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Cesky metrologicky institut se predstavuje

Cesky metrologicky institut (CMI)
je ndrodnim metrologickym institutem
CR, jen7 se zabyva Cinnostmi ve viech
zédkladnich oblastech metrologie. V ob-
lasti fundamentdlni metrologie je jeho
hlavnim dkolem uchovédvani a rozvoj
stdtnich/primdrnich etalont a jejich
mezindrodni porovnavani, v legalni me-
trologii je to mimo jiné schvalovani typu
a oveérovani stanovenych métidel a v ob-
lasti prumyslové metrologie zasahuje
institut svoji kalibra¢ni sluzbou témeér
do vech odvétvi pramyslu. CMI je G&astnikem iniciativy evrop-
skych metrologickych instituth EUROMET a m4 diky tomu pfimy
kontakt se Spickovou drovni oboru ve svétovém méritku. Institut
se podili na fadé spolecnych projektt EUROMET a na tspésnych
projektech vyzkumu a vyvoje v tzv. rimcovych programech. Ma
také trvaly zdjem na spolupréci s vyzkumnymi a vyvojovymi praco-
visti v Ceské republice. Jiz nyni pfinasi dobré vysledky spoluprace
s Matematicko-fyzikélni fakultou UK, s Masarykovou univerzitou
v Brné, s Palackého univerzitou v Olomouci, s Vysokou Skolou
chemicko-technologickou, Elektrotechnickou fakultou ¢vuT
a s n¢kolika akademickymi nebo resortnimi vyzkumnymi tstavy.
Vyzkumné a vyvojové price institutu jsou vesmés zaméfeny na
zdokonalovani realizace méficich jednotek a pfenosu jejich hodnot
do praxe. Podstatny je také vyvoj metod méfeni a kalibrace. Vitand
je spoluprace s prumyslem a dodavateli méfici techniky.

Kromeé technické zdkladny ¢innosti institutu je velka pozornost
vénovana také stalému zvySovani divéry ve spravnost poskytova-
nych vykoni. Pro viechny provadéné kalibrace ma CMI zaveden
jednotny systém fizeni jakosti, ktery spliiuje pozadavky normy
CSN EN ISO/IEC 17 025 a laboratofe institutu jsou pro své vykony
akreditovany v oborech, kde to zdkaznici potfebuji. Systém fizeni
jakosti je dokumentovén fizenou dokumentaci, do které maji zada-
vatelé kalibraci moZnost na pozadani nahlédnout.

CMI je povéfen vybranymi vykony stétni spravy v regulované
oblasti metrologie podle zdkona ¢. 505/1990 Sb. v platném znéni
a tyto vykony se opiraji o dalsi predpisy, jako je zdkon ¢. 22/1997
Sb. v platném znéni o technickych poZadavcich na vyrobky, vyhldska
Ministerstva prumyslu a obchodu €. 262/2000 Sb. ve znéni vyhl. 344/
2002 Sb., kterou se zajistuje jednotnost a spravnost métidel a métent,
vyhlaska Ministerstva primyslu a obchodu ¢. 345/2002 Sb. kterou se
stanovi méfidla k povinnému ovéfovani a méfidla podléhajici schva-
lent typu, natfizeni vlady ¢. 326/2002 Sb. o vahach s neautomatickou
¢innosti. DalSim dileZitym dokumentem se stane nafizeni vlady, kte-
rym se zavadi do ¢eského pravniho poradku smérnice ES o méficich
pfistrojich (MID — Measuring Instruments Directive).

Vysokd technickd droveii vybaveni, kterym CMI disponuje,
a Spickovi odbornici v jednotlivych oborech méfeni jsou zdrukou
kvality provadénych kalibragnich sluZeb. Laboratofe CMI prosly
v poslednich letech modernizaci, diky které dnes spliiuji vysoké
ndroky na laboratorni prostiedi a pracuji se Spickovym zaiizenim.
Jen namatkou je mozné jmenovat soufadnicové méfici stroje, inter-
ferometry, kryogenni radiometr, etalony elektrickych veli¢in na bazi
kvantovych jevl, mikrovinny analyzator obvodl a mnohé dalsi.

Pro vSechny fyzikdlni a technické veli¢iny uchovavé a roz-
viji Cesky metrologicky institut (CMI) stétni etalony, které jsou
zakladem fetézce metrologické ndvaznosti a zajistuji jednotnost
a spravnost méfeni na nejvyssi soudobé technické trovni. Odtud
jsou odvozeny kalibra¢ni sluzby pro Siroky okruh uZivateli. Detailn{
informace o oblastech a rozsazich kalibra¢ni sluzby lze nalézt na
strankdch www.cmi.cz.

CMI také zajistuje pro kalibracni laboratofe mezilaboratorni
porovndvani zkousek, prokazujici zptsobilost laboratofi v ramci

akreditacniho procesu a zajistujici spolehlivost vysledkti méreni.
Tato ¢innost je v soucasné dobé jizZ tradici a je podporovédna ro¢nimi
plany zkousek.

Vyznamnou skutecnosti je to, Ze CMI je signatdfem mezind-
rodniho ujedndni, uzavieného v ramci Metrické konvence, o vzé-
jemném uzndvani statnich etalont, kalibracnich listi a vysledki
méfeni. Ujedndni se oznacuje b&éZné jako CIPM MRA (CIPM-
Mezinérodni vybor pro vahy a miry, MRA — Mutual Recognition
Arrangement).

Ujednani bylo podepsdno v roce 1999. Jeho cilem je vytvorit
v oboru méfeni zakladnu divery pro $ir$i smlouvy v obchodnim styku
a pro ochranu vefejnych zdjmi v oblastech regulovanych mezinarod-
nimi dohodami nebo pfedpisy. ProtoZe se jednd o véc vyznamnou ve
sféfe hospodarstvi a mezindrodnich stykd, je tfeba proces vytvareni
davéry vhodné institucionalizovat a diivéra musi byt zaloZena na
znalostech, zkuSenostech, ale také na vzdjemné komunikaci a na
dukazech. Pravidla jsou proto ujedndnim presné stanovena.

Technicky se Ujednéni zaklddd na soustavé mezinarodnich
porovnani (tzv. klicova porovnani), kterd explicitn€ nepracuji se
statnimi etalony nebo lépe feceno s jejich popisem, ale s vysledky
méteni, kterych dosahuji laboratofe ndrodnich metrologickych in-
stitutll, provozovatelu statnich etalonti. Publikovanym vysledkem je
vyhodnoceni ekvivalence vysledkii méfeni a tzv. kalibra¢ni a méfici
schopnosti (CMC), coZ jsou tidaje o nejvyssi drovni kalibrace nebo
meéreni, béZné nabizené zakaznikam.

Druhym zdkladnim kamenem Ujedndni je zavedeni a uznani sys-
tému Fizeni jakosti. Systém je u signatditt CIPM MRA zaveden podle
normy EN ISO/IEC 17025 a je velmi diikladné periodicky posuzovan
technickou komisi regionalni metrologické organizace, v pipadé CMI
iniciativy EUROMET. Je zi'ejmé, Ze cely proces je obdobny akreditaci.
Obsahuje prvky mezilaboratornich porovndni a prokdzani technické
kompetence i posuzovéni systému jakosti, ovSem na nejvyssi technické
drovni ve stdté a pod pfimou mezindrodni kontrolou.

Mezindrodni ufad pro vdhy a miry (BIPM) udrZuje databdzi
Udajt, vztahujicich se k Ujedndni CIPM MRA. Jedn4 se o rozsdhlé
soubory ddaji pro vSechny v dvahu prichdzejici obory, rozsahy
méfeni a signatafe ujednani. Databiaze BIPM KCDB (Key compari-
sons data base), www.bipm.org, obsahuje ve Ctyfech vétvich tdaje,
odpovidajici ¢tyfem piilohdm CIPM MRA. Uvadi seznam signatarii,
vysledky klicovych porovnani a obsahuje rozsdhly soubor ddaji
o kalibra¢nich a méficich schopnostech jednotlivych instituta.

Signatéri Ujedndni jsou opravnéni oznacit své kalibracni certi-
fikdty logem CIPM MRA a deklaraci v ndsledujicim znéni:

This certificate is consistent with the capabilities which are
included in Appendix C of the MRA drawn up by the International
Committee for Weights and Measures (CIPM). Under the MRA,
all participating institutes recognize the validity of each other’s
calibration and measurement certificates for the quantities, ranges
and measurement uncertainties specified in Appendix C.
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BIiZ3i udaje najde ¢tendr pfimo v databdzi na strankdch www.
bipm.org. Vzhledem k uznéni a pfijeti CMC z mnoha obort do této
databsze se CMI podaiilo vyznamné& proniknout do oblasti kalibraci
za hranicemi Ceské republiky. Pro ilustraci Ize uvést smluvni kalibra-
ce zdkladnovych stanic pro firmu RACAL pro stredni a vychodni Ev-
ropu, kalibrace multifunk¢nich kalibratorti pro Slovenskou republiku,
Slovinsko a Polsko, certifikaci radia¢nich monitorovacich systému
v elektrarnach ve Slovenské republice a Bulharsku a dalsi kalibrace
pro firmy ze Slovenské republiky, pobaltskych stat, Slovinska,
Chorvatska, Polska, Svédska i Spolkové republiky Némecko.

Ujednani poskytuje konecnému uZivateli sluZeb, provadénych
signatafem, vyznamné vyhody. Vysledky méreni a zkousek, pro-
vedenych institutem-signatdfem ujedndni, jsou uzndvdny vSemi
Ucastniky. UZivatel sluZzeb mtZe také porovnat kalibrani a mérici
schopnosti jednotlivych poskytovatelt a zvolit si sluzby potiebné

urovné a posoudit, zda jsou certifikaty, vydané konkrétni instituci,
podloZeny prokdzanou zpisobilosti (viz také www.bipm.org).
Vyznam vzdjemného uzndvani vysledkti méreni podtrhuje
jednotny evropsky trh se smérnicemi, stanovujicimi technické
pozadavky na Siroky okruh vyrobkd, protoZe posuzovani shody
vyrobku s pozadavky je vétSinou zdvislé na vysledcich méreni.
Globdlni vyznam ma monitorovéni rizik pro zdravi obyvatelstva
apro Zivotni prostiedi, kde hraji vyznamnou tlohu rizné mezivladni
dohody a smlouvy. Nezbytna je spolehlivost méfeni, pouzivanych
jako kritérium v ndrodni legislativé a pro mezindrodni dohody.
Jednotné a spravné méfeni je samoziejmou podminkou dspésné
vyrobni kooperace, tak ¢asté u firem s mnoha vyrobnimi jednotkami
a subdodavateli. PInéni této klicové podminky vyZaduje zajisténi
dokonalé metrologické ndvaznosti vysledkti méteni a zde hraji né-
rodni metrologické instituty a v CR tedy CMI rozhodujici roli.

RNDr. Pavel Klenovsky, generlni feditel, Cesky metrologicky institut, Okruzni 31, 638 00 Brno, tel.: 545 555 105,

e-mail: info@cmi.cz, http://www.cmi.cz

Symposium SPIE: Optical Systems Design
(12. - 16. zari 2005, Jena, Némecko)

Ve dnech 12 — 16. zéfi 2005 se konalo v Jené (Némecko)
mezindrodni symposium s ndzvem Optical Systems Design (Na-
vrhovdni optickych systémit), které bylo poradano evropskou sekci
SPIE. V rdamci tohoto symposia probihaly ¢tyti konference: Opti-
cal Design and Engineering (Optické navrhovani a inZenyrstvi),
Advances in Optical Thin Films (Pokroky v optickych tenkych
vrstvdch), Detectors and Associated Signal Processing (Detektory
a zpracovdni signdlit) a Optical Fabrication, Testing and Metrology
(Optickd vyroba, testovdni a metrologie). Program vSech konfe-
renci se sestdval z plendrnich pfednasek, kratSich dstnich referatt
a postert (vyvések).

V piipadé konference Optical Design and Engineering byly
pfispévky zaméfeny hlavné na metody umoZiiujici efektivné
navrhovat zobrazovaci systémy. Rada piisp&vki byla vénovéana
1 matematickym a experimentdlnim metoddm popisu §ifeni se
svételnych svazkl zobrazovacimi systémy a prostfedimi tvoficimi
tyto systémy. Z hlediska pfistrojové optiky byla zna¢nd pozornost
vénovina modernim modifikacim optické mikroskopie (napf. spiral
phase contrast microscopy).

Program konference Advances in Optical Thin Films byl
vénovin systémim tenkych vrstev slouZicim pro vyrobu rtiznych
interferenc¢nich elementi jako napf. interferen¢nich filtrai. Pozornost
byla vénovdna také tenkym vrstvdm se specifickymi optickymi
vlastnostmi (napf. ,,rugate optical coatings®). Nékolik pfispévki
bylo vénovéno i metoddm charakterizace tenkych vrstev a jejich
systémd, tj. zpisoblim ur¢ovani hodnot optickych parametri ten-
kych vrstev. Zajimavé byly 1 pfispévky tykajici se monitorovani
rustu optickych tenkych vrstev pfipravovanych riznymi techno-
logickymi postupy a prispévky zabyvajici se vyvojem techno-
logickych metod umoziujicich vytvéret vrstvy s poZadovanymi
optickymi vlastnostmi.

Prispévky konference Detectors and Associated Signal Proces-
sing se tykaly konstrukce a popisu fyzikdlnich vlastnosti riznych
detektorli pouZivanych v optice (napf.detektorti pouZivanych
v infracervené oblasti spektra). Nékteré pfispévky byly vénovéany
1 studiu optickych vlastnosti materidlti pouZivanych pro konstrukci

téchto optickych detektorti (napr. HgCdTe). Urcita pozornost byla
vénovana i studiu zvySovani citlivosti detektort.

Konference Optical Fabrication, Testing and Metrology
obsahovala pfispévky zamétené predevsim na mikrooptiku a na-
nooptiku. V rdmci obou téchto velmi modernich a nadéjnych
oblasti optiky byly presentovény referdty zabyvajici se piipravou
a charakterizaci objektt pouZzivanych v mikrooptice i nanoptice.
Mnoho prispévk se tykalo i navrhovéni a pripravé refraktivnich
a difraktivnich mikrooptickych elementl pouZivanych v zobrazo-
vaci optice. Hodné referdtt bylo v ramci této konference vénovano
také metoddm interferometrie a metoddm pro méfeni tvaru vlno-
ploch. Objevily se zde i ptispévky tykajici se méfeni optickych
veli¢in riznych objekti (napf. fotomasek) ve vakuové ultrafialové
oblasti a hluboké ultrafialové oblasti. Do programu vySe zminéné
konference byly zarazeny i nékteré piispévky spojené s metodami
méfeni v elipsometrii a spektrofotometrii.

Vétsina prispévka véetné pozvanych prednasek bude publi-
kovéna ve specidlnim sborniku SPIE, jak je to pravidlem u vSech
symposif a konferenci pofddanych nebo spoluporddanych organi-
zaci SPIE. Sbornik tykajici se symposia Optical Systems Design
bude zvetejnén v pribéhu prvni poloviny roku 2006.

Je potfebné jesté uvést, Ze ticastniky konference byly odbornici
nejen z Evropy, ale také s ostatnich svétadild, tj. z Ameriky, Asie
i Afriky. Je ponékud piekvapivé, Ze se symposia zicastnilo pomérné
mélo tcastnikii z Ceské republiky (pouze Sest G¢astnikil).

V zavéru je nutné poznamenat, Ze velmi vhodnym mistem,
v némzZ se symposium konalo, byla ¢4st nové vybudovaného are-
4lu Schillerovy univerzity v Jené a Ze bfimé organizace symposia
leZelo hlavné na zainteresovanych pracovnicich této univerzity
a Fraunhoferova institutu pro aplikovanou optiku a jemnou me-
chaniku v Jené.

Prof. RNDr. Ivan Ohlidal, DrSc.

Katedra fyzikdlni elektroniky

Laborator fyziky plazmatu a plazmovych zdrojii
Prirodovédeckd fakulta

Masarykova univerzita
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Zden&k VYBORNY, Fyzikélni dstav AV CR, Praha

Elektronova litografie pro nanotechnologie

v

Fotolitografie je nejpouZivanéjsi litografickou technologii tvarovdani mikrostruktur. Je predmétem trva-
lého rozvoje, ktery je zaméTen rovnéZ na zvySovdni dosazitelného rozliseni. V soucasné dobé umoZiiuje
pripravu detailii s rozméry jiZ v oblasti 100 nm. Toto rFeSeni md perspektivu dosaZent jesté kratSich
délek, vzhledem k extrémni ekonomické ndrocnosti je viak redlné vyuZitelné jen v podminkdch velko-
seriové vyroby. Alternativni litografické pristupy jsou prevdiné ve stadiu vyzkumu a vyvoje. Pokrocild
Jje vSak jiZ elektronovd litografie (EBL) vyuZivajici zkuSenosti z rozvoje elektronové mikroskopie. Byly
rozpracovdny a aplikovdny koncepce zarizeni EBL od jednoduchych sestav pro laboratorni uZiti aZ po
prumyslové aparatury pro vyrobu fotolitografickych masek. Jejich optimdlni vybér zdvisi na zaméveni
pracovisté, jeho vybavé a na vlastnostech zpracovdvanych vzorkii. Kuprikladu pro badatelské pracovisté
orientované na vyzkum nanostruktur a jejich diagnostiku je vhodnym resenim sestava EBL zaloZend
na Spickovém rastrovacim elektronovém mikroskopu (SEM) doplnéném o litograficky ridici systém

a o presny stolek s posuvy rizenymi laserovymi interferometry.

1 UVOD

Litografie je daleZitou soucdsti technologie pfipravy mikro-
elektronickych, mikroelektromechanickych (MEMS), mikrosen-
zorovych, optoelektronickych a piibuznych struktur. Vyuzivd se
k jemnému a pfesnému tvarovani polovodicovych, izolac¢nich
a kovovych soucdsti zpracovavanych struktur. PoZadovany topo-
logicky motiv (obrazec) se nejprve pienese do vrstvy specidlniho
laku, tzv. rezistu, nanesené na povrchu vzorku. Mista, z nichZ je
rezist ndslednym vyvoldnim odstranén, jsou pak zpiistupnéna che-
mickému leptdni, pfipadné depozici napt. kontaktové metalizace.
Litografie jednotlivych sou¢asti struktur se na vzorku provadi casto
opakované v tzv. drovnich. V ptipad€ fotolitografie se zminéné
obrazce promitaji z masky do vrstvy fotorezistu optickou cestou.
Jedna se vlastn€ o obdobu pripravy fotografii z negativu: namisto
ného je vSak uZita fotomaska, namisto fotografické emulze fo-
topapiru vrstva svétlocitlivého laku, ktery odoldva pouZivanym
leptadlim (obr: 1).

Béhem téméf jiz pulstoleti prodé€lala fotolitografie rozsdhly vyvoj
orientovany podle aktudlnich potieb zpracovdvanych mikrostruktur.
Vyuziti optické litografie i v soucasné dobé vyrazné prevazuje nad
aplikact jinych litografickych pfistupt. Zvladnuti vybranych dal$ich
z nich vSak bude zifejmé nezbytné pro feseni nékterych modernich
problém, zejména z oblasti nanotechnologii. Kli¢ovym poZadav-
kem je totiZ s postupem rozvoje vytvéret na vzorcich motivy se stile
jemnéjSimi detaily. S ohledem na fyzikalni, technickd i ekonomicka
hlediska jsou moZnosti a dosaZitelné limity u téchto jednotlivych
pfistupti rozdilné. Vybér piistupu optimdlniho pro feSeni daného
problému proto musi vychédzet ze zvdZzeni vSech téchto hledisek
a z porovnani vysledki dosazitelnych u aktudlnich variant.

Obr. 1 Schematické zndzornéni fotolitografického procesu
s vyuZitim: A) pozitivniho, B) negativniho fotorezistu. Legenda:

1 — substrat, 2 — zpracovdvana ¢ast struktury, 3 — vrstva fotorezistu,
4 — fotomaska, 5 — exponujici zafeni

2 NEKTERE POZNATKY Z DOSAVADNIHO
ROZVOJE LITOGRAFICKYCH METOD
2.1 Opticka litografie

Usporddani, vyuZivand pro opticky prenos topologického motivu
z fotomasky do vrstvy fotorezistu, jsou schematicky zndzornéna na
obr. 2. Pfi kontaktni metodé (obr. 2A) je povrch masky s motivem
v dotyku s povrchem fotorezistu (pro dokonaly kontakt lze vyuZit
i vakuovy pfitlak). Jednd se o vcelku jednoduché a ¢asto vyuZivané
usporddani Jeho nevyhodou je vSak riziko poskozeni vrstvy rezistu
i rychlého opotiebeni fotomasek jejich znecisténim a poskrabanim
vyvolanym dotykem s povrchem vzorku. Malou Zivotnost mély
fotomasky zejména v pocdtecnich etapach rozvoje fotolitografie,
kdy byl obrazec na povrchu sklenéného substratu masky vytvaren
zpravidla ve vrstvé Zelatinové fotoemulze. Tato potiZ byla pozdéji
vyrazné zmirnéna nahrazenim fotoemulze odolné&;jsi tenkou vrstvou
chromu, principidlné vSak pretrvavd. PoSkozovani vzorki a foto-
masek lze pfedejit uzitim proximitni varianty (obr. 2B), pfi které
je povrch masky s topologickym motivem separovan od povrchu
fotorezistu mezerou (fddoveé jednotek mikrometrii aZ cca 10 um).

A) B) ©
KONTAKT PROXIMITA, PROJEKCE

N 1 X %
S WAL AN

MASKA l |
3 . i

b -~

AV

FOTOREZIST [ e— /
MEZERA OBJEKTIV
(SEPARACE)

IPRACOVAVANY
VIOREK

¥ +F'0.IEID

Obr. 2 Uspotdddni fotolitografickych expozi¢nich systému:
A) kontaktni, B) proximitni, C) projekéni

Toto usporadani je vhodné pro fotolitografii struktur nevyzadujicich

dosaZeni vyssiho rozliSeni (vyjadfovaného obvykle jako nejmensi
vzdalenost R dvou Ccar, které je touto cestou mozno na povrchu
vzorku jeSt€ vyexponovat resp. vytvarovat). Zatimco v kontaktnim

yxs

usporadéni je nejvyssi dosaZiteln€ rozliSeni [1] R, ddno vztahem
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R, ~d. % (1)

(v némzd je tloustka fotorezistu a A vinové délka exponujiciho zéteni),
pro rozliSeni R v proximitnim usporddéni se separact s totiz plati

R, ~/(d+s).4. 2

Redln€ dosahované mezni hodnoty R, (pfi dostate¢né kvalit€ osvet-
lovaciho systému i fotomasek) jsou napf. prod =1 ym a A= 0,4 um
jen o malo kratSi neZ 1 pm. Hodnoty R _jsou pfiméfené (v zdvislosti
na hodnot€ s) horsi.

Zhruba od 80. let se ve fotolitografii zacalo prosazovat projekéni
usporddani (obr. 2C). Nékterd z projek¢nich epozi¢nich zatfizeni
promitaji do vrstvy fotorezistu obraz topologického motivu z mas-
ky ve skutecné velikosti, u jinych se exponuje obraz zmenseny
(redukce v poméru napt. 1:2 a7 1:10). Vyhodou zmenseni obrazu
projekci je pfiméfené zmirnéni poZadavkl na rozliSeni v motivu
na fotomasce a tedy na ndroc¢nost jeji ptipravy. Vyuziti redukénich
expozi¢nich kamer bylo tedy vitanym prostfedkem usnadiujicim
redlné tvarovani jemnych motivl na vzorcich. Zmenseny vyexpono-
vany obraz v§ak pokryje zpravidla jen ¢ast povrchu zpracovavaného
vzorku (coZ je napft. pripad primyslové fotolitografie na kiemiko-
vych deskéch vétsich pramérit). Povrch takovych vzorki se proto
obvykle pokryvd mozaikou opakovanych expozic, pojezd vzorku
(krokovdni) pod optickym projekénim systémem zajituje stolek
S X- a y- pfesnymi posuvy (fizenymi laserovymi interferometry).
Alternativnim feSenim jsou tzv. skenery, vyuzivajici pojezd vzorku
i masky. Dosazitelné mezni rozliSeni R v projekénim usporadani
je (na zakladé Rayleighova kriteria) ddno vztahem

A
R, =k, . —, 3)
NA
hloubka ostrosti Af_je pfitom
A
Af =k, . —, 4)
NA

NA je numerickd apertura objektivu, k ak, koeficienty zdvislé
na nékterych dalSich vlastnostech pouzitého optického systému
[2]. U prvnich typt projek¢nich kamer (pfi uZiti tenkého d < 1 pm
pozitivniho rezistu a A= 0,4 um) redlné dosaZitelné mezni rozliseni
nepresahovalo zhruba rovnéz jen R = 0,7 pm.

