t,he dctect,or-grade silicon from a, small 
“niche” market to something “o~~t-(~f-t~he-(~~~talog” : the entire silicon surface required for 
both silicon trackers of ATLAS and CMS can be produced in less than one week! 

4.3 Surface Cleaning 

Optimal cleaning of semiconductor s-urfaces requires that1 pa,rticulates, organic films, and 
adsorbed metad ions are removed. Most cleaning procedures are based on immersion in 
liquid baths or liquid sprays. In a,ddition, ultrasonic agitation or brush scrubbing may be 
required. In some cases) high-temperat,rtre T-a,por etching or low pressure sputter etching 
may be used. A good cleanup is complica,ted by the fact: that, unless grea,t care is taken, the 
materials used for cleaning may cont’ain (and leave behind) more particulates and metals 
than were on the surfa,ce in t,he beginning. Conseqwntly, sel~~iconductor-~r;-2tle chemicals 
that are specklly filtered a,nd purifiecl~ mwt- be used. Organic solvents are widely usecl, 
but since they sometimes leave residues themselves. high-purity water is ordinarily the 
last stage of a cleanup. This last stage is often immediately preceded by an a,cid to oxidise 
and remove a,ny remaining organics. 

AI; CSEM, t,he care in cleaning procedure during silicon detectors fdbricadion is taken 
very seriously since the requirements on defect density are extremely tough: one partic- 
ulate or a small resist, residue ma,y translate in a, pinhole in the decoupling oxide or in a 
impkmtation short between two strips. We esperiencccl in the past tha,t by simply incveas- 
ing the number of cleaning stages before and a,fter critical processing steps, we increased 
the devices final yield considerably: a, conserl-at,iw approach [SO] (when shortening of 
process time is secondary) should be preferrrd. 

4.4 Dielectrics: thermal oxidation and CVD deposi- 
tion 

4.4.1 Thermal Oxidation of Silicon 

The operation of osiclisillg the silicon surface is p~rforrued in a, tempcra,ture range o-f 
SOO”C- .I.250 “C a,ncl in an atmosphere containing osygen (dry) or stea,m (wet) in an inert 
carrier g&S. 

The oxidation rate incwascs ITit increasing temperat-ure and pressure a,ncl t,he oxide 
thickness increxes, although not, lilYleiWL-\:. \yit,lr oxidatjion time. Silicon is consumed during 
the oxidation process at: a rat-cl s11ch t-hat for wery lt\icron of oxide grown, the silicon surface 
recedes by 0.45 ~~11. Osickion rates cltpw~cis also on crystal nricnta,tion: since oxidation 
rate depends to the rate of iucorporat-ion of silicon atoms into the silicon dioxide network 
and the surface density of silicon atoms is higher on t-he (.l.:l‘l)-plane than on (100)-plane, 
oxides will grow faster on jll’t) suMrates. 

To avoid growth of st,;>cking fi>ults dllriug heat’ t-r‘catrnent.J a sma,ll percenta,ge of HCl 
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or TCE (trichloroethylenc) is added to the 02 ga,s. Chlorine haa the ability both to getter 
heavy metals from t,lie silicon bull; a,ntl to form an cf?icient sink for silicon intcrstitials. 
As a consequence, generation and recombination ccnt,ers in the Silicon bulk a,re reduced, 
enabling high minority carrier lifetimes. Addit5onally chlorine is useful for neutralization 
of alkaline ions, which a,re responsible For device inst8abilities. 

4.4.2 Chemical Vapor Deposition 

CVD is used to deposit la,yers of mat,crials such as silicon oxide, silicon nitride and poly- 
crystalline silicon onto the wa,fers. CVD processes usl~lly operate in a tempera,ture range 
of 300 “C - 900 “C a,nd proceed by reactions such a,s Follows: 

SiH,l + 20, --- 450 Oc> SiOz -t- 21’120 (silicon oxide) 

SiH), -2i)o si -1. 2H2 (polysilicon) 

3SiClaH2 --k 4NH3 -!‘q S&N,, + GHCl -I- @-I:! (silicon nitride) 

Oxides depositecl in t,his manner have a lower silicon intcrfa.ce quality than a! ther- 
mal oxide and, in addition, may h;ive a ion-er density. Consequently, they a,re not an 
alternative to thermal oxides but &her an a,cljunct t,o be usctl when thermal oxidation 
temperatures ca,nnot be tolerated, lilie after a met,al deposition a passivating oxide, or 
whether fast depositions of thick non-critical oxide layers, like intermeclkte, sacrificial 
oxides are needed. 1S‘urtherrnorq they can bc llsecl when an insula,ting layer is requirecl 
and there is no silicon to be oxidised. 

It should be noted tha,t thickness control on cleposit,ecl dielectrics is worse than on 
thermal oxides. By using a. pla,sma to supply a portion of the energy required, CVD reac- 
t,ions such a,s those .just, listed ca,n be done at- subst,antially lower temperatures (PECVD 
- Plasma Enha,ncecl CVD - silicon dioxide, also l<no-\\-11 as LTO, low temperature oxide). 
In particuk, usable silicon nitride films call be c1cpcsit~ct-i a,t 300 “C, whereas straight 
CVD requires over 800 “Cr. Basically LPC1B (Len- Pressure CVD) depositions are made 
on furna,ces tubes and the deposition is therefore cloublc-sided; on the contrary, by us- 

ing PECVD; wafers are laying on a,n electrode plate within the plasma reactor and the 
deposition is single-sicled. 

Polysilicon consist, of small grains of single crystal mxteria,l separa,t,ed by highly dis- 
ortlerecl regions called gra,in bouncla~ries. Those gra,in boundaries a,& as impurities sinks 
and hence polysilicon itself’ is an ef?icient getl-eriqg tnaWria1 (see Sec. 411.1). Polysil- 
icon is estznsively used bot8h as electrode and as resistor, by exploiting the possibility 
of doping it either 1~;~ tliffi~koii from a. gaseous or solid source, or by means of dopant 
implantat~ion. It, is intcrest’ing t,o note t’hat l&e polysilicon rrsist,i\-ity strongly clepencls on 
deposition conditions ~vhich fix i.e. t-he grain size: once doped, conduction occurs through 
grain boundaries svhcre tra,p densit? is yet’!- linkage and it,s s:ariat,ions clef-ines resistance. 
In the MAXIS technology. cle~elopocI at C’SEl\ t for ratl-ha,rcl silicon detectors, polysilicon 
is used only for the strip bias resisters and it-~5 resist-ivity is tuued by means of dopant 
implantation. 
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4.4.8 Oxide charges 

The presence of chxges in the ode sncl a.t the silicon-silicon dioxide interfxe is un- 

avoida,ble in practical systems and nia,y be the cause of st,rong iixdbilities in surface 
operation of MOS based device, like strip detectors. In fact, as drcacly pointed out, 
interstrip resistance, interstxip capacitxncc: oxide breakdown voltage and adso charge col- 
lection efficiency (through the detector depktion volt,age) are affected by oxide charges. 
It is therefore worth to give some illsights of the cliff’erent kind of interface chxges its well 
a,s to analyze the possibilities a, silicon clctect,or manllfacturer has to keep those charges 
under control. The basic classificatiolx of these tramps and charges are shown in Fig. 4.2: 
they axe interfxe-trapped chargq fixed-oxide chargc~ oxide-trapped chxge and mobile 
ionic charge. 

Fig. 4.2: Scheme of mobile md fixed charges at, the interface hebeen silicon and silicon dioxide 
Wl~ 

Interface-trappecl charges Interface-tr,a,pI~ccl chxges Qif are duo to Si-SiOz interfxe 
properties and dependent on t,he chemical composit,ion of this interface. The trqx are 
located at the Si-SiOz interface with enrrg~- states in the silicon forbidden bandgap. The 
interface trap density !Vjt (i.e.. number of int-rrface traps per unil- xea) is orientation de- 
pendent. In (100) orient,ation: the interface txap density is about, an &ler of ma,gnitudc 
smaller than thd in (I 11). I’resent-(li~~ MOS diodes with irhcrmally grown silicon clios- 
icle on silicon have most’ of the interfxe trapped charge ncutrdized by low temperature 
(450 “C) hydrogen annealing. ‘The due of &it. for (:10(J)-oriented silicon can bc as low 
as :l I 1O1 ’ cn-’ > which amount5 t-o a,bout- one ilitel,face-tral-)l,ecl charge per 105 surface 
atoms, For (1.11 I)-oriented silicon. Qj, is xboirt 8 . 10’ ‘cn-‘. 
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Fixed-oxide charge The fixed-oxide charge &l is loca,ted within a,pprosimately SOi 
of the Si-SiOa, interfa,ce. This cha,rge is fixed ant1 ca,nnot be charged or discharged over a 
witle vasia,tion of the surface poteutia,l. GenerallyY (i! f is positive and depends on oxida,tion 
and a,nnea,ling condit,ions and on silicon nriemation. It has been suggest’ed that when the 
oxidation is stopped, some ionic silicon is left near the int~erface. These ions, along with 
unfilled silicon bonds (e.g. Si-Si or Si-0 bonds) a,t, the surfxce, may reslrlt, in the positive 
fixed-oxide charge (2~. CJJ can be rega~rdrd as a charge sheet located at the Si-SiO2 
intcrfa,ce. Typical fixed-oxide chasge densities for carefully treat,ed Si-SiOz, systems are 
about IOrrcm- 2 for as (100) surface mcl ah1rt, 510” clll-2 for a. (111) surface. Bcca~use of 

the lower values of Qit, and &,f; the (100) orientation is preferred for commercial CMOS 
devices, where threshold va,riations in MOSFEI’ devices may cause severe instabilities. 

Oxide-trapped charge The oxide-trapped charges Qol; are associated with defects 
in silicon dioxide. These charges can be created, for esa,mple; by photon radiation or 
high-energy charged light pa,rticlc (e.g. pions or electrons) bomba~rdment. The trnps a,rc 
distributed inside the oxide layer. Most of the process-related Got, can be removed by 
low-temperature annealing. 

Mobile ionic charge ‘lYhc mobile ionic charges Qn7,: such a,s sodium or other a,lkah 
ions, are mobile within the oxide under Ilig’n-t,cmperat;nre and high-voltage operations. 
Trace conta,mination by alkali metal ions nq- cause reliability problems in semiconductor 
devices opera,ted under high bias- temperature condit,ions. tinder high bias-temperature 
conditions mobile ionic charges move back and forth through the oxide layer, depending 
on biasing conditions, and thus give rise to shifts of the C-V curve a,long the voltzkge 
axis. Special attention must therefore be paid t,o the elimination of mobile ions in device 
fajbrication. 

Irradiation effects Charges can also be introdueetl into MOS-like devices (i.e. strip 
detectors) by irradiation. Light pa,rticles, like pions or electrons; or photons hit the clevice 
during fa.bricatiou or during operation. Roth charge in the oxide Qol ancl in inter&cc 
trapping states Dit can be altered by irradiation. Such particles may crea,te electron-holes 
pa,irs in the oxide exa,ctly in t,hr same manner they n-ould do in silicon bulk (except for 
the minimum energy required, lvhich is S-9 c\: in SiO? - its bandga,p). Since oxide is 
genera,lly much thinner than Si bulk and contains few free carriers, recombination rate 
is small. Inst,ea,d, most of electrons are sIq>t out. of t,he oxide by any field tlia,t ma,y be 
a,cross it. However, here are many holes traps within the oxide and consequently holes 
may be immobilised, increasing 1-ht: positive charge in the oxide. ‘This fact] affects the 
fk&band characteristic of 1 [OS capacibors. as esplainrd later in Sec. 5.1.2.1~. Fig. 4.3 
shows the energy-band diagram of’ a2 typical SIOS s~~st~ern (e.g. t,he field pla,te region in our 
GR,‘s): it is clea,r tjhat a,u electron, easily excited from Si conduction ba~ncl or aluminum 
by photons or electrons~ can readily be driven irno Si02. Energetic electrons are created 
if an avada,nching field is presenl (was described iu Sec. :3.3.3). Therefore, avalanching field 
in silicon provides anot~hter mcaus for electrons t,o gain sufficient~ energy to surmount, the 
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Fig. 4.3: Energy-band d&pm for at thermal equilibrium for an MOS system made out of 
p-type silicon. The oxide here is assumed to bc free of any charge. Energies in eV. [28] 

basrier at the oxide interlke. If an oxide prescntls wry high density of t,rapped holes, 
tha,t chaage ma,y be reduced by cartsin g one of the two phenomena, describe a,bove: the 
photoemission of electrons from either the metal or the silicon or the a.valanche in silicon: 
some electrons will recombine with t,riqqXl holes, thus redlicing the net positjive chasge. 

4.5 Diffusion 

Thermal diffusion is a therma,lly activated process in ~which atoms or molecules in a 
material move from an high- t,o a, losv-concent;ratioii rqions. If performed in aai oxygen 
a,mbient, then diffusion is complemented by osidat’ion. Conversely, a,11 oxida,tions are 
accompanied by dopant cliflksion. It ca,u he visualized a,s at,omic movement of the clopant 
a,tom in the crystal la,ttice by va,ca,ncies or intcrstitials. Since heating ma~kes lattice atoms 
vihra,te around their equilibrium sites, there is a finik probability that a,n host atoms 
acquires enough energy to lca,ve the lattice site and to become an interstitial, thereby 
creating a vacancy. This process is called vcrcn~~cy c~~~~~Ls~:oL An other possibility is 
that the interstitial host, a,t,om mows from a site to another without occupying; a lattice 
site, thus an inAzsf;72C7,b tJ~,~$.5k~l takes place. Det,ailcd tlescript8ion of the physica, la8ws 
describing the diffusion proccssrs can be found elsewhere [2:3: ?G]. Diffusion of atomic 
species is ajffected by sev-era1 parameters like temperature, the presence of an osidising 
ambient, crysta,l 0rienCatiou (the ratme of nctn-equilibrium interstitJials created by osida,tion 
is different on diRerent cr!-stallogral~hic: surfaacos. and on silicon the dopaut diffusion in 
enhanced in (IOO} hlrlk wit11 respeci- to (~tll)). si-rcss or strain; mcl heavy doping. During 
the process, the wafers are hcltl at their edges. seI>ai~irt~(ed by 1-2 mm: in a clua,rtz boa,t and 
heated in a long, quartz tjuhe that 11;~ t,he nwessary Dc j A, (~7s(es iIon-ing throrrgh it. Temperature 
control is required to about 2 I “C, anti difkion times range from some minutes to many 
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hours. 

4.6 Ion Implantation 

In order to introduce the required dopant, into the silicon in a, cont,rolled way, today the 
standard solution is ion illlplant~a,tiotl. JVitlt this technique dopant atoms a,re ajccelcrajtecl 
at high velocity by means of an accelerator so that dim strikin, m the surface, they will 
continue on into the body of the semiconductor. The accelera,tion voltages used in ion 
implanters ra,nge from a, few thousand to a few million volts. The pcnetra,tion depth 
of the ions increases with increasing volt’agc and is typically a few hundred a,ngstroms. 
In order to a,ttain greaker depths, a, diffusion step follow the implautat,ion. Even if 
no further depth is desired, some additional heat t~reatmcrlt is still needed because the 
implanting causes substant,ia,l cryst,al damagt~ which must, be annealed out. Moreover; this 
thermad treatment allows most of implanted impuritks to become substitutional states 
instead of interstitial; taking a,ctive part t,o the condu&on mecha,nism. In very high dose 
implants, da,ma,ge is so severe that amorphous la,yPrs arc formed, but under xppropriate 
heat trea,tment, such layers will regrow epitasiall~ t,o form high qua.lity single-crystal 
layers. At CSEM in order tx limit this lattice damage, impla,ntation for silicon detectors 
ase always performed through a thiu sxrifkial osidc la,yer: the accelera,tion volta,ges used 
for Boron and Phosphorus (60 l<V and 140 kV respect,ixly) are tunecl consequently. For 
detectors, the amount, of clopant on strips or GR’s is ruled by the dose of impurities used 
in the implantation. In Fig. 4.4 and Fig. 4.5 are showu the p-l-- and &-implantation 
profiles of the MAXIS process employed at CSEM for the CMS microstrip detect.ors [82], 
respectively. In Fig. 4.5 is highlight~ed a, i\/LdLLS process peculiaxity: the Phosphorus edge 
implantation is tuned in such a wa,y tha,t of-crcornpcnsa,tes the Boron already present in 
the site (more details in Sec. 4.10). Fig. -1.6 sho~vs the backside contxt doping profile: 
both density and depth of doping are larger than tjhose on the front side, following the 
considerations made on high-low junction in Sec. 3.3.2.~. 

A full 2Dsimulation takes into account a,11 t-he details of the, fabrica,tion process; we 
can extract implant profiles as well a,s t,hcir detxils after pa,tterning, at ea,ch st,age of 
the fahrica tion process. In Figs. 4.4 and .1-.3 full thernml budget is encountered, thereby 
showing the implant depths as t,hc!; a,ppear the end of the iklxication process. Laterad 
diffusion is slightly less important, than t8he ort,hogonal to the silicon surface one due to 
anisotropic 1iltGce plane effect . 

4.7 Photolithography 

Photolithogrq~hy is the rncans by Tyhich a patfrern of lllasl<ilt g matxrinl (usuRlly organic) 
is applied to the surfxe of a n-nfer. That, pattern then provides protection to the desired 
portions of t,he waf+r and allo7s-s Xli\t?Yial to he u3nm-eel fuIrn the remaining a,rea, by & 

suita,ble ctchant. The stxps in patterning oxide on a wafer are &on-n in Fig. 4.7. The pho- 
tosensitive resist is liquicl and is applied by dropping a controlled amount onto the middle 
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A-THENA 

Data iron? deckbPAAalOl5 I 

Fig. 4.4: Simulated profile of Boron impla.n- 
tation for the MAXIS process on the front 
side: strips and gnxrd rings diodes clcfini- 
tion. SILVACO TM’~ ATHENA packa.ge has 
been used. R,ef. [X2:] 

Fig. 4.5: Sinmlated profile of Phospho- 
rus irnplauta,tion for the MAXIS process on 
front side: cutting region. SILVACO TM’s 
ATHEN=\ package has been used. Ref. [82] 

of a slowly rot&33 wafer. The speecl is then increased t’o a. few thousand revolutions per 
minute so tha,t centrifngal force can force t,he resist, to flow out over the wafer surface 
and mGforrnly coat it,. The rotational speed ant1 resists kcosity are xljusted to give the 
required thickness (usua,lly a.bont I - 2 ~~111). Exposing the resist to a similar pa,ttern of 
high-intensity ultraviolet8 light- and then developiilg it produces the pa,ttern in the resist. 
The light, pa,ttern is tfefincd by t,he pattern on the n~~sk mentioned exlier. The maIslc 
is t,hus t’he counterpart t,o the convent,ional nega,tiw of phot’ography. Phot,olithogralphic 
equipment caal be casilq grouped in two cla,sses: prosinkily aid projection machines. In 
proximity mxhines, t,hc mxk sits some micrometers above the wafer to be esposecl. A. 
light, flash will expose t’lie resist,: the closer the g a,p between resist ;?ncl ma,slq the smaller 
the pattern tlistort,ions. ‘The crit,ical issue is clearly the cleanliness of photolithographic 
masks: if some particulate or il sina, resist residue siriclis on the m;3sli, this will translake in 
a, pcrmancnt modification of the rrsist; pa,tt.erning on the wafer ~rntlernea,th, thus a,fkcting 
the device int,egrity. Projection equipment8s interpose it lens betxreen photolit,hographic 
mask md wa,fer. The c]ualit83W of t.he patixrning depends on leiis transpxency. At CSEM 
we have a,t our tlisposal for detector fabricat,ion both q.Gpments but since the introtluc- 
tion of the new IS projection equipments w noted t-hat, t,he mm~ber of defects ca,~~ecl 
by photolithoqaphy tlroppecl drxnatically. In prosimit,v machines, defective para,llelism 
between ma,& n,nd n~\f(x or loose control in resist t-hickrless lmiformity may resort in a, 
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ATHENA 

Data from deckbMAAalOS11 

-1 0 1 2 3 

Distance along line 

Fig. 4.6: Simulated implantation profile of Pl~ospl~orus for the backside contact using MAXIS 
process. SILVACO TM’ s ATIIENA package has been used. Ref. [82]. 

contact and ma,ke the mask dirty. Projection mxhines a,re less prone to those kind of 
problems, since masks ad lenses are far from wa,fcrs xtcl therefore more protected from 
potentid pollutants. 

III the clcveloping process, the unw;tnted resist is removed, t>hus leaving a Idtern of 
ba,re oxide or whatever other ma,teria,l was under t#hc resist. 
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illustridxcl. From [TS]. 



4.8 Etching 

4.8 Etching 

After the resist pattern is defined, the underlying material must be removed by etching, 
either by using a~queorrs-based etches or by plasma etching. In either ca,se, an etch stop 
condition should be rexhed at the botAom of the layer being etched. It is dangerous to 
depend on etch rate and time. Ra,ther, the etxh must lx chosen so t,hat the rate diff’erentiad 
between the la,yer being etclrcd and the la:-cr imm~~tliately 1)eneath it is great enough so 
that the desired layer can always be completel,v removed a,nd wit,hont significantly a,fTecting 
the one below. l?or -fine geometries, plasma ctrhing is preferred since it is considerably 
more anisotropic than wet, etching ‘. Typical wet etchxnts used a,t CSEM are HF-HNOS 
and for silicon a,nd I-IF for SiOz. Pla,sma etching gases usua,lly contain fluorine or chlorine 
(i.e. CE’4). 

4.9 Metal Deposition 

At CSEM metal depositions for silicon clet,ect,ors xe xcomplished either by eva,porajtion 
or by sputtering. Sputtering is preferred for cletcctor fabrication, because it yields better 
step coverage and allows the cleposit,iou of alloys. 

Aluminum, with its alloys, is the most; commo~~ly used m&l; but titanium, tungsten, 
and their alloys are also used. 

In order to achieve good metal-to-semiconductor contact a,fter deposition, heating the 
wafer to a high enough te.mperature to allow some interdiffusion and alloying to t&e 
plxe is usua,lly necessary (sd&~in,g). For aluminuni~ the temperature is usually between 
400 “C and 450 “C. The opcra,tion is performed in a diffusion-liltc tube in forming gas 
(SO% N2, 20% Hz) atmosphere. Moreover. there are indicakions [S3] tha,t forming gas 
annca,l reduces the component of current arising from t’he surfxe since it is l~nomn to 
reduce interface densities in 140s devices [8--l]. 