Vztah (3) ukazuje, Ze z hlediska zvySovani dosaziteIného rozliSeni
je ucelné sledovat moznosti zvySovani apertury projek¢nich systémi.
Neni to vSak jedina cesta a navic pfinasi omezeni vyvoland rychlym
poklesem hloubky ostrosti (vztah (4)). Pred expozici po kazdém kroku
kamery je proto tcelné kontrolovat resp. nastavovat zaostfeni. Tim
se eliminuji rovnéz problémy s moznymi nadmérnymi odchylkami
povrchu vzorku od roviny (prihyb desky, lokdlni nerovinnosti).

Obr. 3 Fotografie mikrosystému (integrovaného obvodu
pfipraveného s vyuzitim projek¢ni krokovaci kamery TESLA Elstroj
Praha s redukef 1:10) s vyznacenim sesazovacich znacek:

A) - celkovy pohled, umisténi sesazovacich znacek vyznaceno
bilymi krouzky (bilé ¢tvercové plosky jsou expandované kontakty,
délka jejich strany je 150 um), B) - detail globdlnich (Fresnelovych)
znacek, C) - detail lokélnich znacek (kiizn).

DuleZitym poZadavkem pfi litografii je pfesnost sesazeni aktu-
alni exponované masky na predchozi droveni. Do motivt ve vSech
urovnich jsou proto obvykle vloZeny sesazovaci znacky (napft.
kiiZe). Krokovaci systémy kromé téchto lokdlInich znaCek vyuZivaji
i globdlni znacky, pomoci nichZ 1idi pojezd stolku. Oba typy téchto
znacek ukazuje napft. obr. 3 (fotografie digitdlniho integrovaného
obvodu na GaAs pripraveného pomoci krokovaci kamery 1:10;
polovina 80. let, TESLA VUST Praha, [3]).

2.2 Expozice krat§imi vinovymi délkami

Vyznamnou moznosti dosazeni vysSiho rozliSeni je vyuZiti
krat$ich vinovych délek A exponujiciho zéfeni. Prvni komeréni
systémy tohoto druhu byly k dispozici jiz béhem 80. let. Namisto
pdst g a i rtufového emisniho spektra (viz tab. 1) se nejprve zacala
vyuZivat A =248 nm (jednd se o oblast ozna¢ovanou jako hluboka
ultrafialovd ,,Deep UV* - DUV). Pfechod na tuto vinovou délku
nebyl bez problémd, predevsim vzhledem k tomu, Ze zéfeni je jiz
siln€ absorbovano sklenénymi substraty do té doby béZnych masek.
Masky pro DUV se proto pripravuji na podlozkach z kifemenného
skla, jejich ndro¢nost (a tedy cena) jsou dale zvySovany poZadavky
na vys8irozliSeni detailti na masce. Zpocdtku se jednalo predevSim
o masky urcené pro kontaktni DUV litografické systémy — jejich
vyuZitim se podafilo zpracovdvat detaily s R, = 0,5 um. Projek¢ni
kamery s kfemennou optikou se zacaly vyuzivat pozdéji béhem
90. let, i v jejich piipade se jednalo o vyznamné zvySeni technické
a ekonomické ndroc¢nosti.

Dalsim logickym krokem bylo ndsledné vyuZivani jesté kratSich
vlnovych délek z vakuové UV oblasti (VUV): nejprve s A= 193 nm,
posléze (coZ odpovidé vlastné jiZ i soucasnému stavu) s A= 157 nm.
Jako zdroje zareni se pouZivaji excimerové lasery. Pfechod na kaz-
dou kratsi vlnovou délku A (byt se jednd o zddnlivé nevelké rozdily)
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vyzadoval napf. vyvinuti novych, optimalizovanych typu foto-
rezistd a tomu odpovidajicich technologickych postupt jejich
zpracovani. Rovnéz naro¢nost konstrukce vakuovych expozi¢nich
zafizeni vyznamné naristala, jak z pohledu jemné mechaniky, tak
i optiky. Pro oblast A= 157 nm jiZ nepostacuje ani kfemennd optika,
optické dily je zapotrebi zhotovovat z CaF,.

Tab. 1 Prehled vyuZivanych typt fotolitografickych expozi¢nich
systémii podle vinové délky A exponujiciho zafeni.

A[nm]: | 436 365 248 193 157 13,5
. Hg, laser
Typ: g-Hg i-Hg Xe /I%rF ArF laser F, | plasma
Oblast: | VIS uv buv | VUV | VUV | EUV

Vyrazny pokrok ve zvySovdni rozliSeni R, jenZ postupuje jiz
nékolik let, souvisi (kromé& zkracovani A) s tspéchy ve sniZovani
hodnoty koeficientu k, (viz vztah (3)). Tento trend je zietelné
ilustrovén napf. rychlym rustem pracovni frekvence pocitacovych
procesort ¢i kapacity polovodiovych paméti — délky L, hradel
tranzistor v masové vyrdbénych integrovanych obvodech (10)
jsou jiz v oblasti L= 0,13 um a uvaZuje se i o zvladdnuti jesté az
zhruba polovi¢nich délek. Do pocétku rozvoje DUV systému se
predpoklddalo, Ze redln€ mizZe byt st€Zi dosaZzeno mensi hodnoty
neZ piiblizné (k,/NA) = 1 (jinymi slovy, Ze pii fotolitografii by
nebylo moZno vyexponovat zdsadné krat$i motivy nezZ odpovida
vlnové délce A pouzitého zéfeni). Zavedenim korekci do topo-
logického teseni a fotomasek i tGprav do projek¢nich zafizeni se
vSak tuto hranici dafi sniZit (zhruba na polovinu a $pickové snad
aZ na tfetinu v zdvislosti na konkretnim uspofadani [4]). Snahou
je predevsim potlacovat zkresleni zpuisobena difrakci: u fotomasek
se jednd zejména o korekci tzv. optického proximitniho jevu (OPC
— Optical Proximity Correction) a o vyuZiti fizového posuvu (PSM
— Phase Shift Masks) [5]. V pfipad¢ projekénich kamer se vyuziva
uprav osvétlovaciho systému (uziti ¢astecné koherentniho zarent,
OAI - Off-Axis Illumination resp. SHRINC - Super High Resolu-
tion by IllumiNation Control)[6].

Diky zminénému rozvoji ma Spickova opticka litografie Sanci
k vyuZiti i pro pfipravu struktur s detaily mensimi nez 100 nm
(coZ je hodnota povaZovand nékdy uz za horni hranici oblasti
nanolitografie). Vzhledem k vysoké ndrocnosti (ceny sady masek
pro vyrobu IO fadové az 10° USD, ceny projekénich zafizeni fadu
107 USD [1]) je vSak takové feSeni schudné jen v podminkéach
masové vyroby, kterd zajisti ekonomickou ndvratnost technolo-
gického vybaveni a jeho nutnou dal$i modernizaci béhem nékolika
let. Takové feSeni je akceptovatelné pro piedni svétové vyrobce
IO, nehodi se vSak napf. pro badatelskd pracovisté jeZ potiebuji
pfipravovat v podstaté individudlni vzorky pii Sirokém sortimentu
topologickych motivu (tj. verzi masek).

V mozném budoucim rozvoji expozicnich systému se uvazuje
0 vyuZiti je$t€ zhruba o iad kratSich vlnovych délek (A = 13,5 nm
v extrémni ultrafialové oblasti EUV, kterd se vlastné jiZ blizi mek-
kému rtg zateni). To by pfineslo dalsi vyrazné zlepSeni rozliSeni R.
Predpoklddané poZadavky napft. na nezbytnou piesnost mechaniky
a opracovéani optickych dili (o ¥ad jemnéjsi neZ A) i skute¢nost,
Ze by bylo nutno vyuZit pouze reflexni optiku (pro tuto spektralni
oblast jiZ nejsou k dispozici materidly s dostate¢nou transmisi) v§ak
naznacuji, Ze by se jednalo o technicky i ekonomicky mimotddné
naro¢né feSeni [7].

Rentgenovska litografie (vyuzivajici elektromagnetické zafeni
s jeste kratsimi délkami A neZ zminénd EUV) je dal$im potenci-
alnim feSenim. Dosavadni zkuSenosti ukazuji, Ze jednim z jejich
hlavnich problémi je piiprava masek s potfebnymi vlastnostmi.
Ty totiZ musi obsahovat pfiméfen¢ jemné a tenké motivy, které
pritom zajisti pro exponujici zafeni dostatecny kontrast (4 aZ 6) pri
zachovani pfijatelné transmise (= 40%). Masky pro rtg litografii

se pripravuji obvykle pomoci elektronové litografie [8]. Jsou dosti
choulostivé na poskozeni stykem se zpracovavanym vzorkem, proto
se nékdy vyuZivaji pro expozici v proximitnim modu (coZ je ov§em
spojeno s vySe zminénym omezenim dosazitelného rozliSeni).
Rovnéz rtg expozicni (resp. sesazovaci) zafizeni musi vyuzivat
pouze reflexni optiku — aktudlni otdzkou je tedy napft. i jak dosédh-
nout vysoké odrazivosti jejich povrcht pro thly blizké kolmici.
Rtg litografie je doposud predmétem vyzkumu, jako standardni
litografickd metoda nenf (alespoti prozatim) vyuzivana.

2.3 Bezmaskové metody

Kromé elektromagnetického zireni je pro litografii moZno
vyuZzit také svazek elektricky nabitych ¢astic (iontu ¢i elektront).
Diky elektrickému ndboji je mozno svazek piimo ovliviiovat a to jak
jeho tvarovanim ve smyslu elektronové optiky, tak jeho rastrovanim
po povrchu zpracovdvaného vzorku a pro expozici rezistu. Svazek
proto muZe byt vyuZzit pro pfimou expozici rezistu na povrchu
vzorku — odtud ndzev bezmaskov4 litografie.

Jsou-li ¢dstice o hmotnosti m elektrickym polem urychleny na
energii E, pro jejich odpovidajici (de Broglieho) vinovou délku 4,
plati vztah (h je Planckova konstanta)

h

- , 5
Ay mE ®)

S ohledem na potlaceni difrakce a omezeni rozptylu ¢astic ve
vrstvé rezistu je vyhodné uZitf kratsich vinovych délek A, . K jejich
ziskani (pfi stejném urychlovacim napéti U resp. energii E — viz vztah
(5)) vede uziti ¢astic s vétsi hmotnosti m. V tomto smyslu by tedy
ionty byly vhodné&jsi nez elektrony. Ale i pro elektrony uz vychazi
napt. pii U= 10kV vlnové délka pouhych A, = 0,012 nm, coZ oproti
optické litografii predstavuje zkrdceni A o nékolik Fadu. To je také

e |
|
|

j -3

f

Obr. 4 Schematicky fez rastrovacim elektronovym mikroskopem
SEM (pfevzato podle [10] s autorovym laskavym svolenim).
Legenda: 1 — pfivod urychlovaciho napéti, 2 — elektronova tryska,
3 — anoda, 4 — civka pro centrovéni svazku, 5 — kondenzor,

6 — fokusacni elektronova ¢ocka, 7 — vychylovaci civky,

8 — civky pro kompenzaci astigmatismu, 9 — povrch vzorku,

10 — stolek s pojezdem.
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jednim z podstatnych davodd, pro€ je elektronova litografie (EBL
— Electron Beam Lithography) perspektivni i z hlediska potieb na-
nolitografie (chdpané obvykle jako litografické zpracovdni struktur
s charakteristickymi rozméry fadu desitek aZ jednotek nanometrit).

Tontova litografie je doposud (podobné jako rtg litografie)
ve stadiu vyzkumu. O jejim operativnim nasazeni v pramyslové
vyrobé se podle dostupnych informaci zatim neuvazuje. Nejsou
proto k dispozici ani piislu$nd technologickd zatizeni (nadto s po-
tfebnymi parametry a piijatelnou cenou). I u této technologie se
vsak vyhledové predpoklada dobré uplatnéni v nanotechnologiich
(napf. pro vytvéfeni 3D struktur v rezistu, pfipravu matric pro tzv.
NanoImprint Lithography [9]).

V piipadé zafizeni pro EBL je naproti tomu situace pfizniva. Je
to nepochybné diky jejich t€sné ndvaznosti na systémy elektronové
mikroskopie (viz obr. 4), které jsou jiZ ndleZité rozvinuté a provéfe-
né jejim nekolik desitek let probihajicim tspéSnym vyvojem [11].
K dispozici jsou proto jak propracované systémy zdroju elektront,
tubusy a vakuové komory se stolky umoziujicimi zpracovavat
1 vzorky vétsich rozméra, tak zkuSenosti s konstrukci a provozem
takovych zafizeni. Ostatn€ i samotnd EBL se redlné zacala vyuZivat
pred jiz vice nez 20 lety.

V prumyslovém méfitku se elektronové litografy pouZivaji
predevsim k vyrobé masek pro fotolitografii. Vyexponovani sloZi-
t¢jSiho motivu na velkoploSny substrat pomoci EBL je totiZ Casové
ndro¢né. Fotomasky lze vSak (v projek¢nim reZimu) obvykle vy-
uzivat dlouhodobé opakované - a pfi zpracovani polovodi¢ovych
(Si) desek i s velkymi priméry dosahuji vyrobni aparatury pro VUV
fotolitografii dnes jiZ vysoké priachodnosti (tj. poctu desek za jednot-
ku ¢asu). Pro pripravu jemnych motivli na mensich vzorcich a pro
vyzkumné tcely nebyva pomalejsi ¢innost systémit EBL na zavadu.
Jejich pouZiti pro takové prace je pfitom Casto nenahraditelné.

2.4 Elektronova litografie

V elektronové litografii 1ze najit fadu analogii s jevy zndmymi
z optické litografie. Pro EBL je rovnéZ moZno vyuZit poznatki
ziskanych z feSeni nékterych fotolitografickych problémt. EBL
se Casto uzivd v kombinaci s optickou litografii (pfistupem
oznaCovanym jako ,,mix and match®): nenaro¢né dirovné (napr.
expandovanych kontaktd, elektrickych pfivodu, apod.) se pfipravi
fotolitograficky, kritické urovné (napt. kratkych hradel tranzistort
HEMT) se doplni elektronovou litografii. Postup EBL je v takovych
piipadech proto zapotiebi navrhovat a aplikovat s ohledem na vazbu
na optickou litografii.

Konfigurace elektronového litografu obvykle vychdzi z uspo-
fadani typického rastrovaciho elektronového mikroskopu (SEM).
Do sestavy je vSak doplnén piedevsim fidici systém (generator
obrazcl) ovladajici jednak vychylovani, jednak zatmivéni svazku
pro jeho zpétné prebehy a dalsi oblasti, které se neexponuji. Déle
je do zafizeni vestavén stolek s pfesnymi x- a y- posuvy, zatizeni
pro sesazovani, a jsou v ném provedeny nékteré dalsi Gpravy.

Pojezd vzorku v aparatufe EBL je nezbytny proto, Ze pfimym
vychylovanim svazku lze korektné vykreslit jen pole s omezenou
velikosti. VyuZitelny rozsah skenovani svazku je totiZ v zavislosti na
pozadované presnosti vyexponovani motivi napf. jen v poli o strané
50 — 500 pm [12]. Analogicky jako u optickych krokovacich kamer
se i v ptipadé EBL proto povrch zpracovdavaného vzorku pokryva
matici té€chto dil¢ich exponovanych poli. Dil¢i pole musi byt dosta-
tecné presné umisténa (,,sesita”) navzajem jak v rimci jedné drovné,
tak i mezi relevantnimi drovnémi, které se na sebe sesazuji. I zde se
vyuZivd systém globdlnich a lokdlnich znacek, obdobny zminénému
v ¢asti 2.1. Celkova presnost — vzhledem k jemnosti motivi — musi byt
pro EBL primérené vyssi. Nepostacuje ani presnost stolkt uzivanych
v béZnych elektronovych mikroskopech SEM. JestliZe ty pracuji napt
s krokem 0,5 um (a reprodukovatelnosti 2-10 um), pro interferometric-
ky fizené stolky EBL jsou vyZadovany hodnoty 2 nm (a <50 nm) [12].
Rozsah takto precizniho pojezdu musi pfitom pokryt celou plochu
zpracovavaného polovodi¢ového vzorku ¢i substratu pfipravované
fotomasky (u masek redlné nejméné 100mm x 100mm).

Mnohé systémy EBL vyuzivaji pro expozici svazek soustfedé-
ny do malé kruhové plosky (s gaussovskym profilem intenzity na
prifezu). U nékterych zafizeni urenych pro vyrobu fotomasek ma
vSak svazek prufez tvarovany do vétsi (napt. obdélnikové) plosky
tzv. ,razitka“. Tim lze dosdhnout vys$si prichodnosti procesu,
obvykle vSak na dkor dosazitelného rozliseni. Takové zafizeni
exponuje motiv do rezistu skldddnim “razitek®, tj. do urcité miry
analogicky jako optické generdtory obrazu, ovSem v podstatné
jemnéjSim provedeni.

Zatizeni EBL lze rozdélit do tif typt podle koncepci konstrukce
danych predpokladanym vyuZzitim. Nejjednodussi z nich je dopInéni
uz stdvajictho mikroskopu SEM litografickym pfisluSenstvim (to
v piipadé, Ze takovy SEM ma vnéjsi vyvod ovladani svazku a za né-
kterych dalSich predpokladit) [13]. Jedna se o ekonomicky nejméné
nérocné fesent, které umozni v laboratornich podminkach exponovat
struktury s detaily i jemnéj$imi neZ 100 nm. Problémem u této kon-
cepce je vSak obvykle presnost a dlouhodobéjsi stabilita, coZ je na
zavadu napt. z hlediska ¢asoveé narocné pripravy fotomasek (zejména
s vy$§im rozliSenim). Tyto potiZe jsou potlaceny u koncepce ,,na klic*
(,,Turnkey Solution®) ur¢ené predevsim pro vyzkumnd a vyvojovd
pracovisté. Litografickd jednotka a pfedevs§im precizni x- y- stolek
jsou zabudovany do sestavy SEM jiZ u vyrobce, jednotllivé soucésti
mohou byt tedy vzdjemné optimdlné pfizplsobeny. Zatizeni tohoto
druhu umoziiuji pripravovat v laboratornich podminkach struktury
s detaily o rozmérech az n€kolika mélo desitek nm. Jsou vyuzitelna
rovnéz pro pifpravu fotomasek. Nejvyssi ekonomickou i technickou
ndro¢nost maji zafizeni tfeti koncepce urcend pro EBL k vyuZiti
v prumyslové vyrobé. Kromé precizni konstrukce je zde kladen duraz
na automatizaci ovladani a zejména na prichodnost procesu. Zatizeni
vyuZivaji ¢asto elektronovy svazek s tvarovanou stopou.

Na pocatku rozvoje EBL se jako elektronovy rezist pouZival
vétsinou jen roztok polymetylmetakrylatu (PMMA). Tento pozitivné
pracujici rezist se vyuziva nadéle, v soucasné dob¢ je vSak k dis-
pozici i Siroky sortiment dalSich elektronovych rezistl, pozitivnich
inegativnich. Podle parametri feSené struktury a uZité technologie
Ize vybrat rezist s odpovidajici citlivosti, rozliSenim a odolnosti
k vyuZivanym leptadlim. Tloustky rezistu zavisi na konkretni pfi-
pravované struktufe, ¢asto se pohybuji fadové kolem 100 nm.

Dosazitelné rozliSeni pfi EBL zdvisi na fadé parametrl a na
jejich souhte [12]. Jednim z duleZitych je volba energie elektront
ve svazku (jejich urychlovaciho napéti U). Casto se pouZivaji
(podobné jako u SEM) hodnoty U = (5 +30) kV. V tomto dobie
ovéfeném a vyhodném reZimu lze dosdhnout rozliSeni i pod
10 nm. PfestoZe hloubka ostrosti je u systémt SEM piiznivé,
dosazitelné rozliSeni je omezovadno a obraz zkreslovan zejména
tzv. proximitnim jevem. Jeho pfi¢inou je rozptyl elektront jak
primo v rezistu, tak pfedevsim jejich zpétny rozptyl do rezistu
z povrchovych oblasti vzorku. Proximitni jev se méné uplatiiuje pfi
vysSich hodnotich U = (30 + >100) kV, pfi kterych 1ze dosdhnout
rozliSeni rovnéZ pod 10 nm. Elektronovy svazek se v tomto reZimu
béhem prichodu vrstvou rezistu rozptyluje jesté malo. K rozptylu
pak dochdzi pfevazné aZz ve vétSich hloubkdach pod povrchem
zpracovavaného vzorku, zpétny rozptyl elektronti do rezistu je
tim z vétsi Casti potlacen. Vyssi energie E elektroni ve svazku
vSak zvySuje nezddouci ohfev rezistu i vzorku a miZe zpusobit
a7z degradaci struktury. Naopak pfi pouZiti urychlovaciho napéti
v rozsahu U = (<1 + 5) kV je proximitni jev témér vyloucen, nebot
elektronovy svazek se pohlti uz v tenké povrchové vrstvé rezistu
a je eliminovan vliv podlozky. Pouzitd celkova tloustka rezistu by
v tomto rezZimu proto méla odpovidat jen tloustce této tenké vrstvy
(napt. 30-50 nm). Dosazitelné rozliSeni je zhruba do 30 nm, tento
rezim je také nejvhodné&jsi pro dcely inspekce struktur pomoci
svazku. Citlivost rezistu se rovnéZ méni v zdvislosti na pouZzité
hodnoté napéti U. Nejvyssi je pro mald napéti, s jeho riistem zhruba
umérné (¢i ponékud rychleji) klesa. RozliSeni z4visi i na pouzitém
zdroji elektrond. Je-li timto zdrojem napt. wolframova katoda, je
dosazitelné rozliSeni 20-30 nm. UZitim autoemisni katody lze za
jinak srovnatelnych podminek rozliSeni zlepsit vyrazné€ pod 20 nm.
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Z autoemisnich ma pfitom vyhiivand (TFE) katoda podstatné mensi
drift emisniho proudu a podstatné vétsi maximdlni proud nez katoda
studend. M4 ovSem i vysokou cenu, je to v§ak nejlepsi volba pro
zafizeni EBL urcend k dosaZeni vysokého rozliSeni.

Elektronovy proximitni jev se projevuje zkreslovinim obryst
exponovanych tvart (zaoblovanim roht, zhorSovanim profilu hran,
apod.). Jedna se do urcité miry o obdobné projevy jako u optického
proximitniho jevu zminéného v ¢asti 2.2. K potlaceni elektronového
proximitniho jevu existuji vypracované zpisoby korekce zalozené
na tpravé profilu expozi¢ni davky v kritickych ¢astech exponova-
ného topologického obrazce.

Tato korekce je jednou ze soucdsti pripravy softwarovych dat
pro ovladani fidiciho systému zatizeni EBL. Zpracovani navrzené
topologie do téchto dat je jednim ze zdkladnich dkoli, které musi
mit pracoviste elektronové litografie spolehlivé zvladnuty.

3 VYUZITI EBL V TUZEMSKU A NA VYBRANYCH
ZAHRANICNICH PRACOVISTICH

Elektronovou litografii se zabyvala nékterd vyzkumna pra-
covisté jesté v nékdejiim Ceskoslovensku. V Ustavu piistrojové
techniky (UPT) CSAV Brno byla jiZ na pielomu 70. a 80. let
vyvinuta koncepce provozniho zafizeni EBL, které bylo posléze
ur¢eno k vyrobé v podniku TESLA Brno pod oznacenim BS600.
Ve druhé poloviné 80.let bylo jedno z té€chto zarizeni nainstalovano
rovnéZ ve Vyzkumném ustavu sd&lovaci techniky (VUST) Praha.
Byly zde ovéfovany moznosti jeho vyuZiti zejména pro pripravu
fotomasek pro vyvijené IO. V souvislosti s itlumem aplikovaného
vyzkumu ve stit& viak byly ve VUST prace na tomto zafizeni na
prelomu 80. a 90. let preruseny a pred¢asné ukonceny.