The final resistivitp of a~luminum or it,s alloys (i.e. 2. 7,~~Q~crn for 41 a,nd up to 3.5$.2+cm 
for alloys) a,llows very low resistzmce (also by choosing a thick enough aluminum sheet, typ- 
ically l-l .51~‘n?,) for strips, keeping serial .Johnson noise a,t accepta,hle levels (see Sec. 3.3.1). 

4.9.1 Pitt’ mg and Diffusion Barrier 

Silicon ha,s i3n a,ppreci&le solubility al:, elevated tetnperatxres in several of the possible 
conta,ct matxriads. Aluminum: \vhicti has been usecl since t,he incephion of the planar silicon 
IC for contxts a.nd meta~llisation; is an example. Its abili$v to dissolve thin layers of SiO, 
helps ensuring good physical cont,act t,o the silicon even if surface clea,ning is not complete. 
However; silicon will clissol-\-e in the aluminum during the contact,ing operation and m%y 
form pit,s at t&e silicon surface. ‘The pit-s are filled n-ith aluminum, and the phenomenon 
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is often referred to as &ml;r~rt, spikl,n~~. F’ig. 4.8 shows the wa,y the dissolution (alloying) 
takes place. 

Si substrate 

(100) si substrate 

Fig. 4.8: Schematics of fbrrnxtion of 41 spikes and Si pits ca,used 11s Si dissolution in ,4’1 lines. 
Roth (111) and (100) S i orientxtinns are shown. 

This pitting is seen well below the ,2lurnilnlm-silicon eutectic ternpera,ture of 577 “C. 
The high diffusivity of silicon in aluminum accounts for the observed effect. Like a,queous 
etching, the etching of silicon by meta~ls is crystAlogra,phic orientation dependent, and as 
in a,qucous etching, the SIOV etching planes are the (111)s. Because of the slow dissolving 
(lll)‘s, it is possible t,o get, very flat alloy fronts when alloying into surfaces (I 11). Thus; 
silicon dloy transistors, where sha~llow junct,ion are mandatory, were all made in (11-t) 
oriented wders. The equilibrium form of pat terns formd by the a,luminum-silicon inter- 
action will appcas as Aa,t-bottomecl, triangulx pits in (111) and squa,re-topped, pyramidal 
pits in (100) material. Since no (111) plane is parallel to a (100) surface to act as an etch 
stop, the duminum-silicon interface of contacts on (lOO> v\-ders will not be smooth. Of 
more importance, because the thin layer of inrerfacial oxide that, must first be dissolved 
will not fail uniformly, diff~rtent regions will begin reacting ;ltz different times. The first 
ones can allow enough silicon into the allm~inum to satllra,t#e much of t,he contxt and thus 
limit dissolution over t,hc remainder of t,he contact; area. ‘I‘he unfortmxde result is that 
the first pits will be March deeper than the rest- and. in sl~A10~ junction devices, may cx- 
tend through a junct,ion and cause shorting. Fig. 4.9 shoxs scanning electron microscope 
photographs of (1.1. I) a,ncl (100) ,. ‘1’ $1 1~0x1 surfxes after trhe aluminum contacts ha,ve been 
removed. The impoltant pitting of the (-100) surface is clearly visible. 
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Fig. 4.9: SEM photographs of evidence of pitting: on (1.00) silicon (lefl;) and (111) silicon 
(right). N o KC! t’ tl -, IC typicd triangular shape in the socorrd case. 

In order to prevent; such pitting, the aluminum ma,y be deposited saturated with sili- 
con (in the order of IO/‘0 in volume) so tha,t it is unable to absorb any more. A alternative 
tnethod is to introduce a barrier metal layer between the a~luminum and the silicon sub- 
strate. This barrier metal la,yer must meet the following requirements: a,) it forms low 
contact resistance with silicon, b) it will not react, with aluminum, c) its deposition is 
compatible with the overall process. Typical bxrier metals are W, Ti, TiW or TN. l?or 
CM3 microstrip detectors there are no part~icula,r reasons to resort to sha~llow junction. 
F’urthermore, using (1 l1) subst,rake,s, the problem could be alleviated. For these rea,sons, 
pitting has up to now be ha,ndlcd by resortin g to Al-Si(l%) alloy. Of course, if (-100) is 
used, or if for some reasons the junction depth lta,s to be made thin enough for pitting 
to occur with a statistically non-negligible probability, then further methods shoulcl be 
considered. 
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4.10 The IMAXIS detectors fabrication process 

At CSEM we developed a special variation of a. commercial CMOS fabricakion process, 

internally ca,lled MAXIS, in orclcr to fulfill all the requirements previously described in 
the Chapter 3 and successfully fabricste the CMS microstrip detectors. 

Initial Oxide 

Thermal Oxide 

.\ “” ,.“.___.l. __ ,. .: ::.: 

Si 

Backside P-Implantation 

LTO Deposition, Densification 

The ftowchart of the process cm be 
f0llowod in a graphical way through the 
figures emlmlclecl into the t,est. ‘The 
process begins with a careful inspection 
of’ the bare wafers and a soft wet etcli- 
ing in order to eliminate part~iculates 
and the native oxide. Wafers are then 
osidised in order to grow an impla,nta~- 
tion oside. The rear contact high-dose 
Phosphorus ilrlplanta,tion is performed, 
followed by the deposition of the field 

oxide, a thick layer (7000 A) of LPCVD 
oxide., that will ha,ve a twofold role: pro- 
tect the backside from mechanical scrat- 
ches and chemicall pollution during the 
entire fabrication and prepare the front- 

side to the implantations. 

It)s further densification throrigh a drive in a high temperature furnxe, will xt as a 
first activation a,nd diffusion for the backside impkmtation. 

Implantation Oxide, p’-Implant (Blanket, Low-Dose) 

At; this sta,go it is neccssxy to define 
via a, pho toli thographic step the diodes 
(strips and CR’s) lxattcrning on the front- 
sick. In the MAXIS process the pa,t- 
ierning is ruxlc merging p+--- and n-l+-- 
geometries. ‘The oxide opening is made 
via a dry (plasma.) etching. A thin ther- 
mal o-side is regrown in order to protect 
t’he hare Si surface from inipla~ntation 
damage and then, as a first ion implan- 
t8ation. Boron is implanted. The sixips 
aud the glliI~t1 rings are so defined. 

The del-c&or edges need to lx pro- 
tcct’ed Ii~orn evemual external ca,rrier in- 
j(ecttion Once they iHe cut (see Sec. 3.3.3.C): 
t’lle ctlge rcgi0n, which will lx implanted 
with plios1~horus, is clefinecl by a, fur- 
ther lithography st,ep and the photore- 
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The dose and energy of this implantation have been chosen such that, it will over- 
compensate the preseuce of boron (see Fig. 4..5): since pxa,sitic junctiorls in this region 
would ha,ve a nasty influcncc in the detector pcrformanccs. 

After removal of the photoresistq wc 
perform a LPCVD clepositiou of polysil- 

icon, 3500 i thick, in orclcr to define 

Poly Deposition, Poly Oxidation, Implantation (Low-Dose) 
-. -- 

the strip bias resistors. The low-close 
Phosphorus implantajtion, necossxy to 
define the required resistivity for the re- 
sisters, is mde through R thin thermd 
oxide. This oxidation acts as clensifi- 
c&ion for the dielectrics ancl diffusion 
for the implants. A further phot~olitho- 
grqhic exposure defines the resistors 
contxt regions, i.e. where they will be 
connected through a metal layer t,o req. 
the bias guard ring and the strip. In or- 

Implantationof Poly Contacts (High-Dose) 
- 7 ,--\ \ 

photoresist 

der to minimize the contact, resista,nce, 
the MAXIS process resorts to another Poly Etching (Deep Etcher) 

phosphorus implantation, at higher close. cY.%~*$* *p& -.-,,.>--. 
The contact resistance so obtained amounts / 
on avera,ge of 2OQ/El. Once inipla,ntxk 
tions a,re done: polysilicon resistor are 
defined, by means of dry etching. Grea,t 
care is necesszy in performing this etching step) in order to not damage the thin oxide 
laying above the strip diodes, defining t,he first dielectric layer of the integrated decoupling 
capacitor. 

After strip cleaniqg a tIhermad osiclation is performed, in older to precisely define to 

2200 i the oxide thickness of the integrawcl capxitors. ‘I’his thermal process acts as 

further diffusion for all the implant;ttions. ;I secontl layer of dielectric, 1250 i of Si:JT4, 
is then deposited onto the infer. 

Reoxidation to 200 nm (Poly and Bulk), S&N, Deposition 
The lai-ter acts as protectiou layer 

for all the structures present on the sur- 
fxces and it, enhances the strength of t>he 

Nitride strip integratecl capxitor, possibly clc- 
coupling an existing pinhole (a, hole in 
the first layer of SiOz), thus preventing 
that, a. couluct-ix 133th could lx estab- 

lished betwceii the tliocle and i,hc met-al elwtrode on top. k~o~over, the relidive per- 
mittivity of silicon nitricic is i‘rlTllO5t the doul~lc of t-hat8 of silicon oxide (E,s~~,\~,~ = 7.5 vs. 
Gw3~ = 3.9)) xllowing the clcpcsi tion of t-hiclw lq-ers, yielding precise thicltncss control 
even for a deposited lack. 
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The contact holes ase then opened. The photoresist defines the regions in which we 
need a DC contact to the implx~ts: bias ring, spy contacts, etc. 

Contact Open 
Just two more steps are missing: met- 

allisa,tion and passiva,tion. A 1.5 ptn 
thick Si- Aluminum aUoy is sput,tered on 
the frontside of the wafer, followed by 
it-s pa berning, via, dry etching. The de- 
position of 1 ,!bm PECVD oxide on t)he 
frontside, as a passivation layer, ends 

the structuration of the front side. This aside prevents accidental scra,tchcs to damage 
the surfxe and it helps in shielding the active surface from chemica,l pollution. Last but 
not least, manipulation of passivatcd det,cct,or is significzmtly a,lleviaAxxt. 

Once passivation is in place, turning the wafer lrpsidc-down in or&r finish structura- 
tion on the back, it will not dama,ge the front, side. 

On the backside, all t:he diclectxic la,yers n-e dqx>sitecl mcl removed on the front, 
ase still in place. WC ha,ve chosen this option t-o keep maxima,1 protection of the high- 
low junction. Mechanica, scratches on an esposed hackside surface could have caused a, 
wea,kening or even the drilling of the rea,r junction, compromising the elcctricad bcha,viour 
of the detector. 

Metal Sputtering, Patterning 

Aluminum 

Sputtering, Passivation Deposit 

Passivation Oxide 

In fxt, most of the soft-lx&downs 
visible in I-V curves a,t high reverse volt- 
ages (e.g. see Figs. 5.5 or 5.1.1.) nre caused 
by bad rear contacts”. For the sake of 
clxi t’y: t,he rea,r contact in single-sided 
detectors (like CMS) covers the full wafer 
surface: the presence of a single defect 
map- cause the failure of the device! The 
largt3 density of defects lays on wa.fer 
edges, where chipping or equipment, sup- 
ports may damage the wafer. This fact 
esplaius also why detector’s BIiD per- 
formance are often better a,fter cut. 

The contact o-pening on the ba,cksicle 
is made Tia combination of dry (plasma) 
ant1 n-ct (dip) etching. This a,pproa,ch 
allon-s to exploit the strong Asotropy 
of dry etching togct’her with the escel- 
lent, sclect,iT-it;- lxt8ween Si and SiOa of 
n-et etching. By t’his method we arc sure 
that Tye do not dig into the doped sili- 

con, weakening the high-lolv junction or. e\.cn UWIW’. sllortcirclliting the Si-hulk with the 
metal. 
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Once dielectrics are removed, a suitable backside inetallisa,tion is deposited onto t,he 
rear surface. 

Opening the passivatiorr in selected areas. which a~llotv the contact with the metd 
beneath, is the last photolithographic strep. 

A thermal treatment ends the fabrica,tion: t,his step (called sintering) is needed t)o 
allow better adhesion of a,lrm~inum with silicon. lowering the contact resistance. 

4.11 Gettering: the control of rninority carriers life- 
time. 

Tra,ditionadly a rna,jor goa, in detector fabrication is the minimization of the diode reverse- 
leakage current, which contributes shot noise and can limit’ the dvna,mic range of the input 
a,mplifier. For silicon detectors developed for operat,ion in high irradiation environments, 
like LHC, leakage current is not t,he major concern. Nc~wtheless, low lea,ltage current is 
considered as an importa,nt, quality factor, dclining a clean fabrica,tion environment and 
a good mastering of the technology, preventing mfomcm yield loss and by-problems. 

Leakage current contributions have been st,udied in detail in Sec. 3.3.2: minority cas- 
riors may arise from the unclepletecl neutra,l regions, the srufxe and the depleted bulk. 
In order to minimize reverse junction leakage current of a fully depleted silicon detector, 
high semiconductor bulk lifetime is desired. Deplct,ed bulk generation is greatly enhanced 
by the presence of impurities that introduce energy levels near the centre of the silicon 
bandgap. Such impurities are often referred a,s lif&imc killers, since they also reduce the 
generation l’f t 1 ‘e ime: gold, nickel, copper, aa~l iron are typical examples but a,ll of the t’ra,n- 
sition metals (73, V, Cr, Mn, Fe, Co: Ni) are reported to be deleterious [SS]. The most 
common effect is tha,t of lifetime reduction. but; gold: which is the earliest lifetime killer 
identified [57], for example, also reduces mobility in MOS st,ructures [88]. In addition, 
any of the metals with high solubilit~ies at, processing temperature and very low solubility 
at room tempcrakure are prone to form precipitates and cause cscessive lea.ka,,g or even 
di.rect shorts between active elements. The presence of these metals will cause pits after 
oxidation and lea,d to t-he subsequent- formation of stacking faults. 

Great care should be given t’o the cleanness of the fabrication environment, the purity 
of chemicals, the way ditfercnt product’s are nranaged into t’he fa,b and the ha.ndling of de- 
tectors before a,nd after fabricat~iou. tlowrvcr. the t-ota,l elimination of these contaminants 
has proven to be irnprxtical dire to t’he pervasiveness (&such elcmerrts a,nd the sensitivity 
of the l&age current8 to extremeI\; small concentra t-ions: t-vpicallv part, per billion or less. 
This hams led to the clewlopmrnt of techniques, collectively l;noTvn as g&wing, which 
render any lifetime-killing impurit,ies electxicallv inactive. 

The basic concept of gettering relies on the fact-, t,hnt, a,t &pica,1 integrated circuit 
processing temperatures in silicon (approsimat-elv !XXI-1100 “C) most harmful impurities 
have rehxtively high diffusivities and hence are x-er~- niobilc. Therefore suit a,ble irnpuri ty 
sinks ca,n be incorporated in Plectrically inactil*e regions. Tn-o gcner-al classes of gettcring 
are commonly emploped. In intrirs.s%c gelterir~g, the lxrlli oE i;he n-nfer forms t,hc impurity 
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sink with a relat,ively thin, defect-free region near the surface where the active devices 
reside. The technique is often a,pplied to CZ-grown substrates and relies on the formation 
of oxygen precipitates in the bulk of the wafer. While perfectly adequate for conventional 
IC: processing, intrinsic, get’tering presents some difficulties lvirith usual silicon detectors, 
where the depletion region nfteu extends to the lx&side contact, of the -\vafer. The second 
class of gettering, extrb.si(: gettcring, is more commonly used. Extrinsic gettering relics on 
the formation of a, gettcring layer on the back side of the x.fcr, awa,y from the active region 
of the device, e.g. the depletion region of detector diodes. TypicA gettering methods are 
list,ed in ‘I’ablc 4.3 and will lx briefly descril>ed la8tcr on. 

Met,hocl Collllrlents _“---..^~- ..-.- ~-...“----_l.l_~-^ ..-. -ll^l. ~_. ____~_.. .-- -.- ~.- ~--- ._~.... .~ .-.-~ 
Back-side phosphorus diffusion 

Back-side &rasion 

Ion implant damage 

Silicon nitriclc deposition 

Back-side polysilicon deposition 

Oxygen precipita,tes 

Usuallv xlses sandblasting. 

Tgically uses argon ions. 

N 4000 Li layer deposited on the ba,ck of 
the wafer. 

Combination of polysilicon, residua,l ox- 
ide, and diffusion temperature introduces 
crystal damage. 

Requires correct oxygen level in crystal 
and a prescribed heat-trea,t cycle to be 
effective. 

Table 4.3: Overview of clifl’erent gettcring approa~ches in silicon processing 

4.11.1 Extrinsic gettering 

Heavy n-la,yers on the ba,cli of the n;a,fer were t-he first, gettering sinks used and are 
prokably still the most; common since their use rcquircs no additional processing steps. 
Heavily n-doped regions hxe increased suhstitut,iona,l solubility for those lifetime killers 
that behave as acceptors when substitutiona~l (for example, Au a,nd Cu), so, in principle, 
liea,vily doped pliospl~orus. arsenic. or antimony layers should perform equally as well. 
ExperimentaRy, however. it is found that phospl~or~~s is 1nuc1~ more effective than others 
axe. The lx&siclc COWact, implant,ation of the C~I\IS detectors acts perfectly as a, sinker. 

Backside ion implant-ation get,tcring is now used wit,h regnlarity. By selective masking, 
it can also be used locally on the front of the wxfcr a,nd possibl!; be closer to the volume 
needing gcttering than if it Tyere on the back-side: in fact, the bPIASIS technology foresees 
a phosphorus inipla,nt,atioti al; the device edges. n-hich can be effective for getter the regions 
close i,o the GRs. ibletlhods of annealing and tbtl point in the procrss at; which the implant 
is clone a;fi‘ect t>hc final rcsult,s: x does the imylnul: species ant1 t,hc wafer orient&ion. Much 
more rcsidua,l damage reinaills in (I 11) orielltecl silicon than in (loo), and t,be gettering 
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eficiency is correspondingly higher. 

Regions of misfit dislocations induced into (100) wafers have also been shown to he 
effective gettering sites. 

Mechanical bxksidc clanmgc gettering has ‘beeu stklied at least since :1965. l3y using 
controlled sanclblast,ing or other forms of light abrasion; the results a,re reasonably repro- 
ducible, and indeed wafers with such damage are now standard items of commerce. This 
sort of damage is applicable to processes n-here the t’orrna,tion of a heavy phosphorus layer 
presents problems. Within limits, the more abrasions the more pronounced the gettering 
effect. 

A silicon nitritle layer deposited on the back of a wafer will provide enough stress during 
high-temperature processing to effectively getter [%I]. Both the low-temperature plasma,- 
depositecl nitride and the higher-temperature CVD nitride appear effective. Thickness’ 

required are in the 1000 - 4000 Li rxtge. Gettering is less for the thinner f&m, and wder 

bowing can OCCLI~ if the film is mnc1-t above 4000 A. 

A thin layer of low-temperature polycrgstalline silicon deposited on the back of the 
slice will provide for gettcring sinks [90]. The polycrystalline layers are deposited at low 
temperature, such as 650 “C, to a thickness of aboltt 0.5,~~. Even if the layers are thin 
enough to be fully oxidised during processing, stxking fallIts that continue to getter are 
propagated into the single-crystal silicon. 

A different, ltincl of gettering, a,nd oue not included in Ta,ble 4.3, is the me of a.11 &no- 
sphere in the furnace t,ube during diffusion (or osida,tion) t,llFl,t will assist in transferring 
unwanted irnpurities from the wafer surface to t’he gas stream. It has been known since 
1960 tha,t the use of chlorine or a chlorine-l,ea,rinal~ species such 2,s PC& or BC13, would 
improve lifetime. In the case of phosphorus and boron, the rela,tive impxt; of the glassy 
la,yer, the heavy doping in the silicon, and the chlorine species in the tube ambient were 
not resolved. Since then, the use of HCl to clean t,ubes ha,s become standxd pra,ct,ice. 
The mechanism is oue of forming chlorides volatile at, the tube tcmpera.ture, and the 
same mecha,nism can be l~scd to clean wa,fers if etching of the surface can be prevented. 
Such conditions prevail during HCl oxidation, and subst~antkl lifetime improvement is 
sometirnes observed [9-l]. In this case, the eft‘ectiveness will also depend on how easily the 
impurit,y to be gettered ca,n diffuse through the protective thermal oxide and whether or 
not it is trapped nt the interface. In the case of gold. it appears that there is a subskmtial 
pileup a.t the Si-Si&, int’erface and that, gold is not eflktively gettered from wa,fers during 
a811 HCl OsithtiOn. 

4.1l.2 Int rinsic get t ering 

The dama.ge caused to silicon detectors by int,ense hadi3x1 lluscx can lea,d to the failure of 
these devices before t,he end of the esperimentIal program (see Sec. 3.3.5). The ra,diation 
tolerance of silicon can be improved by the tlelihcral-c introtluct2on of impurities into the 
silicon cry&31 [92, 931, ‘The impurit,y ilt~O~?llS can reac‘t, n-it-h t,he primary induced defects 
(vacancies aud intxrstitinls) mcl effect, the formation of Plectrically xtive centers. Certain 
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impurities can thus influence the changes of the electrical parameters of the devices, such 
as the increa,se of the full depletion voltage due to t’hc changes in the effective spatial charge 
in irradiated detectors. In particular; oxygen atoms can ca,pture vaca,ncies, reducing the 
rate of form&ion of’ 1720, divacancy (or mlrlti\-ac,?llc!-) complexes a,nd therefore limiting 
the rate of degradation of the electrical properties of silicon detectors. The deliberate 
introduction of oxygen in the hulk of a. silicon wafer genera,lly refers as k,tr?,nsk getter%ng. 

Usual IC integrations m&es use of m-afers made with the Teal-Little technique (often- 
called CZ, or Czochradski) from a, fused silica, contker. ‘The molten silicon dissolves 
a smadl part of the fused silica, a,nd some of the oxygen from it is incorpora,ted into 
the single-crystal silicon. Under ordinary circumstzmces~ an as-grown CZ crysta,l is su- 
pcrsa,turated with oxygen, since typical osvgen concentration specifkxtions range from 
1.25 - 2 * 10’” atoms/cc. ,4s t,he cq-six1 comes from the puller, most of the oxygen is 
dispersed as interstitial a,toms and is electrically ina.&ive. I-Iowever, heat treatments such 
as are involved in clifksions can ca,use it, to aggregak and eventually form r&her large 
precipitates. Trea,tment in t#he 1200 “C temperature range will canse a redissolving of t,hc 
oxygen structures, but, any crystallographic defects: such 2,s stacking faults tha,t formed 
beca,use of the precipitates; will remain. The oxygen-precipita,tion-induced defects xt 
as heavy-meta, gettering sites, but if such sites are within the active volume of the IC 
devices, performa,ncc degradakion sesults. 