UPT AV CR [14] se i v ndsledujicich letech vénoval dalifmu
zdokonalovani litografu BS600 [15] (mezni rozliSeni 100 nm, pra-
vouhlé tvarovéni stopy v diskretnich krocich po 100 nm v rozsahu
100 nm az 6,3 um, vychylovani svazku v krocich po 100 nm, pfesnost
polohovéni pojezdu x- y- stolku do 40 nm ,,A/16%, urychlovaci napé&ti
U =15 kV, rozméry exponovaného substratu do 100mm x 100 mm).
Ustav vyvinul rovnéZ dalii typ zafizeni BS60IR (s polovi¢nim
krokem vychylovani svazku, vice nez o fad presnéjSim polohova-
nim pojezdu ,,A/512%, zpracovatelnym substridtem o rozmérech aZ
125mm x 125 mm ). Laboratof elektronové litografie UPT se zabyva
studiem technologii vytvareni struktur submikrometrovych rozmérda,
spolupracuje s nékterymi univerzitnimi pracovisti. Pomoci EBL
fesi zejména vyzkum technologif pro pfipravu fazové difraktivnich
elementti (PDOE) a pocitacem generovanych hologramt (CGH). Ve
spoluprici s tuzemskou spolecnosti Optaglio byla vyuZitim elektro-
nového litografu zvladnuta piiprava komponent pro bezpecnostni ho-
logramy, které tato spole¢nost jiz nékolik let ispé$né vyrabi [15].

Problematikou EBL se od pocatku 80. let zabyva specializo-
vand laboratof Ustavu informatiky (UI) SAV v Bratislavé (diive
znamého pod nazvem Ustav technické kybernetiky - UTK). Praco-
visté provozuje produkéni zafizeni EBL typu ZBA10 (Carl Zeiss
Jena), pracujici s urychlovacim napétim U = 30 kV a dosahujici
minimdInfho rozméru stopy 50 nm [16]. M4 rovnéz dalsi vybavu
na elektronovou litografii i propracované feseni korekce proximit-
niho jevu. Technologické moznosti pracovisté jsou tc¢elné posileny
spolupraci s Elektrotechnickym tstavem (EU) SAV Bratislava,
zahrnuji (uvnitf komplexu 200 m? Eistych prostor tfidy az 1000-100)
rovnéz DUV fotolitografii, zafizeni pro plazmochemické leptani
(PE, RIE), depozi¢ni techniky aj.[16].

Primyslovou vyrobu fotolitografickych masek pomoci elektro-
novych litograft zajistuje napt. firma Photronics (Dresden, BRD).
Toto pracovisté, které bylo ptivodné soucasti podniku znamého diive
pod nazvem ZMD (Zentrum Mikroelektronik Dresden, jenZ byl
v mikroelektronice pied koncem 80. let jednim z nejpokrocilejsich
v oblasti vychodoevropskych stati), bylo zaclenéno do rychle se
roz§ifujici spolecnosti Photronics (USA) ve druhé poloving 90. let

Radu podrobnych informaci o zafizenich pro EBL poskytuji
jejich predni vyrobci: napt. Raith [12], JEOL [17], Hitachi [18]
a dalsi. Mnoho informaci jak o zafizenich, tak o feSené problema-

tice (v€etné nanotechnologif) je k dispozici napft. prostiednictvim
sit€ NNIN (National Nanotechnology Infrastructure Network) [19],
na strankdch univerzitnich i dalSich pracovist fesicich piibuznou
problematiku [20], aj.

4 EBL PRO BADATELSKY VYZKUM

V podminkach vyzkumu jsou vyuzivdna zatizeni EBL vSech
tfi konstruk¢nich koncepci zminénych v ¢asti 2.4. Podstatny vliv
na vybér typu aparatury ma predevsim zaméfeni ¢innosti praco-
visté, jeho stavajici vybava a jeji dosavadni vyvoj, ale i vazba na
dalsi instituce, apod. Urcujici vliv mohou mit nakonec naklady na
aparaturu i zptsob, jakym lze zafizeni EBL poridit.

Napt'. produkéni typy elektronovych litografti [15],[16] mtzZe byt
ucelné uzivat ve vyzkumu, ktery md urcitou vazbu na pramyslové
podniky, jeZ EBL aplikuji, ¢i takové vyuZiti nebo vyrobu pfipravuji.
To navic nevylucuje provadéni soubéZného badatelského vyzkumu.
Naproti tomu napt. pro univerzitni pracovisté pracujici jiz s mikro-
skopem SEM a zainteresované na zvladnuti pripravy struktur s jem-
nymi detaily, mizZe dobie vyhovét jednoduchd sestava dopliujici
SEM o EBL iidici jednotku. To za pfedpokladu, Ze takové pracovisté
neuvazuje o vyuZziti soubéhu EBL a optické litografie (,,mix-and-
-match®) a hlavné nevyZzaduje vlastni piipravu fotomasek.

Koncepce zafizeni EBL ,,na klic* (viz ¢ast 2.4) predstavuje
stfedni cestu mezi témito zminénymi piiklady. Aparatury tohoto
usporadani umoziuji dosazeni vysokého rozliseni, presnosti i dlou-
hodobéjsi provozni stability (nezbytné i pro pripravu fotomasek).
Jsou né€kolikandsobné méné ndkladné neZ je tomu v piipadé pro-
dukénich zafizeni EBL (jejichZ ceny lze odhadnout od 1.108K¢
vySe [21]), pfitom mohou byt i Siteji vyuZitelné (jako diagnostické
zatizeni SEM, jez je jejich podstatnou soucasti).

K zdkladnimu posouzeni pro vybér konkretniho typu zafizeni
EBL jsou k dispozici jejich technické parametry (napt. [12], [17],
[18], aj.). Ke kaZdé koncepci lze nalézt nékolik verzi dostupnych
zafizeni a to v nékterych piipadech i od téhoZ vyrobce. Ty se 1isi
rovnéZ svymi ekonomickymi parametry (a nékterymi dal§imi pod-
minkami podle konkretni nabidky potencidlniho dodavatele).

Naptiklad spolec¢nost Raith (BRD) vyvinula nékolik verzi EBL
aparatur: jak pro nejjednodussi usporadani (jednotka SEM plus
EBL fidici jednotka ELPHY), tak pro koncepci ,,na kli¢* [12].
Verze se lisi kvalitou a parametry stolku (rozsahem jeho pojezdu,
tedy velikosti zpracovatelného substratu — ve vyjadfeni pro kruhové
desky pruméra od 2” do 8”), pfesnosti polohovéni (od nékolika
um az po lepsi nez 50 nm), mozZnosti resp. presnosti sesazovani,
stabilitou a driftem svazku, rychlosti zdpisu (pracovni frekvence
generatoru obrazct od 300 kHz do 10 MHz), zaclenénou korekci
proximitniho jevu, aj. Uddvané dosazitelné rozliSeni je vesmés lepsi
nez 50 nm, pii pouZiti TFE katody je specifikovdno jako min. 20
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vhodné pro zpracovani i vétSich substratii (4” resp. 8”). Tyto po-
sledni dva uvedené typy jsou explicitné specifikovany k vyuZiti
pro vyzkum a vyvoj.

Obdobna Spickova zafizeni jsou k dispozici i od nékterych
jinych vyrobct. Napf. firma JEOL od podzimu 2003 doddv4 vice-
ucelovy mikroskop SEM (vyuZitelny rovnéz pro EBL) JEOL JSM-
7000F [17], ktery patfi ve své kategorii k celosvétove nejlepSim.
Zaftizeni s vyhiivanou autoemisni katodou umoziuje pracovat jak
s ultravysokym rozliSenim pro diagnosticky reZim, tak s proudem
ve svazku (aZ 200nA) dostatecné velikym pro potreby litografie.
Urychlovaci napéti je volitelné ve dvou rozsazich (0,5-2,9kV po
10V, 3-30kV po 100V). Rozlisen{ (v reZimu obrazu sekundérnich
elektrontl) je 3 nm pii 1kV a 1,2 nm pii 30kV). ZvétSeni 10x
—500000x. Vyhodou aparatury je téZ snadnd vymeéna vzorku.

Podle informaci z vyzkumnych pracovist (véetné univerzitnich)
jsou dobré zkuSenosti rovnéZ s nékterymi dal$simi typy zafizeni
EBL. Napfiklad aparatura Hitachi HL700F dosahuje pti U=30kV
rozliSeni 50nm, zpracovavd vzorky primért 3” az 7”. Zarizeni po-
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uZiva generator obrazcu s frekvenci 100MHz. I pfi této mimoiadné
rychlosti ov§em trvé vykresleni plochy 1cm? obrazce stiedni sloZi-
tosti = 1 hod pfi pouziti citlivého elektronového rezistu SAL-601,
resp. aZ = 15 hod pfi uZiti ,,klasického* PMMA [18].

5 MOZNOSTI APLIKACI EBL

Zvladnuti technologie elektronové litografie otevird Siroké
moznosti jejiho praktického vyuziti. Nékteré z nich byly zminény
jiz vySe. Byt (alesponi ta souc¢asnd) EBL neumoziiuje sama o sobé
modifikovat lidtky na drovni atomu, Ize jejim uZitim dosahovat
rozliSeni i pod 10 nm (napt. byla jiZ pfipravena struktura HEMT
shradlem oL = 8 nm [12]). EBL miZe byt vyhodn¢ vyuZivéna téZ
. e L -
jako operativni technika litografického pfedzpracovani vzorkt pro
vyzkum a vyvoj dal§ich nanolitografickych technik.

EBL je perspektivni technologii pro nanoelektroniku (muze
nalézt uplatnéni v pripravé kvantové rozmérnych struktur, napf.
vytvarenim matic zdrodka pro rust kvantovych tecek [12], [22]),
pro pripravu mikro(nano)-krystalického Si a kfemikovou nanofoto-
niku, pro pfipravu nanodiamantovych zdrodki a riist diamantovych
vrstev (s perspektivou vyuZiti napf. u biosenzorti). Dals$i moZnosti
vyuziti jsou kuptikladu v oblasti feromagnetickych polovodicii
a spintroniky, studia supravodivych virti a ve fluxtronice [23],
u nemagnetickych struktur pro optoelektroniku, u soucastek vy-
uZivajicich povrchovych akustickych vin (SAW). Posledni dva
jmenované ptipady kladou vysoké naroky na kvalitu litograficky
tvarovanych hran optického vlnovodu resp. elektrod pfi jejich
obvykle veliké celkové délce. U téchto aplikaci se EBL vzhledem
ke svym kvalitdm zacCala GspéSné vyuZivat uz diive v submikro-
metrové oblasti.

Podrobnéjsi vycet potencidlnich aplikaci elektronové litografie
pfesahuje zaméfeni tohoto ¢ldnku. Potfebné informace jsou dobre
dostupné napf. na internetu (viz literatura).

6 ZAVER

Do soucasné doby byla pro litografickou pfipravu a zpracova-
ni jemnych struktur v€etné nanostruktur navrZena a odzkousena
jiz fada postupt a jejich variant. Nékteré z nich jsou zaloZeny
bezprostfedné na elektronové litografii, nebo ji vyuzivaji alesponi
pro pripravu dil¢ich komponent (masek s vysokym rozliSenim,
polotovart pro litografickou tpravu vzorku pomoci lokélni oxidace
hrotem AFM — , dip-pen lithography* [24], matric pro tzv. ,,soft-
-lithography* [25], aj.). Volba technologie zahrnujici EBL zavisi na
konkretn{ situaci pracovisté at uz produkéniho nebo vyzkumného
zaméreni, je tedy vyrazn€ individudlni. Technické prostfedky, které
jsou pro realizaci EBL v soucasné dobé€ k dispozici, umoZziiuji
poftidit aparaturu optimdlné prizpisobenou pro dané pracovisté
i tematiku, kterd je na ném feSena.
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Snimani povrchu pomoci mikrovinného mikroskopu

Cilem prdce bylo namérit rezonancni kiivky koaxidlniho rezondtoru pii skenovdni vodivého reliéfu a vy-
tvorit z nich obraz povrchu. Rezonancni charakteristiky byly méreny spektrdlnim analyzdtorem FSH3
od firmy Rohde &Schwarz. Pro vyhodnoceni namévenych dat byly vytvoreny programy v programovém
prostiedi MATLAB. Pro ovéreni funkcnosti vyse uvedené laboratorni sestavy mikrovinného mikroskopu
bylo provedeno nékolik zkuSebnich méveni a ndsledné vytvoreni obrazii.

UvoD

S rozvojem bezkontaktni a nedestruktivni zobrazovaci techniky
vzrlstd i Cetnost jejiho vyuZiti. Jednd se zejména o vyuZiti v oblasti
nanotechnologif, ptipravy novych typti materidld, pfi studiu tenkych
vrstev, v defektoskopii aj. Pozadavky plynou predevs§im z potieb
rozvijejiciho se prumyslu informacnich technologii.

NSMM (Near-field Scanning Microwave Microscope),
je skenovaci mikroskop, ktery je zaloZen na zmén¢ impedance mezi
hrotem a zkoumanym vzorkem v mikrovinné oblasti spektra. Pri
vyhodnocovani dat jsou sledovany bud zmény rezonan¢ni kfivky
rezondtoru, ktery je v interakci se vzorkem nebo pfimo impedance
mezi hrotem a povrchem. Takto ziskany signdl je pfeveden do
jasové slozky obrazu. Na nasem pracovisti jsme se zaméfili na
vyuziti rezonancni metody, protoZze ndm ptipadala jednodussi
a vhodnéjsi pro nase aplikace. Princip tohoto mikroskopu je velmi
blizky optickym skenovacim mikroskoptiim s evanescentni vinou.
Prvni zminka o mikrovinném mikroskopu je uz z roku 1972 [1].
Prehled o historii vyvoje lze nalézt napt. v [2] [3] a aplikacni
moznosti v [4] a [5].

Zékladem stavby skenovaciho mikroskopu je mechanismus
posuvl, ktery umozni snimdni méfenych velic¢in v poZadovanych
mistech nad povrchem vzorku. Na posuvy jsou kladeny vysoké
ndroky z pohledu rozliSeni a hystereze mechanismt [6] a také
zabranéni priniku vibraci do méfici aparatury.

Pfi realizaci mikroskopu je dileZitou soucdsti vytvoreni pro-
gramu pro vyhodnoceni dat ziskanych z mikrovinnych méfeni. Za
data se povazuji zmény rezonan¢nich ktivek. Cilem programd je
vyhodnotit maxima frekvence a faktor kvality rezondtoru. V nasi
praci jsme vysli z publikace [7]. Pro zjisténi soucasného stavu
vyvoje uvedené techniky je vhodny ¢lanek [8], ktery popisuje
mikrovinny mikroskop s vysokym rozliSenim.

Duivod, pro¢ jsme se pustili do stavby takového zafizeni, vy-
plynul z nutnosti kontroly klastrd nano-krystalkt kfemiku, které
vznikaji samoorganiza¢nimi mechanismy a vedou k velkym fluk-
tuacim pfi méfeni volt-ampérovych charakteristik pfipravovanych
tlustych vrstev materidlti na bazi pravé nc-Si.

EXPERIMENTALNI CAST
Mikroposuvy M-110.1DG

Pro pohyby snimaného vzorku byly pouzity mikroposuvy
firmy PI zabyvajici se piezo a nano pozi¢nimi systémy. Byly
pouzity mikroposuvy s rozpétim linedrniho pohybu 5 mm. Jde
o typ M-110.1DG, jenZ md garantovanou rozliSovaci schopnost
0,5 pm. Nejmensi mozné deklarované inkrementdlni posunuti je
0,0058 um. Ovsem v pripadech kdy je vyslan na mikrokontroler
pozadavek na tento nejmensi mozny posuv, musime uvazovat po-
ziéni chybu pohybujici se v fadech setin mikrometru. Maximaln{
rychlost mikroposuvu je 2 mm/sec a rozsah pohybu je 5Smm v jedné
ose. Mikroposuvy Ize k sobé jednoduse pospojovat a posklddat
tak trojosy pohybovy apardt. Pro fizeni pohybt mikroposuvu byl
pouzit kontroler Mercury stejného vyrobce.

~ Linear Stage

Obr. 1 Nakres sestavy trojosého mikroposuvu

Mercury: DC-motor kontroler

Mercury vyuZivd zpétnovazebni kvadraticky enkodér signdlu pro
urceni pozice a miZe dosdhnout pfesnosti pohybu az 0,05 mikrometru.
Poskytuje PID servo-fizeni pozice, rychlosti a zrychleni. Je vybaven

softwarem s vestavénymi piikazy, jeZ velmi usnadiiuji fizeni motoru
(pohyb posuvii na Zddanou pozici) dle pozadavkil uZivatele.

Obr. 2 Mercury kontroler
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A/4 Koaxidlni rezonator

Napdjeni A/4 koaxidlniho rezondtoru jsme provedli pomoci
dvou 50 € koaxidlnich kabelt s vazebnimi smyckami (buzend
a snimand magnetickd slozka pole). Nami sestrojeny rezonator ma
nasledujici podobu (obr. 3).

Obr. 3 Rezondtor sestrojeny podle [7]

Rezondtor se sklddd ze dvou ¢4sti. Prvni dil je dutina se tfemi
vstupnimi otvory (viz. obr. 4) pro kabel s civkou generujici signdl
o urcité frekvenci, kabel zachycujici signdl a prostfedni otvor je
vstup pro centralni konduktor (je opatien zdvitem, viz. obr. 6).

Obr. 4 Bo¢ni pohled na dutinu

Obr. 5 Pohled na dutinu ze spodu

e ——

Obr. 6 Centralni konduktor s hrotem

Faktor kvality rezoniatoru

Po naméfeni rezonan¢ni kfivky se faktor kvality vypocitd
ndsledovné. Nalezneme maximum piku rezonanc¢ni frekvence Na-
méfené maximum sniZime o 3dB. Rozdil frekvenci f,-f, nazyvame

Sitkou pasma BW (obr: 7). Cinitel jakosti (faktor kvality) je podil
rezonancni frekvence a Sitky pasma.
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Obr. 7 Pribéh rezonan¢ni kiivky pouZitého rezondtoru

Na faktor kvality md velky vliv dielektrikum mezi hrotem a sni-

manym vzorkem. Proto je citlivéj$i na zmény snimaného povrchu
nez maximum frekvence [8].

Pristroje pouZité k méreni

Pro méfeni byly pouZity tyto pfistroje: signdlovy generdtor
SM 300 spolecné se spektralnim analyzatorem FS 300, FSH3 fy
Rohde&Schwarz.

Vyhodnocovani dat

Hlavnim principem rastrovaciho mikroskopu je, Ze se jehla
nebo snimany vzorek posouvd po rastru a v kazdém bodé¢ je na-
méfena rezonancni kfivka. Rezonan¢ni kiivka byla vyhodnocena
v programovém prostfedi MATLAB 6.0.

Hardwarové poZadavky

Pro prenadseni dat ze spektralniho analyzatoru FSH3 je potieba
PC s minimdlni konfiguraci procesorem 220 MHz, 32 MB RAM
opera¢ni paméti.

UZivatelské programy v Matlabu vyZaduji minimalni rozliseni
obrazovky 1024 x 768 pixelu. Optimdlni konfigurace pro vypocty
a zobrazeni je PC s procesorem 1 GHz, 256 MB RAM operacni
paméti, Graficka karta s podporou Directx 8.1.

Méreni

Jako tvodni testovaci vzorek jsme pouZili minci.

Zaméfili jsme se na pismeno ,,K*, jenZ je na obrazku (obr. 8
na 3. str. obdlky) vlevo zvyraznéno ¢ernym ctvereCkem, vpravo je
detailnéjsi pohled snimaného vzorku. Zobrazeni vyhodnocenych dat
je zobrazeno na obrdzku (obr: 9 na 3. str: obdlky), kde je vidét ndklon
skenovaného vzorku. Naklon byl také softwarové eliminovan (obr: 10
na 3. str. obdilky).

Skenované pismeno ,,K* je zobrazeno na obrazku (obr. 10).
Obrézek je po eliminaci naklonéné roviny a styl vykresleni barvy
je podle vysky. Jednotlivé rastry méteni jsou zobrazeny cervenym
¢tvereckem, ktery je uvnitf vybarven Zlutou barvou.

Vyhodnoceni snimaného vzorku pomoci faktoru kvality Q

Vyhodnoceni pismene ,,K“ pomoci faktoru kvality je mozné
vidét na obrdzku (obr. 12 na 3. str. obdlky) s poklesem o 3 dB pii
vyhodnocovani z rezonan¢ni kiivky.

Meéfeni pomoci faktoru kvality Q je citlivéjsi neZ pomoci re-
zonan¢ni frekvence, ale protoZe faktor kvality Q je velmi citlivy
na dielektrikum mezi hrotem jehly a snimanym materidlem, jsou
tato méfeni zatiZzena dosti velkym Sumem.
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Pro odhad vyskové citlivosti mikroskopu jsme zméfili pomoci
mikrometru vysku reliéfu ,,K* od povrchu mince, kterd ¢ini 100
um pii zméné rezonanéni frekvence 3,5.10° Hz, odtud dostdvame
35 kHz/um. Otdzka zjiSténi pfenosové funkce je ovSem velmi
komplikovand a neméame jesté dostatecnd experimentdlni data pro
raciondlni odhad.

ZAVER

V ¢lanku jsme ukazali prvni vysledky naSich pokusii se stavbou
mikrovinného mikroskopu. Jednd se zatizeni, od kterého ocekava-
me rozsifeni naSich mozZnosti pfi studiu jednak nanokfemikovych
struktur ¢i klastrt, to v del$im horizontu, jednak pfistroj pro studium
dprav povrchl biopolymernich kompozitnich materidlt v labo-
ratornich podminkdch, pfi atmosférickych tlacich a vlhkostech.
Jednd se o sloZity technicky problém, ktery vyZaduje vyraznou
mezioborovou spolupréci. Pfi konstrukci se objevilo podstatné vice
otdzek a problémd, nez vysledkd, které jsme ocekdvali. Dobrym
vystupem je v§ak i to, Ze se do feseni t€chto problémi vyznamnym
zpusobem zapojili studenti [9], [10] a zkousT si tak vlastni tvofivost
a schopnosti.

Nelze ocekdvat, Ze vyse uvedeny princip mikroskopu drama-
tickym zpuisobem zméni zobrazovaci techniky dnes jiz komeréné
pristupné, nicméné v urcitych specifickych pfipadech muize byt
docela uzitecny.

Tato prdce vznikla za podpory Grantové agentury CR v rdmci
projektu 202/03/0789 Nové kiremikové nanomateridly pro opto-
elektroniku.
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Vysoké statni ocenéni Prof. MUDr. Mojmiru Petranovi, CSc.

U prileZitosti 87. vyroci vzniku samostatného ceskoslovenského
statu udelil president Ceské republiky Véclav Klaus stitni vyzname-
nani - Medaili Za zasluhy o stdt v oblasti védy Prof. MUDr. Mojmiru
Petraniovi, CSc., za vyndlez konfokdlnitho mikroskopu s dvojitym
fadkovanim, kterym zdsadnim zpiisobem pfispél k pokroku védy
atechniky. Svou celoZivotni aktivni badatelskou praci se zaradil mezi
dévd ochotné a nezi$tn€ mladsim spolupracovnikiim, z nichZ prvnim
byl a stéle zastdvd jiz po mnoho desetileti Doc. MUDr. Milan Had-
ravsky, CSc., ktery se také velmi zaslouZil o konstrukci a realizaci
prvniho vzorku tohoto konfokélniho mikroskopu.

Prof. Petran se jiz od svého ranného mladi zajimal o optiku
a pristrojovou techniku, proto i stdl u zrodu celostdtni odborné sekce
Jemné mechaniky a optiky pii Ceské strojnické spole¢nosti CSVTS,
ktera dobrovolné sdruzuje odborniky této profese a i pres svij vek je
stale velmi aktivné a obétavé ¢inny v tomto obanském sdruZeni.