All the high-resistivity silicon crystals nsed for microstrip detector fabrication arc 
grown by the Floa,t-Zone process (FZ), since hyper pure silicon a,ssure longest minori- 
ties lifetime and therefore lower leakage. -4 significantly high oxygen concentration (> 
10”atoms cmm3) cannot readily be achieved during FZ silicon refinement; usua,lly the 
qua,ntity of oxygen in I?2 wafers is 2-3 orders of magnitude lower than in CZ silicon. In 
order to increase the density of oxygen is then necessary to perform a thermal oxidation 
followed by deep diffusion. The RCEE Collaboration together with the ITE institute 

developed a dedicated process, growing N 3000 z4 of dry therma, oxide on sta~nclard FZ 
detector grade silicon. l‘he sa,mples were tliPn heated a,t :I.150 “C in aai inert ambient (:U,) 
and kept there for 24, AS and ‘72 hours, in order t,o make osygen diffuse. 

Figure 4.10 shows t’hc profile of t,he OS>-gcn concentration as a function of the depth 
in the silicon, as measured by SIi’\lS. ‘The oxygen concentration achievccl a, va,lue of N 
1.5X 1017cm” in the middle 0C the waf’ey (1X j/m) aft,er a dilii~sion time of 24 hours and a 
homogeneous va,lue of N 2.3~10~~~111’~ all over the silicon bulk a,fter 48 hours diffusion time. 
This technique a,lso guara,nt,ees optimal radial homogeueit8y of the oxygen concentration. 

The genera,1 a~pproach of typical IC processing to int-rinsic oxygen gettering is to first 
Form a region from t,he \vafer surface toward the wafer intxrior that, is t,hick enough to 
contain the devices made in tha,t wafer and has so little oxygen t,hat it will not precipitate. 
Later, during subsequent processing. t-his region x41 remain free of osygeu-induced defects 
and thus not adversely afkct dPvicpi; made in it. ‘The lligh-~,etripera,tlire opera,tion to 
allow oxygen nex the sul’filce t’o out--dif-firsr and also disso1l.e any oxygen aggregates that 
may be in the W?feY is Wf~?rlY?d to i?'; il, ‘* d~nllrli1lg” St-Pp. Aft,er denuding, the wafer is 
subjected to a. low-tempcsal lue lli?ilt- cycle in ortlev t:o allon- precipitate nuclei to form. 
With t)his prepxxt,ion7 the dissolved osy~cn will kzrn large precipit,a,tes during the heat 



4.12 Conclusions 119 
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Fig. 4.10: Profile of the oxygen concentration as a &lction of the depth in the silicon, measured 
by SIMS lq the Evans Europa Company. Samples processed by ITE for 24, /IS and 72 hours.[94] 

cycles associated with subsequent osickdions a,ncl diffusions. These large precipitates, in 
turn, produce crystd clcfect,s that act 8,s gettering sites. 

In the case of silicon detectors, the wafer region occupied by the device (the detector) 
represents N 50% of the ovcrdl surface (on 4” wafers) a,ncl the entire bull; is xtive part 
of the device. ThereSore it is not possible to surromd the xtive area, with oxygen precip- 
it&es. The oxygen will difkse through the whole wafer a,ncl thus oxygen precipitat,es will 
be present everywhere cscept close to the surface clue to the denuding high temperature 
phase. Before irradiation, an overall ledage deterioration is cspectctl, if compased with 
similar sanples without increased oxygen content. Conversely asft,er type inversion, the 
gettering action of the osygen-induced defects will limit t’he increxe of iV,,r,f with fluence, 
thus improving its ra,cliat,ion hardness, allon-ing manageable clcpletion vktagc u&i1 the 
end of LHC operations (see Fig. 4.1). 

4.12 Conclusions 

At t,he end of Cha,ptcr 3. 1 tllnftd Idie recommr~17tlatiolis for a,n e.Kcctive &sign of the 
CM3 microstrip det8xtor. Tliosc lkints shonlcl be combineri noTv with the conclusions of 
the technological optimization: design ad fabrication process requirements defines the 
road towards the ChLS microst’rip clet,ector able to operate 10 yeas in the hxsh LHC 
environment. 

In the following I summarize i-he precautions wc took at CSEi\/I in clefking the MAXS 
process in order to miWh fidxication >-ield reqik3nents, necessxy to keep silicon detector 
an economically viable product. and the CAIS physics rcqnirement,s, settled by the LHC 
environment, the ,geornetq of’ t11e SST and elementar-\- particle ph!;sics goals. The result 
is a set of process r,ccolnl-llclndations xlited for the silicon detect,or of the CMS SST. 
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The choice of the silicon substrate must reflect a good balance among signal-to-noise, 
depletion voltage a,fter irradia,tion and me&mica1 yield. Its resistivity, defined as dop- 
ing density, must be cxt,remely uniform, in order to a,void variations in depletion volta,ge 
throughout the wafer. The quality of polishing (double-sided) should be good enollgh to 
clirninake local mechanical defects (i.e. surface scratches) and avoid silicon particulates 
detaching from edges, fa,lling back onto the Si surface during processing, lowering overall 
device yield. Strips and GRs a,re defined by means of 21 +--iniplanta,tion. Dopaznt impkm- 
t&ion energy, its dose and its further thermal diffilsion should be tunecl to assure the 
smoothest profile as possible; in order t,o limit the occurrence of critical fields at junction 
edges. liear phosphorus impkmta~tion must’ assure a,n excellent ohmic contk, able to sus- 
tain several hundreds volts of depletion volt,age after type inversion and stopping charge 
injection from the rear contact. Thermal treatment after implantations must assure the 
activation of most of the dopzmt. The clefinition of the stzip integrated czkpacitors must 
be done by using a, multi-la,yer of thin dielectrics. The combination of therma,lly grown 
silicon dioxide a,nd deposited silicon oxide a,nd nitride, assures: 

e high density, low trapped charge, homogeneous coverage and low intrinsic pinhole 
distribution, exploiting the excellent properties of thcrma3ly grown 30,; 

e enha,nce the breakdown performance of t,he decoupling capacitor; 

o decouple la,yer-intrinsic defects by means of dielect,ric mult~i-layer structure, strongly 
reducing the overall number of metal-implant,ation short; circuit (pinholes); 

o a,llow good precision and stability of decoupling capacitances. The high dielectric 
consta,nt of silicon nitride a,llows ea,sier control of the thickness, in spite of being 
deposited. 

Polysilicon resistors can be used as biasing resist’ors: dopa,nt impla,nta,tion a,nd deposition 
conditions will set size and boundaries of 1~01~ grains, thus clefining its resistivity. Metalli- 
sstion must avoid pitting md its thickness should be tuned in ortler to limit serial noise, 
1.5pm thick aluminum is enough and most,ly geometry independent. An LPCXD silicon 
dioxide pa,ssivation layer protect bot,h sides From mechanical scratches, simplifies the han- 
dling and we&en the influence of ambient concliGons (i.e. lurmidity) or other pollutants 
(i.e. alkadine metals) on the detector performances. Device instabilities ancl high lea,ka,ge 
currents must be counteract-cccl by tllei\ns of efficient gett,ering techniques: both intrinsic 
and ext,rinsic ones could be ef?ectively used. but, extreme care should be given to their 
insertion in the process flon- iIIlC1 their combination with t-he esist,ing stages. 

The 1\~T!LXIS process alloy us t,o reliably fabricatz radiation hard, AC-coupled, poly 
biased silicon cletect,ors: in the last, tn-o years this technology- changed clramatica,lly both 
CMS a,ncl CSEM ~~spe<~t:>tions on silicon detector viability ns matt,er of production yield 
and electric performlances. A compact’ process like 1IASIS., Tvith a recluced number of 
pliotolit~liogr~~pliic steps allon-s also rilpid duty cycles. -\Yell sui t,ecl for la.rge productions 
and low cost. &[tch;kcal J-ield close t,o 9~5% assure large number of devices avadlable 
for testing. Very high electrical ~icld (as it; will clcscribcd in Cha,pter .5), mostly due to 
integrated capacitors yiclcl higher than 99.95%) a ~7,luc id~llOSt~ incrctlible until one yeas 
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ago, allotvs reliable predictions as far as delivery schedules, assembly organimtion and 
overall silicon tracker perfornmices are cortcerned. 



apter 

st an eas-urements 

In this chapter the electrical tests used to qua,lify the CMS SST detectors are described. 
A number of technological options have been implement~ecl and tested in order to finalize 
the fabrication process definition before starting the extensive production. 

Most of these electrical test ha,ve been performed at CSEM and in the INFN silicon 
detector laboratory of Pisa (Italy). The irradia,tion tests presented hereafter have been 
performed at CERN and at the ENEA centre of Casxcia (Roma, Italy). 

5.1 Electrical Characterization 

The electrica, charactcriza~tion of a complex circuit, as a microstrip detector should be 
divided in two phases: 

0 fa,brication process control, 

e device specific electrical functionality, 

the first mea,ning probin g t,est structures specially tlwigiled to check unambiguously 
funda.merM process parameters, like sheet, resist8ancc. thickness of depositions, width 
(CD’s, i.e. critical dimensions) of impkmtat~ions or metal lines. oxide characteristics (brea,k- 
down or cxpacitance) or txansist-,or t8hresholds: t,he latter being rela.ted to the CMS speci- 
fic&ions for the SST detectors in order to complain n-ith the overall performance of the 
tracker as matter of noise, thermal dissipation. position resolution, etc. 

The electricad measurements Ilaw been p~erforrncxl in the test laboratory o-f CSEM ancl 
at the CMS test lalxxxtory of INFN Piss,: both laboratories are cqllipped with a, clean 
room, where cleanlinesej t-emperature and hurnidit~- iIW strictly monitored in order to 
avoid tva,fer pollution and insure n~Pasurement repeat,at)ilily. 
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The equipment is very similar in the t,mo laboratory and functionally identical. At 
CSEM we have two difkrcnt measurement, setup for R&D studies and productzion t,ests. 
The first a,ccormts for a, manual probe station (hlicroma,liipulator 6000) with 6 manipula- 
tors, a, semiconductor parameter analyzer (HP -Fl-l.5,1). a voltage source and a, LCR-meter 
system (HP 4284A). Both mca~surements and data xquisitjion arc done ma,nually. 

The production sekp consists in a fully autonla tic- probcstakion (Electrogla,s 2001 X) 
with a, probecard with 60 t.ips coupled with a integrated circuit parameter analyzer (Keith- 
ley 45OSX) 1 w lose performaalces are enhanc~cd wi t,h a, current/lligh-voltage source (up to 
l2oOV) (Keithley 237), in order to a,llow precise breakdown tests. Da,ta are collected and 
anadyzed via a. Keithley proprieta,ry softxarc running on a, Sun UNIS station. 

In Pisa it, is availa~ble a semi-autolnatic probestation (Karl Suss l?Al50), t,wo volt- 
a,ge/current monitor source (HP41421\ and KT23‘i) and an LCR-meter (HP424SA). Data 
acquisition is done on a Macintosh using Lalxitw interface. 

5.1.2 Fabrication Process Control 

The characterization of the fabrication process is performed both during production and 
immediately after its end. 

A certa,in number of tests is ueeded by the process engineers in order to monitor the 
performances of the most critical fabrication steps. 

At CSEM I implemented a set of test structures (PCMg Process Cont,rol Monitor) or- 
ganized in hl oc cs, 1 each one specific for a particular process step (impkmtation, dielectrics, 
polysilicon, metads). These structures are nowa,days standard for every CSEM integra,tion 
and design independent. 
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fiducia,l interva,ls for every ya.ra,mctcr to be chec;ked, la,beling every single value out-of- 
bonds, allowing a. very fast monitoring of’ potential problems. A preliminary sca,n of 
l?CNIs before functionalit~y tests a,llow i;o skip bad wafers, spaa-ing precious time. 

Besides that, some other test structures are alwqs inserted into t#he design of the 
detector within the wafer: ilt order to complcment~ the information of ‘PCMs. Those 
structures are simple diodes , guard ring diodes (GR.11). lllultigua,rclriug diodes (MGRD), 
gate-controlled diodes (GCD)~ MOS capacitors and t,ransistorq \ra,n der Pauw a,nd Kelvin 
structures. In Fig.5.2 it is sl~own a typical esample of one block of test structures. 

Fig. 5.2: Typical exaxq~le of’ 2~ test-structure block inserted in a, CMS \va,f’er layoul,. 

‘Tl~ose structures are a~vailmble in order to cross cheek information coming from PCMs 
and the det,ector. Their interest, resides in the possibility to eventually characterize a 
physical beha,viour~ easily and more precisely t~han with PCMs. 

In the following I St-ill describe a, certain number of fundamental tests that are necessary 
to study the behaviour of’ a det-c&or. 

5.1.2.a Simple and GR Diodes 

With this kind of struct-ure it- is possible to extract; fundx~~c3~tal information about; the 
substra,tc in use (doping and thickuess). thy genera,tion lifetime of the process and the 
relative weight of generation i\nd difTusiorl leakage cur~,Pnt. Chce the. geometry of i;he 
diode is known, both C-1’ anal I-‘\’ rur~es should br performed. 

* Capacitance-Voltage (C-V) test, In Fig. .5.3 t@cal C-77 a,nd & - 1/ curve of 
c?, diode is shown. Ill both graphs 1 bi0.q is the diocle reverse voltage. 
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Fig. 5.3: C-V and h-V curves for ;t typical guasd ring diode with A-O.07mm”. Measumnents 
are made at 100 l&3. 

Table 5.1: ‘Typical results from diodes of CMSH/l series (milestone). C-V are ma,de at 100 kHz. 

Using Eq. (3.38), we can calculate the capacitance of t,he diode as: 
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disentmgled by using a simpler cleviw i15 a GR-tlintle with different geometries, e.g. 
circula~r with a,nnular GIL’s for better unclerstar~cling i,lle bulk generation, comb-like 
to enhance the surfxc contrihnt’ion. ‘The polarizat~ion of t,hc esterml GR’s in both 
diodes geometries will shield from the\ latmeral diffusion current contribution. The clif- 
ferent, current clcnsity contril~utions to the t~otd leakage xe described in Eq. (3.44)) 
Eq. (3.46). In Fig. 5.4 xc shown tyical result,s for CMS-process diodes, where 
the hehaviour is chamct,erizecl, as esprcte(15 by c? squared root tlependcnce from the 
depletion volta,ge. 

CMSB04-2104 
lo-' lF 
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Fig. 5.4: ‘I’ypicd example of I-V cwvc of a. GR.-diode. Continuous line is the diode, dotted line 
the GR.. 
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Fig. 5.5: I-V curve of a, GR,-diode. Continuous line is the diode, dotted line the GR.. Breakdown 
of the GR, is evident at around 500V. 

In this particular case ICliff = 2.918~4 comparable with the contribution of gcnera~- 
t>ion extracted from Fig. ;i.‘s, consistxent wit,11 t#he la,rge generation and recomhina,tion 
expected for this bulk. 

5.1.2.b MO!3 capacitor 

This simple device a,llows the extraction of sez-era1 fundamentSal parameters for the under- 
sta,ncling of the f&rica,tion process and the subsequent detector performance. The first 
rneasuremcnt, is a C-V plot a.t high hequcncy jtgically in the range of 10OkHz-MHz) 
sweeping the 0.’ ,ate bias from accumllla,tion to inversion (see Fig. 5.7). 

This nxxsurement, shorn how the interface mol)ile charge beneath the g&e react to 

It is important to note that, the use of high rcsistivity silicon will limit the m;tsirnum 
va.luc for the mcxuring frequetx~‘: in order to undt~rstantl this pllenornenou one should 
measure C, and l-iq (series ca,p;tcita~nce ant1 series resistance) for a, NC% capacitor in 
accutnula,tion conditions (see later for definition). In Ref. [CL;] we found that thick oxides 
il,l'e necessary for intertbc>e charge dctc~r,mii~a,iion since COllt~il~Ct r&stance effects may affect 
the precision in this measure for thinner asides (< WOnmj. Therefore thicker oxide MOSC 
have been designed for iut~egration tog&her n-ith t’lie C’SIS milestSone detectors. 

Three regions a,re sc’cn: A) OCCIIU, r/,/&ion. ( 1 (: > 0): he electrons we accumulated be- 
neakh the gate. Tlic ~nwwuxl capacitance is t,he oxide cqmcitmce only i?,,, = c;l,, = -$A 

'0.X 
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Fig. 5.6: I-W plot for a CMS stanclxrd dioclc (2.51n1n2). On I;& a.bscissa is plotted the depletion 
(a,nd overckpletion) width VVd = lV ,ycfz (in microns). In t,he insert c2 &tail of the central region 
is shown. 

and therefore it is possible to extrxt the oxide t~hickncss cl,:,. 
B) depletion (17 c: = &B): rising the voltage in the nega,tive domain the Si/SiOz surface 
progressively depletes of free electrons. The capacitanre decrea~ses up to the complete 
alxence of charges on the asmature of the capacit’or, t-&e ,fin,f;-ha,n,d c,onclition. In a theo- 
retical curve 171;‘~ := 0. 
C) inversion (V c; < T$J~): holes are accwnulatlcd beneath the metal gake and the depleted 
region extends progressively up to a, maximum ~~luq ~~~~~~~~ j 7vliich depends upon temper- 
ature, bull; doping concentrations ac-signal lrequenq and ampliti.~de. 
In general high frequency mcasurcments are easier to make and give 

(5.3) 

particle irraclia- 
The consequent 

cffecl; on the cqxxitance is clearly seen at t’hc flat-l>i\~l~d contlit;ion: the shift of the fib- 
hand voltnge will mrnsi~re the trapped charge. Sinw 
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Fig. 5.7: Typical high-voltage C-V curve for a MOS capacitor. Superimposed to the DC gate 
voltage there is a small-a,inplitutle (- 10t 15 mV) AC signd in order to meaxure the capacitance. 

Table 5.2: Some typical dues from MOSC mca.surement on CMS barrel prototypes. 
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5.1.2.~ Gate Controlled Diode 

Strongly linked with the MOS capacitor is t,he qnte co&rcJlea! &ode (0). III this device 
we use to modify the charge stat,us benea,th a meta,l gate in order to study the difkrent, 
current contributions collect~ecl I>y the diode: a largt 5 ’ gate arca is interdigitated with the 
p’irnplantxtion of the diode in order to get- the best coupling between the generation 
region (beneath the, A gate) and the collection region (t’he diode). This design is optimized 
in order to measure the surfa,ce generation rate. .s (cf. Eq. (3.25)); which is strongly linked 
to the density of traps at the Si/SiO:! int,erface. 

Figure 5.8 expla,ins the link between the MD and the MOS capacitor: condition 
A) corresponds to the former condition A) for a, LIOSC, i.e. accumulation, and similar 
for conditions B) and C), respectively depletion and inversion, but instead of measur- 
ing static charges we are interested in the tra,nsients i.e. the currents collected by the 
diode. The current of the diode is measured keeping a, consta,nt cleplction voltage to the 
back, as a, function of the gate volt,age I~,, In accumukktion conditions, (condition A) 
the mobile electrons induced by t,he fixed charge in the oxide, are preventing the reverse 
volta,ge to deplete completely the volume beneat’h t,he gate. The meaaurcd current will 
then be the generation current, of the depleted volume below the diodes, Jg. Increasing 
the negative gake potentkl; the leaka.ge current, increa.se (conclition B) since the depleted 
volume ben&h the gate contributes to the diode current via .Jg gcrte together with the 
sur-facc genera,ted current, J,. The la,tter suddenly increases a,t t’he flat-band volta,ge and 
soon satmates. The nest condition7 the inversion (condition C)? is reached by increasing 
a,ga,in the negative gate bia,s: holes are reca,lled from the bulk jrlst compensating the J,, 
current contribution, lowering the totral current. The surfa,cc generate current is therc- 
fore extracted by subtracting the tot,al current8 measured nt inversion from its value at 
depletion, .r, = 1~ -.- 1,. 

Since Js is defined by Eq. (3.43) and Eq. (:3.44), the surface recombination velocity 
can be derived. From Fig. 5.9 we can da-ix J, = -Ts/_3,. Generally speaking, for the 

CMS silicon detectors the range of .T is betn-een 2 ant1 20 cmjsec. For this part,icular 
case the value for s is very small, cansing a ver:‘ small surfa,ce-gcneratecl leakage current 
contribution. 
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5.2 Results on detector prototypes 

In this Section t;hc results of’ measurements on detect-or protot,ypes are reported. ‘Phcsc 
results have been used to validate t,he design choices and processing technologies for the 
CMS silicon strip detect,ors. 

5.2.1 Total leakage current and breakdown 

We studied the brea,kdown cha,ra,cteuistics of several series of devices which ha,vc been 
measured before a,nd aftor irradiation. ‘L’ariations within the same technology n,re due to 
the quality of the substrat-e and the back surface. In t,his pragraph I described the leaka,ge 
a,nd breakdown performances obta,ined with the standard edge configuration: n-well on 
the cutting xea and two guard-rings only In the f’olloTl-ing paragraph the improvements 
achievable with an optimized edge design n-ill be described. 

Fig. 5.10 shows the distribution of the brea,kdown voltage calculated for three diRerent 
integra,tions. 
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Fig. 5.10: Brcakdowrt voltage valrm for full size ctet:c~~to~~s. The amerage vadue is at SKI V with 
a. r.m.s. spread of 200 V. 

Most detectors fi&ll the requirement of break-down volt’age &.. > 500 V (see 
Fig. 5. IO). Some csliibit excellent prrformanre (1 ikC{ CL_ -b SO0 .V) and for a. few it was not 
possible to measure my brealxlo-~~\-1~ up to the linlit, of ollr mea,sln?ng system (IO00 V). It; is 
worth noticing that t#liese nicxilrements x-erc p&ortnccl on full size devices (54 X 64 mrn2) 
with 1024 implants on a, .30 pm pit’&. a,ntl the results ~vere stable after cutting. 

In Fig. 5. II I plotuetl t.he total and GR current of iI CAI[;; detector (milestone geom- 
etry) before and a,fter t’he cut, It is interesting to not ice that a,fter cut the breakdown 
performances are much bet t-er. A possible explanation Collows L’I-orn the fact, that often 
current is vc~y much influencotl 1)~ srlrface cont,ribul-‘iollr;. Tf the undiced detector is under 
bias, it, collects cxriers from the ent-ire n-afer surfacc~ since the minority carrier lifetime 
is very high. Once cut. the aciixx s~ur$ace corresponds t#o t,hc tlctect~or. surface, without 
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extra contributions; moreover t,he n-well implantation on t,he scribe lint sholtcircuits the 
backside n~‘implantakion with t,he front through the highly da~rnagctl lateral surface, which 
is injecting electrons into the bnlk: as it, n-ill be described more deeply later, this fc2ct, 
enclose the field lines within the detector volume, fixing the volume. A. carefully study of 
critical dirnensiorls of n-Jvell implmtations aucl dist,ances from gmrd-ring is required to 
avoid softer breakclotvns and injections from t)hc highly da~ma,ged cutting region. 

CMSB04-2103 
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Fig. 5.11: Lcaka,ge current of a detector (contimous lint) and its guard ring (dotted line) before 
and after cut. Softer breakdown before cut. 

The stability of reverse currents with time has been studied caxefdly: in Fig. 5.12 I 
plotted the leakage current of the same detector of’ Fig. 5X1.. After one hour a,t high bias, 
the cwrent is sta,ble~ no sucldcll bre;~lxlo~u. 

The stability of the tmakclo~~-n pe~fnunance under iruadiat,ion and different opemting 
conditions has been carelillly teslrecl. Fig. 5.13 shon-s the bre&doum performance before 
and after neutron irradiation at a fluencc of 1.0’.’ ?z L‘I)I-~ and for ditferen t temperatures. 

In Fig. ii.14 is shown t,he lmakdnn-n t)eha~iorur chnracteristXics a,ft,er different neutron 
irra~diations. The corresponding tleplrtion voltage is shon-n. 
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Fig. 5.12: Tota, lcakge current of a detector and its guard ring after cut versus time. ‘The 
detector is kept at ~y~o,s L= IOOV. 

"A",1 x 10" 
before 
irradiation 

1 o.6 -Y--- I I -.l- I I I 

Fig. 5.13: I ..-I. V-curves showing the lmakdo~vn for full-sized devices at cliffcrent temperatures 
aafter irradiaItion at 0.9 x LO’” n/cm’ 
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Fig. 5.14: I -- V-curves for neutron irradiated detcctor~s. a) a,t 0.9 x 101”n/cm,“, 1,) at 1.8 x 

IO%/C~,“, c) at 2.7 x -I.0%/cm2 and cl) at 3.6 x IO’-h/cm:‘. 
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5.2.1.a Multiguard structures 

As previously explained in Sec. 3.3.3.a, when high reverse bias is applied to both detector 
active area and guasd-ring, intense elcaric fields n-my 1~~1 to avalanche breakdown on the 
external side of the guard-ring, cnha~ncing clct,ector noise mcl eventually causing physical 
breakdown of the device [9G]. The electric field can be influenced by the position of the 
external n4- well and cm bc controlled by- a. serim of rnldt$ple f-loa,ting p+ rings a,round the 
guard-ring: the multi-gmrtl structure (see Fig. 5. I..?). 

Fig. 5.15: Corner of a* typical radiation resistant detector. 
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Fig. 5.17: Total leakage current of two bab;li detectors intcgra,ted on the same wafer: norma 
layout;, no MG (continuous line) a,nd Multi guard structure (dotted line). 

Multi-guard optimization studies have been performed by means of device charactxr- 
i&ion, irrxliakion t&s antd simula,tions [!37]. For t,his device; I-V characteristics before 
and xfter irradiation are shown in E’ig. 5.18. The lxea,kdown, above 1000 V before irradi- 
ation; is reduced to 650 V just a,fter irradiation and recovers a,lmost completely 21 days 
later due to annealing of the surface damage. which is responsil)le for the breakdown volt- 
age reduct,iou. Further tests with I h,iRad photons under bias show that no breakdown 
appears up t;o 1.000 V in these devices. 

5.2.1.b Detector Edges 

Recently CISE&l lxx heen involved in t,he design and t)llt? production of several test, struc- 
tures devoted to the study ot’ t’his phenomena and of the subsequent optimiza,tion of the 
main detector design. The EDGE-I test structures ;lccount for circular pi-- implantaltions 
of 1. mm diametxr surroundetl 11~ tl.!--.. implantations placed at, cliff’erent~ distances from the 
diode, resp. TT’ .= 25, 50. 3. .lOO, 1:10. 2.W //in: the EDC=E-2 lxxc circular diodes with dif- 
ferent diametixs plxPd at a fised tlisbanre from the 11.’ --impla,nt;~tiorr (17’ =.= 200 /.~m) but, 
different distances from the junction i-,0 the scribe lint. req. 7) = 200. 300, 350, -100: 500 
and 600 /UK For both series of test, structures the I$ -.- implants Jvere covered by a metal 
layer overlqq~ing them 17~ .3 /lm: thus creat,in g a beneficial I\IOS effect through this field 
plate. 

In Sec. 3.3.3 I st;uctied the theoretical lxcalitfo~n l>ehaviour of a, junction: it is clear 
tint for all la,yout,s the m;\,sinlum (Jlcctric field Tvill be sitllated close to the rounded 
border of the I)+ ---- 1). junction. .IJ(lviations ro the idPA hehaviorrr should he attributed 
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Fig. 5.18: I-V t:haracteristics before irradiat,ion (solid) after -l.8 x 10’“~rn-~ protons (dashed), 
and 21. days after irra,diation (dotted). 

to the fa,brica,tion technology (i.e. impkmts depth and la,teral difiusion) and also to the 
presence of the n’border. The aim of the mensurcments was to find the dependence of 
the bias voltage at which the ava~a~nche breakdo~~n process can start, with the geometrical 
para,meters (W a,nd U) described a,bove. ~~~11 the measurement halve been made in Piss, 
PSI. 

All layouts ha,ve the physical cuts on all four sides (plain lines in F’ig. 5.19). To 
separate the effects given 1)~: the two distarices 13’” and D. JMge-1. diodes are at laxge 
cli&nce (500 pm) from the border. We studied the lm~alidow~ performance as a, function 
of T/T/ a,nd D taking into account also the variation of the hreakclown voltage (I&.Cl) for 
different electron accumulatliori layer collrelit,rat-ioIls. generaid by the positive chrge 
tra,ppecl on the Si02 during the production process. 

Typical I-V charxtcristics of Edge-l devices are presented in Fig. 5.20. The breakdown 
va,lues increase with T;1- and for W greater t,hau 100 /un all the values are similx. The 
sa,me behaviour CC?I~ be seen in Fig. .5.21 where the brcalxlon~n voltage is plotted as a, 
function of l/V for two different de\-ices together n-ith simulation results for two different 
silicon oxide charge va~lnes. A clear saturiation of the breakdown volta,ge is seen for W 
greater then I50 pm. regxdless of t,he silicon-oxide charge conc~c\ntra,tion. The absolute 
value of l&d depends on the oskkc charge and is comp~tiblc n-it,11 simulation data within 
the experimental error [SS]. 
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Fig. 5.19: Layout of Edge- 

vicinity of the &- implant,. 

The I-V characteristics were mea~sured for Edge-2 diodes before mcl a,fter cut and a,re 
represented in Fig. 5.22. Two effects are visible on tjhese plots: 

o after mechanical cut there is a sizable improvement on the breakdown value rega,rd- 
less of the clista,nce .I> between the diodes i?,Ild the border. In the region highly 
damaged by the cnt the density of txaps is Tery high. The native oxide on the 
detector edges will induce a high density of mobile electrons within the bulk, de 
facto shortcircuiting the v+- implantat’ions on the front a,nd the back. If D is long 
enough the depletion region does not re;xh the cutting region since the potential 
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Fig. 5.21: Breakdown volt~ages as a, function of Tjt’ (open dots). Two simulation results for two 
different surface charge densities arc superimposed (clot-s). 

distribution is influenced by the electrons at the edges, lowering the value of the 
electric field in the spa,ce charge region (SCR.); 

o for distances D up to around 350 ,~m an increase of t,he bulk current as an effect 
of charge carrier injection from the cut, region is seen. For D values greater than 
400 /brn this cf?ect is not visible anymore. l’he current increase ca,n be explained by 
the irljcction of ca,rriers caused by t’he punch-t,hrough of the SC11 wit,h the heavily 
da,ma.gcd dicing zone. This is an indicakion of the minimum distance E that must, 
he left t,o avoid external current, illjection. 

In Fig. 5.22 the 1-V cha,ractcristics of all Edge-2 diodes of a wafer axe given. It can 
be inferred that the breakdown is, for small 1); influenced h!; the current rising and has 
a stable value for .D greatjcr than 400 /em. This bcliaviour is simila,r for all measured 
structures. 

After irra,diation, all structures mere kept- at -211 “C. -111 measurements were performed 
one week after irrxliation and no correct,ions for self annealing were applied. Silicon test 
structures were exposed to neutron fiuences from 1 ’ 10’” crnm2 to 1.8 10’” cm-‘. 

After neutron irradiation the leakage cltrrcnt for all diodes increa,sed by around three 
orders of magnitude (depending on the nelltron ftuence) . As a consequence, the electric21 
power dissipated increases mtl the onset of t,he xalanchc Irealxlown process might; be 
influenced. For this reason, irradiated diotles Tyere ITlC’i1SllUC?d at room t~cmperaturc (1% 
19 "C) mcl also at -5 cc! and -10 "C. 

F’or Et&e-I structxrcs. as a. general hehaviour, it is obser-\-cd that aft’er irradia,tion the 
depenclcnce of’ the T & on the Tr‘ \-all~cs is less I-isihle as the fluence iucreascs. This can 
be expla,irred as a. cowsqucnre of t-lie silicon dioxide Cllil~rg(? increxe during the irradia- 
tion (due t0 the SLLrf;lCf? daXllilgC pr0tlllWd lIJ+ gamma irradia,tiou background) which was 
reported by ot,lier esperimwtt; y [W]. 

For .Edge-2 tliodrs tll(w are tnw slain cfkcts t111c t,o irradia,tioIl. ‘The lxxcler injection 
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current is not visible anymore ant1 the depcntlence on dista,nce II is much more reduced, 
the breakdown value being independent on this pararuetcr. For high fluence values, a large 
increase of the bulk leakage current was detected and no ava~lanche breakdown process 
was observed (see Y&g. 5.23). 

I I I I I I I I I 
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Fig. 5.23: Current-voltage characteristics of’ EDGE-2 structures before and after irracbtion. 

Conclusions Experimental data, from IMgc st,ruct’rues compxed with simulation re- 
sults, before a,nd after irradiation; reveals some constxaints to hc fulfilled in the design 
of ra,dia,tion lard silicon detectors. At the detector border the n+-implant, necessary to 
protect, the active xea. from t,he oukside charge carriers currcnts~ should not be closer tha,n 
100 + 1.50 pm. All tliocles show a,n improvement8 of the l~reakclown voltage after the me- 
chaical cut not clcpending by t,he tlist,ance of p--implant from the edge. The l)rea,kdown 
voltage does not change significantly and the efFect: of the bull; lea,ka.ge current increase is 
not visible anymore for a. distance of j+-implant, from the edge csceetling 400 pm. 

I?or fluences up to 1.1 1 IO’ ’ cn-’ the dependence of the b~~~~l<do~vn voltage on the 
distance between 11 /-- i?lld ?V- -implants doe5 not, change. This indicates that the p+- 
implants side remains t,he crit-ical region for the electric lield. Xeyertheless the sensitivity 
on TV and D is reduced as the Buencr increases. For higher flueucxs, up to l.8. I@” cnl-2; 
the dependence of IjTjkti on geometrical paramct~ers disappears. 
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5.2.2 Poly-silicon bias resistors 

CSEM has produced several series of prototypes in order to check the reproducibility of 
the poly-silicon bias resistors and their mdiation wsistmce. 

In genera,1 the resistivity of the pol>T-silicon lq-er depends mainly on the implant dose 
which is used to tune the conduct.ion pmpert’ies of the layer. Recmse of this strong 
dependence, a, careful s&up of t,his phase of the process is required. 
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Fig. 5.24: A clistrihution of resistancc values for difftrent doping vducs. The mean value of 
R2 is (860 r4 20)kR. Rl has a mean va.11~ of (1800 31 15Okn). 

Within a given technology several pammeters may seriously affect the final results: the 
quality of poly-silicon (i.e. t,he grain size), t,he thermal q-cle o-f the process, the thickness 
and uniformity of the rleposit~ion md t,he preseuw of a passimt,ion la,yer. Fig. 5.24 shows 
how the obtainable uniformit-y is higher for ion-eu resistiCty. 

LXfferences at the level of 5 9% wlated t#o radial non-llnift~~rnities~it,i~~~ or up-down asymme- 
tries in the deposition phase or in the lithographic srops ha-\~: iqls0 been measured within 
the same w&r. 

By using a, large number of squnres (SO-CO) and a standad poly-silicon thickness of 
300 run it is possible t,o ohtaiu an unifomiit~ bctttJr t~hm 1 O Y6 for rcsistivity in the range 
of lo-20 l&/Cl. ‘I’he requimncnt~ of an average mlue of wsistance of (2.0 9: 0.6) MC2 cm 
he fulfillecl. 
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Fig. 5.25: Effect of polysilicon resistors hcfo~e anil after inadiation with a. Ruencc of 
3.6 x lOI neutrorls/crr~2. 

5.2.3 Integrated decoupling capacitors 

Seveml options for t#he mult~i-layer of clielectz%+s mecl for the coupling capacitors have 
been investigated: t,svo thin layers of $02. dif%rent combinations of SiO, and S&N4 
(oxide+nitricle -ON-, oxide--t-nitridei-oriole -0X0-), tlifferent processes (thmml growth 
or low terripemture clcposition), different thick-l~esscs. JVhen nitricle was used it, has A30 
been tested the effect, of patdxrning the nitmricle layer by removing it from the inter-strip 
region compxred to t,he simple case whwe the cIiclectIric layer is left ad1 over the surfxe. 

The use of nitride a,s a second tlielectric is important’ since the higher dielectric constant, 
increases the coupling of the signal to the read-oiit elcctrocles for a given overall thiclincss. 
Moreover, the me of i??ult,i-dielcct~ic saniplivg allom to decouple defects presents in one 
layer from the following; thus incrensing significmt~l~ the int~egmtxrl capacitor yield. 

The specific mpacitmce obtained fou a gi\-en design drpencls on the control of the 
thickness and on t’lie miforuiity of the indating lit!-cIT. On test structIures and full size 
devices I have t,ested the rqxoducibili ty of the coupling capacitors for ditierent t~echnolo- 
gies. I measured the coupling capxit~y of the mrions strips within the same wafer and 
observed uniformity ~~itjltin a few percent,. In geneml the thi(,lilless of a thcuma,lly grown 
oxide layer is much bct,ter colltrollccl (thickness mriatmimis 5 5 %I) with respect to the 
oxide or ilitricle layers tlrposition (5 10 (2). 
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5.2.3~ Yield analysis 

A good yield in conplin, D capacitors is one of the most, cha,llcnging production goals 

Since the thin dielectric layers OF t,he coupling capacitors cover a large fraction of 

the detector area, they may he a11 important source of defects. These capacitors are 
large elements of typical area a,round O.-i+O.!J mrrl’) (i.e. the dimensions of the capacitors 
investigated for this KOrli were 114 . 62.3M pm”). The falxicat,ion procedure should be 
virtually defect-free for wa~fer size devices;. IVhcu H c;Ipacitor hnppcns to be shortcdj the 
corresponding strip is not properly read-out, but &ill the xljaccnt, strips may efEcient;ly 
collect the charge. When a, series of adjacent strips arc shorted, the corresponding region 
becomes ineffkient. Therefore a,n cscessive number of defective cqxtcitors can be the 
main limiting factor for t,he overall yield in manufacturing large area microstrip detectors. 

This study ha,ve been triggered by a, very ba,d capacitor yield of detector batch pro- 
duced in 1996 at CSEM [IOO]. 1 pasticipakd to the redefinition of the production process 
a,nd to the electrical chxxterization in Piss. before n,ncl after the technological modifica- 
tions. 

The origin of these defects ma,y be vxious. The status of the substxa~te surface ma.y 
play a role, aa ma,y any defect in the growing or in the deposition of the insulating la,yers. 
Any lithogra~phic step involving the pa,tterxing of the strip ma,y a,lso affect these capac- 
itors because of dcfecGve rwist depositions or mechanicad scratches. The use of testing 
procedures to identify the number and the position of defective ca,pacitors is the most 
critical stop in the general testing aIctivitjy of complex devices. The standard techniques 
identify defective capxitors through a scan of all strips. The most common protocol 
foresees bia,sing the back of the detector with a const,ant voltage, grounding guard and 
bias-ring on the front; contacting the bix pad, which is in contxt with the implant, and 
the corresponding bonding pad for each strip. and appl;t-ing a, modest potential difference 
across exh capxitor to check the isolajtion. By measuring the current flowing through 
the circuit one can easily identi-fy short~ecl capacitors. _LI typical result of this sexming 
procedure is shown in Fig. 5.26. For good capilcitors one mea,sures the zero current level 
of the instrument wit,h the typical measurement2 fluctua,tions (in this case 1 + 10 p-4). De- 
fective ca,pa,citors reach the complknce value. set, for t-his measurement a,t ImA. Partially 
defective cqacit,ors can also be ideut’ified and monitk~reti. 

Early a,ppli&ion of the standard diagnostic techniques is very useful for a sa,fe opera- 
tion of the devices: if the n~m~ber of defect-k-e capacitors is wit,hin the requirecl specificaj- 
tions and t.he wafer is accepted for the assembly phast~ rhe informa,tion on the number xnd 
position of the defective strips is llsed to Sliip t’he shorted capacitors in the micro bonding 

phase and this information is added to the general dat~abase of the espehxnt ns a, pos- 

sible source of local in&ciencv. -\I’hen one l~no~s which capxitor is broken it becomes 
possible to perform further optical and electrical investigations to ident,ify the origin of 
the de-f&s. This Iwxctlure may be successful when t,he defects are clnc to ma,croscopic 
problems like mechanical scrwtchcs or seriolls lit8hographic mista,kes. However; when the 
dirnensions of a defect ;we smi~ll, I-L;) ~/III or less, t-#he standard optical inspection cannot be 
used anymore bcc2use iT becomes practically impossible to localize such pin-hole defects, 
by scanning the full area of the d~~fwtiw cqxcitors. 



5.2 Results on detector prototypes ____~. ~_- --- 147 

Ice 

Strip numb ter 

Fig. 5.26: Typical capacitw scm of a good device. 

Defect characterization The standard cliagnost’ic techniques give 11s only a projection 
of the position of the clcfcct in the wafer while a. more precise bitlimensionad identifica,tion 
of the defect is needed if one foresees the use of more sophist,ica~tcd techniqnes (like SEW 
or TEM) to identify t’he origin of the problem. Tile ncecl for more xlvanced tools was 
originated by the test of a particula~rly bad hatch of det’ectors which was apparently pro- 
duced following t#he same fdxication protocol, a,s other successful ones, but the capacitor 
yield for which was redly mxgind (< 20%). Fig. 5.2’7 shows a, typical capacitor sczm for 
one of these wafers. In this particula,r case, the ,pcrcrntage of defective ca,pacitors was 
higher t,han 80%. No correlation was found between defects and the results of t,he optical 
inspection. Therefore we investigxtecl the possibility to develop further measurements 
to reach a better t~iclimensiona~l defect localization. This defective batch will be used in 
the following as XI example to describe bon- the combinecl use of conventiond and new 
investigation t,echniques may 1ea.d to the idcnti~ca,t,ioll of the processing steps responsible 
for the shorted capxitors. In this particular case the, coupling cxpacitors were yroclllcecl 
with a multi-layer of thermal oxide and CVD nitride Jvhilc ~llet,;d and poly electrodes were 
used as nppcr arniatnre. 

The basic idea is t,o exploit, lhe tlifferent resistivity of the mctxd layer with respect, to 
the implzmt; IXJW. If a short acuxs a capacitor appears in a given posit,ion along the strip 
one sliortlcl be able to iclentify the posit’ion of the short lq- comparing the totd resistaaice 
between bia,s ant1 bonding pads measurecl at, both elitls of the strips. 

Defects closer i,o one end of t,he drips should exhibit5 the largest clif%rcnce in totnl re- 
sistancc while clcfects esactl~* in the centre of ihe capacitor sliol~ld give the sa,me resislxmce 
within errors. The met-hod is olx-ionsl~- bastx~ on ;I precise d(~1-crmina,tiolzl~,tioll of the resistiv- 
ity of the metid a,ricl implant layer in t-he actual de\-ices. In our case t,his information is 
obtain4 using sta,nclartl \Irr drr Palm- test, structure. 
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Strip number 

Fig. 5.27: Typical capacitor scan of a, bad wafer. 

The method is better tlescribccl by the simple model shown in Fig. 5.25. 

- .~_._ -- back 

Fig. 5.28: Simplified model for a shortecl cqmcitor. 
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identify t,he position of tJhe defect along t’hc strip: 

where R and .RAI. axe the rcsistace values for the implant~ed strip and the metal electrodes 
respectively, L the strip length, S 3s cross sectiou and Ax the clista,nce of the short 
circuit from the DC pa,d or bias pal. The method is based on the comprison between 
the mea,suremcnt of the total resistance Aong the pa,th AC1 - R,, - DC pajcl and AC:! - Rcc 
- DC pad. T&kg int,o a.ccxxmt the measurement precision of the different paxmeters, 
the method allows a reconstructiou of the position along the strip, Ax, with an accuracy 
of a,bout 5% of the strip lcngt,h 1;. In the standard devices used for t,his study the error 
was xlqxosima~tely 3 mm. gy scanning each strip and plotting the position Ax of the 
defect, versus the strip number one obtains n bidimensional reconstruction of t,he position 
of all defects in each wafer. ‘This information is very useful to identify different classes of 
defects. Scra,tchcs for esample may be 
be focused on the critka~l region. Fig 
as seen by the new defect localizakion 
optical inspection. 

easily recognized and the optical inspection may 
5.29 shows an example of a. mechanical scra,tch 

technique a,ncl the corresponding outcome of the 

The method is ver;* po~rf1~1 in identifying other possible sourc~~s of defects. Fig. 5.30 
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shows the outcome of the test, on t,he same wafer with more than SO% of clcfcctive ca- 
pacitors already described in Fig. .5.27. The clist,ribut,ion of’ defects eshihits an elliptical 
pattern with a local density of defects in the x&r increasin, m toward the cent:re of the 
wafer. Similar circula,r or elliptical shapes Caere observed in all defective wafers of the 
same batch suggesting as possible explanations a serious non uniformity in the deposition 
of the nitride la,yer or loss of control in the etching procedure of the polysilicon layer. 