Prof. Petrani po absolutoriu Lékarské fakulty UK v Praze
byl zamé&stnan ve Fyziologickém tstavu CSAV, kde se vé&noval
elektrofyziologii. V roce 1960 se habilitoval v 1ékarské fyzice
na Lékarské fakult¢ UK v Plzni. Tématem jeho habilitacni prace
bylo hledani jinych nez elektrickych projevli nervového a sva-
lového vzruchu. K tomu vyuzil aparaturu zkonstruovanou jesté
v CSAV v Praze. V té dobé se také spolupodilel na vydani knihy
Electrophysiological Methods in Biological Research, kterd ho

proslavila ve svété. V roce 1989 byl zvolen cCestnym ¢lenem
Royal Microscopical Society a v roce 1990 byl jmenovén fddnym
profesorem pro obor biofyzika.

Prof. Petranovi srde¢né gratulujeme k udéleni tohoto vysokého
stitniho vyznamendni a také mu prejeme stdlé zdravi a potéSeni
z jeho dalsi badatelské Cinnosti.

(red)
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3. mezinarodni seminar o analyze dat rastrovaci
sondové mikroskopie

Ve dnech 21. - 22. biezna 2005 se v Brné konal mezindrodni
semindf vénovany rastrovaci sondové mikroskopii (scanning pro-
be microscopy-SPM). Tento semindf navazoval na piedchdzejici
dva semindfe zabyvajici se stejnym tématem (oba predchdzejici
semindfe byly konany rovnéZ v Brné&). Prvni hlavni cil tohoto
3. mezindrodniho semindre spocival v presentaci piehledu nejno-
véjsich myslenek, trendii a vysledki dosazenych béhem poslednich
dvou let v oblastech zdkladniho i aplikovaného vyzkumu tykajiciho
se rastrovaci sondové mikroskopie. Druhy hlavni cil tohoto semi-
nére se tykal presentace novych aplikaci SPM technik v raznych
oblastech priimyslu. Druhy cil byl rovnéZ spojen se stimulaci dis-
kuse mezi soucasnymi a potencidlnimi uZivateli téchto modernich
experimentdlnich technik v Ceské republice.

Seminaf byl organizovan dvéma institucemi: Ceskym met-
rologickym institutem a Pifrodov&deckou fakultou Masarykovy
univerzity v Brné. Hostitelskou instituci semindre byl Cesky
metrologicky institut, tj. jedndni seminéfe se uskutecnila v budové
Ceského metrologického institutu v Brng.

Béhem jedndni semindfe bylo predneseno devét pozvanych
prednasek. Prvni pozvand prendska byla presentovana L. Koender-
sem z Physikalisch Technische, Bundesanstalt (PTB), Braunschweig
(Némecko). Jeho prednaska se jmenovala: Méveni délky a jinych fy-
zikdlnich vlastnosti pomoci rastrovaci sondové mikroskopie. Druhd
pozvand predndska byla pfednesena D. Vogelem z Fraunhofer In-
stitut fur Zuverlassigkeit und Mikrointegration, Berlin (Némecko).
V ramci své predndsky se D. Vogel zabyval problematikou s na-
zvem: Méreni nano DAC deformace pomoci zatéZovacich mikro-
grafit. 'V obou prednaskach prednésejici podali prehled novych
vysledk dosaZenych v oblasti aplikované metrologie v nano
a mikro-svété. Treti predndska byla presentovdna A. Pleceni-
kem z Fakulty matematiky, fyziky a informatiky, Komenského
univerzita, Bratislava (Slovensko). Ve své prednasce s ndzvem
Tenkovrstevné struktury piipravené pomoci AFM lokdlni oxidact
A. Plecenik sezndmil posluchace se zajimavymi vysledky tykajicimi
se vytvareni nanostruktur na bazi oxidu, které vznikaji na riznych
povrsich pevnych latek. V§imal si vysledkt z oblasti zdkladniho
i aplikovaného vyzkumu. Ve ¢tvrté prednasce P. Nagy z Research
Centre of the Hungarian Academy of Science, Budapest (Madarsko)
se zabyval pfedevS§im problémy nanotvrdosti. Jeho predndska se
jmenovala Tvarovd relaxace a nanotvrdost. V ramci této pred-
nasky P. Nagy diskutoval prehled modernich metod vhodnych
pro studium nanotvrdosti pomoci metod spadajicich do oblasti
SPM. Pitd pozvand predndska byla pfednesena V. BurSikovou
z Prirodovédecké fakulty Masarykovy univerzity, Brno, (Ceské
republika) a tykala se problematiky spojené s méfenim tvrdosti
u tenkych vrstev. Nézev jeji prednasky byl ndsledujici: Studium
mechanickych vlastnosti tenkych vrstev kombinaci nanotvrdosti

a AFM. V. Bursikova vénovala pozornost hlavné vysledktm, které
se tykaly vrstev majicich prakticky vyznam, tj. vrstev pfipravenych
plasmochemickymi metodami. Sest4 prednaska se tykala artefakta
v topografii a lokdlni vodivosti, které se objevuji, kdyZ pomoci
AFM jsou analyzovany rtuzné tenké. Tuto pfedndsku presentoval
T. Mates s ndzvem Artefakty v topografii a lokdlni vodivosti pri
mérenti tenkych vrstev Si pomoci AFM. V ramci prednasky popsal
nejcastéj$i umélé defekty objevujici se pfi analyze amorfnich
a polykrystalickych vrstev kiemiku. Sedmou predndSku prenesl
S. Lanyi z Fyzikdlniho dstavu SAV, Bratislava (Slovensko). Jeho
predndska byl anazvéana:Kalibrace rastrovaciho kapacitniho mik-
roskopu: teorie a aplikace. S. Lanyi popsal principy této neprilis
Casto vyuZzivané experimentdlni techniky v praxi, tj. popsal prin-
cipy rastrovaci kapacitni mikroskopie. Zarovei se zminil i o jejim
potencidlnim vyuZiti v budoucnosti. Osmd pozvana prednaska
méla nazev Rastrovaci termdlni mikroskopie: teorie a aplikace.
Prednesl ji P. Klapetek z Ceského metrologického institutu, Brno
(Ceskd republika). Vylozil principy této SPM techniky, kterd zatim
také nenachazi odpovidajici uplatnéni v praktickych aplikacich.
Ukadzal také, Ze rastrovaci termdlni mikroskopie muZe byt velmi
uziteCnym ndstrojem pii studiu vlastnosti povrchti pevnych latek
a tenkych vrstev z hlediska nanosvéta i mikrosvéta téchto objektt.
Své zavéry ilustroval pomoci nékolika piikladl analyzy riznych
struktur vyuzivanych v polovodi¢ovém primyslu. Devitd pred-
naska byla presentovdna R. Kubinkem z Pfirodovédecké fakulty
Palackého univerzity, Olomouc (Ceskd republika). Jeho prednéska
méla nazev: Biologické aplikace AFM Explorer-naSe zkuSenosti.
V ramci své prednasky uvedl nékteré typické a zajimavé vysledky,
kterych na jeho pracovisti dosahli pfi studiu vybranych biologic-
kych objektti pomoci specidlnich aplikaci mikroskopu vyrobeného
firmou Topometrix.

Je mozné konstatovat, Ze 3. mezindrodni semindr tykajici se
SPM splnil svtij tcel. V rdmci jeho programu byly presentoviny
zajimavé mySlenky a vysledky, kterych bylo dosazeno na riznych
objektech pomoci nékterych experimentdlnich technik rastrovaci
sondové mikroskopie. Navic v prub&éhu seminafe probehly zasve-
cené diskuse mezi tcastniky, které jist€ prisp&ji k rozsifent aplikaci
technik SPM ve vyzkumu i v pramyslu v Ceské republice.

V zavéru je nutné podékovat RNDr. P. Klenovskému, generdlnimu
fediteli Ceského metrologického institutu, za jeho pochopeni pro tuto
akci a jeho pomoc s jejf organizaci. Navic je nutné pod€kovati O. Bla-
hoZovi z firmy Anmat Trading Ltd , ktery sponzoroval tento semindf.

Prof. RNDr. Ivan Ohlidal, DrSc.
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Study of the mechanical properties of thin films using combined
nanoindentation and AFM measurements

The depth sensing indentation test combined with AFM measurements was used to evaluate the mecha-
nical properties of plasma deposited thin films. The aim of the present work is to introduce the depth
sensing indentation technique combined with AFM studies as a very sensitive tool for quantification of
the fracture toughness and the interfacial fracture toughness between the film and the substrate.

1. INTRODUCTION
Recently, the micro- and nanoindentation techniques with con- Proge Proge
tinuous load and depth sensing have been widely used to study the W, = j Fdh, W = j Fdh=W_=W_-W, )
mechanical properties (e.g. hardness, yield stress, Young’s modulus, o A
fracture toughness, adhesion and cohesion, and the others) of thin "
films. The so-called depth sensing indentation (DSI) technique has 1
the advantage of simplicity and reproducibility comparing to the Y, = 3 3)
other types of the thin film testing methods [1-2]. 4tan(or/2)h, 1=V,
Since the invention of the atomic force microscope (AFM), dF | dh(,.,,, )\/E E,.
hardness studies have been routinely possible on the nanometer sca-

le. AFM enables to analyze mechanical and tribological properties
of the surface and near surface of thin films due to the low applied
loads compared with other techniques. The different modes of AFM
operation, such as contact mode, force modulation, lateral force
and force-distance curve, provide information on wear, relative
hardness, friction, tip surface adhesion, surface stiffness and Young
modulus. The AFM force modulation and lateral force modes ena-
ble to study the lateral arrangement of physically different surface
areas. For example the mapping of the surface elastic properties is
of significant importance in case of nanostructured thin films.
With decreasing indentation depth towards to the nanometer
scale the effects of non-ideal contact area due to surface roughness,
pile-ups, sink-ins etc. become to be more pronounced. In this case
AFM imaging of real contact area plays a crucial role for correct
determination of the film mechanical properties [3]. Furthermore,
the indentation area may be influenced by film intrinsic stress, film-
-substrate adhesion, correlation between friction and wear properties
and microstructures, mechanism of plastic deformation and fracture
in thin films. In the present article, the 3D pictures of the residual
indentation area were used to investigate the characteristics of
indentation induced deformation, fracture and delamination of thin
films, which are not explicit in nanoindentation data analysis.

2. METHOD

The indentation tests were performed using the Fischerscope
H100 DSI tester equipped with Vickers, Berkovich and Brinell
indenters. This tester enables to register the indentation depth as
a function of the applied load during both the loading and unloading
part of the indentation test (Fig./). On the basis of this method
material parameters such as universal hardness HU, elastic part
and irreversibly dissipated part of the indentation work (W, and
W, ), plastic hardness HU effective elastic modulus Y, etc. may
be determined. The applled load F ranges from 0. 4mN to IN and
the accuracy of the depth measurement is of about +1nm.

Here HU is universal hardness (resistance against elastic and
plastic deformation), F is the applied load, % indentation depth,
26.43 — geometric factor, W, is the total indentation work, W_is
the elastic and W, is the irreversibly dissipated part of the total
indentation work, HU is the plastic hardness (resistance against
plastic deformation), __is the maximum indentation depth at gi-
ven maximum load F' Y = E/(1-V?) is the so called indentation
modulus (E is the Young s modulus and v is the Poisson‘s ratio,
abbreviation Dia refers to the material parameters of the diamond
indenter), dF/dh(, ) is slope to the unloading curve at maximum
indentation depth, /_the intercept of the slope to the unloading
curve with the indentation depth axis at F = 0.

500 BK7
F oo =500 mMN

400} Y,,, =(92.03 £0.31) GPa
HU,, =(10.25 +0.03) GPa

00t W, =Wp|+ W,

Load [mN]

0.0 0.5 1.0 hr 1I.5
Indentation depth [um]

Fig. 1 Example of load-penetration curves obtained on boron

-silicate glas

During the indentation the total deformation work is trans-
formed into elastic strain energy, energy dissipated due to plastic
deformation, energy dissipated due to fracture and thermal energy.

F F
— H — max
26,43.h%° U 26,43.h? M
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The area between the loading and unloading curves gives the total
amount of the dissipated energy. The DSI technique enables quan-
titatively to determine the indentation work, which is needed for
the plastic, elastic and fracture deformations. Therefore the fracture
toughness of the thin film or the film-substrate interface may be
estimated from the analysis of the energy dissipated during the
indentation and from the AFM scans of the indentation prints.

3D images of indentation prints were carried out by atomic
force microscope (AFM) Explorer in contact mode were used for
comparison of the contact and residual areas and study of indenta-
tion geometry (pile-ups at edges, anisotropic plastic deformation).
Nanocomposite CN,/SiO, films were used to illustrate nanoindenta-
tion (,,force-distance mode* - FD), imaging of the contrast in local
elastic properties (,,modulated force mode* - MFM) and imaging
of the material contrast in ,,lateral force mode* — LFM.

If radial/median cracking or interfacial fracture of coating/sub-
strate system occurs, the fracture toughness of films and film/sub-
strate interface could be estimated from the analysis of the energy
dissipated during the indentation according to Malzbender [4].
The area between the loading and unloading curves gives the total
amount of irreversible dissipated indentation work AW, . Fracture
of the coating/substrate interface appears immediately as a jump
on the loading curve. This effect enables to determine the critical
indentation load L, /critical depth & / for creation of an interfacial
crack (delamination). The interfacial energy release rate G, can
be obtained on the basis of the indentation work AW, needed for
creation of delaminated area with radius ¢ (Figs. 2 and 3). The
interfacial fracture toughness K, may be calculated according to
following formulae:

AW 1 11 1 1
int nc2 int int™int Eim 2 [ Ef Es ] ( )

Here E,  is the so called interfacial elastic modulus defined by
Hutchinson and Suo [5]. E, is the film elastic modulus and E_ the
substrate elastic modulus.

The growth of the interfacial crack with the increasing load
may be described according to the relationship between the radius
of the delaminated area ¢ and the indentation load L:

L5 _ 0,5
X L = K 20 (c/n) 5)
Here K, is the interfacial fracture toughness, o the residual
stress and _is a surface material characteristic [4].

The interfacial fracture toughness was calculated also from the
formula according to Thouless [5] as follows:

0.792H [(1-V*) ¢

e = (6)
t

" [1+v+20-v)He* /L]
@ e e . v e
o g @
O 28 4 Elastic Modulus E/(1-+") L 1160 &
@ ®  Microhardness HP e e
g% . LA <
T o5k Lt 4150 13
=2 . ®
(o] = | e 2
5 25 A =]
£ L 3 1402

24
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Fig. 2 The dependence of the effective (or apparent microhardness)
on the film composition

Here c is the radius of the delaminated area, ¢, is the film thick-
ness, L is the applied load and H is the hardness.
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'IM e i ™ et

500 .

Fig. 3 Force modulation (left) and topography (rigth)
image of 700 nm thick CNX/SiOy coating prepared using ICP
at P=3 kW and Q,= 3 sccm

3. RESULTS AND DISCUSSION

Figure 2. shows the results from the results of microindentation
tests carried out on nanocomposite CN /SiO, coatings prepared
in inductively coupled discharge at the same applied power
P =3 kW and nitrogen flow rate Q,, = 3 sccm, but with different
deposition time. There was a composition gradation (increase in
CN_ fraction and decrease in SiOy fraction) in films. The increase
of CN fraction in films causes increase in both, the effective (or
apparent) microhardness and the elastic modulus. The gradient in
mechanical properties can prevent cracking and delamination of the
coating caused by tangential stresses at the interface due to different
property characteristics of the film and the substrate.

Series of AFM images were taken by different modes of AFM
operation, such as contact mode, force modulation mode and la-
teral force mode, to illustrate the change in the surface properties
with deposition conditions. The combination of measurements on
microscale (depth sensing indentation test, conventional microhard-
ness test) and nanoscale (AFM) gave us complex characterization
of the mechanical properties of the deposited films from the surface
and near surface up to interface of the coating and the substrate.
The AFM images in Figures 3 and 4 confirmed that the coatings
exhibited composite structure consisting of separate domains of
CN_ and SiO,. The modulated force images taken in contact mode
AFM, where the intensity corresponds to the local elastic properties
of the coating surface, revealed the nanocomposite and graded
character of the films.

Fig. 4 Force modulation (left) and topography (rigth) image
of 4000 nm thick CNX/SiOy coating prepared using ICP
at P=3 kW and Q,,=3 sccm

The combined AFM and DSI study enabled us the complex
mechanical characterization of the SiO, films deposited from
mixture of HMDSO and oxygen in a helicon reactor operated in
inductive mode. The films were deposited in continuous and pulsed
mode. We investigated the influence of the plasma-off time on the
film mechanical properties. In Figure 5. the dependences of the
universal hardness HU on the relative indentation depth i (h,_, is

rel
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Fig. 5 The dependence of the universal hardness HU on the relative
indentation depth (maximum indentation depth /___to film
thickness 7, ratio)

the maximum indentation depth /2__ to film thickness #, ratio) for
films prepared in continuous and pulsed (7 .= 0.5 and 15 ms) mode
are compared. The films exhibited surprisingly high universal hard-
ness in the range from 4.7 to 5.0 GPa compared to the fused silica
(HU +4.0GPa). This high hardness value may be explained pointing
out the fact, that the films exhibit high compressive stress, which
increased the resistance of the films against plastic deformation.
The existence of compressive stress in films was proven by wafer
curvature measurement carried out on the basis of interferential
Newton rings. In Figure 6 is shown that the compressive intrinsic
stress has decreasing tendency with increasing 7 ... This fact agrees
with the results of the hardness measurement. The universal hard-
ness as well as plastic hardness showed decreasing tendency with
the increasing T .. The hardness values corrected to the real contact
depth are summarized in Table 1. The differences in the elastic
modulus dependence on the relative indentation depth & were

T, (Ms)
4 6 8 10 12 14 16

® Newton's ring
N indentation test

Fig. 6 Dependence of the intrinsic stress on the off time T

negligible. The films were highly resistant against delamination. The
interfacial fracture began, when the indentation depth almost reached
the film/substrate interface. This fact may be illustrated using the
dependence of the differential hardness JL/dh* (L is the applied
load and h is the indentation depth) on /. The sudden jumps on the
curves in Figure 7 belong to the initiation of the interfacial fracture.
3D AFM images of the indentation prints in Figure 8 illustrate the
indentation response of the film prepared with T = 0.5 ms before
and after interfacial fracture. The buckling of the film around the
indentation print after interfacial fracture is due to compressive
stress. The compressive stress influences also the dimension and the
growth of the separated area at the film/substrate interface.

=
=]

Differential hardness [GPa]

0,4 I 0,6 0:3 I 1,0
Relative indentation depth (i, /t)
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Fig. 7 Examples of the differential hardness dependence on the
relative indentation depth for film prepared in continuous and pulsed
(T ;=15 ms) mode
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Fig. 8 Examples of 3D AFM images and profiles of the indentation
print before (top) and after interfacial fracture (bottom)

Table 1 Summarization of the results obtained using the depth sensing indentation test. H is the film hardness, E is the Young modulus,
Kint is the interfacial fracture toughness calculated using two different methods [E] and [F] and o is the estimated intrinsic stress.

T [ms] t.[um] H [GPa] E[GPa] [1\/11(133 [;1_5] [hl/flglé [IE(])'S] -0 [MPa]
0 1,180 12.5+0.5 80+3 1.3+0.1 0.88+0.12 146+30
0,5 1.289 11.7+£0.5 77+3 1.0£0.2 0.80+0.10 130+30
1 1.214 11.7+0.7 78+3 0.9+0.1 0.73+0.11 118+26
15 1.064 10.7+0.8 76+3 1.1+0.1 0.70+0.06 98+13
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The results of interferometry studies of intrinsic stress (Figure
6) confirmed our previous estimations based on indentation tests.
We estimated the internal stress and the interfacial fracture tough-
ness on the basis of the study of the interfacial fracture initiation
and growth (Figure 9).

7X10°[ T, =0ms
®  Experimental data
- Bx10°F 00000 Linear fit
u
& ,
S5E.
£ s5x10 [ + K, =(0.88 £0.12) MPam"*
n‘? s5iefk * o =- (146 +30) MPa
= * 0]
o 3x10°f
— r i
T 2a0’f S
£ vaof R
0 I 1 L 1 . 1 .

4,0x10” 5,0x10”

2({: m)O.S [mO 5

3,0x10”

Fig. 9 Illustration of the fracture toughness and internal stress esti-
mation from the relationship between the radius of the delaminated
area c and the indentation load L

The values of K, were found to be in the range from 0.70 to
0.88 MPam®3 with the first method and in the rage from 0.9 to
1.3 MPam®?® with the second method. The difference may be ex-
plained pointing out the fact that the first method is based on the
growth of the delaminated region with the applied load; the second
method was used immediately after achieving the critical load for
creation of an interfacial crack. The results obtained from the depth
sensing indentation test are summarized in Table 1.

4. CONCLUSION

The depth sensing indentation technique combined with AFM
studies was introduced as a very sensitive tool for characterization
of mechanical and tribological properties of thin films at nanometer
scale. Lateral differences in surface composition of CN,/SiO, films
were imaged and the graded and composite character of these films
was confirmed using modulated force mode of AFM.

The effect of deposition conditions on mechanical properties
of SiO, films deposited in a helicon reactor operated in inductive
continuous and pulsed mode was investigated. The higher hardness
achieved in continuous mode compared to the pulsed mode was
explained by the effect of higher compressive stress of 185MPa.
A decrease of the internal stress with off-time in case of constant
on-time was observed for films prepared in pulsed discharge using
both, interferometry and combined DSI and AFM tests.
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Z technické knihovny

Jiri Bajer: Mechanika 1 a 2, 1. vyd. Univerzita Palackého,
Olomouc, 2004. BroZovana 322 + 458 stran, cena 348,50 K¢
+ 473 K¢.

Osvédcenou vstupni branou do dspéSného studia fyziky je kla-
sickd mechanika. Proto je pfedmétem zdjmu vysokoskolského studia
fyziky hned v prvnich semestrech; jak se poslucha¢ naudi a jaky
vztah ziska k mechanice, tak bude pozdéji pristupovat k oborim
dalsim i k celé fyzice. Proto je tfeba pravé ji vénovat maximaln{
pozornost, ale také udélat vse pro ziskani intelektu i srdce nastupujici
generace. Tato recenze dvoudilné ,,Mechaniky* mladého univer-
zitntho profesora Univerzity Palackého v Olomouci, RNDr. Jiftho
Bajera, CSc., chce predevsim upozornit na fakt, Ze toto nové dilo
splituje vSechny uvedené pozadavky svrchovanym zptisobem, nebot
z kazdé stranky je patrnd jak mimotadnd matematickd erudice auto-
ra, tak hluboké filozofické a historické pojeti celé problematiky, coz
¢inf latku oproti tradi¢nim ucebnicim nejen velmi srozumitelnou,
ale i neotf'elou a zajimavou.

Prvni svazek obsahuje 1. Uvod do fyziky, kapitoly 2. Prostor, &as
a hmota, 3. Vektory a souradnice, 4. Kinematika, 5. Statika a 6. Dy-
namika hmotného bodu. Tématika druhého svazku je patrna z ndzvu
kapitol 7. Relativita pohybu a setrvacné sily, 8. Dynamika soustavy
hmotnych bodd, 9. Dynamika tuhého télesa, 10. Srazky a razy, 11.
Analytickd mechanika, 12. Uvod do astronomie, 13. Planety a mo-
dely kosmu, 14. Gravitace. Na uvedené svazky v budoucnu navize
Mechanika 3, jeZ mé pokryvat mechaniku kontinua a nauku o vinéni
s akustikou. Z celého dila je patrné zcela nové pojeti fyzika, znalého
vsech soucasnych problémt moderni fyziky, coZ ¢ini z knihy pozoru-
hodnou véc i pro ucitele stfednich a vysokych skol, ktefi maji co Cinit
s fyzikou. V zavéru celého dila bych pak doporucoval pfipojit seznam
literatury, pfipadné i seznam nékolika ,,pismenkovych* korektur.
Zavér: skoda, Ze jsem nemél tuto knihu v dobé svych studii
pred pul stoletim a Stastni ti, ktef{ ji jiZ dnes maji.