0 150 300 450 600 750 900 1050 

Strip mmher 

Fig. 5.30: Radially syrmnet,ric distribution of dama.ged capacitors. The wafer is the same of 
Fig. 5.27. 

From the same set, of equations one can est,ract the due of II,, a,ncl, with simple 
assumptions, it l~ecomes possible to evaluates the dimensions of t8he clefeck. If the short 
is due t,o aluminum we ohtxin: 

D 
R,, = --,; f /,,\/ (5.6) 

where .I) is the nominal dielectric thickness, 3 the area, of t,lle pinhole and /).,11: the measured 
resistivity of the :U/Si lab-rr. Fig. 3.31 shoxs the distribution of the defect diameter in 
the sxne badly damagd cl?\-ice alrtxcl~- ctescrihcd in Figs. 5.2i and 5.30. Typicd values 
a,re in this case 2-3 /IKII. The surface of the damaged area increases in going from the wafer 
edge toward the central Icgion. 

To efficiently use more direci- in\-estjigatAon techniclues like SEW, the 3 mm xcuracy 
so fa,r achievccl in the localization of the defects is st,ill marginal. A i~ew method was 
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Fig. 5.31: l?istribntion of the defect diameter along the strips. 

therefore developed t,o increase the resolution. The technique is based on an approach 
similar to the one so far used for the low resolut,ion localization, the only difference being 
the trick of repeating the measurements a,long the metal electrodes. More specifically 
the back is biased at IV, gmxd and b&s rings a,re kept floating and the strip under 
study is contxted to ground. By measuring the cmwnt flowing through the detector 
ancl the shorted capacitor and collected Iby the probe t,ip it becomes possible lo identify 

the position of the short- by simply looking t-11: the pointx where t,here is a change of slope. 
Contacting the strip evcr~- .X1 /un the accuracy of the measurement becomes very high. In 
principle one could also make two series of steps. a first, one a,(-, low resolution (sq every 
millimeter) nnd a, second one a,t a finer pitch. The main drawbacks of this method xc 
that the procetlwe is xry time conslmling and its destjrwtiw activity cannot be repeated 
several times. The reason of this is CT-ident, from Fig. .5.32 where the photograph of the 
strip after the iovcst~iga,tion show clear signs of damage clue to t’he tips. 

The change of ,slope which iderkfies the position of the short is t-he point of minima,l 
resistance found by t,he probe during the scan. Fig. J.33 shows esxnples of this kind 
of measurement. It; sl~o~.~ld be stressed that the technique is fry sensitive to noise and 
several mec2snrcnients 2~0 needed for each point to get rid of fluclxa,tions, 

From tho raw cl&a shown in Fig. 5.33, after numuicnl elabora,tion, it is possible to 
achieve a, precision of’ about, 20 /rm. 
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Fig. 5.32: Photograph of’ the metal strip after the high resolution measurerncnt. 

-1 
0 100 200 100 400 500 0 loo 200 500 400 500 

Strip length (cm) Strip length (cm) 

Fig. 5.33: I-fig11 resolution clefect~ Iocdizat;ion. 

SEM analysis Wit811 a locnlizatjiou of the clefect,s at t,he level of 20 pm it becomes 
possible to investigate the shorts through Scanning Ektrou I\4icroscopy. To this plupose 
a device wa,s cut in posimit!; of the measured positions of the shorts mcl, after mreful 
lapping, the cross scxdior~ of the tlekctor xx exaruineci. The photograph in Fig. 5.34 
(left) shows t’he cross section of one strip in colresponclelrce of the short. The a,luminum 
layer is iii contart n-it’ll the sulxtmte over a, wic1t.h of ahout; 3 jm as was pointed out by 
the prclirninxrp evaluation of t,he diameter of the defect. The poly layer is completely 
etched may in the middle of 12x strip as the t,lvo layrs of diolcctajc (therrrd Si(& and 
CVD Si3NLi in this C.XX). ‘Tracing bncli the origin of the problem with 8 careful review 
of the flow chart usetl in this particular production it, was discovered that the origin of 
the anisotropic over-etching (I)..5 /ml in depth) was a consequence of a, mist&c in the step 
of Reactive Ion Etching usd for the opening of the mct;a,l viz. The effect was more 
pronounced in the centre of the wafer and this was the origin of t,he cllipt~icd pa,t;terns of 
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defects. To confirm the adysis, metal and poly layers were etched a,way, in prepxrxtion 
for the SEM analysis in pkme, in sxnplcs of det,ectors Ixlonging to the heavily &unaged 
region in the centre of the I\T;xfer. Fig. 5.34 (right-) ~1~0~~s the nitride layer of one of these 
samples completely darna~ged by the over-ekhing of t,lic meta, vks. 

Fig. 5.34: Cross section of a shorted capaciior as seen in SEM (left); Plan view of the nitride 
layer in the central part of the wafer: notice that it, is full!: removed (right). 

Irnprovernents in the fabrication technology h comp1et.e revision of the process 
of fdxication of AC coupled microstrip devices, ixlucling the simplification of a few 
steps, was triggered by t,he andysis of t’hese fdures. The MAXIS technology described 
in Sec. 4.10 was horn. 

As outcome of this activity the yield of good <:ii,pacitors in the MAXIS technology ha,s 
significantly improved, exceeding 99%. Fig. 3.35 shows t,he scan of the coupling capacitors 
ma,tle 011 one full-size detector fea?tllring 1024 strips integrated with the new technology: 
no defective cqacitors arc detected. 

CMSB04 - 2120 

lo-l2 , , , , I,, , , 1 / ) , , , , , / , 1, ( , , , ) , ( , 1, ) , , , , / , t 1, ) , I,, , , , 1, 

0 200 400 600 800 1000 
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axe now with zero or one defective capacit~ors. ‘Ihe ;tvcrage va,lue of shorts per detectors 
is 0.34%, well wit,hin the required specilications while the problems a,Recting the worst 
devices, including the one with 3% had capacit,ors, arc mainly due to defects in the resist 
deposition and to mechalnica~l scratches. 

-I 

Fig. 5.36: Improvement in the yield of capxitors. 

5.2.3.13 Integrated capacitor breakdown performances 

Although in t,he fina, detector modules, for normal running conditions, the potential dif- 
ference across the coupling c,apa,citors xi11 be, nq$igihle, hc 0‘ ,otl brea,kclown characteristics 
of the insula,tor layers is required. In fact. if a frnct~ion of the bea,m is lost in one detector, 
the accumula~tecl charge ma,y discharge the detector with a. time constant depending on 
the total ciqxxitance of the bias circuit. I-rider these est,remc conditions, a potential 
difference a,s high a,s 100 V ma.y a,ppear a(‘ross the coupling capacitors. Severa, series of 
prototypes for CMS have bren test,ed both at- CSEA1 and at the CMS horne M~oratories 
in different conditions: Fig. 3.37 shows the rcslllb ohtnined for t,he rnost promising con- 
figuration of multi-la?;er 01 oxide a,ntl nitridr. Urealido~~n performance exceeding 150 V 
has been obtained after tjesting several hundreds capacitors under different conditions of 
electrical stress. The stability of the coupling capacita,nce wit,11 time and irradiation has 
been verified hot#h in terms of possible changes in the effective coupling clue to charge 
tra,pped at the interfxe a,ncl iu terms of degradation of the hreakdon-n performa~ncc a,fter 
irra,dia,tion. 

5.2.4 Interstrip capacitance 
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Fig. 5.37: Breakdown field for coupling mpacit,ors before and after irmdiation with Co6*, IO 
Mrad with and without bias during irradiation. The miniulum lxmkdowu value of 6 MV/cm is 
equal to 120 V across the coupling capacitor section. 

to the adjacent ones is domiwted by the field lines connecting the pi impla,nts through 
the silicon and by the charge a,t the Si-SiO-, int~erfacc. 

Fig. 5.38 a) shows the behaviour of the inter-skip capacitxlce (one neighbor) as a, 
function of the bias voltage for four difkrcnt, devices. The limit’ing values (a,fter full 
depletion) for different wa,fers depends on the amountV of tra,ppecl oxide chaxges, which is 
consistent with the measurement performed with the GCDs. 

-12 -12 
s 10 X10 
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Fig. 5.39: ‘lhtal cqxxitance per unit length as a function of strip width/strip pitch ratio (w/p) 
for detectors from CSEM and &mamatsu [Id]. 

Got =:= Cb -t- 2(C1,, -1.” (>,,,) (5.7) 

which is i% function of rdio of the k&h over pitch of the clectrocles (see Sec. 3.3.4.a.) 

As descril~ed in Sec. 3.3.4.a the t,ot-al capacitive coupling can bc a,pproximated with a 
linear function of the strip over pitd~ ratio n-hen ‘w/p is aro~mtl 0.5. 

By plot,ting the total interstrip capacikmce per unit length as a function of the 
width/pitch ratio divided 1,~ tht ’ gap. a, good para,rnc?t,erisation can be obtained for differ- 
ent clcsigns (see .Fig 5.40). 

A width/pitch ratio of abont 0.2 is chosen for ai1 opt,inii7,ed detector design since it 
allows a. low ilderstrip coupling with a, still managca,ble numl)er of rea,dout channels. 

With irra,diation the conccdration of the positive fixed charge in the oxide will increase 
to the sa,turation value. The higher conccntrat,ion of ncgat,iw charge at the interfay.? will 
result in r2 stronger inter-strip coupling. -4 rcdwtion of inter-strip ca,pacit,imce ca,il be 
obtainccl in all devices hi- increasing the bias voltage, since a higher field on the p+ 
side confines t,he electrons at, the interfaze to the middle of t-lie gyp between the two 
implants. Fig. 5.41 shots t’he inter-strip capacitance ~~:rsils the hias voltage a,fter different, 
irradiations. 
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Fig. 5.40: Total interstrip capacitance Cint =2CiC;,l, per unit length, a,s LX function of the w/p 
over ga.p ratio. The p-q> is Lhc! difference between strip pitch and width. Same detectors as 
Fig. 5.39 [14]. 

the bias voltage. Asympt,otic dues at; most 25 9% higher wit’li respect to the pro-irrx&tion 
dues can be reached for a, bias voltage 1.5 higher thm V&l. Recent studies show the 
influence of the substrate crystal orientation on t,hc! irderstrip capxitance: using (1.00) 
snbstrakes swms he more adecpate since the interstrip capackmce aft,er iuadiation does 
not increase significantIly [X3]. 

5.2.5 Interstrip resistance 

All strips, being fabrica.tecl as p+ on n, de+es, xc highlp isola,ted before irracbtion. In 
order to estimate the int’crstrip resistance 1 made me of a, device simulator by means of 
DC (Stea,dy-Sk&!) sirnuhtions. Since interskip resistance depends on the bia,s voltage, 
a constraint can be placed on the operating voltagq such tlmt the interstrip resistance 
is guarmteecl to be lasger that a specified lowcr~ limit. Siniulation result,s axe plotkect in 
Fig. 5.42; and show t,hat- at, any bias voltage csceecling the depletion volta,ge an interstrip 
resistance well in exwss of I GO/cm (i.e.. a factor 1000 greater than the hias polysilicon 
r.esistmcc) is oht~a~ined. well in agreenient~ with illea,si~I1‘ellieiits. 

After type inversion the rxtiatmion induced incrwse of smfacc charge will affect the 
interstrip resistance. 11-e bar-c measnrcd lower xdnes for the inter-drip resistance but 
they a,re still high eno-rigli i’o b ~wari\~~txe strip isolation ant1 acceptable noise figures (see 
Fig. 5.43). 
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Fig. 5.41: Capacitance between first neighboring strips before and after different neutron 
irradiations as a fimction of the bias voltage. 

5.2.6 Strip series resistance 

The strip series resistance depends on the geometry a,nd the rcsistivity of the metal line. 
Using sta~ntla~~~ ~llrminurn-silicon I have measured resistivity asound 27 m,R a pm, which 
results in a. series resistance of the order of (30 R for metal electrodes 12 pm wide, I.5 p,m 
thick and 62..3 mm long. 

5.2.7 Double-metal read-out 

The use of a, double-metal layer to read-out the st’crco strips without introducing dead 
ares ha,s been validated by scvera,l series of prototypes. The quality of contacts hebeen 
the two metal layers may affect t,he numhcr of dead chzmncls in the system. A series of 
test; chadn structures was implemented to f-ind the best, solution to this problem. With a 
contact area, of about 16 pm’ and 8 4 pm t’llirli insulator in between t,he two electrodes 
a failure r&e lower than .l.O-‘ ’ was rueasurcd. The additional couplirg ca,pa,cita,ncc intro- 
duced by the second metal layer has been estimatt~d t-o add a 10 o/o contribllt,ion to the 
total input cqacitance. Alcasurements performed in test devices confirm this assumption. 
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5.3 Test beam results 

In the last three yezs I participated to severajl bea,m tests together with the SST group 
in order to carefully cheek the performances of barrel aiitl end-cap devices in terms of 
signal-to-noise ratio, detection eficiency and space resolution under different conditions 
of bias voltage, tempera,tnrc, radiation damage and inciclent angle. The devices used for 
the test were from different, producers. so I n-ill report on the whole work, not restricting 
myself to CSEM devices results. 

Fast analog amplifiers (PR,EMJX) wif-h peak mode rexlout and 50 iis shaping time, 
based on a, similar input sta,ge that is nsed in t,he final frontxncl chip, were used as rea,dout 
electronics. Data were analyzed with a. set of algorit~hms~ dcscribecl in [1.02]. 

5.3.1 Signal to noise ratio 

Signal-to-noise (S/N) is defined as the ra,tio of t,he most probable value of the Lanckux fit 
to the signal distribution with the average single strip noise. 

Signal-to-noise ratios as high a,s 25:1 n-ere obtained for non-irraclia,ted full-size detectors 
(Fig. 5.44). 

* * * 
* * 

* 

Bias (V) 

The effect on the S/IV ra,tio c11rc to t’he gcometricnl parameters of t-ho sensor design has 
been studied widely in nail-irratlia ted dexk3 for boih barrel and end-cap type detectors. 

For the barrel dctrctjor~s t-he relcxmt geometrical parameters are the stxip pitch, the 
implant widtjh and the strip len$h. 
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Figs. 5.45 and 5.46 show, as a function of I/~&, a sirnila~r hchaviour in cluster charge 
and S/N for readout, pitch values ranging from 60 to 2-10 pm and compa~ra~ble width/pitch 
ratios (0.21-0.33). 
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Fig. 5.45: Cluster chasge a.s a function of 
the bins voltaage. Hama.matsu cletectoxs with 
strip gdxhcs varying from 60 j61n to 240 jmt. 
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Fig. 5.46: Signal-to-noise ratio vs bias volt- 
age for the same detectors as Fig. 5.45. 

In order to optimize t,he skip design for the wedge clctIectors, we hmc carried out 
as preliminary compamtive study on such devices where t’he strips on the p-side were 
suhdiviclccl into three groups: one based on a, must-ant strip width of 14 jxn, the second 
basecl on a constant width over pitch ratio of 0.37 and the last! featuring a varia,ble strip 
width From 14 to 26 /m maintaining a constant inter&rip ga,p of 24 ,mn along the detector. 
We tested one of these devices a,t, a, bias voltage of 100 1: and in good conditiom of signa 
to noise ratio. The three options imply, in principle. only su~all differences in the inter- 
strip and coupling capacitance. To chd~ this, we sul~clivicld t,he tracks hitting the device 
according to the incidentS region aud for exh TT‘~ compn~3d the relevmt distribiltions, 
finding no significmt~ clifkwuces esccpt for a. slight worm&g of the noise in the constant- 
gap vcgiou (Fig. ,3.-17). Basctl on t’his result, the mxlge tletectow a,re designed with a, 
constmt nGdtjh over pitch r,atio. 

Since a, significanl; fi‘action of part~icles will cross t,he clct-ectors a,t non-orthogonal inci- 
dent xiglos, the effect of inclinctl t,racks ha,s been studied in dct,ail. The amount of charge 
released in the silicon md the uurnhe~ of fired strips is cspcctecl to increase while the aver- 
age single strip noise should remain nnaEectec1. Fig. .?.4S shorn that, the detector beha,ves 
as expected: there is a, clear n-iclcniug oC the clusters md au increa.se of the signa,l-to-noise 
ratio. This is cornpatihle us-it11 the plcclicted I/cm H dependt~nce of the cluster charge and 
a coustant strip noise. 
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Fig. 5.47: Data, for a wedge detector: strip noise for the three different regions: constant strip 
width (a): consta,nt w/p (h): constant inter-strip ga,p (c) 

temperature at which t,he silicon is operat,ed. This can in fact influence sizea,bly both the 
amount of cha,rge collected and the noise. WC: have studied the dependence of noise a,nd 
chasge collection efficiency as a function of t,emperature, [IO31 obtaining an increase in 
the signal-to-noise ratio up to 20% going from room tempera,tures to 40 “C, which is our 
choice as operating temperature (Fig. 5.49). 

The la.& important parameter tha,t influences t,he signal-to-noise performance is EL- 
c&ion damage. The irradiat,ion produces bot,h an increase of the noise, mainly as a8 
consequence of the increased inter&rip capacitance (Fig. 5.41): and a decrease of the 
r:ha,rge colle&ion efficiency due tjo bulk clamajge [I O-C]. 

These two effects ca,n be paltly reduced by increasing tile bia,s voltage &ove the full 
depletion point, as shon-n in Figs. 5.50 and .5..51 for two detectBors which have been irra,- 
dia,ted with 1.0x 10”’ and 3.6x 10’” 72/cni2 and then hea,ted io product an a,nti-anneading 
simulating a,n effective fiuence of 1 x 101” 12/cm’. TT’c observe also (Fig. 5.51) tha,t the 
collected signal grows with 1 ;lins: reaching an asymptotic value for bias voltages signifi- 
ca,ntly higher than the depletion \-olt~age. Fig. 5.52 shows the collected signa, for proton 
irraclktecl devices. For the highest, dose of I.6 x IO’-’ p/cm’ thtl loss in cha,rge collc&ion 
efficiency is not mow tjlian 10%i’r. 

As a consequences the signal-to-noise ratio for the irradiated devices a,pproa.chcs a 
platea,u value at, higher bias wltage (Fig. 5.33). There is still iq. 20% loss of signal-to-noise 
tlia,t is not, recovcretl even going t-o the highest, hias volt8agc. We hwe a,lso investigated 
the performance of ckcctors irradiiIted up t,o 3.6x IO’ ‘72/cm2 I-1 0.5]. The corresponding 
signal-to-noise ra,tio as iI2 fiinction of bias voltage is S~IOKII in Fig. 5.54. We see that for 
all fluences a similar c-1qIenilcnce on I”jjifls/I’~~pp is observed. 
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Fig. 5.48: Cluster multiplicity (a) a,nd S/N ratio (b) as a, function o-f the tilt angle. All points 

arc normalized to the orthogonad incidence vdues. The readout pitch is 50 pm. 
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Fig. 5.50: Noise in ADC counts vs. bias Fig. 5.51: Signal in ADC counts vs. bias 
voltage for detectors of 5Opm pitch7 12.5cnr volta,g:c for the same detectors of Fig. 5.50, 
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5.3.2 Detector efficiency 

The globd hit efficiency is defined as the rat,io betxeen the numlxx of recoustrnctecl hits 
and the number of'tracks predicted to cross the detector under test within its geometricd 
acceptance and away from dead or noisy strips. 

I?&. 5.55 xnd Fig. 5..1,6 show t,lie tlependcnce of the efficient!; on 1$x3 voltage and 
signal-to-noise ratio, respectively. 
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Fig. 5.55: Efficiency aa a~ function of bias Fig. 5.56: Efticiency vs. S/N for irradi- 
voltage. CSEM dctcxztors of 75 pm pitch, ated CSEM detectors of 5Opnl pitch 6.22 cm 
11 cm length, irradiated with neutrons. 1e11gt11. 
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At full depletion both irradiated and Itoil-irracli~~t,ecl detectors reach an efficiency com- 
pa8tiblc with ~100%. It is wort8hwhilc t’o note that, in Fig. 5.56 even when S/N is 7.5 we 
have an efficiency greater tllan 95%. 

The diciency for a,n end-ca,p detector 1~~s also been cl~ecl~l before and after irradia- 
tion. Full efficiency is ohta,ined also for nou-uuif(~~~ml~~ irradia,ted devices at full depletion. 

We hame also mea,suretl the charge collect-ion efFjciency brtn~n strips as a5 function of 
the radiation damage. The cllxder charge distribrrt~ion ~el’s11s the tl-Xii position between 
two strilx iridicat,cs good m-tiformity of charge collection PT~~II in heavily irradiated devices 
(Fig. 5.57). 

5.3.3 Response function and spatial resolution 

The pa,rticle impact point is lls~~ll;- &:cu by the cult-re of grxiky of’ the cluster, the 
weights being given l?:- the charge collected on ~~1-1 strip. ‘This way of reconstructing 
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Fig. 5.57: Avera,ge cluster charge as a, function of the inter-strip coordinatse in an irmdiated 
device. 

positions assumes iL linea,r sharing of the charge relc,2secl on each strip. To study the 
deviations from the linear approsimation and obtain a correctiou to the reconstructed 
position we have stuclicd the response function 77 [IO?] ajntt it,s dependence on rdiation 
clamage. The response function is defined as ~1 -Q~,/JQL+QI;), where QL and Q~z are 
the chasges collected on the strips to the left and to t,he right; of the reconstructed hit 
position, respectively. 

F’ig. 5.58 shows that in the cent& region, populated lq multi-strip clust;ers7 the 
charge is linearly sha,retl among the strips and hence the linea,r interpolakion is cor- 
rect, while in proximity of the strips single-hit, clusters domina~te and a digital response 
should be assumed [lOa]. F' lg. .5.59 SlloTvs t,he Silllle plot fix 3, similar device irraclirttecl to 
1.8x 101” n/cm 2. We see t,hat tjhe shape is vcr!- similar. 