RNDr. Viadimir Malisek, CSc.

K dostani napt. v Prodejné skript a u¢ebnic VUP, Biskupské ndmésti 1, 771 11 Olomouc, e-mail: prodejna@vupnw.upol.cz,

fax: 585 631 786, tel.: 585 631 783.
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Scanning thermal microscopy — theory and applications

In this article the theoretical background and some results of the scanning thermal microscopy analysis
of artifical structures are presented. It is shown that at the absence of surface roughness the SThM
can be used to obtain reliable material contrast images both in temperature and conductivity contrast
mode. However, roughness and other topographical features can influence the thermal data in a strong
way. It is illustrated that this effect can be partially removed by using neural network approach for
modelling the thermal signal using the topography data. The illustration of this approach is presented
in the analysis of geometry of the examples selected in this article.

INTRODUCTION

During last twenty years scanning probe microscopy (SPM)
has become one of the widely used and developed methods for
characterizing surface structure of solid materials. Between its many
extensions and modifications the scanning thermal microscopy
(SThM) was found to be a very promising method for studying the
properties of surfaces formed by more different materials [1-3].

Scanning thermal microscopy is a technique very similar to atomic
force microscopy (AFM). The feedback and probe movement mecha-
nism is exactly the same as in AFM. SThM also produces within each
measurement the topography AFM data. Moreover, in SThM the tip is
formed by an element that can detect local temperature at the surface.
Moreover, SThM tip can also be employed for local heating the surface
and therefore it is possible to detect a signal that is proportional to
local thermal conductivity of the material of the sample.

The interpretation of signals corresponding to thermal proper-
ties of sample is very often complicated by the fact that finite size
of SThM tip influences not only the topography itself (which is
known as ,,tip convolution*) but also the other physical quantities
studied and this influence is often even much stronger than the tip
influence on topography data. This is the reason why most of the
interesting applications of the scanning thermal microscopy are
related with perfectly flat surface and interface systems. However,
as the real samples are very often rough there is a strong need for
correcting the topography artefacts from SThM data.

In this article results concerning SThM studies of different
artificial structures are presented. It is shown that the reliability of
the results strongly depends on the surface morphology, namely
in presence of surface roughness. Results of topography effect
removal from scanning thermal microscopy (SThM) using method
developed by Price [4] will be shown too. It is namely found that
in many cases this method can be effectively used to improve the
SThM data. This statements is especially true in the cases when
surface roughness properties are homogeneous over the sample.

SAMPLE PREPARATION AND EXPERIMENTAL
ARRANGEMENT

For all the SThM measurements the atomic force microscope
Explorer (Thermomicroscopes) with SThM extension was used.
Standard Wollaston wire (5 micrometers diameter) thermal probes
were employed for thermal measurements. Both temperature and
conductivity contrast mode was used for all the measurements
within this work.

In the temperature contrast mode, the thermal probe is used as
resistance thermometer. Changes in the probe temperature cause the
probe’s resistance to change. The thermal probe is one of the legs of

a Wheatstone bridge. A constant current passes through the bridge.
As the temperature of the probe changes, the corresponding change
in probe resistance changes the voltage balance of the bridge. In
this way it is possible to acquire information that is related to local
temperature at the area of probe.

In the conductivity contrast mode, the resistive element of the
thermal probe is used as a resistive heater. As in the temperature
contrast mode it is one of the legs of a Wheatstone bridge, however,
in this case self-heating of the probe is desired. In the conductivity
contrast mode, the control circuit uses a feedback loop to adjust the
voltage applied to the bridge in order to keep the probe at constant
temperature. This mode can be therefore used for measuring local
changes in thermal conductivity or thermal capacitance of the area
that is in contact with probe.

In this article we have used three kinds of artificial structures
used in microelectronics and solar cell industry. First of all we have
studied microchip surface in three different stages of process of its
creation. Note that all the described stages of the chip processing
were measured on one concrete silicon wafer. This was enabled by
fact that different size of masks used in technology of microchip
creation caused differently processed areas to appear at the wafer
edge. There were three stages identified on the wafer and these sta-
ges obviously corresponding to these technological operations:

1. creation of patterned SiO, structure
2. coverage by aluminium layer
3. patterned etching of aluminium layer

The microchip surfaces were also measured using scanning
electron microscope Jeol JSM-6460 with Oxford Instruments
energy dispersive analyser INCA Energy.

Second we have studied metallic contacts on back side of p-
-i-n solar cell. Solar cells were deposited by RF glow discharge in
ARCAM reactor [5]. The back side electrode which consists of few
nanometers of Cr layer deposited on silicon was studied.

Finally, we have studied surface of gas analysis sensor. Its
surface is formed by pattern of platinum electrodes. Moreover,
the sample can be heated itself by using resistance heating that is
located at the back side of the sample.

DATA PROCESSING

Neural networks (NN) were applied to many physical and
data processing applications in past years [6,7]. Neural network
approach to data analysis and modelling is very effective especially
in the applications where physical relations are too complex for
analytical solution, however, in large sets of inputs and outputs
representing these relations can be measured experimentally. The
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problem of topography effect removal from thermal data in SThM

has exactly these properties as both the tip and surface geometry

is generally unknown and the relation between apparent surface
conductivity, tip-sample thermal conductivity and surface geometry
is very complex.

Neural network is usually formed by set of input and output
nodes that are interconnected and multiplied by weights (small
real numbers). Simplest neural network (with no hidden layer)
would thus output only a weighted sum of inputs. The analytical
capability of such oversimplified neural network would be rather
poor therefore one or more sets of hidden nodes (interconnected
with input and output nodes) are usually added into the network.
The crucial point of neural network use is setting the weights of
the nodes. This is usually done in a iterative training process that
uses known sets of inputs and outputs and adjusts the weights to
optimize neural network performance.

Within the topography effects removal we have used simple fe-
edforward neural network trained with backpropagation algorithm.
The network had input layer consisting of 16 height differences
corresponding to characterization of the closest neighbourhood of
certain point in the topography image, one hidden layer of typically
10-15 neurons and output layer represening the modeled thermal
output value. The network was trained using several sets of images
representing thermally homogeneous material (with topography ar-
tefacts only) to simulate the topographic artefacts in a good way.

To process the SThM data we applied following steps within
the measurement:

Set of SThM and topography images was measured on part
of surface of uniform material (usually at the same sample where
material is homogeneous). Measured surface was chosen to have
roughness with similar statistical properties as the roughness at the
area of interest has.

1. Neural network was trained to produce thermal data output from
the topography measurement descibed above.

2. SThM and topography image was measured at the area of interest
producing thermal data that are highly influenced by tip/sample
local geometry.

3. Neural network was used to simulate thermal signal from the
topography image of area of interest. The simulated signal was
subtracted from measured SThM signal.

It was found that for radomly rough surfaces even one image
of homogeneous material was enough to train the neural network
properly. However, for patterned structures several more images
were necessary for the training step.

RESULTS AND DISCUSSION

In Fig. I the AFM/SThM images of gas analyzer at temperature
of 100°C are presented. The SThM data were measured in tempera-
ture contrast mode. It can be seen that the higher areas correspon-
ding to platinum electrodes exhibit slightly higher temperature
than the ceramics areas. This can be explained by higher radiation
losses of the ceramics comparing to platinum at high temperatures
leading to lower temperature near ceramics surface.
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Fig. 1 topography (left) and temperature contrast image (right)
of gas analyzer surface at temperature of 100 “C

In Fig. 2 the SThM results measured at the same sample area
for three different sample temperatures are presented. Ceramics is
always the part in the middle of the image. It can be seen that the
thermal signal for room temperature (where temperature should
be same for whole surface) is higher at the ceramics part of the
sample. For temperature slightly above room temperature the
sample behaves homogeneous. Both the facts can be explained by
the effect of self-heating probe by the measuring current and laser
optical closed loop system and different thermal conductivity of
both the materials.

Fig. 2 a) temperature contrast image of gas analyzer surface at the
same point corresponding to temperature (0 mA), 30 °C (30 mA)
and 100 °C (120 mA)

In Fig. 3 the AFM/SThM image of microchip surface after
technological stage of creation of patterned SiO, layer is presented.
The image is accompanied by microprobe analysis of the same
part of surface (see Fig. 4). We can clearly see that the areas where
SiO, is deposited have lower thermal conductivity than the silicon
areas. We can also see several topography related artefacts at the
material borders, however, the rest of images is free of defects. It
is therefore clear that SThM can be effectively utilized for material
contrast imaging on surfaces having flat boundaries.
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Fig. 3 a) topography image of microchip surface in stage 1
(see text), b) local conductivity contrast image
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Fig. 4 a) SEM image of microchip surface in stage 1 (see text)
with plotted profiles used for microanalysis and superimposed
microanalysis graph, b) microanalysis graph showing chemical
composition of sample across the plotted profile
(gray line — silicon, black line - oxygen)
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In Fig. 5 the image of the microchip surface after next stage of
technological process, i.e. aluminium deposition, is shown. We can
see that the roughness of the aluminium layer leads to large topo-
graphy related artefacts within the thermal data. The microprobe
analysis, however, shows that the surface material is homogeneous
from the chemical point of view. This homogeneity can be evidently
seen at the thermal image.
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Fig. 5 a) topography image of microchip surface in stage 2
(see text), b) local conductivity contrast image

In Fig. 6 the last studied stage is presented. Here some parts of
aluminium were etched to form metallic contact between different
parts of microchip surface. We can see that there are several topo-
graphy artefacts both in the aluminium surface and all the material
boundaries. Moreover, we can see that the aluminium surface
seems to have lower thermal conductivity than that expected. We
suppose that this effect is mostly caused by the fact that the thermal
conductivity of contact between probe and sample depends highly
on surface roughness. Measured thermal conductivity of randomly
rough aluminium surface is therefore smaller than measured thermal
conductivity of perfectly flat silicon or silicon dioxide. Relative
thermal conductivities of these kinds of materials are therefore
uncomparable in this case.
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Fig. 6 a) topography image of microchip surface in stage 3
(see text), b) local conductivity contrast image

In Fig. 7a, b the topography and SThM image of solar cell
electrode is presented. It is seen that in this case the topography
artefacts related to surface roughness highly influence the thermal
image. In Fig. 7c the thermal image corrected using neural network
method is presented. It is apparent that the topography influence is
highly reduced and the electrode can be clearly seen.

Fig. 7 a) topography image of solar cell contact boundary
b) local conductivity contrast image, c) corrected conductivity
contrast image

CONCLUSION

In this article the results of scanning thermal microscopy analy-
sis of different surface structures were presented. Both temperature
contrast and conductivity contrast modes were used.

It was found that the material contrast images could be cor-
rupted by the topography artefacts, namely in the case that the
junction conditions between tip and sample is varying. In the case
that the surface topography is relatively homogeneous (e. g. for
the randomly rough surface) it is possible to remove this effect in
a sufficient way by using neural network approach. However, for
surfaces with largely varying both material and topography pro-
perties this correction can be more complicated and would need
much larger number of measurements in order to train the neural
network properly.
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Biological applications of AFM Explorer — our experiences

This paper reviews some applications of Atomic Force Microscopy (AFM) in biology, mainly from
AFM laboratory of Department Experimental Physics using AFM Explorer. We discuss the differences
between AFM and electron microscopy and practical limits to using AFM in biology. Topographical
and non-topographical studies are reviewed, but we concentrate first of all on topographical studies.
In topographical studies, results on molecules, cells or tissues can provide high-resolution images, and
allow structural changes to be observed over time. The continuous development of new applications
in AFM shows that it is a rapidly maturing technology, which still holds large potential for biological
research in the future, specifically in medicine.

1. INTRODUCTION

Atomic Force Microscopy (AFM) is proving to be a powerful
tool for biologists due to its ability to produce high-resolution
images of a wide variety of biological samples at near-native
conditions and to measure nanoNewton forces. Now AFM is
providing scientific results in biology. The data being produced is
often unique, in large part due to the AFM’s ability to operate in
a near-native, liquid environment.

Principles and techniques of AFM are well known. A sharp
tip is scanned across the sample surface. This tip is attached to
a very flexible cantilever and the interactions between the tip
and the sample induce the cantilever to deflect. To detect the
cantilever motions most commercial AFMs use an optical lever
detection system. In this system, a laser beam is focused on the
back of the cantilever. The reflected beam is directed to a position
sensitive photodetector. Motion of the cantilever is translated into
a motion of the laser spot on the diode. This is in turn converted
to an electrical signal. During the scan, a feedback loop is used
to control the deflection of the cantilever. When the cantilever
deflects in response to interactions with the sample, the feedback
loop responds by changing the z position (height) of the sample
to bring the deflection back to the “setpoint”. Commonly, the z-
-feedback signal is converted into a three dimensional topographic
image of the surface by the software. This principle corresponds
to “contact mode”, in which a constant cantilever deflection is
maintained. This is the most commonly used technique by AFM
users. However, biologists are most often using “tapping mode”
to obtain images.

In biology, the samples studied by the AFM are typically soft
and fragile compared to other materials. It is also often difficult to
immobilize these samples tightly on a surface without damaging
them or changing their structure. For these reasons, contact mode
is often not the best technique. The lateral forces applied on the
sample with the tip can perturb the sample, or even damage it. One
solution to this problem was the invention of tapping mode, where
the tip is oscillating while scanning the surface.

The tip is intermittently touching the surface and the contact
time is too short for the vertical forces to exert as much of an effect
as in contact mode. Lateral forces are also significantly decreased.
This technique is less subject to drift problems. The feed-back
loop of the microscope controls the amplitude of the cantilever
oscillations. To oscillate the probe, most microscopes use a piezo-
-ceramic, which can be inserted inside the cantilever holder or just
underneath the cantilever. Although tapping mode requires a slower
scan rate, it does allow for more biological samples to be imaged.
Fig. 1 shows comparison of image of endothelial cells in contact
(a) and tapping (b) modes.

Fig. 1 Endothelial cells, a) contact mode, b) tapping mode

2. EXPERIMENTAL SYSTEM

AFM Explorer with liquid scanners provides biologist’s familiar
environment for AFM work by integrating the AFM with standard
inverted optical microscopes. Because optical microscopes views
the sample from underneath, manipulating samples and aligning
the AFM probe over structures of interests is easy and convenient.
We are using setup, which is illustrated on Fig. 2. Two used liquid
scanners are shown on Fig. 3.

Fig. 2 AFM Explorer on the preparation table of inverted light
microscope Olympus IX 70

330

JMI©® 11-12/2005



a b

Fig. 3 Cross scanner (a — scan range 100 um) and tube scanner
(b — scan range 2 um)

3. ADVANTAGES OF ATOMIC FORCE MICROSCOPY
OVER ELECTRON MICROSCOPY AND LIMITS OF AFM

EM is a widely used technique, which is well known by all
biologists. To understand AFM, it can be useful to compare these
two techniques, even if they are completely different and should
only be considered as complementary.

Almost all AFM techniques useful for biologists can be perfor-
med in liquid. This is a major advantage of AFM, which can image
“living” samples and avoid artefacts resulting from dehydration.
The development of environmental EM still does not allow to image
samples in completely wet conditions. It is possible with AFM to
regulate the atmospheric conditions when not working in liquid,
such as the humidity level, or working under a gas of choice. The
temperature can also be controlled, in order to preserve living
samples or to study the effect of temperature on a sample.

AFM is relatively non-destructive. Samples can be imaged
repeatedly. For instance, a cell culture can be observed over time
to study the action of a drug. This is also true because the sample
preparation for AFM imaging is less drastic than for EM. In particu-
lar, samples do not need to be frozen, coated with a carbon/platinum
film or stained for better contrast.

AFM provides real topographic images of the sample surfaces
in three dimensions, with a vertical resolution as small as 1 nm.
Besides providing topographic data, AFM can also bring other
information such as mechanical properties of the samples.

AFM can be coupled to other techniques such as fluorescence
microscopy and other optical techniques, in order to simultaneously
obtain different types of information on the samples. Finally, from
a practical point of view, AFM is a small instrument, which does
not require as much space as an EM, and does not include the
troublesome maintenance of a vacuum system.

Limits of AFM in Biology

One big issue for biologists who are using an AFM is to
immobilize their samples on a surface. Very often this surface is
mica because it is atomically flat, clean when just cleaved, and its
composition and structure are well known. Some samples do not
spontaneously adhere. For example, to bind DNA molecules onto
a mica surface, since both entities are negatively charged, cations
can be added to the buffers, which can make a “bridge” between
the molecules and the mica. To image proteins, it is usually better
to use a pH buffer lower than the isoelectric pH of the proteins, in
order to create more positive charges at the surface of the proteins
and to promote their binding to the negative charges on mica.

Using other surfaces is sometimes necessary. Silanization of
mica is a good way to create positive charges on surfaces. Other
possible supports are silicon or gold. Gold is especially interesting
because it is possible to covalently bind proteins, or “linkers” like
PEG polymers on it, via thiol groups. This is a way of producing
functionalized surfaces to perform specific recognition between
molecules.

The vertical range in AFM can be a limit for researchers who
are working on tall samples like cells. Tip contamination is often
problematic, as biological samples can easily detach from the sup-
ports (in the case of proteins for example). “Debris” coming from
the samples themselves can contaminate the tips. There are different
ways to clean a tip of organic contaminants before using it, but there
is no good way to avoid tip contamination. The interaction between
a soft sample and the tip is also difficult to understand and it is not
always clear to decide how much the tip is perturbing the sample.
The interpretation of the data must be done carefully. It is essential
to always take into account any possible compression or distortion
of the sample due to the forces applied by the tip.

4. AFM AS AN IMAGING TECHNIQUE IN BIOLOGY
Applications of AFM in life sciences are very broad. Studies
extend from single molecules to tissues, in all domains of research
and medicine, including material sciences and biomaterials. AFM
is used as a microscope to obtain images of the sample surfaces.
It is also utilized to assess mechanical properties of molecules and
surfaces. Samples can be stationary, but they may also be “in mo-
tion” on a support, as is the case for crystal growth or living cells.
We are proposing here a review of studies performed in the life
sciences with concentration to results from AFM Explorer.

4.1 Molecules - Nucleic acids

AFM has been used to visualize a large variety of isolated
molecules, mainly proteins and DNA molecules. Tapping mode
in liquid has been a major improvement and has allowed for an
increase in the resolution.

DNA molecules were among the first bio molecules studied
with AFM. DNA is an important molecule in biology, the structure
has been determined by other techniques, molecules are relatively
strong (compared to proteins for example) and all kind of different
molecules are commercially available. Researchers discovered
relatively early that DNA molecules (which are negatively char-
ged) will adhere to a mica surface (negatively charged as well)
by adding cations (Ni**, Mg?") to buffer solutions. Fig. 4 shows
DNA plasmid pRW 3822, imaged on “liquid APTES” modified
mica surface.

Fig.4 3D and 2D view of DNA pRW 3822

Chromosomes have also been extensively studied with AFM
(human, plant). Chromosomes are used for genetic studies, but
most of the current techniques are optical and require staining.
The hope is to utilize AFM in order to improve the resolution and
understand chromosome structures, and ultimately to use these data
for medical diagnosis.

4.2 Molecules - proteins

Alarge number of proteins have been imaged, in air or in liquid,
at ambient temperature: collagen molecules, lysozyme, ferritin,
antibodies, proteasome, albumin, myosin, actin, fibrinogen, etc.
In general, proteins are deposited from a solution onto a support,
typically mica. The incubation time is about half an hour, but can
extend up to 24 hours.
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4.3 Biopolymers — contact lenses

AFM is a very interesting tool to image biopolymers. Cur-
rently, one of the most popular contact lenses has a water content
of 58% (pHEMA). When used as contact lenses, the tendency of
pHEMA-based hydrogels to undergo surface desiccation during
wear can lead to a decline in ocular comfort. This situation may be
exacerbated in cases where dry eye symptoms are prevalent due to
accelerated tear film evaporation or diminished tear production.

AFM experiments have been performed to characterize the
properties of polymer/liquid and polymer/polymer interfaces,
focusing on hydrogel materials. A method was developed to study
the surface properties of hydro gel contact lens materials at various
hydration conditions. Fig. 5 compares desiccation of contact lens
(a) and well imaged surface of pHEMA contact lens.
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Fig. 5 Surface of pHEMA contact lens — a) desiccation,
b) true imaged surface (scan range 20 pym)

4.4 Membranes

Cell membranes or nuclear membranes can be isolated and de-
posited on mica to be observed with AFM. AFM was able to detect
pores on the cytoplasmic face of cell membranes. The action of drugs,
ions, hormones or radiation on membranes can also be visualized.

4.5 Cells

AFM can provide data on the structure of cells that are adherent
to a surface, in particular their cytoskeleton and submembraneous
structures. Dried or fixed cells have been imaged in air and informa-
tion about the sub cellular structures has been obtained. To be imaged
under liquid, cells need to be bound to a substrate. In most cases,
cells in culture are adherent sufficiently on the Petri dishes. Adding
molecules like collagen, poly-L-lysine, entactin, laminin, etc. also
promotes the adhesion of cells onto the Petri dish. Red blood cells can
be imaged easily in air, but tend to desorption from their support in
liquid. As well as animal cells, plant cells and their submembraneous
structures can be imaged. Fig. 6 shows isolated cell of algae.

Fig. 6 Isolated cell of algae

4.6 Tissues

Tissues are in general difficult to image with AFM. They are
often very soft and rough, and any fibrillar structure, such as nerve
tissue or extracellular matrix, can trap the tip.

Harder tissues can be studied with AFM with less complicated
preparation. AFM is providing important information on dental
tissues. AFM is very suitable to study hair structure. Hair can be
immobilized onto a surface covered with epoxy resin and imaged
under liquid. The action of hair care products was observed, as
well as morphological changes that happened under atmospheres
of defined humidity. Plant tissues, although very rough, have the
advantage of being relatively hard.

Sealing of the open dentinal tubules by laser radiation have been
studied in our laboratory. Dentin as a basic matter of a human tooth
is formed from an inorganic hydroxyapatite from approximate 70 %.
About 20 % volume consists of organic materials (mostly collagen
fibre) and remaining 10 % is water. Inside the dentine are dentinal tu-
bules with aperture ranging from 10 nm to 3 um, see Fig. 7a and b.

Fig. 7 Dentin surface (a —scan 100 pm, b — scan 5 um)

The openings of dentinal tubules on the surface are normally
covered by enamel or cementum. However, these protective lay-
ers can be lost under certain condition and then a fluid flow along
these open tubules caused by mechanical, chemical or thermal
stimuli can result in uncomfortable pain. One of the possibilities
how to remove this problem is to melt a dentine surface using laser
radiation, see Fig. 8.

Fig. 8 Closing of dentinal tubules by laser radiation with dose
200 mJ/puls. (Scan range 100 um)

5. AFM AS A NON-IMAGING TECHNIQUE

AFM is more than a microscope that provides topographical
data about samples. In ,,force mode”, the movements of the AFM
cantilever can be used to measure forces. A wide range of appli-
cations includes measuring intra- and inter-molecular forces, and
measuring viscoelastic properties of the samples. The cantilever
can also sense the motions of samples, which is interesting to detect
molecular or cellular motions in a very unique way.
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During the retraction part of a force curve could be measured
unbinding forces. To perform these experiments a functionalized
(ligand) tip is approached to a coated (receptor) surface. The can-
tilever deflection corresponding to the adhesion in the force curve
is directly related to the unbinding force.

Researchers are also exploring the area of intermolecular forces.
Some authors have unfolded a long muscular protein (titin), by
attaching one end to a gold surface, and pulling on the other end of
the molecule with a cantilever. The force curves typically showed
periodic sawtooth-like peaks (Fig. 9). Each peak was attributed to the
unravelling of an individual globular domain in the titin molecule.

Fig. 9 The principle of the intermolecular forces measurement

Mapping the functional groups on a surface is also possible with
this type of force measurements. In this case, a functionalized tip
can detect adhesion and frictional forces on organic surfaces.

Mechanical properties of the samples

When the AFM tip is pushing against a surface during a “force
curve” cycle, the indentation depth of the tip in the surface relates
to the vertical force and depends on the mechanical properties of
the surface. In biology, researchers are using this method to quan-
tify the viscoelastic properties of samples like living cells. But
an important issue in biology is to determine the point of contact
between the tip and a soft sample.

Molecular and cellular motions

The AFM probe can also be positioned over the surface of
amolecule or a cell. By recording the movements of the cantilever,
the spontaneous motion (or natural fluctuations) of the sample
can be detected. A few authors have used this technique to detect
the activity of lysozyme molecules, the motion of urease, IgG,
microtubules and the activity of potassium channels. Recently,
some authors also used this technique to probe the pulses of cardi-
omyocytes. They recorded the different amplitudes and frequencies
for each membrane contraction depending upon the location of the
tip over the cells.

6. CONCLUSION

AFM brings unique data to the biologists, especially because it
is working in liquid, with a high resolution, on “native” samples.
From molecule to tissue studies, from high-resolution imaging to
force measurements, the data are always in constant progress. AFM
images show a lateral resolution of less than 1 nm and movies of
dynamics events can be recorded in real-time.

Progress in the results will come from better probes, like sin-
gle-wall carbon nanotubes tips, or sharper tips. Improvements will
also come from better sample preparations, which are still often
unknown or insufficient. Finally, the limits of AFM in biology are
becoming clearer, which helps researchers in defining and reaching
their goals.
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nanoDA C Deformation Measurements Utilizing

Load State Micrographs

The authors present a digital image correlation (DIC) tool, which allows to measure deformation fields
on micro and nano system components under thermal and/or mechanical impact. Load state micrographs
are used to extract displacement and strain fields. An earlier developed DIC concept for that purpose
has been extended from SEM to AFM imaging. As a consequence ultimate measurement resolution
can be achieved by AFM imaging. The application of DIC techniques on AFM base is illustrated for
the investigation of thermal deformations on microsystem structures as well as for the evaluation of
microcracks from crack opening displacements.

Keywords: DIC, strain measurement, microsystem, AFM

1. INTRODUCTION

Recent advances in micro and nanotechnology, as well as the
development of new electronics, MEMS and sensor devices, have
led to a strong need in material and mechanical component charac-
terization on micro and even nano scale. Through it measurement of
strains and stresses are a key issue for mechanical characterization
and property determination. Different methods have been develo-
ped in the past, among them build-in stress sensors [1,2], Moiré
techniques [3], strain measurement by digital image correlation
(DIC) methods [4], Raman spectroscopy for stress analysis [5] and
interferometric tools [6] are involved. New developments have led
to a significant downscaling of measurement resolution, so making
use of higher resolution imaging for DIC [7,8] or Moiré [9].

In order to meet future demands of micro and nanotechnology
the DIC method [4] has been extended by the authors to Scanning
Force Microscopy (SFM). This allows significantly to downscale
spatial and displacement measurement resolution. Now deformation
fields can be analyzed with nanoscale spatial resolution, which
makes possible to investigate nanoscale structured components.
This feature is demonstrated by the analysis of microcracks and
the determination of fracture mechanics parameters from crack tip
opening fields obtained from AFM scans. Furthermore, thermally
induced deformations an a sensor membrane have been studied
utilizing AFM scans under thermal conditions.

2. DEFORMATION FIELD MEASUREMENTS USING
SFM LOAD STATE IMAGES

DIC deformation measurements on microscopic objects have
been established at the Fraunhofer IZM as microDAC (micro
Deformation Analysis by means of Correlation Techniques) and
were described in many publications, e.g. in [4,10]. The method
has been applied mainly by using SEM and optical microscope
images. Within the last two years this method has been extended
to nanoscopic imaging equipment [11,12].

The new nanoDAC approach just as microDAC bases on cross
correlation analysis on common 8bit bitmaps provided from diffe-
rent type of Scanning Force Microscope (SFM) scans. Most of these
images picked up by SFM’s exhibit very local natural pattern. In
many cases these unique pattern maintain during load and can be
recognized by image processing algorithms after load. Cross corre-
lation analysis is an appropriate tool to extract incremental in-plane
displacement values of such local object structures. Performing
the analysis over a whole dense set of pattern, displacement fields
are determined within the SFM scan area. This image processing
allows to measure displacements even with subpixel accuracy. L.e.
in terms of image pixels the displacement measurement method is

more accurate than the imaging itself. Considering the principally
high sensitivity of non contact SFM scanning, at least for almost
all cases local object structures can be provided, which are suf-
ficient for correlation analysis. Moreover, real 3D displacement
and deformation measurements can be undertaken on nanoscopic
object sizes, if in-plane displacement fields and differential surface
profiles are extracted from the same topography scans.

In comparison with former measurements treating optical or
SEM micrographs some initial difficulties had to be overcome,
which correspond to the extreme magnification and stability requi-
rements in SFM equipment. This concerns the stability and repro-
ducibility of the AFM image scan itself, as well as to the extreme
stability of the object needed over the image capture interval. The
first problem implies an appropriate choice of AFM equipment
with sufficient scanner stability, but also a high level of vibration
and acoustic isolation of the AFM equipment. The second problem
must be solved by a respective design of the loading stages and
procedures, which allow to freeze load states for at least the neces-
sary scan time. An alternative can be the compensation of object
drifts by their permanent monitoring and subsequent numerical
elimination from displacement fields.

Measurement resolution for in-plane displacement compo-
nents equals

5uw = (lx,y/mx,y) k 1)

where [ is the scan length (absolute values) in x and y in-plane
directions. m__is the amount of image pixels along /  and k stands
for the subpixel resolution of the correlation algorithms applied.
Extended tests have shown that subpixel accuracy equal or less
than 0.1 is feasible for moderate scan sizes (2 ... 10 ym) with non
contact topography and phase detection modes of commercial AFM
equipment. Consequently, a displacement resolution less than 1 nm
can be achieved with the method by using 256 x 256 pixel scans.

3. DEFORMATIONS MEASUREMENTS ON A MICRO
SENSOR MEMBRANE

Thin layers used in sensor and MEMS technology undergo local
stresses remote from elastic material behavior, where permanent
device alterations are feared after each load cycle. Nowadays, re-
sponses of submicron and nanomaterials to applied external loads
from temperature, vibrations, or chemical agents are not well un-
derstood. The same is true for actual failure mechanism and damage
behavior. Moreover, quite often those structures escape from simple
continuum mechanics and failure modeling and from respective
numerical simulation, because material properties on micro and
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nano scale are not yet known or described in available databases.
Furthermore, they may change over exploitation time. Due to this
facts efforts have to be made to gain a better understanding of the
material responses in submicron and nano regions [12,13].

Fig. 1 Left side: microscopic image of a flow and gas sensor mem-
brane, overall membrane thickness: approx. 2 pum, field of view:
approx. 500 um; right side: SEM topography scan of the gas sensor
depicting the Pt layer on top of the SiO, membrane and part of the
Poly-Si heater embedded, Source: [14]

This section refers to an AFM based deformation analysis on
a gas sensor membrane. Sensors with local temperature regulation
such as the gas sensor shown in Fig. / are usually thermally loaded
with rapid and frequent change in temperature. This thermal cycling
and the temperature gradients over the structure imply thermal
stresses and may cause failure of the component [14] (see also
Fig. 2). In the operation mode of the gas sensors thermal stresses
are induced due to the activated PolySi microheater.

Fig. 2 SFM topography scan of membrane layers after tempering
at 450 °C, Pt electrode destruction at edge and corners

Vertical displacement

18 nm
13 nm
8 nm
3nm
-2 nm
-7 nm

Fig. 3 Residual sensor deformation after a heat cycle (SFM based
deformation measurement), 3D plot shows part of the membrane la-
yer profile, the coloring (gray scale) indicates the remaining vertical

deformation after a heat cycle

With in-situ SFM measurements on this microsystem material
deformations resulting from mismatch of material properties have
been investigated. The height information of the SFM topography
images before and after loading is analyzed for evaluation of mo-
vements or deformations in the z-direction. In-situ measurements
of thermal deformations by AFM on the top of the sensor mem-
brane have revealed a high value of remaining deformations even
after a single heat cycle (25 to 100 °C). Inelastic strains remain
after cooling down to room temperature (Fig. 3). They can be the
reason for more severe layer deterioration, if higher temperature
pitch is applied.

Fig. 4 shows the in-plane displacement field achieved by means
of DIC analysis from the comparison of two SFM scans (from the
same part of the membrane as in Fig. 3). It can be seen that the
platinum electrode expands towards the uncoated SiO, membrane
base. Obviously this is due to the significantly larger CTE value
of Pt in comparison with SiO,.

displ. u [nm]
— —>

10 20

Fig. 4 Displacement vectors determined by a nanoDAC measure-
ment, deformation caused for heating up the membrane from room
temperature to 100 C (upper bright material: Pt on top of SiO,, lower
dark material: SiO,)

4. MICROCRACK EVALUATION FROM CRACK TIP
OPENING DISPLACEMENTS

Tiny defects or cracks present in micro electronics compo-
nents can lead to severe crack propagation and complete failure if
electronic devices are stressed. Because of intrinsic stress sources,
like e.g. thermal material mismatches, also the change of environ-
mental conditions (temperature, pressure, mechanical vibrations)
can initiate fatal crack propagation. Experimental crack detection
can be a crucial issue having in mind original crack sizes of about
some micrometer. These cracks will open under subcritical load
only some tens of nanometers or even less. Their detection is
possible by nanoDAC displacement measurements. Fig. 5 shows
as an estimation made by Finite Element Simulation for a typical
case. The crack opening displacement of the microcrack in a chip
passivation layer is as small as 20 nm for the critical load of the die
bending. Fig. 6 shows an example of potential initial cracks, which
are introduced in Si chip edges after wafer dicing.

Furthermore, the determination of real crack load in stressed
components or devices can be a tough job, if ample data on ma-
terial laws and properties required for Finite Element Analysis
is uncertain. In this case it could be easier to determine fracture
parameters form crack opening displacements, where material data
is needed only for the adjacent to the crack materials. Taking into
consideration the mentioned problems, attempts have been made
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to measure parameters of simple fracture criteria like, e.g., stress
intensity factors. The results are described below in more detail.
nanoDAC measurements of stress intensity factors are accom-

plished under the following assumptions, which have been made:

e linear Elastic Fracture Mechanics (LEFM) can be applied within
the measurement area and for the applied loads,

* the specimen consists of homogeneous material,

e mode I and II mixing is allowed loading the component /
specimen,

e the crack is parallel to the horizontal x-axis.

crack length: 22 pm

Si0, layer

w77

Al Iines/ b TR
-

7
o microcrack

- Si die with passivation and metal lines E

- bending within the Si strength limit E

- max. erack opening displacement: 20 nm H :
-

Fig. 5 Finite Element Simulation for a microcrack opening,
crack location inside a chip passivation layer

Fig. 6 Example of initial cracks occurring after wafer dicing
at die edges

In order to determine the mode I stress intensity factor crack
opening displacements « " and u ' have been measured along both
the upper and lower crack boundaries. If determined by LEFM they
must equal to the values of Table 1.

In formula (2) E is the Young’s modulus, v the Poisson ratio, K|
the stress intensity factor and k a function of elastic material proper-
ties, somewhat different for plane stress or plane strain state. Taking
the square of the difference of upper and lower displacements we
obtain a linear function of the x-coordinate or 0, in dependence, at
which side of the crack tip we are:

uu_ul 2
[MJ =Cx x<0

=0 x>0

3

Expression (3) does not change if specimen rotation due to load
is included into the consideration. In this case equal rotational terms
are subtracted from each other. For the formula above, the crack tip
is set at position x = 0. The crack tip position on the real specimen
can be found from the interception of a linear fit of the curve Cx
with the x-coordinate axis. The incline C allows to estimate the stress
intensity factor K, which is a measure of the crack tip load.

E 1
K,=———2nC )
1+vk+1

Examples of used AFM images captured under mechanical
load are given on Fig. 7.

Fig. 7 Examples of typical AFM scans with crack used for nano-
DAC analysis, right side: AFM image (size: 25 x 25 um?) with crack
boundary line (-~ ) and crack tip position determined from the
displacement fields (+)

Fig. 8 shows the ideal (theoretical) and the measured u_ dis-
placement fields. Maximum crack opening in the measurement
area is about 20 nm only (at the area edge). The stress intensity
factor was estimated from the measured displacement field as
K, =0.0098 MPa m'"2. Comparing this value with the critical stress
intensity factor K. = 0.6 MPa m"? of the material, it should be
mentioned that the applied crack load was about 1/60 of the critical
value. The studied crack was characterized by a particular mode
mixitiy. The stress intensity factor K for mode II crack opening
has been also measured, but now making use of u_values (displa-
cements in crack direction) along the crack boundaries.

Table 1 Crack opening displacement in LEFM for infinite bulk material and mode I crack opening

K K
ut =20 i(k_”)’ u'=——~L /i(k+1) forx<0
Y 2u\2n o 2u\2m

w'=u'=0 forx>0 (2)
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Fig. 8. Displacement measurement from AFM images at the crack
tip position, displacement fields u, (component perpendicular to the
crack boundaries), a — theoretic field from LEFM analytical solution

for mode I crack opening, b — measured from AFM topography
scans (25 um x 25 pm image size)

Fig. 9 shows an example of determined incremental stress in-
tensity factors from crack opening displacements computed from
SFM images making use of formula (3) and (4).

stress intensity factor

K, = 0,189 MPam*2

crack tip

position

Fig. 9 Determination of stress intensity factors from crack tip
displacement fields, obtained by AFM imaging

Materialized fracture toughness values to a large extend depend
on the material damage mechanisms in the highly stressed, sub-
micron crack tip region. So nanoscale modified or filled composite
materials or nanoalloys are developed to improve thermo-mecha-
nical material properties. nanoDAC deformation measurements
are one tool giving access to phenomenological studies of material
damage behavior of this kind of materials.

5. CONCLUSIONS

It has been shown that DIC algorithms applied to AFM and FIB
load state images are a useful tool to measure deformation fields
in very local regions on microsystems. Examples as deformation
studies on microcracks and on thin sensor membranes illustrate
potentials for application.
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Shape effects and nanoindentation

The driving force for decreasing the impression dimensions in hardness tests is the need for accurate
measurement methods to determine mechanical properties of thin layers. Up to date nanoindentation
equipment and evaluation methods have made it possible to determine the mechanical properties using
impressions with dimensions well below the limit of 1 um. Roughness of the sample and pile-up and
sinking-in effects influence rather heavily the data have been measured. The combined application of
nanoindentation and atomic force microscopy (AFM) makes the study of these effects possible.

Keywords: Nanoindentation, Composite hardness, Young’s modulus, pile-up, thin film

INTRODUCTION

Along time ago hardness test was used as a test for purity, or as
an art of chemical analysis: the gold coins were tested for softness
by biting them, and minerals for hardness by scratching them. This
tests were based on the experience; that pure, original gold or silver
coins are soft, while the counterfeit alloyed ones are much harder.
Pure, more expensive minerals and gemstones are harder as a rule
of thumbs. This investigation inspired the development of the first
so called scientific hardness test, the Mohs scratching scale, ranging
from the soft talc to the hard diamond, first of all for controlling
the quality of gemstones.

Modern hardness test technique was developed around 1900
as a quick, inexpensive, quantitative materials testing method. The
procedure for this test method is as follows: at first-a hard indenter
body of standardised shape is pressed by a predefined load into the
sample, than this indenter is removed from the impression caused
by the loading and finally the size of the arisen crater is measured.
The hardness is equal to the so-called contact pressure, which is
the maximal load over the cross section or the projected area of the
relaxed indent crater. The load is a slowly lowered weight and the
contact area is determined by measuring optically the dimensions
of the indent’s impression.

With the development of instrumented hardness test the aim
of the test was shifted from determination of chemical or minera-
logical quality to easy measurement of mechanical properties. As
the thickness of the tested plates or coatings decreased in the past
decades, the technique has been changed for enabling measure-
ments with smaller and smaller loads and shallower and shallower
penetration depts. The first milestones of this development is the
development of micro-hardness test i.e. the combination of an
optical microscope with the hardness tester. The second milestone
the development of the nanoindentation method as a depth sensing
test technique. The driving force in this technical evolution was
the rule of thumb, which means, that the thickness of the measured
material should be at least 10 times thicker than the penetration
depth of the indenter.

The term of nanoindentation was not only used for the above
described procedure. An other group of scientist used this term for
describing a slightly different process, which now could be called
the bottom up route of the development of nanoindentation. As the
scanning tunneling microscope was developed in the early eighty’s
of the last century, the tip of this instrument was used for characte-
rizing the surface mechanical properties. At the very beginning the
tip crash into the sample was an avoidable malfunction of the control
system of the instrument, demaging both the tip and the sample.
However, later the tip crash and the imaging of the damaged area
was used to characterize the material displacement on this small
scale, and this process was also called as nanoindentation. The main
difference between these top down and bottom up developments is

that the depth sensing hardness test is a quantitative measurement
technique, while the tip crash nanoindentation is a qualitative
characterization method.

THE DEVELOPMENT OF NANOINDENTATION
METHOD

The first milestone in developing the nanoindentation techni-
que was a paper of Oliver’s group (1). A lot of instrumental and
indenter problems were discussed in it and it is pointing toward
the possible solution too, to the usage of area function. The main
idea behind the area function is the calculation of the contact area;
instead of it’s measurement. The cross section — relaxed penetra-
tion depth function of the indenter is determined experimentally
(to avoid errors caused by rounding of the indenter tip, by wear,
and other geometrical uncertainties) and is used to calculate the
relaxed contact area using the penetration depth at zero load on
the unloading curve.

The next milestone was the work of the Nix’s group (2) and that
of Oliver & Pharr (3), by developing the depth sensing hardness test
method. Nix and his co-workers introduced the area function of the
indenter, although the calibration of this function was not solved.
They also introduced the determination of the Young’s modulus
from the slope of the unloading curve, from the so-called contact
stiffness. This method was influenced heavily by the instrumental
noise. Oliver & Pharr introduced the nanoindenter as an instrument,
and they developed the standard method used even nowadays. The
fitting of a power function to the unloading curve, using its deriva-
tive at maximal load as contact stiffness, and its intersection with
the X axis as contact depth, solved the problems of noise, which
was the main problem in Nix’s group’s method.

The process of nanoindentation hardness measurement is as
follows: the indenter is pressed into the sample by a predefined (usu-
ally linear) load-time or load-penetration program, and followed
by a holding and unloading periods. The hardness is defined as the
(above described) contact pressure. The two main ideas making
possible this measurement are the calculation method of contact
area, and the independence of contact pressure on the actual shape
of indenter. Due to the properties of plastic deformation, i.e. that
after onset of the plastic deformation the exact shape of the indenter
do not influence significantly the measured contact pressure, the
spatial extension of the plastic zone under the indent is depending
only on the area of contact between the indenter and the sample.

The evaluation of the nanoindentation hardness measurement is
as follows: First of all the load and penetration data are recorded as
time functions, than the so-called loading curve is plotted as penetra-
tion depth - load function. The unloading arm is fitted with a power
function (P = A(h-h)™), in order to determine the contact depth,
(the depth of the indented impression at zero load) and the contact
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stiffness, (the derivative of the function at peak load). Contact area
is calculated as the cross section of the indenter body at contact
depth (h ) distance from its peak. Hardness is calculated as maximal
load over contact area and Young’s modulus is proportional to the
contact stiffness over square root of contact area ratio.

In nanoindenter design two types of load cells and displacement
sensors are currently competing. Inductive cell and sensor gene-
rally helps in construction of more rigid instrument frames, while
for miniaturization of the construction the capacitive designs are
advantageous. The instrument we used in this work is a Nanoscope
IITa scanning probe microscope equipped with a Dimension 3100
AFM head and with a Hysitron TroboScope nanoindenter head. Re-
placing the two heads against each other makes it possible to image
nanoindentation impression with the AFM head. The Triboscope
head is also able to image the sample surface, but imaging with the
same tip, with which the indentation was made, distorts the image.
The imaging speed is also should be held at very slow scanning
frequencies because of the relatively heavy mass of the indenter
tip-actuator assembly. The images acquired by the AFM were than
evaluated by a software developed in our laboratory (4;5).

ACCURACY

Nanoindenters usually have a maximal load of 15 — 2000 mN
and a maximal depth of penetration in the range of 5 nm — 500 pm.
Force resolution is not better than 0.1% of the force range and the
displacement resolution is said to be about 0.05-0.3 nm. This later
date could not be the real resolution; it is much more the value of
the last significant bit of the displacement signal. The real, physical
resolution of an instrument working in laboratory environment
should not be considerably better than the thickness of a monolayer
of water on the sample surface (0.15 nm)! The real resolution is
also influenced by the experimental circumstances such as rough-
ness, indenter rounding and other shape anomalies and the surface
energy of the sample.

In indentation experiments the area of the sample is enlarged
locally, new surface is formed, which requires an increase in the
surface free energy. This energy is supplied by the indentation
process, but while it is not considered in hardness calculation, it
can cause errors. Calculating that depth of the indent, where this
energy contribution is equal to 5% of the plastic work accomplished
during indentation, sets a threshold for this error (6). This limit is
for most of the materials in the 1-10 nm range for Berkovich- and
in 10 - 100 nm range for cube corner (sharper) indenters. Conse-
quently, 10 nm (or possibly 5-50 nm) can be regarded as a practical
resolution limit for indenter penetration depth concerning the errors
caused by surface energy effects.

Table I. Threshold penetration depths in various materials
(see text) (6)

Material Indenter shape penggggg:([lnm]

Fused quartz Cube Corner 0,14

PMMA Cube Corner 25,00

Ni-Al Cube Corner 16,80

Cu Cube Corner 88,00

Cu Berkovich 18,00
IMAGING

AFM imaging is possible by scanning the indenter tip over the
sample in some designs of nanoindenters. However, the relatively
heavy indenter tip and mechanics can only be scanned with a very
low speed, and also the shape of the indenter tip is not ideal for
making accurate surface scans. A more comfortable way of imag-
ing the indent is to exchange the nanoindenter head to an AFM

head. In Fig. 1. an AFM image is shown in two representations in
so-called “top-view” and in “illuminated” quasi three-dimensional
representation. In “top-view” image the brightness is proportional
to height in each pixel of the picture. The “illuminated” image for
human eyes is much better detectable, because the artificially set
shadows emphasize all the fine details of the surface.

5.0 3000 nw

150,0 s

Fig. 1 A nanoindentation impression in a commercial glass
object-slide. Left: “top-view” (brightness is proportional to height).
Right: quasi three-dimensional illuminated picture

TYPES OF SHAPE ANOMALY

During the loading, holding and unloading periods the plastic
deformation makes the sample to follow the shape of the indenter;
consequently, hardness evaluation methods consider the shape
of the indenter and that of the indent to be equal. This is true for
a homogeneous, fully-plastic material, but in materials with not
idealized properties the stored elastic strain, all kinds of inhomo-
geneity and work-hardening or — softening alter the shape of the
indent. In conventional hardness measurements these re-deformati-
ons have only a slight effect on the results, because the dimensions
of the impression are measured (after unloading) by an optical
method. For example curved side planes of the indent cause some
slight differences between the real and the calculated area of the
impression, causing a small error in hardness. In nanoindentation
the area of the indent is calculated using the experimentally de-
termined penetration-depth, consequently, all deviations from the
elastic behavior during unloading will alter the calculated area of
contact and through this the value of hardness as well. If the de-
formation exceeds the region of the indent (a pile-up or a sink-in
arises around the impression), the real contact area will be larger
or smaller than the calculated one and the hardness will deviate
from the real value. Thus, determination of the real shape and the
real area of the impression are of particular importance, although
in nanoindentation experiments it is extremely difficult.

In the left side of Fig. 2. a “top-view” representation of an
indent made in an irradiation modified glass object-slide is shown.
The glass sheet was implanted by 68 keV Ar+ ions by a dose of

Fig. 2 An impression in a glass object-slide, which was implanted
by 68 keV Ar* ions. Left: “top-view” (brightness is proportional
to height). Right: quasi three-dimensional illuminated picture
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1015 ions/cm?. Indentation load was F = 12 mN, maximum depth
reached during the indentation was /= 340 nm, while the depth
of the relaxed indent was &, = 175 nm according to the load curve.
The calculated Young-modulus is £ = 62 GPa, while the hardness
is HB = 4.3 GPa. The same data for the unmodified object-slide
were: h =320 nm, 2, =165 nm, E =67 GPa and HB = 4.9 GPa.
According to these data, implantation has little effect on mechanical
properties of the glass, but the figure reveals a large pile-up around
the impression in the implanted glass. A cross section measurement
revealed that the 188 nm depth of the impression is added to the
105 nm height of the pile-up. The real contact area is by far (50%)
larger than the area calculated by the Oliver-Pharr method. Conse-
quently the Young-modulus and the hardness of the implanted layer
are considerably lower than the calculated value, as it was revealed
in indentation experiments by lower loads. The pile-ups are uneven-
ly distributed around the impression, so it is not easy to determine
the real contact area even by evaluating the AFM images.