A typic31 distribution of the residuals is plotted in Fig. 5.60 for a 5Opm pitch clctector. 
4fter suhtjractjing the contrihirtions due to multIiple sea tteri ng and to the estrqdation 
error, we obtain c% resolut~ion of a.boul- :llj-m~ in the coordinat~e orthogona,l to the strips, 
This coordinate will be, in the final CMS tracker. the one measuring T -... q5 in the hnrrel 
and z -‘- $ ii1 t,hc end-cap. 

The dcpmdence of the rcsolurion 011 tllc> Signill-to-noise ml-io; bias voltage and in- 
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Fig. 5.61: Spatial resohrtiou for txa.cks with a,n incitlent ;mgle of 20”. Sa,mc detectors as 
l?ig. 5.50. 
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5.3.4 Low momentum particles 

Since a large fraction of particles at LXC will hal-c rnorncnta well Mow 1 GcV/c, we 
studied the detector response to low n~onwntun~ pa,rtAcles. In a first beam test, data 
were collected with ha~clrons between 270 and A08 LIc\r/c momentun~. Fig. 5.62 reports 
the charge collected on the y-side in double-side cletectow and shows a clear sqmration 
between protons and pions at both cncrgiw 
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Fig. 5.62: Cluster signal at two diffcrcnt~ 
beam momenta of 270 (light xca) and 408 
(dark a~xca) MeV/c. The contributions due 
to protons and pions are clearly visible. 
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Fig. 5.63: Cluster width as a function of tilt 
angle for 310 MeV/c protons (empty points) 
and pions (filled points). 
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5.4 The CMS Silicon Tracker September 1997 Mile- 
stones 

During 1997 1 collaborat,ed to the assembly of a. lasge scale prototype requested by the 
LHC Committee in order io address t,he main syst,cm problems of the SST. Two large 
system prot,otypes of the Barrel and of the Endcap part of the SST have been built for 
this purpose. CSE;“\1 delivered all the \yorking detectors for both forward and barrel 
milestones. I have been involved especiall?; in t,he biIrre1 prototype, since most of the 
assembly has been performed in Piss,. 

5.4.1 The SST Barrel Prototype 

The features of the milestone prototype Tvere ba~sed on a! previous version of the tra~cker 
(V2) where 3 layers of silicon detectors were foreseen covering the rxEa.1 region between 
20 and 40 cm. The layout of the V2 geomct,ry is shown in Fig. 5.M. 

The detector modules are distributed in seven layers on a spiral geometry which leaves 
enough room for all services (cables, interconnect cards and cooling tubes). The detectors 
ase tilted to partially compensate for the Lorentz angle. The detectors are organized to 
provide three detection points per tra.ck without dead regions in the trxlting volume. 
Detectors overlap in 7’ - 4 over a, few millimeters to allow for intermodule alignment. 

i-1 total number of 112 detector modules is used to equip the entire wheel. To reduce 
the costs there arc only 14 working modules to be installed in the structxre, whether the 
other 98 were produced with dummy components, mainly to xklress specific mechanical 
and thermal studies. Ea.& dunmy half-module consists of two dummy detectors, made 
out of 400 bbrn thick silicon wafers with aluminum strips pa,tt;erned like the working ones. 
50 a ceramic, resist,ors arc usecl in plxe of the front-end electronics for power dissipa.tion. 

The detector modules used in the structure were based on a preliminary engineered 
version of the barrel module approved as intermediate mil&one in Jzmuary 1997. The de- 
tectors arc all single-sided. The hybrids are produced on as ceramic support with standard 
commercial connectors. The read-out electxonics incorpora,to only the basic elements (pre- 
amplifiers, sha,yers xx1 multiplexer) of the final chip and are implemented in radiation 
soft technology. An interconnect card, scpara,ted from the modnle, houses the components 
for the control of the read-out. The cables are made out, of copper lines etched on thin 
liapton ribbons. No opt)ical link was included in t-he read-out scheme. 

5.4.1.21 Support structxre 

Two mxhined carbon fbre tlisks are used as supporting elcmenk coupled by thin inner 
and outer cylindrict~l skins. The t,wo cntl-plates act: as supporting elcruent,s fhr the detector 
modules, defining t,hc esact position of lhe silicon det~ectors in space (see Fig. 5.64). 

The radial position of the det-error moduks is dished by carbon fibre supporting 
ledges, while the other two coordinates are fixed 117 the coupling between precision pins 
in the modules a,ncl slots precisely rlli~,Illrf,?ctur’ed in the ledges. 
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Fig. 5.64: Basic str~~ctnre of the barrel wheel. 

The first prototypes of this complicat~ecl structure were built in alumin~m~ and carbon 
fibre. After an optimiza,tion of the fabrication procedure the two find disks were fa.b- 
ricatcd from a solid block of’ a, composite ma,tcrial with the carbon fibres held together 
by a thermoplastic ma.tcrial cmcd at high tempera We. ‘The low coefficient, of’ thermal 
expansion of this materid prevents significant deformation and thermal stress when the 
structure is cooled down from the assembl,v temperature to the operating temperature. 
The machining was done in t)he INFN Piss laborat,ory. ‘The total weight of’ each disk is 
2.1 kg. An accurx~y b&tcr than 70 /lm was measuretl for all of the critid elements. 

5.4.1.b The cooling system 

‘The heat generatccl by the cletect80r moctdes in the wheel is removed by a, cooling sys- 
tem based on a, circulating fluid. n-ith the goal of kcq,ing the t~cmperature of the silicon 
elements during miming below -.I, ‘C. The cooling txbes are arra,ngecl in layers in the 
si.ipportAng stjruct8ure, in good thermal contact with the tletector ledges. Severa, mea,sure- 
mcntjs have beer1 pcrfor-med to st-11(1>. the coupling interface between t,he cooling ledges 
and the. modules. 7’11~ lleiji- gcncratcci inside the mocldes is cstiumtcxl in 2 SiV f’or the 
electronics ant1 0.2 ‘II<* for eac,h silicon detertor. 

Tests and simi.ilat;ions shox tjhat at -I..5 “C and nit,11 a cooling pipe clia,irLeter of 3 mm, 
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wing a, mixtwe of water with 20 5% of glycol ethylene; the maximum grxlient betweal 
the cooling fluid a,ntl the silicon tlebcctors is about 10 “C; with a,n aver&e fluid flow per 
layer of a,bont 0.6 l/min. 

5.4.l.c Interconnect cards and cables 

The interconnect cards (ICC) are used to distribute t'iming a,ncl input,/output signals 
between the read-out hybrids and t,ho DXQ syst,em. Each module needs two interconnect 
cascls, therefore 28 ICCs for the real modules and 196 dummy ICCs for the dummy 
modules have been produced. The czbles a,re ma,de of thin copper strips (35 /urn thick) 
etched on a ‘75 pm kapton ribbon, long enough to reach the outer periphery of the wheel. 

5.4.1.d Detector Module assembly 

A barrel detector module is fabricated by colqling together two ha,lf-modules joined with 
stiff carbon fibre elerncnts ’ (see Fig. 5.65). 

Each half-module consists of two silicon detject,ors glued together head-on. The strips 
are d&y-chained between the two cletectoq giving a,11 efi?xtive length of 12 cm. 

The assembly procedure consist,s of 5 st,eps: gluing of the precision posit;ionipg elements 
in the frame, alignment and gluing of the silicon det;ect-ors to t,he cxbou flbre support, 
alignment and gluing of the hybrid, micro-bonding, and gluing the two lia,lf modules 
together. 

A special jig was used to glue the positioning elements to the support giving a, position 
accuracy of 50 pin. ,4 specific jig has been used to glue the two detectors together: one of 
the detectors is held by vacuum in a, fixed position while the other one can be moved in 
.2: and y and rotated in q5 in order to align it, wit811 rtqxct t,o the first. This alignment is 
done under a 3D measuring mxhine with a precision of a. few microns. A gap of GO pm is 
left betxeen the detector edges and filled \yit,h glue. Then t,he pair of detectors is glued to 
the support, by using another jig, which alloxs the 3D control of the planarity of detectors 
and czrbon fibre support. r\lft:cr monitoring of ihe assembly procedure, it turned out that 
the strips can be ajligned n-it11 an accuracy- better than 0.1 mrxl, whereas the detector 
positlion ha,s an accurxy of S /1ni. 

Once detectors arc in place: t-he h!-bricl circuit is positioned by using the same jig xtd 
glued on the support. The hybrid circuit is mixle of ceramic and contains 8 PREMUS 
chips to rea,tl out, 1.02!1 silicon channels. ‘I’hc next step is bonding detectors and hybrid 
together. Approsimatrly 20013 micro-bonds arc needed fOr one IliZIlf-1l~OdUle. 

A full module is made I>>- glliing toget,hcr two half’ modules, Another dedicatecl jig 
is necessary. One ha,lf-module is helcl in a fixed posi t,ion n-lrile the other one is on a, z-y 
table that ca,n be rotat’ecl around the axis normal to the silicon detectors. 

The functiona.lity of’ t)he modllles TY;\S tested l,~, measllring pedestals and noise as well 
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Fig. 5.65: l?ull detector module for t,he SIB 1 milestone. 

as si,gpls generated by a pulsed LED. One esamplc of the test results is shown in ‘Fig. 5.66 
and in Fig. 5.67. 

Out of 31 fabricated ha,lf-modules, 30 pa,ssecl the tcsf a,nd were used to build 15 modules 
for the milestone. 

5.4.1.e System assembly 

An assembly tool a,nd a, la.rge coorclina,t,e measuring machine Lowe bce,n used t>o align the 
two disks together and to survey the insertion of t’he clet,ector modules. 

After the alignments of the clislis~ the module insertion wa,s done manually by two 
operakors. A tota, of 112 modules were insta,lled in axle wwk. At the end, the! wheel 
position was measured again and no significxlt displacements WLS found. The a,ssembled 
wheel is showr~ in Fig. 5.68. 
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Search for SUSY Higgs oson hJ at 
M 

The Sta,ntlard Model (SM) of high energy physics provides a remaska,bly successful de- 
scription of the pres&ly known phenomena. The experimental high-energy frontier has 
adva,nced into the hundreds of GeV range with no confirmed deviakions from Standa,rd 
Model predictions a,nd no unambiguous hi&s of addit-iona. structure. In particulas LEF 
esperimonts (as the Z pole and above the ITTT’ threshold) slro~ved an agreement a,t, < 0.1% 
level of various observables with SM predictions. Despite its phenomenologi~al succcsscs, 
the SM suffers from vasious theoretical problems (i. t’. nat8uralnessF hierarchy) which ma,& 
it seem unlikely to be a complete theory and will have to be extended to describe physics 
at asbitrarily high energies. 

6.1 Supersyrnmetry 

Supersymmetry (SUSY) is a. novel t,gt’ of symmetry that. relates bosonic and fermionic 
degrees of freedom 121. It t-herefore predicts new supersymmelric pasticles which ase 
pa,rtners of ad1 known pa,rt~icles nntl tliffers in spin by half a, unit. In addition, the tot14 
number of fcrmionic aalcl bosonic degas of freedom must be eqml: therefore to a given 
qmrli there a,re two complex scalar-quarks, one? for cacti Cllirnl dcgwe of freedom, It should 
be noted tha,t SUSY requires at, least- r~vo Hi ggs clouhlcts: by rising only one Higgs doublet 
(as in SM), some of the Higgs- fermion Jid<~~~~ interaction t8erms, which are responsible 
for fermion masses. n;oulcl TViOliltC sllp’;‘rsvnlnietr!-: thus Ii\-ing some quarks (a,nd lcpkons) 
1ZESlCSS. 
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models do not require [106] the incredible fine-tuning (natmadness problem) endemic to 
the Higgs sector of the SM, provided only that, the super-partners exist a,t or below the 
TeV energy scale. 

To cvahmte the expcrimenta,l cons~quenecs of low energy supersymmetry, one must set 
up a Lagrangian including the va,rions pxr‘ticles and partner spa,rticles, and their intera,c- 
tions [107]. Such a theory should reduce to I he n-ell-t,est’ed SM when the sllPersylurnet,ric 
degrees of freedom are int,cgra,t;ed over. The simplest: possibility, the Minima1 Sllpersym- 
metric Standard Model (MSSM), is a dirclct s~~pcrs!;mmctrisation of the SM [2) 1081. It 
is a Yang-Mills type ga,uge theory baaed on the S:\i ga,uge group, with electroweali sym- 
metry spontaneously broken via vacu11ni expectation values (~3) of two different Higgs 
superfields (1/ == &I) tha.t respecCvel>: collple t,o ‘r:l = $ and 5$ = ---i fermionsl. The 
effective scale of supersymmetry breaking is t.ictl i-o t’he electroweak sca,le which is chara,c- 
terized by the SM Higgs va,cuum expect,ation value (17) 1-z 246 GeV. The (renormalisa,ble) 
superpotent,ial that determines the Jilka~a interactions of quarks and leptons is required 
to conserve baryon a,nd lepton numbers; it is then possible to define a m-ult,iplicativcly 
conserved n-parity quantum number which is +1 for ordinary particles and -1 for super- 
symmetric pa,rtners. The MSSM is thus minimal since it contains the smallest number of 
new particles and new intera,ctions to be compatible with phenomenology. An import,ant 
consequence of R-parity conservakion is that, the lightest su~~ersymmetric particle (LSP) 
is sta,ble. The LSP, which would ha,vc been a~hu~~dantly produced in the early universe, 
is unlikely [log] to be colored or electrica,lly charged since it woulcl then be a,ble to bind 
to nuclei or a,toms to m&e heavy isotopes, for which searches [IlO] have yielded negative 
results. The LSP, which is the end product of every spart,icle decay, thus escapes espcri- 
mental detection, resulting in apparent non-coiiser~ation of energy/momentum in SUSY 
events. 

6.1.1 SUSY Parameters 

Snpcrsymmetry must be a broken symmetry, othckse ordinary paarticles and supersym- 
metric partners should be degenerate in mass. In the AISSM) supersymmetry breaking is 
accomplished by including the most general renormalisablc soft-supersymmetry-breaking 
terms consistent with the SC/(Z) x SlJ(2) x U(I) -I gauge symmetry and R-parity inva,ri- 
ante. These terms paramrtcrize t,he ignorance of t,lie fundamenta~l mechanism of SUSY 
breaking. For the MSSM, t,hey consist of 

0 mass terms for various ltlft- arid righi-- spin-0 [squal~li. slepton~ Higgs) fields, 
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69 analogous bilinea intera,ctions (off-diagonal Higgs sqna,recl mass term), the E&-term. 

In x-lclition to these soft-brea~king terms: t,lie ra,tio tan /J of the two Higgs field vcli’s and a 
supersymmctric I-Iiggs-I-Iiggsino mkiilg paramet,er I!, (which c21so proviclcs for the Higgsino 
ma,ss kerms as well a,s Higgs (mass)’ terms) mmt be specified. Moreover it is useful to 
mention the pasametcrs (ot,her than /I,) charact~crizi-ug the conserving sector of the theory: 

* the gauge couplings, gsj g a,ncl g’, corresponding to t,he SM gauge group SU(3) x 
SU(2) X U(1) respectively, 

* the Higgs-fermion-fermion Yuka~wa coupling co&ants; Xii corresponding to the cou- 
pling of the three generations of quarks, leptorrs a,ncl their supcrpatners to SM aad 
SUSY Higgs. 

6.1.2 SUSY particle spectrum 

Aside from the patides of’ the Standa,rd 1Ioclc1, the physica, spectrum of the MSSM 
consists of the following additional st,ates. 

0 gluino (spin-i) : ,G; 

e Eggs bosons: (spin-O): /7., H: -4: H’. 

Here, Ej, &, a,ncl FL (i := I1 2) arc mistwes of flie corresponding left- and right- third 
scalar fields. 

As far as charginos and ncutrdinos are concerned. it should be noted tha,t after clec- 
troweali symmetry brcaking~ the silpers!-mmetlic’ri~ partners of the electrotvea~l~ ga,uge ;2ncl 
Higgs bosom (the gauginos ant1 the Higgsinos) can mix. As a result, t#hc physical mass 
eigenstates are linear combinations of these states, calld cha,q$nos and neutralinns, which 
a,re obtained by diagonalking the corresponding mass ma triccs. 

An independent value for each one of’ the abow n~-~sses al~cl couplings lea,cls to a 
prolifera,tion of new parameters: the 1ISSi\I possesses 1% truly indepcnclent pa,ra.me- 
ters [ill.]; of these 1s corresponds to %I parameters: one corrcsponcls to a Higgs sector 
(e.g. SM H’g i gs mass) ant1 103 are completclv nf’n; oires (misiiig r%ngles, spa,rticle m8sses, 
Cl?-violating phases). II is clear that- n-it11 those premises a. i’l,e,ion?cnologic,?.1 a,nalyses 
becomes irrtlractablc! It is therefow cust~omar’y to asslume that; higher symmetzies, which 
arc brokeit at some ultra-high scale. rela,te these ]~~l'iIl~lf?te~S. 



6.1 Supersymmetry .~-.. _____- -. 181 __- -~ 

6.1.3 The minimal supergravity model (mSUGRA) 

An especially appealing and economic cla,ss of models is based on minimal supergrav- 
ity (mSUGR,A) GUTs (often also called ” cotxt-rain4 MSSW ), where it is a,ssumed the 
weak, electroma~gnetic a,nd strong co~~pling parametBerx c)l,i: i = 1; 2, 3 (roughly speaking 
cti = $/hi-) unify at some ultra-high energy scale i\fx (see Fig. 6.1). It is a,lso assumed 

M = 1 TeV 
SUSY 

1tCX.i ' 60 
50 / 

IO2 IO4 IO6 IO8 IO'O lOI lOI lOI 

P (GeV) 

that SUSV breaking in the effective theor!- defined a,t nj4.x arises due to gra,vitationa,l 
interactions which, being nuiversad, allow [a] only a, few independent soft SUSY breaking 
parameters, renormalised at II,&: these are 

0 a. co~inon scalas mass (?7+~), 

0 a, common trilirlear int~eract~ioii (-40) : alld 

49 the bilinea,r coupling (E&J. 
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favor of ta,n j3, and also to adjust the ma,gnitudr (but not the sign) of the I/, pa~rarneter 
to get the measured Z” hoson mass. Thus: the HG-evolution of these four lxuxmeters, 
rcnormalised a,t the GUT scale where the ph!;sics is simple, results in a. rich pattern of 
sparticle masses a,nd couplings a,t the weak scale rrlevnnt for plicriomer~ology. The va,rions 
SUSV parameters, masses and misings xe thtln determined in terms of the four plus a, 
sign parameter set 

In addition, as for the SM, the top mass mi must lx specified. The simplest supcrgramity 
model lea,& to (a,pproximate) degeneracy of the first two generations of squa!rks, and so, 
is automaticdly consist,cnt, wit,h constraints [112] from flavor changing neutral currents 
in the K-meson sector. When these supergrxit>’ const,raints are incorporxtecl, one finds 
(approximately) : 

It f’ollows t;hat sleptons may bc significantly lighter than the first two generations of 
squxks. Furthermore, the value of 11~1 is generally large compared to the elcctroweak 
gangino masses7 so that5 the lighter neutralinos ($) and the lighter chargino (zf) are 
ga,ugino-like, while the heavy chargino a,nd the heavier neutradinos are clomina,ntly Hig- 
gsinos. 

If q 21 ILL,? so tha,t sleptons axe significantl>~ IightPr tha,n squa,rks, the leptonic decays 
of zi, and sometimes also of Ff can he significantl;\- enhancxd rela,tive to those of 2 a,ncl 
W bosons, respectively; t’his has important iniplicat ions [113] for detection of sparticlcs 
at hadron colliders. 

Within the mSUGRA4 f‘~~UlIPWO~li, the lightest SI_‘SY” pxticle is a, viable caalcli&te 
for dask matter [114]! pro~iclctl t’hat the sfermions are not too heavy (the LX’, being 
mostly a, gaugino, mainly annihilates via, sfermion cx*hauge, so t’hal the annihiladion rate 
is proportiord to 7if;j. It is cust~onmyv to identif>. the LSP with the lightest neutralino 

i 
% 

While minimal supergravity models indcecl provide an economic and elegant frame- 
work, it should lx recognized tha,t the assumptions (about, the physics at an ultra,-high 
energy sde) on wlli~h they are based may ultimajtt~l;L- pro\-c to 1~ incorrect. The point, 
however, is l;hak t,lresc models ltnd to ra-lthc>r cldinitt: correlations bebeen various sparti- 
cle masses as well as brtween the cross-sectious t’or munerous signals. These predictions, 
which serve as tests of the untlerlying nssumpt,ions. can lx direct,ly t&ed a,t LHC. 
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6.1.3~1 Simulation 

For the event simulatxion of t’he various SY‘s\- signals and trhe S&f ba~ckground reactions 
a,t hxlron colliders t,wo general purpose hlonte Carlo progra,nx ase available: ISASUSV 
(ISASUCXA) [IL] 5 and SPHYI’IA jl.161. The itl~proa,ch to calculation of ma,ss spectxum, 
brzmching ra,tios and decay ratio is slightly different in the two programs: ISAJET imple- 
ments numerica~l solut~ions of RGE’s. Iterati\-ely evolves between GUT a,nd elec%romeak 
scale including SUSY thresholds and elect,ron-eak breaking by means of a nest-to-leading 
order potential. SPHYlX4 makes use of approximated formulas instead of R,GE’s a,nd 
provides external mass calcula,tions. It includes a Z-loop effective pot,ential for the Wiggs. 
Both programs agrees within 10% using the same ;issumpi;ions. Typical common features 
are e.g. full BR’s spectrum ckxlation : genera,tion of SUSY process with leading-order 
cross sections, decay sparticle using bra&ing ra,tios and phase space and leading-log 
QCD ra,dia,tion and hadronisation. 

6.1.3.b Sparticle production and cascade decays 

At ha,dron colliders, sparticles ca,n be produced via, the following lowest order reactions 
(1 c Ii’ ,l; /c t’- 3x IC cs *In I pxticlcs not distinguished): 

X I  

o qq -+ &7, et, i;ii (slepton pair production) 

In a,ddition, the Higgs bosons can be produced via. direct .s;-channel subprocessj 

in associa,tion with other heavy quarks and s-eckor 1~050~3~ and in some cases, production 
via vector boson fusion. 

At IXC, pa,ir production of strongly interacting particles like jj; Ge and @j has the 
lxgest, cross se&ion. In Fig. 6.2 the sum of the tot,;11 cross sect,ions of ,gj, 36 and @rj- 
production at, q”Z == I4 Te\‘ is plotted as a funct-ion of 97x0 and 17~1 for tan ,r-) = I! and 
/L < 0; the corresponding iso-cross-sect-,ion curves arc\ shown in l?ig. 6:s. 

The sum of the gluino-sqnnrk total production cro.~s section for VT,~ =m: ?,a,? is shown in 
Fig. 6.4; for comparison, the cross section for associat-ccl production for ,g/q with $/\1y 
is plotted with dotxlasl~ed lines, ant1 gf/ \cf and i’F/ <! prodnctiou cross-sections with 
dashed lines. The summed strong proclrict~ion of j,jj i- ficj -i- <(i is the dominant cross section 
over the complete range of ~773 all the n-ay up to 2 iT‘e\.. +&sociatecl production is always 
a, sub-dominant component of spartic~le pair production. 

Once produced~ sparticles clecay t’o other sparticlcs t-luough a cibscafk process: quarks 
and gluinos can have st-r01lg decays jlrfi,) or sve;\li tfe~a~s (right,) 
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Fig. 6.2: @j, @j and @ production cross sec- 
tions at IXC for tan@ = 2 and I!, < 0. 

Fig. 6.3: Iso-contour curves of the prodnc- 
tion cross-section for hhc same pa,rameters as 
in Pig. 6.2. 

Strong decays aarc don> 
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come from cascade deca,ys rather than direct, prociuction. SUSV eve&s from cascade 
decays will therefore ha,ve the following characterist2c signatures: 

0 large missing transverse energy &Zr, 

o high multiplicity of jets with la,rge transverse momentum 1’~~ 

e copious production of central h--jets) since they result from the deca,y of massive 
squawks and gluinos which a,re centra.llt- produced. 

The CMS clctector is designed to clearly identify and a,n;llyze events which exhibit, one 
or more of these chasxt,eristic features. A4n experimental signal for SUSU will show an 
excess of these event,s comparx~d to 1.he SM yrctliction. 

6.1.3.~ Choice of Parameters 

Both CMS a,nd ATLAS Collaborations tare sett’ing up a common p2lellornenologica,l frame- 
work for t,he simulations wiihin the mSUGR~4 space. 1)~ definin g five points to compare 
results of analysts (see ‘Tab. 6.1). Point, 3 is the so-callrwzl .‘coniparison point,” , r?,s it is xlso 
used for SUSV studies at the ~roposcd NLC and TE\~-\TRO;\ (TEJ~33) colliders. 

Table 6.2 gives the total cross sectjions for pair production of SliSY particles at the 
five LHC points. 

As an example the mzxcs of the> SI’SJ.Y pa,rticles pretlici-cd for the point 1 points are 
shown in Table 6..3. 



6.1 Supersymmetry 186 ~..~.. ~.~---.--____. 

Point 771~ 712 & A0 tan /j sgrrj~ -.-.II----- -L-.----.-.---..----l- -.-. 
1. 400 400 0 2.0 - 

2 400 400 0 SO.0 + 

3 200 so0 0 2.0 - 

4 800 200 0 so.0 + 

.‘j 100 300 300 2.1 -j- 

Table 6.1: mST.JGRA pxa,meters for the five LHC points 

Channel I o(pl$ at LHC Point: 

1 2 3 4 5 -.-. -” .--_ - . ..- -.--~..---_~ --...--^.“..--.- -..- -ll__ ~-. ___..~ 
33 0.2,.4 0.2G 437.1 9 108.7’7 1.75 

ill l.G.5 1.01 176.83 1. .35 5.20 

iifi 1.49 Il.44 642.7-i 8.26 5.31 

Table 6.2: Strongly interacting paxtick production cross section in p,b for production of SUSV 
particles in the five LHC points 

a,ppropriakely, or because the Ii&best neutxdino is not; the ID. 7’he cross-slla~clctl region 
is excluclecl by esperimentd searches -for SLSY at LEP and TEV~47iY~,ON experiments. 
Referring to Fig. 6.5, the most intcreding clomadn in the 7720 1.1 ‘~1; pasameter plant for 
mSTJGRA Higgs se;uch is t,ha,t labeled a,s B: here the decay ,yi -+ Fyh is ltirrcmaticslly 
allowed with BR’s groa,ter than 50% (see SK. 6.2). Tn either regions A and C this decay is 
either ltinema,tically forhidden or has very low branching frxtion: in region A the largest 
fraction of j!$ decays are in txo bodies r/v or il whether in region C, deca,y ,Ti ---+ ,j$Z is 
enhanced. 
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6.2 Search for SUSY lightest CP-even Higgs h 

The MSSM Higgs sector reqlrires the esist,ence of two Higgs doublets, a,s pointed out in 
Sec. 6.1.. Within this model at lea,& one Higgs boson; II,, should have a ma,ss smaller tha,n 
1.25 GeV [I 171. The upper mass limit depends on t’op and stop qua,rlc ma~sses a,nd on 
tan p. Present, status of lightest SUSI* CP-e\*cn Hi,,, *ACT sea,rd~cs a,t, T,EP2 fixes the lower 
limit for its mass ml, t,o w $4 Ge\’ [111]. one espccts t*11at such Higgs boson should be 
founcl at T,EP200 if / ta,nj3/ 5 4. Currenb a,nalyscs of t’he STJSY Higgs sector within CMS 
show that the parameter space wailahlc for those bosons is already restricted il. 1.91. The 
most famorable signature for the detection of the lightest, Higgs appears to be the inclusive 
decay 11, -----4 yy, where, for masses of 77x.-l 2 400 GcV; rates and sensitivity a,re of the 
same order of SM. For lower YT~.,I the branching ratio fa,lls below a statistically significant 
signa,l. In order to complement this analysis it is therefore necessa,ry to highlight another 
11 clccay channel with good detection proba,bility. 

62.1 Method 

As pointed out in Sec. 6.1.3.~ and &on-n in Fig. 6.5, t,he production of 1% in deca,ys of 
neutralinos and charginos (primarily y!j) is sufficiently la,rgo in a significant portion of 
the mSUGRA pasamcter space (zone l3)) cq~ecially at low values of tan p. This is due to 
the large strong interaction cross sect’ion for the production of squarlts a,nd gluinos (see 
Figs. G.2-6.3), which in turn a.buntlant~ly decay via cxscades to ,g” and 2’ (mainly 2:). 
If M,Yg -- Mqy > mf,,, the deca,y ~\c!j -+ ,\:712 is l~incma.tically allowed, the leptonic deca,y 
rate is reduced while the number of b--jets in the event is enhanced (as in LHC Point, I): 
this deca,y becomes the ma,in source of h production. By looking to dominant deca,ys of 
12 --+ b$ and large missing energy (due to <y wcaping the detector undetected) it would 
be possible to detect, and measure t’he mass of this W-even Higgs boson. 

In Fig. 6.6 aal esample of a, ,G,@ cascxle deca,y chain ending up with a, bf, pair from a 
II is plotted. Here I will focus only on the region close to t’he aforementioned LHC Point 
I (for definition see Ta,b. 6.1). The branching ratios corresponding to the decay process 
in Fig. 6.G have been calculat~ed and are listed in Tab. 6.4. This point is typical for the 
domain of parametes space where nl,g > 7x4. 7vhere gluinos derays via quarks a,nd N 30% 
of &, decay to ~!$-quarks. It should be noted that n-ith increa,sing 77x0 (at fixed 7~,+) 
quarks are becoming more massive than glliinos, decceasiag signifii.xntly the yield of 2; 
from squarli decays [120]. I ‘roni Fig. 6.6 and Table 6.4 it: slioi~lcl be clear which kind of 
event, patt-cm lve shoulcl expect: bxo (four) b--jet,s: fi\.e (three) non b--jet,s and q7’: two 
b’s are coming from 1, and cwni-ually two othcrs~ in brackets. from t/tl decay. In any case 
the boost in py’ of thtl h2, pair from I1 is big, on average N 200 GeV, ma~lting jets very 
close in 71 - 4 plant. 
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6.2.2 Event selection 

In this analysis the SLSV went gencra,tors ISAWS>‘ a,nd SPYTHIA ha,ve been wed, 
PYTHIA 5.7 f’or SW1 background events and the C1_ISJET jl2l] fast Montecarlo package 
for reproducing the det,ector response. The analysis startIs with the “pa,rton-level” simula- 
tion: ISASUSY or SPY~THIA generate the hard scattering process (e.g. ,G@, I/Vbb, tt, . . . ), 
and simula,te the aappropriate decays. The final stat-e consists of charged lept,ons, neutri- 
nos, neutra,linos a,nd partous on It-llich selection criteria, a,re a,pplied. Main cha,ra.ctcristics 
of the signal and background ca,n be studied. But t-his procedure leads to too optimistic re- 
sults since instrumental efFects> haclroniza,tion/deca!; or inefficiencies in the jet-clustering 
a,lgorithm are not taken into account. The more rca,listic “jet-level” procedure t,akes into 
account QED and QCD init-inl and final state: radiation. fragmentation, hadronisation and 
clccq of unstable particles. In the jet-lewl procedure jets are formed from caloriniet,er 
~11s of gra,nularit,y L!YT~ x 30 = 0.1 x 0.1, n-here particle energies are stored with an en- 
ergy smearing accorcling to -=$F = SO?,/\/E @I 6.5%: ~yhich is the nomina,l resolution of 
the hadron calorimeter. Only cells with tot,al tzanswrse energy /3~ above a, threshold of 
1 GeV where used to collect the jet energy in a cone of _1/;’ = fiiL! + i142 = 0.5 around 
the cell with the highest E.1,. -4 ,jet, energy and ia jet nsis is therefore defined. 

The St~andarcl nlodcl bat~kgrortncls to consider a,re: QCl3 2 ----F 2 whic~h also includes bij, 
t-c, W+jet,s and Z-t,jcts. These l~~ckground channels can be diTiclect in three ca,tegories: 
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3 32.5% 
3 99.6% 
4 s-r.86 ._.“. ..-___---___-.- __-.. -._ 
.ij 71.6% 
6 99.9% -.-.- 

---~l-..l-- 
Rrmcbing 

R,a,tio -~... .-. __----___--.-__ 
28.4% 

Table 6.4: Brancl-til~g ratios of the m&n decay processes involved in strong production of the 
Higgs hoson h. Values are genemtecl using SPYTHL4 for the IJIG Point 1. Vertex nmnbers 
refers to Fig. 6.6. 

o reducible background containing .jets misidentified as b---jets, mainly clue to W-t-,jets 
production, but their contribution is small, proT-ided a high h-tagging eflicicncy. 

In Table 6.5 the pvodtlct>ion cmss sections of signal and various backg~omds at &’ = 
14 TeV are shown. 

-- -- -- 
_-_ Q.c/, 94, crcl ..~..-- 

ttz 
Ztjets 

wijets 

&CD (100-250 Cm) 

c$xl (230-750 GeY) 

&ClYl (750~1500 GeV) 

QCU (1500-. . . GCV) -..-~-.- L_- ..-. -^_-~-._- 

Cross Sect,ion (pb) ---.~--~ --.._- -.~. _I--.-.___- 3.3d 
1.54 x 10” 

612 
103 x IO3 
230 x 1.0” 
3.94x10” 
T.TSX 10” 

88.9 
n.317 
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GeV and sphericity in the trmsverse plane > 0.1 ‘. No requirerncnts on isolated leptons 
him, been set. 

In Fig. 6.7 some l~inematical clistrihutdon of’ rnS’LTGlL4 signal compared with SM back- 
ground ase shown. From this is clear that t,he most efficient background rcjedion cut is 
qT. Significant3 dif~weucc comes a.lso -from ,j& mdt,iplicity distributions. After a, prelim- 
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6.2.2~ b-Tagging 

Crucial ingredient for 71 d&&on is the efficiency in s~~cccssf~~lly identify and reconstruct 
b--jets from its decay. To this puqxx3e cscellent pcrforma,nces of the Central ‘Trraclicr (CT) 
must be corrihined with a, eRici& jet, energ!- reconstruction (xitl correction) in ECAL and 
I-ICAL. The key role of the t~rxking system of Ci\IS for this analysis is summ;uized in 
the following requirements: momentum resolut-ion for high-p-/- muons (see Fig. 6.9) a,rtcl 
isolated electrons a,ncl hadroiis over its full pse~l(~l~~-r~~pi~lity coverage (1711 < 2.5) of the 
order of .!lpr/lp~ N 0.15pr (1) 0.5% (pi in TeV). minin junr 13~ reconstruction thrcsholcl set 
to 1 -G- 2 GeV, goocl impact parameter resolution (xc Fig. 6.S)) high gra,nularity to improve 
pattern recognition and decrease occnpanc~. 

Fig. 6.8: Impact Ixramcter wsolut,ion ;ts a 
function of rl. Phase I tracker. R,ef. [14] 

The combination of those fxtors transla,tes 

in an efficient inqxct par;-l,mcter h-tagging (see Fig. 6.10 a,ncl ‘Fig. 6.11). In theso pictures 
the b-tagging Ixx~habilitp a,nd its piwit,!- for jet,s is ohtaineil from a ~xxxneterized gaussiaal 
irn1xd Ixzxmcter resolution: crucial is the posit’ion of lhe innermost pixel la,yer as well 
as the number of high precision I>oints ah higher r (silicon a,nd NsGC). since in 17, --+ b6 
decays, c~.-.~~~,,~ enters c~uadratically. The effect of Ilie rnlultiple sca?kt,ering on the trxzlier 
ma,teria,l is taken into account, and non-Gaussixi tails due to pattern recognition lxohlems 
or noise xe tlescribctl resealing t)he simi&3tccl CMS response at fi = 1..S TeV in order to 
nia,tch the rcla,tive fraction bet~wcn gallssian and t-ails as iri present CDF cla,ta [1%3]. 

For the seaa,ch of 17, ---+ 13 at Poirl t -1 (or close hy) the region allowed For b-tagging have 
been restricted t,o t,liP bnrrel region. j il/ < 1.. 75; xx1 oni!; one pair of i)-ta,ggecl particles 
ha,ve been sclect,cxl, chost:n the c.losest; iu 71 -- q> space. An even twal jet-charge analysis can 
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Fig. 6.10: b-tagging efficiency VS. purity for Fig. 6.11: b-ta,gg;iq efficiellcy vs. J@‘, 
100 GeV jets in two pseudorq~idity regions. estimated with four different algorithms. 
Pha,se 1 tracker. Ref. [M] Ref. j&4] 

. 
help in enriching t,he bb sample, mproving signal signifimrtce by reducing combinatorics ,‘. 

6.2.3 Results 
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Fig. 6.12: b$ pairs effective nmss distribution for 100% tagging pc~formances. Cakula,td for 
m,o = ‘n-t; := 500 GcV, p < 0, tan p = 2. [:I 221 

without sprczding out significa,ntIly the mr2ss dist8ribution and clegrxling too much signal 
qunlity(AS/.in 2L 7% for Eg” N :I 00 GeV). since &-jets from /a are centrad, carry a. 
significa,nt PT a,nd calorimeter granda,rity a,ssures good ,jet-jet opening angle measurement. 

The influence of b-ta,gging has been studied b!; vxying of Sr15%1 its eficicncy, keeping 
constant the purit,y at nominal values. Result,s can be appreciated in Fig. 6.13, keeping as 
a reference the signal of S/B r” 2 with a, significance of S/a 2 18.3 for 10” pbW1 [122], 
obta,ined under uominal condition of b-tagging ant1 event, selection. 

The dependence of signd significance on b-tqging efficiency shown in Fig. 6.13 js 
important, close to 4125%. but, it, is loss crit,ical on mista,gging pro~hability: it follows that 
the best recipe for h searches in CMS would be /I---. tagging with pixel points a,s close 
its possible to the intcractiou point even during high luminosity regime, a high number 
of very precise reconstructed points on silicon scrip cl(-,tectors with the lxgcst lever a,rm 
possible. 

6.2.4 Conclusions 

A preliminary a,nalysis of t)hc possibility of discovery the lightest SUSY Higgs /I in a, large 
portion of the mSIJGR;l p;tr’tm&er space ha,s been performed. 

The lasge production of h in cascade decays of 5;trongl!f interactirig particles may 
resort in its dekction through its cl~cay in (16 pairs eon at early sta,,gcs of LFIC operations 
(i.e. low integrated luminosit:-). The S/B ++ .I 1~~1 of’ detecta,bility ma,y bc reached by 
cutting drnost only on qT,,. exploiting the t>-pid SKS17 cYent; charxteristic. Furthcrniore, 
Fig. 6. I.4 shows th;at. af’tc?r 10 !;ears of cla,ta. t,aking (i.(l. - IOOW ’ ) : the 50 discovery limit 
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Fig. 6.13: ?& pairs cfktive mass distribution for a) nominal ) h) nominal+ 1.5?& and c) 
nominal--15°~ b--ta,gging performallces. Calcdated for ‘rq) = ~77,; = 500 GeV, /-I, < 0, tan@ = 2 
for the same point of Fig. 6.12. [122/ 

for tan 13 := 2 a,nd I-L < 0 cstencls over a large pa,rt of the 771,~ -.-. 777.l/2 parameter &me. 

Tinambiguous signd id&ifica,tion depends critically on b--tagging: efficiency ajncl 
mistagging probabilit)y can be improved by esploit-ing the Central Tracker (CT) charac- 
teristics, i.e. first pisel layer as close as possible to the inter&ion region, and its optima11 
pattern recognition with the ti layers of silicon strip cletect,ors within the CT. 

6.3 Current status of supersymmetry searches 

Most of direct limits on spartide masses come from the non-observation of any S’USY 
signals at high energy ha~dron colliders, from t,he precision measmementIs of the properties 
of 2 ard T/T/ bosorrs in esperiments a,t UP or at t-IE,R_4. The a,grecment of’ the rnea~surecl 
value of IY’z wit,h it&s espectation in the SM. gives modtil-indegcndellt constraints on decays 
of the Z-boson into any new pa,rticles with known S%;(2) x U(1) quantum numbers. 
Experiments at the 2 pole (for ea?.ch of the I.EP esperiments m 150 pb-’ collected &a) 
cxcludecl all visible SVS\’ part,iclcs up Lo half ihr Z mass [-19]. The measurement of the 
invisible width of the Z-boson loads the ion-er bormcl of u?,,Y > 43 GeV, even when the 
snentrinos decay in+ibly Yii3 i/ -+ I/<: [:I.%]. ‘Hlese i~ounds are relatively insensitive to 
the deta,ils of t,he model. 
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Fig. 6.14: 5a discovery contours of the lightest SUSY I-Eggs h, for 100 fb-’ of integrated 
luminosity for tan/A? = 2 : p < 0 and A, = 0. From [123]. 

complex interplay of masses, cross sectiorls and braruzhing ratios makes simple general 
limits impossible to specify. A short sumniar~ of the present sta,tns of SUSY seiwches at 
LEP and ‘I’evatron experiments is shown in Table 6.6. 

The gauge fermions generally a,re procl~m~l m-it'll large CIIXS sections while the sca,lar 
particles are suppressed near threshold by kinematic factors. Charginos ase produced via 
y*, Z’” or 12~ exchange. This tra,nsla,tes to a lower limit of’ -1 85 GeV on the mass of 
the lightest chargiuo of the AISSAI, inclcpwclent of thr decay patterns of these sparticles. 
In contrk, even within the IISSi\ I frame’\7.ork, t-he corresponding bounds on neutra,lino 
masses are sensitive t,o n~odcl paramekrs. This is bcca~~~c in the limit ,LI, > MI: n/r,; the 
lighter nout,ra.linos arc tlominantly gaugino-like. so i-hat- t-heir conplings to the Z-boson arc 

strongly suppressed by elcctjrowa?k gauge invariance II;>C,]. M’hen Higgsino components 
dominate the field coutjcnt, of cliarginos a,iicl neutralinos3 cross sections arc large a,nd 
insensitive t,o slepton masses. Prwent most; COK5C~l7~i~t:iYf? limit is 24 CkV; independently 
from 771~. 
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neutralinos is illustra.t.ecl in Fig. 6.15 for two values of ta,n /J. ‘The clashed line present, in 
this plot shows the kinemaltic hound for chasginos folmcl from ncutralinos sea,rches. Plots 
on the right side show hog limits on chzqinos weaken when sneutrinos m~sscs arc light 
and corresponclingly cross sections WCa,liell. 
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Fig. 6.15: Regions in the 16 VS. A& (UXG) plane escluclccl by chnrginos and neutralino searches 
perfornd by OPAL colla,boratioa at LEP, for tan p =:: 1.5 and 35. Light sha,ded region shows 
the limits derived from Z wic’lt,h: while the dark region sho~vs the additional exclusion from 
IJEP2. I%otn [19]* 

iWlough Ll3P esperiments have yielclcd a limit, of ~n,~. the search for t&e st;rongl;y 
interacting scprks and gluinos is best carried out at high energy lia,ctron colliders such 

-- -- as the Teva,tron via qq; gq a~nd ,$,g production ant1 t,heir subsequent cascacle decays. As 
pointed out in Sec. 6.1.3.1~. the final state consist8s of sewrd jets plus (possibly) isolated 
le]~torls (from ;ilf ij8nd <!j production via their prima,ry d~~(~il~~s) and .q7‘ from the two 
LSPs in ea.& final st,at,e. For an integrat,ecl luminosity of -., 110 pk’ that has been 
a~ccumulated by each of the CDF and DO espcriment-s at B\-at ron, the cla,ssic &Zr cha,rmcl 
offers the best hope for cletect’ing Sl%Y. The non-obser~-at-ion of an escess of $‘I’ events 
above SM bacligrormd espwtation has enabled the DO collahorat~ion to infer a, lower limit 
of 0.J 212 GeV on gluino maw if 17lij > in;,. For n-hat C~~CFI’ILS squa~rks, by imposing 
q < m,,ij, DO set t,he 1oTwr limit i-0 212 (321: aiialJ-zing $,,, channels. The region of the 
rrl,, -^ ?nG phlle escluclctl 1:))‘ thPSC iXlal)-SW depends TVeiI.kl~ on other SUSY pa,ramet,ers, 
and is shown in Fig. 6. I6 for p = ---JO0 GcV and tnn /,’ =:: 1. As the espcrimcnts at the 
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Fig. 6.16: R.egions in the ~r-lj us. ?n,g plane es&&c1 by searches for ,!j$ -+- jets event;s of CDF, 
DO and older URI and lJA2 results. LEI’I md SLC limits a~ adso sl~otvn. From [128]. 