The pile up in conventional hardness and microhardness test
caused no trouble, because the real impression dimensions were
measured. In nanoindentation the problem is caused by calculating
the contact area from the penetration of the indent, which do not
account for the enlargement of this area trough the emerging pile
up. There are several methods to account for the pile up in nanoin-
dentation experiments, most of them are using different constants
to relate the (for pile-up) corrected hardness to the measured one
(7;8). To determine these constants is a complicated work, which
influences significantly the accuracy of the calculation. The most
straightforward method is to express the contact area trough the
Young’s modulus and the contact stiffness from the formulae of
reduced modulus (9).

H ,4 P

% B S ey

Equation 1 makes possible to determine the hardness from
a single measurement supposed that the Young’s modulus of the
material is known. This method is applicable in homogeneous sam-
ples only, where the Young’s modulus is constant over the whole
cross section of the sample. Consequently the usage of equation 1
is restricted to bulk samples only.

ANISOTROPY

During the loading cycle, the impression follows the indenter’s
shape, but during the unloading cycle the sample relaxes, the im-
pression’s shape can change freely. Due to the anisotropic relaxation
of the indent, even the central angles in the impression’s triangle
may change. This effect can be characterised by the sum of the
deviations of central angles of the Berkovitch impression-triangle
from 120 deg (5). An example is shown in Fig. 3 in a deflection

Fig. 3 An impression in coarse grained, commercial purity, polis-
hed titanium metal sheet. Left: The calculation of the A. Right: The
deviation in central angles is A = 36°

type AFM image, which emphasizes the surface structure and the
edges of the indent against the depth distribution: in a coarse grai-
ned, commercial purity, polished titanium metal sheet the relaxed
indent exhibit a deviation of A =36". This high deviation is caused
by anisotropic relaxation of the indent due to the orientation of the
grain, in which the indent was made. The different orientations of
the Ti grains cause a high spread in the measured hardness of the
sample as it is described in (5).

HARDNESS OF LAYERED SAMPLES

The main problem in determining the hardness of coatings is
caused by the thickness of the layer. The hardness measurement
is based on the assumption that the deformed zone extends in ho-
mogeneous material. In layered samples, however, this zone often
exceeds the thickness of the layer. The rule of thumb is that the
material investigated should be 10 times thicker, than the indenta-
tion depth. This rule could not be fulfilled in case of layers with
some 10 nm thickness, so the method should be improved. There
are some investigations, that nanoindentation test delivers correct
values even by penetration depths as high as 1/3 of the layer thick-
ness, but the right way for solution is more complicated.

There are quite a few methods for making corrections in
measured hardness accounting for the above described substrate
effect. The best way to handle the problem is to consider this effect
as a function of the penetration depth: the hardness of the coated
sample is a linear combination of substrate- and layer hardness. To
determine mixing parameters a depth function is constructed and
it is fitted to the measured values.

Biickle suggested a very simple method, an empirical universal
constant, depending only on the penetration depth-layer thickness
ratio (10). Nix’s group suggested an exponentially decreasing effect
of the coating (2), but fitting of the parameters is too complicated,
and the theoretical background is unclear. Jonsson and Hogmark
suggested the mixing of the two hardness values according to the
area ratio of coating and substrate in contact area (11). This method
is supported by the investigation, that in case of hard coatings and
(compared to the layer thickness) deep indents the coating brakes
along the line, where the depth of indent exceeds the layer thickness.
So in this area only the substrate supports the indenter load. Burnet
and Page made similar considerations and concluded in using the
ratio of deformed volumes for the mixing of harness values (12).

Korsunsky’s coworkers investigated the work exerted in the
coating and in the substrate during indentation. They concluded,
that the work of indentation itself has similar depth dependence in
case of elastic deformation of substrate and cracking of the coating
layer. So they developed a formula which is based on the mixing
of the two hardness values according to the ratio of the work in
coating and in substrate, and which could be easily fitted to mea-
sured data (13)2404].

H, —H
H comp = H sub + o 2 = (2)
h;
1+—
o*t

In equation 2 H_, and H__ are the hardness of substrate and
coating layer, respectively, tis the thickness of the coating, h  is the
contact depth and o is a “hardness enhancement factor” with the
dimension of length, the physical meaning of which is unclear.
To demonstrate the strength of this “work of indentation” con-
cept for composite hardness a set of plastics samples were used.
The samples were implanted by low energy ions to increase the
hardness and the wear resistance of the surface layer. The hardness
was measured as function of contact depth in all samples and equa-
tion 2 was fitted to the experimental data. The fitted parameters are
shown in Table II. and the fitted curves in Fig.4. The determined
hardness values for the substrate hardness (HO) have a rather small
spread, the hardness deviations (DH) are realistic and represent
a considerable increase in hardness of the layer influenced by the
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ion irradiation. The alpha*t (at) values are rather small, unrealisti-
cally small compared to the 50-300 nm penetration of the implanted
ions. Even though the fitted curves are fitting rather well to the
measured data points.

Table II. Fitted parameters of equation 3 for implanted
plastics samples

Sample HO DH at
Untreated 0.051 - -
B46 0.049 1.15 0.005
B46B 0.054 0.26 0.002
B50 0.061 0.72 0.008
e o
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Fig. 4 Depth dependence, end fitted curves of composite hardness
in implanted plastics samples

The most accurate, but rather complicated way of accounting for
composite hardness is the modelling of stress- and strain state of the
sample, and calculating it’s mechanical properties based on the model.
Amodel based on continuum mechanics, and mathematical analysis is
described in Refs (14-16). The model describes the spatial distribution
of stress- and strain around the indent in more than one layer. The
calculations require short time only, because the analytical formulas
could be evaluated in short time on relative low power PCs.

CONCLUSION

The need for accurate data for mechanical properties of thin
layers is the driving force for decreasing the impression dimensions
in hardness tests. The development of up to date depth sensing
hardness test equipment and nanoindentation pushes down the
impression dimensions well below the limit of 1 um. This method,
as all depth sensing hardness measurement techniques involves dif-
ferent sources of error. Surface effects, as roughness of the polished
sample, pile-up and sinking-in effects during the indentation process
significantly affect the value of measured hardness. Combination
of the nanoindentation equipment with atomic force microscopy
makes the study of these effects possible and gives a key procedure
for methodological development in this field, as well. The concept
of composite hardness describes the mechanical properties of laye-
red samples very well, and makes it possible to follow the changes
in modified surface layers of ion implanted samples.
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Calibration of Scanning Capacitance Microscope transducers
for high accuracy and lateral resolution analysis

Abstract. A novel method of estimation of the shape of scanning capacitance microscope probes is
described. It is based on measurement of the probe/test structure capacitance at a series of tip-to-sur-
face separations. The proposed test structures are cylinders protruding from a smooth flat conducting
surface. The well defined geometry can be, in contrast to depletion layers in semiconductors, sufficiently
accurately measured. Their further advantage is the axial symmetry rendering relatively simple model-
ling possible. An alternative procedure may utilise the modulation of the capacitance by vibrating the
probe perpendicular to surface. This approach is suitable also for microscopes, which cannot measure
the absolute capacitance only its differences.

Keywords: scanning capacitance microscope, tip shape, capacitance transducer, test structure

1. INTRODUCTION

The Scanning Capacitance Microscopes (SCM) [1,2] are power-
ful tools for imaging the morphology and analysis of structures
on the surface of conductors, either free or coated with insulating
films, and of buried structures in semiconductors and dielectrics.
They are expected to satisfy the needs of semiconductor industry
for high-resolution and high-accuracy determination of dopant
concentration in semiconductor structures on the nanometre scale,
foreseen for future generations of ULSI integrated circuits [3]. The
aimed lateral resolution and dopant concentration accuracy are
2 nm and 4%, respectively.

The SCM uses a sharp conducting tip, situated in the proximi-
ty of a conducting surface or conducting substrate covered with
a thin insulator, as a probe. The tip and the conductor form a small
capacitor. Its capacitance depends, besides on the geometry, also
on the permittivity of the material between the electrodes. By
raster scanning the probe, an image of surface topography and/or
of local changes of dielectric constant can be obtained. The most
representative applications comprise the nanometre-scale analysis
of free carrier concentration or the delineation of p-n junctions in
semiconductors.

In high-resolution SCM, the local capacitance changes,
containing the relevant information, are of the order of attofarad
(108 F) or even less. This magnitude must be resolved on orders
of magnitude larger background capacitance, occasionally as large
as 1 pF, caused by the stray electrostatic field. It strongly depends
on the shape of the probe, first of all on its radius of curvature,
which is usually not known. It has been shown recently that any
calibration using semiconductor samples with known dopant con-
centration is problematic, unless the pitch of doping artefacts is
the same as in the samples to be analysed [4]. Since the radius of
hemispherical tip apex is usually tens to about hundred nm, it can
be estimated at the best by means of electron microscopes. This is
hardly possible with tips mounted on holders. Moreover, in most
SCMs the probe is operated in contact mode. It causes wear and
change of tip geometry, hence also of resolution and sensitivity.
Therefore, a simple and affordable recalibration is necessary. The
dimensions of interest are illustrated in Fig. 1.

The dopant concentration analysis is based on modulation of the
depletion layer width by superimposed sine-, or ramp-wave, as in
standard high-frequency C-V measurements on MOS structures. The
depletion capacitance is inversely proportional to the square root of
the concentration. Most microscopes use transducers which can detect
capacitance differences rather than the capacitance itself. Therefore
they use dC/dV detection. Then small output voltage indicates high

Fig. 1 The important details of the probe: radius of curvature (left)

and cone angle (right)

concentration or small tip radius, yielding smaller local contribution
from the critical area and vice versa. Therefore, methods able to es-
timate the tip radius or shape without dismounting the probe would
be useful. The aim of this paper is to present such a solution.

2. PROPOSED METHOD

A meaningful reconstruction of SCM image convolved by the
stray field of the probe requires the knowledge of the contribution of
more distant parts of the sample. This cannot be measured directly
due to the small dimensions of interest. The influence of the stray
field can be tested by means of suitable structures. In contrast to
earlier practice, we prefer topographic artefacts to compositional
ones, since they can be easier visualised and measured. A 10 nm
change in distance may sufficiently affect the contribution of the
tip apex but not of its parts 100 um from the surface. Therefore,
the size of artefacts (diameter, height) must not be too small to
have a measurable effect. Depressions would enhance, protrusi-
ons suppress the stray field. Holes in a smooth surface would be
relatively easy to produce, however, they are less useful, since the
probe would little interact with the bottom of deeper ones [5] and
their exact shape, e.g. possible underetching cannot be reasonably
evaluated. On the other hand, the shape of um-sized protrusions
can be determined even by means of optical microscopes. Their
height is limited only by the z-range of the microscope.

For simplicity, we assume the tip to be conical, perpendicular
to the surface. Then axial symmetry is possible, simplifying the
modelling. The height and eventually also the cone angle can be
estimated using an optical microscope.
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3. MODELLING

The probes used in SCMs comprise bare [1] or shielded [2]
sharpened wires and conducting scanning force microscope (SFM)
cantilevers. Of the many advantages the shielded probes have over
other types, in the present context the good definition of boundary
conditions is important. In the case of unshielded probe the size
of the cone and also the cylindrical shaft must be considered. The
unshielded SFM cantilever and the cantilever chip and holder
would contribute significantly to the stray field but they could be
approximated by an equivalent conical structure.

The electrostatic field has been mapped using the Finite Element
Method, by means of the MEP 6.0 code [6]. The choice of probes
has been limited to unshielded and shielded wires with small cone
angle (107, 20" and 30°) and 250 um height. Small angle is advanta-
geous because of smaller stray capacitance. The radius of the shield
orifice was 25 um. The models of probes are shown in Fig. 2 and
of the test structure in Fig. 3. The height of protrusions was 5 pm.
The tip/surface distance was between 5 and 25 nm.

Unshielded probe

1
sample surface

Shielded probe
shield

core

wJ sample surface
core stray field

Fig. 2 Models of probes. All force lines of the unshielded probe
but only those from the core of the shielded one form the stray field
affecting the capacitance

CYLINDRICAL

CONDUCTING PROTRUSION

Fig. 3 Model of test structure. Dashed lines indicate the varying
diameter of cylindrical protrusions

4. RESULTS

The protrusion-radius dependence of the capacitance of probes
situated 5 nm above the protrusion is shown in Fig. 4 and 5. In
all cases a dependence of the capacitance on protrusion radius is
evident, although for the sharper tips only very slight. This means
that the test structure is suited to yield information on the tip shape.

Important is the nearly identical change of the capacitance with the
protrusion radius of bare tips with the same radius of curvature.
However, with larger cone angle the difference would increase.
Unfortunately, the relative change for unshielded tips is reduced
by the large background value. Real situations comprising also the
contribution of tip holder may be even worse.

1.0
O r=25 nm/10°
08 - g 50nm/io°
1 um/10
08 v 1 um/20°

CAPACITANCE (fF)
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Fig. 4 Dependence of capacitance on protrusion radius

for shielded tips
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Fig. 5 Dependence of capacitance on protrusion radius
for unshielded tips
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The capacitance change with increasing tip-to-surface separa-
tion of shielded probe is seen in Fig. 6. The result for the unshielded
one is very similar. This is to be compared with a parallel plate
capacitor, the capacitance of which is a hyperbolic function of
distance. With the sharp tips the capacitance change is barely vis-
ible. It means that the very local contribution of the tip apex is very
small compared with the capacitance of the whole probe. The result
for the blunt tip is more promising. The capacitance change in Fig.
7, offers the most optimistic picture. The capacitance difference
can be measured also by microscopes having unstable capacitance
transducers. As it can be deduced from Fig. 6, the measurement
performed on flat surfaces would be very similar.

0.06
Ad=10nm @ =25 nm/shielded
= 1 um/shielded
005 O 25 nm/unshielded
1 um/unshieided
0.04 -
£ oo03f
Q
g
0.02 -
0.01 -
[© o —0
0.00 T T I T T v
8 i0 12 14 16 18 20 22
MEAN DISTANCE (nm})

Fig. 7 Distance dependence of capacitance difference

5. DISCUSSION

The analysis of the tip shape consists of estimation of the cone
angle measuring the capacitance with probe placed axially over
protrusions of different radii. The distance over the cylinder should
be a few nm. The best way to estimate the tip radius is to measure
the capacitance modulation depth with probe vibrating between
known positions. The obtained capacitance difference is great
enough to be measurable with sensitive equipment, e.g. a lock-in
amplifier. The probe positioning should not represent a problem
since most SCM capacitance transducers are integrated with force
microscopes. Such measurement, eventually made over a plane,
would be sufficient to obtain information on the tip radius and
changes of shape caused by wear.

To obtain information on the cone angle, the capacitance me-
asurement must be done over the protrusions. The tip shape may
deviate from that of an exact cone. More data, revealing such details,

could be obtained using a series of test cylinders, or by performing
detailed capacitance vs. distance measurement [7], however, such
reconstruction was demonstrated for um-sized apex radii.

The protrusion radius dependences would be steeper with higher
protrusions. The equivalent of such heights cannot be achieved in
semiconductor depletion layers. At low doping levels the maximum
depletion width is at most 1 um. However, the effective width would
be scaled down inversely proportional to the relative permittivity
of the semiconductor (~ 12).

To reconstruct the tip shape, and thus the contribution of more
distant parts of the analysed sample to the capacitance, would
require modelling. This is a time consuming process. Therefore,
it is better to use data computed in advance for a series of radius,
cone angle and height combinations. The publication of such de-
pendences will be published elsewhere.

6. CONCLUSIONS

A new method of scanning capacitance microscope probe shape
estimation has been proposed. It uses test structures containing
cylinders protruding from a conducting plane. The measured ca-
pacitance and its difference is compared with data obtained from
model of the electrostatic field. The cone angle can be verified by
an optical microscope.
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Solarni fotovoltaicky systém instalovany a testovany
na Ceské zemédélské univerzité v Praze

1. UVOD

V dnesnich dnech, kdy se denné hovoii o zvySovani cen ropy,
zemniho plynu a také elektrické energie je dulezité vyuZivat ve vétsi
mife alternativni zdroje energie a to nejen z diivodi ekonomickych.
ZvySovani podilu alternativnich zdrojti na celkovém mnoZstvi vyro-
bené energie je jednou z priorit Evropské unie a bylo jiZz uzdkonéno
i v Ceské republice. ProtoZe oborem naseho zdjmu je fotovoltaika,
tedy pfima prfeména slune¢niho zafeni na elektrickou energii, bude
obnovitelnému zdroji.

Solarni energie, i kdyZ dosud neni konkurentem vysokokapa-
citnich elektrdren, je v soucasnosti vyuzivédna jako doplikovy zdroj
ve stdle vétsi mife. Pifkladem miiZe byt pouZiti soldrnich fotovolta-
ickych (ddle jen PV) panelt pii opldSténi budov, kdy jiZ mnoZstvi
vyrobené energie miZe byt vyznamné. Malovyroba bude vZzdycky
drazsi nez velkovyroba, to plati i pro vyrobu energie. Klasické
zdroje energie jsou vSak limitované a problém jejich vyCerpéni je
tieba fesit s dostateCnym predstihem. Proto staty, které maji zdjem
na vyuZiti soldrni energie tuto energii dotuji a vykupuji ji za vyssi
ceny. Tim vytvéfeji nové podnikatelské prostfedi a zejména v sou-
sednim Némecku se soldrni PV systémy instaluji asi nejrychlej$im
tempem. Je pot&Sitelné, Ze i Ceskd republika se k témto dotacim
pripojila a zminénd dotovand vykupni cena zde ¢ini 13,20 K&/kWh.
Prudce se zrychlujici rist celosvétové produkce solarnich PV
panelt ukazuje obr. 1 (fototermické panely zde nejsou zahrnuty).
Predpokldda se, Ze do roku 2040 bude transformace soldrni energie
zaujimat nejvétsi podil na svétové vyrobé energie.
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Obr. I Ro¢ni objem celosvétové vyroby soldrnich PV panelu
béhem poslednich 30 let

2. TRANSFORMACE SOLARNI ENERGIE

Pfeména slunecni energie v jiné formy energii ma dlouhou
tradici. Jako pfiklad miZeme uvést ohfev riiznych kapalin koncen-
trovanym slune¢nim zafenim. Bylo vybudovdno nékolik pokus-
nych elektraren fungujicich na tomto principu. Je zde vyuZivdno
koncentrované slunecni zareni k vyrobé pary, kterd roztaci turbinu
a s ni spojeny generator. Je to obdobny postup jako v klasickych
elektrarndch, pouze primdrni okruh je odli$ny. Maximdlni vykony
zmifovanych elektraren dosahuji P, = 10+30 MW. Péra je ohfiva-
na na teplotu az ¢ =560 °C a G¢innost se pohybuje kolem 17%.

vivs

Efektivnéjsi metodou vyuZiti slunecni energie se ukdzala jeji
piima pfeména na elektrickou energii v polovodi¢ovych PV ¢lan-
cich. Soldrni PV elektrarny a malé PV systémy jsou jiZ instalovny
po celém svété. Jsou to rozlicné systémy s vykony od méné nez
1 kW az po velké PV elektrarny dosahujici vykonti az nékolika MW.
Stejnosmérnym proudem muiZzeme bud piimo pohdnét spotiebice
nebo jim dobijet baterie a tak akumulovat energii pro pozdéjsi vyu-
Ziti. Zajimavou a perspektivni moZnosti skladovani energie je napf.
vyroba vodiku elektrolyzou vody. Stejnosmérny elektricky proud
je také mozné preménit na stiidavy pomoci ménict a zabezpecovat
tak doddvky piimo do elektrické sité (napiiklad U = 230V a.c.).

PV systém tedy miZeme konstruovat jako ostrovni nebo jako
piimo spojeny se siti. Schématické zndzornéni je na obr. 2. Ostrovni
systémy nejsou spojené se siti a zasobuji jen nékolik spotiebicu ¢i
uzavienou lokdlnf sit. Celkovd spotieba je pak limitovdna mnoz-
stvim vyrobené energie. Pro vypocet velikosti PV systému je ne-
zbytné zndt mistni primérnou hodnotu slunec¢niho zareni, G¢innost
pouzitych komponent a predpoklddanou spotiebu energie.

a) ) b) )
OSTROVNi SOLARNi SYSTEM A’V%@&% SiTOVY SOLARNI SYSTEM %%@@%
0 A AN f -
\\ PV kolektory solarni energie o
J r [

svételné zdroje

|~ -

I 9 copado
[

jednotia

12/24V=|

lednicka

akumulator

spotfebi¢e 230V ~v

napfiklad svitidla 230 V, pracka, potita¢, TV, magnetofon,
vrtacka, mikrovinna trouba, kuchyfisky robot, fén a po

spotfebite 230V v

napfikiad svitidla 230 V, pragka, pogita¢, TV, magnetofon,
urtacka, mikrovinna trouba, kuchyrisky robot, fén a pod.

Obr. 2 Schéma a) ostrovniho, b) sitového soldrniho PV systému

Systémy piimo spojené se siti mohou dodavat energii do rozvodné
sit€ v dobé prebytku vykonu a naopak mohou odebirat energii ze sité
v dobé nedostatku vykonu. Moderni ménice se automaticky sfazuji se
siti a z bezpecnostnich diivodu se téZ automaticky odpoji pti poklesu
napéti v siti. Sledovan{ a ukladéani dat o okamzitém vykonu a mnoZstvi
vyrobené energie miiZe obstarat datovy vystup na pocitac.

3. SLUNECNI ZARENI

Slunce je nejduileZzitéjsi energeticky zdroj v celé Slunecni sou-
stavé. Veskerd energie, snad jen s vyjimkou jaderné, ma svij ptivod
ze Slunce. Fosilni paliva pochdzeji z biomasy, kterd akumulovala
energii Slunce fotosyntézou pted miliony let. Energie vody je da-
sledkem Slunecniho zafeni, které zpuisobuje vyparovani vody. Voda
kondenzuje ve vyssich vrstvach atmosféry a na povrch se vraci ve
formé desté ve vySe poloZenych mistech. Vitr ziskdva svoji kine-
tickou energii z nestejnomérného ohtivani zemského povrchu.
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Energie slune¢niho zéfeni dopadd na Zemi nepfetrzité, ale jeji
rozloZeni z hlediska mista a ¢asu nenf stejnomérné. Energie vznika
v jadru Slunce pfi termonukledrnim slucovani jader vodiku na jadra
hélia. Této energii trvd prfiblizn€ stovky tisic let, neZ se dostane
k povrchu Slunce a je vyzéiena do prostoru jako elektromagnetické
zateni a tok Céstic. Tok Cdstic se nazyva Slunecni vitr. Vyzafovany
vykon jen mirn€ kolisd podle okamzité slunecni aktivity.