Tevatron continue to accumulate more clat,a, they will also become sensitive to leptonic 
signds from cascade decays of squarlis and gluinos. A41though the single lepton signals 
are overwhelmed by the background from (TIT -+ &I) -+ jet events, the multilepton signals 
offer new ways of searching for Supersymmet,r!; at Tevatron. 

Some xnorc rema,rks upon some constraints tram “10~ energy” experiments and from 
cosmology [-l-36]. Some juclgmcntz must. be esercisccl in evaluating these constraints which, 
unlike die direct constra,ints from collider experiments. can frequently be evxletl by rel- 
akively minor moclifications of the model fra~mtworli. For instance, an overahundancc of 
LSPs produced iii the early imi\wsp leads to significant rest,rict,ions on mSUGR,.h pa,- 
rameters. This hound can. hen-ever. tx simply evaded h!; dlowing a, smdl a,mount of 
.R-pa,rity violation that cans~s t-he LSP to decay, alt-bough a?.t, a rat,e that ha,s no other 
impact on padkle ph>-sits ~~li~~~ion~~nolog~. Liliewisc. constraints from proton dcca,y 11371 
are sensitive to assmnpt’ions about, ph+cs at. the GT.:‘T scale. Supersymmetry 2~1~0 allows 
for new somces of CP violation in the form of iiely phases in ga,ugino ma,sses or SUSY 
brcaliiilg trilinear sca1a.r inbcractions [I%]. Indeed, for sputicle llia,SSeS - 1.00 GcV, these 
phases (which are usnally set to zero in the MSSAll) are limitecl to he N IO---” in order that 
the induced electric dipole moment of the neutron or elect-ran not esccctl its experimental 
upper limit . If, lion-e\-er, these l)llilSC?S x(5 zero at some ull-ra-high unification scale, it 
has been checked that their EJWS at the weak scale induced via I~el~orma,lisa,tion group 
evolution cl0 not lead to i)llr,llotrlc~llolofficlll problems. ‘This only pushes the problem to 
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Particle Condition .-- Experiment .----. ~.-.ll _..^ Limit (GeV) ^__.. --~--.ll”.“-~..- -.- 
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y- ??Q > 200 GeV: 85.5 ALEPH 

tan /3 :::: 1 .‘lI 1.89[129] 

Higgsino vm[, . 69.2 L3 172!130/ 
tan 3 < 1 .-II. 
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the unification scale where the physics is as yet spcmlative. 

There arc also constra,ints from the universality of the chwrgecl-current a,nd neutral- 
curred weak intcra,ctions. ‘The Cabibbo nni~ersality between the /b-decay and /3-cleca,ys 
put constraints only on r&her light sparGcles 5 20 GeV [.1.36]. Z-docay partial widths 
into different species of light fcrmion are 111oro seusitive than low-energy experimentjs. 
Non-decoupling dects in p-paraauet,er or r( Z -i bt) are relatively sensitive to the vir- 
tual exchange of sparf ides. Incleccl, it, has been cla,imed tha,t t#he experimental due of 
& = I’(2 + @/l?(Z + haclrons) prefers a light top quark a,ncl chargino [13G]. These 
measurements do not curredly lead to any significant restrict,ions on spa,rticle ma,sses. 

F’indly, some words about t,he flavor violat,@ inclusive decay 6 + sy recently mea- 
sured by the CLEO colla,boration [1139]. E\-en Tvitlrin the minimal SUSV framework, there 
are several additional contributions to this almplitudc. Of course, the agreement of the 
SM computations with the experimental dat,a lead to an interesting limit (within theo- 
reticad and experimentd errors) on the sum of various new physics contributions. Since 
it is possible for these new contributions to (partidly) ca~nccl over a significant langc 
of model pzua,metcrs, t&se mea,suremetds do not, lead t,o unambiguous bounds on the 
nmsses of va,riolls spartides. Like the neutralino sea,rch a,t LIP, they do, however, exclude 
significa,nt regions of pa,ra,meter spa,ce. In particular if one follows the implications for 
this brzmching rajtio measurement and the LIP:! Higgs sea,rches [lLtO], one might find that 
either mS1JGRA model is excluded or, if a Higgs is found a,t LIX2, this measurement, 
rna,y exclude 1-1 < 0 and constrain tan j3 between 2 aad 4. Experiments at U-factories mill 
decrease the current error on the branching ra,tio by at least a, Factor 4, thus cldying 
the scenario. 

In conclusion; r2 wide va,riety of empirical constraints ha,ve served to restrict the paraan- 
eter ranges of supersymmel;ric models. It is. however~ interesting that even the simplest, 
highly constra,inecl supergravily GUT model; is consistent with a31 experimental clatw 
including those from cosmology. 



pendix A 

ow junction currents 

In this .Appenclix are reported the main calculat,ions for the derivation of the hi&low 
junction properties. ?‘hc effect of the ],a,r;t,met,erisation of the back-side recombination 
velocity will be l~i,ghlight~ed as well as its impact on the modeling of the high region. 

In Fig. (A.1) the device is sketched: all t,he dimensions and the parameters used later 
on are highlighted. 

Following the SHR modeling for generat,ion a,ncl recombination [%I, in order to find 
the minority caarier concentration in t’he quasi neut,rad n-region (here C), one should 
solve the continuity equation obt,ained f’rorl~ Eq. (3.2‘;) and Eq. (3.29) by mcr2ns of low 
injection hypothesis (i.e. ext,ernnl clisturbanccs of equilibrium does not appreciably change 
the total Free carrier density from its equilibrium due). This implies the term (G, - J$) 
in Eq. (3.29) to be eqld t,o LLJ~~,/z~; where Il~l,~ is the excess of minority cxriers (holes) 
region C a,ntl ?;/, is their recombina.tion lifetime. 

Putting L!L~~ == (~3~~ --. pTln), a~ssuming constants doping profiles along 2, the steady sta,te 
equation is: 

From that WC obser\~~ tltat the tlifiusion constant L),, is doping clepcntlent and it will 
be different for the high and Ion- region. I;$. (-4.1) has the simple esponcutia,l sollltion 

(A.2) 
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Fig. A.l: Detector Cross Section with regions syntbols. TV is t,hc total width, TVf?,l is the width 
of the high-low region, WC~;M/,l~ and It idfL ase the widths of t&he spa,ce chqe regions belonging 
respectively to the pi-n,, low and high region of &TI, ,junction, Wl md IV, are the thickness of 
neutral regions in the lowly and highly doped ?I.--part. The origin of the z-a,xis is ta,ken at the 
high-low interface. 
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where V,l~lo is the built-in potent,ial for the IGgLlow junction at equilibrium, in the sa,me 
way q$, is it at the metal-senliconcluctor contact,. Then: 

From Eq. (A.7) we conclude that Tzi,lii can only change if there is a! significant change 
in ma,jority carrier concentration in one of the two sides of the higll-low junction. But, 
assuming low injectiou regime from the clcplet-cd bulk, ‘~),~,l < ‘TL,,~; it results that TL,,~ a8nd 
nnh will remain unchangetd, keeping l,,illo constant even in non-equilibrium situations. We 
can conclude that under depletion, the reverse voltage drop is entirely susta,iried by the 
mkn p+?z junction. 

Using typic31 values for doping densities used in t#hc silicon detector technology (NL/, % 
10”“cm~~~” a,ncl iV,l M 101’cm-“) we get, ‘I 7,~~ = 0.23V. This is the potential barrier a hole 
Corning from the depleted region l3 shoulcl overcome in order to be collected by the 
electrode behind. 

At this point it is worth t,o note tha,t the ratio of minority cxriers (holes in this case) 
a,cross the h?:g/~,-low junction is the responsible for its rcflectirlg properties of the junction. 
In fact, a,ssuming that t,he change in minority carrier q&-Fermi level is negligible xross 
the inter-face, then 

(AS) 

If high ilijection cloes not occur in t-he lightly doped n,-side, I/,,, is approximately a,t 
equilibrium and t,hen, putting Eq. (X.7) in Eq. (A.S)? we get: 

(A.9) 
-‘\jiih, 

This expression shows thd the minority carrier concentration is reduced by a fxtor 
N~~/IV,,,, in going from 11 to IT.+ side of the h@-low ,junction. Eq. (A.9) is valid only if 
the injectetl minority carrier densities arc small a,s compared with the majority carrier 
densities: in order to extend the domain of a,pplica,tion to high irljcction, Eq. (~1.8) must be 
combined wit’h the assumption of charge neutrality at, the edges of the junction depletion 
region [4S] : 

(A.I.0) 

(A.11) 
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~-..-. -- (A.12) 

(A.13) 

where L$,l,, and Lr,l are the diffusion lengths in the high a,ncl low regions, defined as .~I 
Z/nprrp,, and Li],,, is the effective difbion length for the high region defined as: 

(A.15) 

where 1;v -- l/V, =: l;r/; (WC neglect here the thickness of the p+--region) 

Since in the quasi-neutral regions C and ,!I t,htx field is negligible, the minority carrier 
diffksion current in the high-low region can be cala~lntecd from Eq. (3.27) as: 

(AX) 

(A.17) 

(4.18) 
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Fig. A.2: Vv, as a function of wafer doping, Different, u~rves coxespond to different value for 
depletion voltage. 

where LbI: is the effective diffusion length for t,he low region [142], ‘c;li, = .W -- Vc;, - V&, M 
TV -- W$ and it is cl&ml as: 

with S: = sh$) the effective recombination velocit,v in the low region. 1’ ii 

In order to compase the t,wo clurent clensities, we rmstm lino\~~ the width of the spxe 
cha,rgc region ’ [32]: 

(A.20) 
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the perf’ect one (sb -+ CD) to the one in which rrcombination occxrs a,t the interfxe (~8 = 
finite). 

l?irst t&c case in which WC assume a, perfect, ohmic contact on the ba,clqlane. We can 
simplify Eq. (~1.13) a,nd Eq. (A.17) X )I\’ using rP~ylor series espxxion for sinh and cash 
terms a,ro~u~l x = 0. L . Pl 

(A.21) 

(A.23) 

(A.24) 
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Fig. A.4 J,,,l[A/~rn,.-~ ] as a function of dopiri g concentration of the high-low junction for an 
applied bias of 7017. Ideal ohmic contact is assumctl. The substrate concentration is assumed 
to be 8 . lOl’~sn-~ and its thickness is 3OOb~m. 

From Eq. (A.24) is clca,r that J/),1 is minimized 1)~ increasing iV,, and ‘I;lii,/L,~,,, using 
therefore a highly doped, deep ?xi- lawyer: physically it, means tha,t one has to avoid a,ny 
holes from reaching the low region by making t)he width of the high region much larger 
than the hole diffusion length in this region. The presence of such a high doped layer 
avoids a strong increase of the le&age current driven by 31 a,nd furthermore such h,ig/z- 
low junction is responsible for the suppression of a,ny ca,rrier injection from the backside 
contact. 

In Fig. A.4 is plotted J;,r as a, function of the doping concentration of the V? layer for 
300p??2 thick substrate assuming V;, = 701-. The plot, show the increasing importxice of 
the n,+ layer with increasing the doping concentraGon and ilie width of the depletion. 

Let us ana’lyze the: ca,se of a non-ideal ohmic contact:. ~liere the 77?-metal surface has a 
higher concentra,tion of carriers as comparecl to e(~uilibr~ium, Pilllancing the recombination. 
The first consequence is a sma,ller gra,dicent- in carrirr concentra.tion in the neutral regions 
which gives rise to a bigger cliffiwion lcngtll (efl’ective diffusion length; Ll;,7 or L$) and 
thus a, smaller diffusion current. cf. Eq. (3.X). Considering a,ga,in the situ&on noa,r full 
depletion: the expressions for the minority carrier curriM (on bacltside~ holes) are: 
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Fig. A.5: M as a, fimction of cleplction voltage 1;;1. The circles represent the case of iV(l,s = 
8 . 101’un.~‘” and N (~1~ = 1 . 102”csn-“; the diamonds iVCli =.: S . I01’c7n.-” and Nd,,, L= 1 I 1020urb-3. 
MA ohnic conhct is xssuniecl. 

We cm also upda,te the expression of Eq. (-4.24) wit,11 these conditions : 

(A.27) 

In comparing Eq. (A.2 ) 7 with Eq. (_rl,.Z4) M’ rtmh a mir~irnun~ at a threshold which 
depends from iVdh2 and is st8ron&- influenced by the beha,viour of the ra,tio $,/Lb,. 



Silicon detectors optimized for 
optical transparency 

In this appendix is described a study about, t#he possilbili-ty to align severa, plans of Silicon 
microstrip detectors by means of infix-red (IR) laser tracks mca,sured by the detectors 
themselves [144]. WC performed t,his stud!: for the ,dMS (Alpha, Ma,gnetic Spectrome- 
ter) [145] collaboration, being t,he silicon wafers designed [146] and produced by CSEM. 

For the a,ligxment of Si particle det,ectors. straight tracl~s can be simulated by IR light 
rays at x 25 1100nm. In order to use this technique. the silicon reflectivity has to be 
reduced considcra,bly. The antireflect.ive materials deposited atop a microstrip detector 
must sa,tisfy several stringent conditions, and are in practice restricted to SiOa and Si3N,k. 
For the AMS experiment, an antireflective process implying two supplementary ma,sking 
steps has been defined. For blanket t,est wa,fers: t’he rcAect,ivity has typically been reduced 
from 35% to less than 3%. Reflect,ivities of less than 0..5% have been mea,sured for the 
best wafers. The optica, and elect,rical effkct,s of these changes on sta,nclard AMS detectors 
arc presented. 

B.1 Introduction 

Within the frame of the ,QIS project, a, ~a!- of significantly reducing the optical re- 
flect,ivity of microstrip detectors in the infrared range has been developed. This should 
allow using laser beams for simulat-kg st,raight t,racks for (detector alignment. This study 
concentrates on the technological issues affecting antirefkccti~*e coating atop microstrip 
detectors. The related modifications of the fa,brica,tion process are full!; modular a,nd the 
tests in production conditions show t,ha,t the dctect,or reflectl,iTity can be rotlllcecl down to 
the I% range, withollt’ significantl!; affecting the electrical behaviour of the cletect;ors. 
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B.2 Problem description 

B.2.1 AMS solution 

AMS is a space-physics experiment meant to dcttlct a~nt;ima,tt;er a,ncl da,rk ma,ttcr. The 
ma,in detector is ba,sed on a silicon t~raclier made of 6 different, silicou planes, with a, tota, 
surfa,cc o-f’ 2.3 m’. To rca,ch the cspected precisiorl of about 101-m , the 6 silicon planes 
must lx rclativcly registered with a precision of 2-5/m . ‘This is obtained wit,h the help 
of 4 laser bea,ms which a,re shone through the 6 silicon pla,nes (a,rtificial straight tracks). 
The microstrip detect,ors are used to sense and to measure the position of the beaans. The 
results are then fed to the correction sofin-are. 

B.2.2 Antireflective coating 

At each va,cuum-matter interface, light will be pa,rt8iallJ- reflected. For instance, the rcflec- 
Gvity of base silicon is about 30% at 1083 nrn. This means that, after 5 planes nexly all 
the incident light will ha,ve been reflect.ed one or several times, will interfere with other 
parts of the detector, and significantly degrade t’hc alignment performance. Computations 
performed a,t Aachen show that to get a clean alignment, the reflect.ivity of the detector 
should be lowered in the 1% ra,nge. 

13.3 Material & Processes 

Multilayer alnt;ircflcctive coa,tings ase well-known~ a,~1 for skmdard optical devices it is 
customary to get reficctivities of less t-ban 0..3% a,t c2 given wavelength. However, in 
the case o-f a microstrip clet,ector the! coating has to sa,tisf’:\- a number of supplementary 
conditions: 

B.S.1 Material compatibility 

First, the zmtireflectivc la,yer has to be compatible from t,he ma.teriad point of view. Sta,n- 
dard layers for opt,ical coating wonld he for inst,a,nce ma,gnesium fluoride or lanthanum 
oxiclc. Such materials would require a, lengthy charactuizntion before king xcept.ed in 
x production facility. The makrial has to be available. It means prackica.lly that it may 
be deposited with esistiqg oqnipmeuts and preferabl)- within the clean room facility. The 
a,iltireflectivc la,yer should be compa~tible 1vitli the existing process. For instance, etching 
the new la?;crs should not d&roy the underlying patterns. Fii&ly device compa,tibility 
should be ensuretl. Theret’orc the basic device performancfs should not be significantly 
altered by the presence of t’he antireflective coating. 
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B.3.2 Proposed process 

After studying all these conditions, .wc hame chosen a simple double layer antireflcctive 
coating, made of silicon aside and silicon nitride. :U tlrc considered wavelength (-LOS3 nm), 
these ma,t,erials have refractive indexes of respe&ively l.45 and 2.05. The lower layer is 
a slight modificakion of something which is normally present on t#he microstrip detector, 
tha,t is t,hermad and C\‘-D osirle The second a,nd slll~plemcnt,a,r~ layer is CVD nitride, with 
a thickness of tlx order of S.5 nm. In t,lle norrna,l ;-\MS process, which has up to now 
been used to product some SO0 detectors, the situatjion is tX%ClleCl at a, certain point: the 
silicon wafer, with it,s implanted strips, is covered by a 100 nm thermad implantation oxide 
a,nd by a 700 nm CVD oxide. The nest, process step consists in etching the contact holes 
clown to the silicon. The process t,hcn goes on \yitll t,he deposition and the definition of t,he 
meta, layer. For the low-rei’lcctivity devices, the opera,t,ions are identical up to the oxide 
deposition point, except tha,h the CVD layer thickness is adapted t,o the optical conditions. 
This happens to correspond to a modification of about 1.00/c, a,nd ha,s no influence neither 
on the technology nor on the device. Then a kin layer of CVD nitricle is deposited on the 
wa,fcr. This nitride la,yer is removed from the wafer evert;where esccpt where it is really 
needed; tha,t is in the aseas where the laser beam will illuminate the detector. We remove 
the nitride for two reasons: 

o To minimize the effect on the nitride charges on the detector bchaviour. These 
charges a,re known to increase lca,liage currents. 

* To be able to use the sa,me etching conditions to define the contacts, tha,t is to 
ensure process compatihilit~y. 

It should IX noted here that this approach is modular, in the sense that set of low- 
reflectivity operations arc simply added to a,n otherwise standard process. The others 
irzmufa,c%uring steps are not affected by this a,dclition. 

B.3.3 Thickness computation 

The standard optical theory jl4i] yields an a,na,lJ-tical formula allowing to compute the 
reflectivity of the dcposit~ed layers as a, function of i heir -thicknesses and refra,ctive indexes 
(see Fig. I3.l). Tl It le lesu iqg functiou is periodical: i,he minimum ~~hich is most suited 
to the deposit,ion conditions ma>- he chosen. It sho~rld he seen that t,lle major difficulty 
does not lie in finding the minimum position, hut, in g&ing a. sufficient cont,rol. Optical 
1ayWS require an absolute thickness precision, rr-liich l'CliliC3 ho the ~~a~velengtli and which 
proves dificult t)o reach for thick layers like the Si02. Here in practice the SiO:, layer is 
measured on each wafer after (3-D deposition, a,ncl the nit’ride t~tiickness is ;~daptecl to 
obta,ined mluo. 
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Silicon Reflectivitv: 35% 

Fig. B.l: R.eflectivity of’ the &posited lqcrs as a, fllnction of their thicknesses and refractive 
in&x. 

B.4 Optical results 

To test the soundness of the concept, we hzwe first, integrated a blanket test lot, which 
comprised the right oxide thicknesses: but, TEE otherwise not structwecl. The several la,yer 
thicltncsses, together with t,he reflectivip lyere then measured at Aa,chen with a, Perkin- 
Elmer Lambda 2 spectrogra,ph. The results are shown on Fig. R.2. Two conclusions majy 
be drawn from Fig. 13.2: 

e The targctcd minimum n-as rcachecl with a reasnnablc a,pprosima,tion, 

In a nest step, half of t,he wafers of an ,-MS production lot (lot AMS/63) has been 
submitted to the proposctl low-reflect%-ity process7 n-herea the ot,lier ones have followecl 
the standsrd flom~ha~rt I :1mong thr wafers processed \Cth thr specia,l process, clifl’erent 
thickness of $02 a,ncl S&N I ha\-e been chosen. The more cfEcient split ~~esulted in five 
good wafers which have been measured in !&hen, and the results are listecl in Table B.I. 
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Fig. B.2: Messured reflectivity of 24 wafers of the bhnket test lot “Nitrox 961”. Samples 
measured a,t X=1064 run. 

Table B.l: Fkflectivity mca,surd on Gvc AK’/63 wafers. 

B.5 Electrical results 
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Fig. R.3: AMS detector total lca.kage curvent in low-rcflcctivity technology. 

B .6 Conclusions 

A sa,t;isfxtory solution to the silicon reflectivity prol~lcm has been found: the reflectivity 
of the AMS detectors has been reduced to less than I.‘~c~ without~ signifbntly altering their 
electrical properties. The chosen solution, which is mocl~da,r, resorts to start&xc1 silicon- 
technology makerial a,ncl is completely compa,tihle with silicon manufacturing process flow. 
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Abbreviations 

c.m. center-of-mass, p. 5. 

ENC Equivdent, Noise Chasge. 

LEP Large Electron Positron collider, p. 4. 

LHC Large Hxlron Collider. 

MSSM Minimal Supersymrnetric extension of the Standard Model; p. 4. 

SM Standard Model, p. 4. 

SUSY SUper SYmmetry, p. 5. 



GLOSSARY 216 

generation lifetime. 

recombination lifetime. 

mean time between collisions, rocoillbina,tion lifehne. 

conduction bancl energy. 

Fermi-level energy. 

bmd-ga,y energy. 

mlence band energy. 

generation mte. 

electron, hole current density. 

Bolzrnann constant. 

mahnche nmlt~iplica~tion factor. 

electron density. 

excess electron density in a w- (resp. p-)region. 

effective density of states (conduction hncl). 

intrinsic free-cxrier concentration. 

surface elcctmn density. 

l3Gcenter density. 

effective dcnsit~~v of states (dencc lxml). 

total xceptor, ttonov concentration. 

electron tlensily iii a. 77 -. (resp. p-)region. 

equilibrium electron clensitq- in i\, la- jwsp. p-)region. 

hole clensi ty. 

strip pitch (in pin). 
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st trfacc mcancy density. 

recombination rate. 

noise cquimlent; paraJle1 resistor. 

noise equimlent series resist,or. 

net mtc of reconibination~ U = X --. 

bias voltqe. 

clrift velocity. 

depletion region width. 

radiation length. 

G, 
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