Vlnové délka A" odpovidajici nejvyssi hodnoté vyzafovéni po-
vrchu Slunce pri dané teploté je blizko hodnoty A =~ 550 nm. Teplota
T = 5800 K je ziskana ze vztahu pro zdfeni ,,Cerného télesa“

2T =0, (1)

kde b je Wienova konstanta. Vyzafovani pro cerné téleso zavisi
na teploté vztahem

M =0T 2)

kde o je Stefanova-Boltzmannova konstanta a pro vySe uvedenou
teplotu dostaneme vysledek M, = 6,42.10” W.m™. Celkovy vykon
vyzafovany povrchem Slunce je

P,=M 4nr], 3)

kde r = 6,96.10° m je polomér Slunce. Hodnota tohoto vykonu je
P = 3,91.10% W, ale pouze jeho &ast AP _dopadd pfimo na povrch
Zemé. Pokud uvazujeme stfedni vzdadlenost Zemé od Slunce
R, = 1,49.10" m a polomér Zemé r, = 6,37.10° m, miZzeme
spocitat [1]
TC}’ZZ 17
APj=—>5"P =179 .10" W. 4
R,

Primérnd hodnota slune¢ni energie dopadajici na Zemi béhem
jednoho dne je

J
W, =AP;t=1,79.10"7 =. 86400 s=1,55 .10%J. (5)
s
Primérnd intenzita slune¢niho zédfeni dopadajici na jednotku
plochy Zemé nad atmosférou je
AP, _
[==5=1467 W.m™> ©6)
nr,

anazyvame ji ,,solarni konstantou*. Cést energie je odraZena atmo-
sférou zpét do vesmiru a dals{ ¢ast je pohlcena v atmosfére. Takze
pouze ¢ést z této energie dopadd aZ na zemsky povrch a jeji mnoZstvi
je zavislé na zemépisné Sifce, meteorologickych podminkach a na
ro¢nim obdobi. Maximdln{ intenzita zafeni na zemském povrchu
je priblizn€¢ /= 1100 W.m™ a je moZno ji pfeménit na teplo ¢i
elektrickou energii ve fototermickych ¢i fotovoltaickych panelech.
Pri icinnosti kvalitnich PV panelt okolo 20 %, miZeme pocitat ma-
ximdlni vykon P_ =200 W z plochy paneli o velikosti S = 1 m®.

MnozZstvi vyrobené energie klesd, pokud PV panel neni oto-
¢en kolmo ke sméru slune¢niho zateni. Primét plochy panelu do
roviny kolmé ke sméru dopadajictho zéreni, je dan funkci kosinus
thlu dopadu tohoto zédfeni na panel. Pokud panel umistime na po-
hyblivy stojan, ktery je schopen sledovat pohyb slunce po obloze
a automaticky se natacet kolmo ke sméru dopadajiciho zédfeni, bude
mnozZstvi jim vyrobené energie vyssi v porovndni se stejnym pane-
lem umisténym na pevném stojanu [1,2]. Tak miZeme dosdhnout
1 sniZeni ceny této energie.

4. SOLARNI PV SYSTEM KONSTRUOVANY
A TESTOVANY NA CZU V PRAZE

Nasim cilem je navySeni mnoZstvi vyrobené energie soldrnim
PV systémem. Proto jsme zvolili zafizeni typu TRAXLE™, které
je schopné pasivné sledovat pohyb Slunce po obloze a natdcet tak
systém stdle do sméru kolmého ke sméru dopadajiciho zéreni.
Toto zafizeni bylo vyvinuto ve spolupréci firmy Poulek Solar s.r.o.
aCZU v Praze a bylo jiz dfive detailn& popsano napiiklad v [2,3].

sz

Konstrukcee je origindlni a jednoduchd, nejsou zde zapotrebi Zadné
slozité elektronické soucastky ani piidavné energetické zdroje.
Pokud je systém dobfe vyvazen, dokdZe jim samo slunecni zareni
pohybovat velice snadno.

Obr. 3 Soldrni PV systém pifmo spojeny se siti testovany
na Ceské zemédélské univerzité v Praze

V pritbéhu podzimu 2004 byl na Technické fakulté¢ CZU in-
stalovan maly soldrni PV systém. Systém zahrnuje tii PV panely,
z nichZ dva jsou umistény na automatickém pohyblivém stojanu
typu TRAXLE™, ktery natd¢i panely neustdle kolmo ke sméru
dopadajiciho slune¢niho zéfeni. Prvni PV panel je standardni na
bazi tenkych vrstev amorfniho kfemiku s maximdlnim vykonem
P_ =40 W. Druhy panel je oboustranny [2,4] na bazi krystalické-
ho kiemiku s maximédlnim vykonem P_ = 100 W. Tteti panel je
stejny jako prvni, je umistén na pevném stojanu a slouZi jako panel
referenc¢ni. Systém byl provozovan v obou variantich jako pfimo
spojeny se siti i jako ostrovni. Pro pfipojeni systému k siti jsme
pouzili méni¢e OK4E-100 (NKF-Electronics, obr. 4), které méni
stejnosmérny elektricky proud z PV panelt na stfidavy a datovy
vystup na pocita¢ umoZziiuje méteni okamzitého vykonu i mnoZzstvi
vyrobené energie. Porovnavani mnoZstvi vyrobené energie probiha
pievédZné na vySe zmin€nych stejnych panelech P =40 W. Treti
PV panel P = 100 W je pouZivédn jako ostrovni pro dobijeni
akumuldtoru.

Obr. 4 Ménice OK4E-100 (NKF-Electronics) zapojené v naSem
soldrnim PV systému
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5. VYSLEDKY MERENI

Systematické studium s vySe popsanym PV systémem bylo
zahdjeno na podzim 2004 a dosud probihd. Je porovndvan zejména
okamzity vykon a mnoZstvi vyrobené energie v mistnich pod-
minkédch Prahy 6 — Suchdola. Béhem podzimu vSak nebyl Zadny
slune¢ny den, jen mensi pocet dnii polojasnych. Méfeni probihajici
pres zimu nelze povaZovat za objektivni zejména pro maly rozsah
thlu pohybu Slunce po obloze nad obzorem. Proto zde uvadime
nékteré vysledky z jara a 1éta 2005.

Zatim nejlep$im dnem z hlediska pocasi byl letni den 19. 9. 2005.
Zavislost okamZitého vykonu na ¢ase béhem dne pro oba porov-
ndvané panely je na obr. 5, navySeni mnoZstvi vyrobené energie
v ptipadé€ pohyblivého panelu ¢inf tento den 39 %. Piiklady naSich
meéfeni pro n€kolik vybranych jarnich dni 2005 jsou na obr: 6. Zde se
nachdzi kfivky z jasnych dnu 2. kvétna a 13. kvétna, z polojasného
dne 21. kvétna a z oblacného dne 17. Cervna. MnoZstvi vyrobené
energie je ddno integralem

E= j P.dt )
At
kde P je okamZity vykon a t je ¢as. Napf. dne 2. kvétna bylo celkové
mnoZstvi energie vyrobené obéma porovndvanymi PV panely rov-
no E = 0,5 kWh a navySeni mnozZstvi vyrobené energie v piipadé
pohyblivého panelu ¢inilo 30 %.
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Obr. 5 Zavislost okamZitého vykonu na ¢ase pro dva stejné
porovndvané panely béhem letniho dne 19. 9. 2005
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Obr. 6 Zavislosti okamzitého vykonu na ¢ase pro dva stejné
porovndvané panely béhem vybranych jarnich dni 2005

6. ZAVERY

Na Technické fakulté CZU v Praze byl zkonstruovén a instalo-
van maly PV systém. Doslo k testovani obou verzi (pfimo spojeny
se siti a ostrovni). Ve verzi piimo spojené se siti byly porovndvéany
dva totoZné PV panely umisténé na rozdilnych stojanech. Prvni na
stabilnim stojanu a druhy na automatickém pohyblivém stojanu
typu TRAXLE™, ktery byl vyvinut ve spoluprici CZU a firmy
Poulek Solar s.r.o.

Systém s pohyblivym stojanem vykazoval v pribéhu jara 2005
ptiristky mnoZstvi vyrobené energie do vySe 30 %, v prib&hu 1éta
2005 do vySe 39 % v mistnich podminkdch 50° s.5. Vysledky naSich
experimentl velmi dobfe souhlasi s teoretickymi vypocty [1,2].

Na CZU v Praze pfipravujeme instalaci mnohem vétsiho solér-
nfho systému se Sesti oboustrannymi PV panely na bazi polykrys-
talického kfemiku opatfeného navic hiebenovym koncentratorem
slune¢niho zafeni [5,6]. U tohoto systému o¢ekdvame jesté vetsi
navySeni mnoZstvi vyrobené energie.

Prirtstek mnoZstvi vyrobené energie sniZuje cenu této energie.
Ekonomické rozbory ukazuji, Ze systém se sledovacem slunce je
levnéjsi, pokud porovname dva systémy, které vyrobi stejné mnoz-
stvim energie — jeden pohyblivy se sledovacem Slunce a druhy
s pevnym stojanem. Stojan se sledovacem slunce je sice draZsi
nezZ pevny, ale uSetifme jim PV panely, které tvoii nejvétsi podil
na cené celého PV systému [1,2].

Prdce probihd v rdmci vyzkumného zaméru MSM 6046070905.
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FrantiSek KOPRIVA, Jaroslav STEPAN, Skoda Auto a.s., Mladd Boleslav)

Uzivani a zkouSeni presnosti souradnicovych méricich stroju (CMM)

ve Skoda Auto a.s. Mlada Boleslay

Akciovd spolecnost Skoda Auto se zabyvd vyrobou osobnich
automobilll fady Octavia, Fabia a Superb vcéetné odvozenych typu
napt. Combi a Sedan.

V soucasnosti existuje ve Skoda Auto piiblizng 100 soutadnicovych
méficich stroji (CMM). Z toho asi 30 dvousloupovych (dvoustojano-
vych), tzn. celkem 130ks 3D méficich systému. Z celkového poctu je
rovnéz 9ks kloubovych 6-ti osych ru¢nich méficich systém, 6ks slou-
povych CMM s rota¢nim méficim ramenem a 20 ks malych portélovych
CMM (méfici rozsah do 2000mm) a 8ks velkych portdlovych CMM
(rozsah do 6000 x 3000 x 2000mm). V soucasnosti (od konce roku 2003)
se ve spole¢nosti vyuZivaji také optické (bezkontaktni) a kombinované
(opticko-kontaktni) 3D méfici systémy — napt. Steinbichler, Krypton,
nebo optické odméfovaci hlavy na ramenech CMM (napt. NC 100).

Dale se planuje nakup dal§ich CMM, a to jak kontaktnich systémd,

s

tak i 3D optickych (bezkontaktnich) méficich systémd.

1. KATEGORIE SOURADNICOVYCH STROJU

Pro interni potiebu existuje seznam CMM ve Skoda Auto, v kte-
rém jsou u kazdého CMM uvedeny tdaje, z nichZ nékteré zajimavé
zde uvadime.

1.1. Typy CMM:

1.1.1. Podle konstrukce: portdlové, stojanové (jednostojanové
a dvoustojanové — tzv. duplex), sloupové s rotacnim ramenem, popf.
kloubové Sestiosé a kombinované s 3D optickym odméfovanim

1.1.2. Podle zptsobu ovlddani (ru¢ni, motorické, CNC)

1.2. Méfici rozsah:
malé CMM: méfici rozsah do 2000 mm
velké CMM: 5000 x 1800 x 1800 mm
osa x: az 12000mm, ale i 22000 mm
osa z: aZ 2700 mm

1.3. Pfesnosti:

Nejpresnéjsi CMM: E = 0,7 + L/600 [um] L je méfena délka
v milimetrech (dle normy CSN EN ISO 10 360-2)
Velké CMM: E =25 + 30 x L/1000 (singl)
E =50+ 30 x L/1000 (duplex)

Standardné se doporucuje omezeni chyby v celém méficim roz-
sahu do 100 pum, resp. do 150 um (duplex).

2. UZIVATELE CMM - OBLAST POUZITI:

Uzivateli CMM jsou v pfevazné vét§iné tdtvary fizeni kvality
a technické kontroly:

2.1. Rizenf kvality nakupovanych dili:

Metrologické stiedisko (laboratot pfesného méfeni a kalibrace mé-
fidel), mérové stfedisko CMM (v¢. pracovisté ,,Pilothala®), ,,Cubing*
(vnitini a vnéjsi), mérové stiedisko série (zdvod lisovna a svafovna).

2.2. Vyroba agregétii + Rizen{ kvality MB - Vyroba agregati:

Slévéarny a kovdrna, vyroba (tfiskové obrabéni) a montdz (motory
a prevodovky).

2.3. Vyroba vozu + piislu$né fizeni kvality

2.3.1 Zédvod MB + Rizeni kvality MB - Vyroba vozi: lisovna,
svarovna

2.3.2 Zavod Vrchlabi + Rizeni kvality Vrchlabi: vyvoj, svafovna

2.3.3 Zavod Kvasiny + Rizeni kvality Kvasiny: vyvoj, svafovna,
vyroba ndradi

2.4 Technicky vyvoj: Stavba prototypu, ,,Design*

2.5 Vyroba néradi a piipravku:

Pfiprava, metalurgické ndradi, svarovaci ndfadi, lisovaci ndradi,
fezné naradi, méridla

2.6 Ostatni uZivatelé: vzdélavani, opravy stroji a zafizeni

3. KALIBRACE (ZKOUSENI) CMM VE SKODA AUTO
Druhy provadénych kalibraci (zkousek)

3.1 Prejimaci - provadime u noveé instalovanych CMM, popiipadé
po provedenych servisnich zdsazich.

3.2 Periodické - pravidelné kalibrace (ro¢ni, ev. dvouleté) - tyto
kalibrace provddime bud sami nebo externé. Externi kalibrace provadi
vyrobee, resp. dodavatel, CMI, popf. akreditované zkugebn{ laboratore
Zkusebna VUOS, nebo ALWAID s.r.o..

3.3 Mezicasové, vlozené kalibrace (v rozmezi 6 mésicii nebo
3 mésice) — provadi uZivatel.

3.4 Mimoradné kalibrace - v piipadé potieby jednotlivych uZivatelt
provadime rychlé provéfeni stavu CMM - napf'. po kolizi snimactho sys-
tému CMM. Tyto kalibrace provadime nejcastéji mérkami s koulemi.

4. KALIBRACNI POSTUPY

4.1. Vlastni kalibraci pfizptisobujeme specifickym potiebdam, pod-
minkdm prostfedi a druhovému zaclenéni souradnicového meficiho stroje.
Kalibraci musime také ¢asové naplanovat, vzhledem k velkému mnoZstvi
CMM a také s ohledem na pracovni vytizeni CMM (4. na ¢asovou moz-
nost odstdvky). Zpusob kalibrace (kalibra¢ni postup) piizpusobujeme
normam VDI 2617, CSN EN ISO 10 360 - 2. Je to nutné také z diivodu
Sirokého parku CMM, ktery tvoif rizné typy stroji od riznych firem.

4.2. Také je nutné stanovit si, zda budeme provadét pravidel-
nou kalibraci, tzn. pouze tchylky pfi méfeni v jednotlivych oséch,
v prostorovych thlopfickdch, nebo zda je potfeba kontrolovat napr.
i rovinnost zdkladové desky, geometrii stojanu (pfimosti, kolmosti),
popf. tchylky v rotacich jednotlivych os.

5. MEZINARODNI VAZBY

5.1 V ramci zkousek presnosti naSeho CMM ZEISS UPMC 850
ACC
ul =0,4+1/900,u3 =0,7 + L/600 (dle VDI/VDE 2617), méfici rozsah
850 x 1200 x 600 mm jsme provedli tyto zkousky:

e pomoci stuptiové koncové mérky ze Zeroduru® s firmou ZEISS
Oberkochen (toto méfeni se provadi v rdmci kontroly CMM pra-
videlné kazdy rok)

* pomoci stupiiové koncové mérky KOBA - step s CMI Praha a fir-
mou iti Barsbiittel

« pomoci desky s otvory ,holeplate” ze zeroduru s CMI Praha a PTB
Braunschweig.

5.2 V roce 2000 se Skoda Auto za&astnila ve spoluprici s CMI
mezindrodntho projektu MESTRAL. V roce 2002 probéhl projekt
kalibrace CMM pomoci tifrozm&rného t&lesa , krychle® - projekt CMI.
Koncem letosniho roku nebo v pfistim roce jsou pfedbézné planovany
dalsi projekty - napt. projekt kalibrace CMM pomoci tfirozmérného
télesa ,,tetrahedron® - projekt CML

5.3 Pfi feSeni problému spojenych s kalibraci velkych CMM
a vyhodnocovacich software spolupracujeme s firmou iti Barsbiittel
(Dr. Plath) a CMI LPM Praha (Ing. Zeleny).

5.4 V ramci prejimek novych stroji nebo pfi opravach stavajicich
stroji béZné spolupracujeme s techniky ZL servis, ZEISS, Zkusebna
VUOS, BRT servis, DEA - Galika. Vysledky jejich zkousek akcep-
tujeme, pfitom bezpodmine¢né poZadujeme dokladovéani ndvaznosti
jejich kalibra¢nich zafizeni.

6. KALIBRACNI ZARIZENI
(ETALONY, ZKUSEBNI TELESA)

Pracovni etalony mdme navazdny na hlavni podnikové etalony. Hlavni
etalony navazujeme pravidelng v Ceském metrologickém institutu (Libe-
rec, Brno, Praha) na stétn{ etalony, piipadné na etalony DKD (SRN).

Pr1i kalibraci nejptesnéjsich CMM (s chybou do 5 pum/1m) pouZzi-
vame koncové mérky a krouzky - podnikové etalony (tj. sekundarni
etalony 2. a 3. fddu), pro ostatni CMM pouZivdme pracovni etalony
(sekundarni etalony 4. a 5. fadu).
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7. KALIBRACE CMM S VELKYMI MERICIMI ROZSAHY
(NAD 2000 MM)

Pravidelné kalibrace provddime zdsadné zkuSebnimi télesy.

7.1 Zékladni postup

Kalibrace CMM se provddi koncovymi mérkami, mérkami
s koulemi KS (do rozsahu 1000 mm, resp. 1800mm) a kontrolnim
krouzkem podle kalibra¢niho postupu v nékolika polohdch méficitho
prostoru CMM.

7.2 Kalibrace pomoci tyce s koulemi (ballbare) KOBA
-viz obr. 1

Toto zkusSebni téleso je mozno pouZit v mnoha rozmérovych
variantach az do méficiho rozsahu 10 x 500 mm, nebo 6 x 250 mm
(koule o priméru 30 mm) a to s nejistotou:
U95 = 2,5 pm + 2,5 pm / 1000 mm métené délky.

Obr. 1 ballbar5000-ZM

7.3 Kalibrace portdlovych CMM s malymi méficimi rozsahy
(do 2000 mm)

Mezi tyto CMM patii zejména CMM od firem Zeiss (typy CARAT,
PRISMO, ScanMax), Tri Mesures (MEGA, Tempo), DEA (I0TA,
Swift) a také Leitz. Kalibrace téchto CMM se provadi bud koncovymi
mérkami a mérkami s koulemi KS (do rozsahu 1000 mm) podle dané-
ho schématu v nékolika polohdch méticiho prostoru CMM, nebo po-
moci kulové desky (ballplate) Retter - viz obr. 2. Toto zkuSebni téleso
m4 25 kouli (5x5) ¢ 22 mm a jeho méfici nejistota ¢ini: U95 = 0,8 ym
+ 21.L um/m 2 3,5 um (L méfend délka v metrech).

Obr. 2 BP-XY_Zeiss

8. VYHODNOCENI MERENT

VSechny naméfené hodnoty vyhodnocujeme podle piedpisi normy
VDI/VDE 2617, nebo CSN EN ISO 10360-2. Nam&fené hodnoty po-
rovndvame s prfedepsanymi parametry CMM, které jsou ddny vzorcem:
ul = Al +KI1xL "Bl proosové chyby, resp.u3=A3+K3xL "B3,
resp. E = A+ B.L pro prostorové chyby, kde L je méfend vzdalenost
(dosazuje se bud' v metrech nebo milimetrech). Naméfené a vypoctené
hodnoty zapisujeme do tabulky, kterd je soucésti kalibra¢niho protokolu.
Porovnanim vsech hodnot definujeme vysledek méteni. K vyhodnoceni
vysledki kalibrace zkusebnimi télesy, a vhodnosti pouZiti CMM, pou-
zivame SW GUK - viz obr: 3 a vhodnost pouZiti CMM - viz obr: 4.

Obr. 3 Guk-ks

sMs
wypestenk & mifeni tybe o koulemi
ekt 4 s ot s e e

Om

Obr. 4 Guk-ks-zpuisobilost 2

Zavérecné zhodnoceni stroje samoziejmé jesté konzultujeme
s uZivatelem, ktery podpisem na kopii protokolu stvrzuje, Ze je
s vysledky obezndmen.

9. SHRNUTI TEMATU

Kontrola celkového stavu (chyby, pfesnosti) CMM je velice ndro¢ny
proces a to jak ¢asové, tak i nutnosti pristrojového vybaveni, vyhodno-
cenim vysledkl méfeni a v nasi firmé¢ vzhledem k mnoZstvi CMM téZ
napldnovanim casového harmonogramu. Je nutno predem teoreticky
prostudovat metodiku podle nékteré z vyse uvedenych norem, déle nastu-
dovat zptisob vypoctu nejistot (také napt. publikace EA4/02), obeznamit
se s metodikou pouZzivanou vyrobcem CMM. Také by se mélo prihlédnout
k tomu, k jakému druhu méfeni (na jaké tolerance) je CMM vyuZivan.

Klicova slova: soufadnicovy méfici stroj (CMM), kalibrace,
méfeni, nejistota, chyba.

Ing. FrantiSek Kopfiva, Skoda Auto a.s., oddéleni GQD1/3, tf. V. Klementa 869, 293 60 Mlad4 Boleslav, Ceska republika,
telefon: +420 326 8 13559, - 13688, fax: +420 326 8 13401, e-mail: frantisek.kopriva@skoda-auto.cz

Ing. Jaroslav gtépén, hlavni metrolog Skoda Auto a.s., tf. V. Klementa 869, 293 60 Mlada Boleslav, Ceska republika,
telefon: +420 326 8 19016, - 13762, fax: +420 326 8 128 15, e-mail: jaroslav.stepan @skoda-auto.cz
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DEOM - MERICi PRiISTROJE PRO MERENi ROZMERU

Optické mérici systémy americké firmy MicroVu® zahrnuji roz-
sahlou Skdlu pristroji. Od profilprojektori SPECTRA® a VECTRA®,
ptes ru¢né ovladdané kamerové systémy VECTOR® a MATRIX® aZ po
automaticky fizené méfici pristroje VERTEX® a EXCEL®. VSechny
tyto piistroje jsou vhodné pro méfeni soucastek a dilct jak v dilen-
ském, tak i v laboratornim prostiedi. Kamerové a automatické stroje
jsou ur¢eny i pro méfeni ve 3 osdch. Pfesné podle vasich pozadavku
vam radi pomuzZeme vybrat vhodny typ a velikost stroje. Prehled typt
a velikosti naleznete na http://www.deom.cz/produkty_microvu.htm

Pro podstatné zvyseni schopnosti piistroju je pouzivan uZivatelsky
velmi pifjemny graficky software INSPEC®. Diky zpracovani dat na PC
Ize vystavovat méfici protokoly, exportovat data pro statistické zpraco-
véani v SPC, pracovat s importy a exporty vykresovych CAD dat.

Visstnosti |

Mo | Databace |

' 0
II {ledst masmaum / minisum 'I

Hodricty i mofnd ukdbdst mezemikem

Graficky software pro délkoméry

Ukazka modernizovaného délkoméru Zeiss

MeéFici pristroj VERTEX®

CNC fizené stroje VERTEX® a EXCELP® lIze navic vybavit dotyko-
vou sondou Renishaw se zdsobnikem pro automatickou vyménu dotyko-
vych néstroji. Pii jednom méfeni tak 1ze méfit kombinované - opticky
i dotykove - a tim jeSté zvySit univerzalni méfici schopnosti stroju.

U CNC fizenych strojii Ize navic cely proces méteni soucdstek vy-
razné zjednodusit. Stroj vybaveny ¢teckou ¢drového kddu miiZze pouZivat
k méfent i jednoduse zaskolend obsluha, kterd nemusi nic védét o PC,
ani o méfeni. Tato uZitend varianta nachdzi uplatnéni predevsim ve
vicesménnych provozech, napiiklad v lisovnéch plastu, pryZe a kovu.
Vyrobni pracovnik zaloZi méfené dily do pfipravku na stroji a éteckou
¢arového kédu vyvold a spusti pfedem pripraveny méfici program.

Meéfeni série soucastek probéhne automaticky a jeho vysledek se
graficky zobrazi na monitoru PC - vysledky u neshodnych rozméri
jsou vyznaceny Cervené. Namétend data se soucasné ulozi do programu
pro statistické sledovani dat - SPC. Vysledky lze pribézné sledovat
napf. na dal§im PC pfipojeném pomoci sité.

Mobilni méFici stroj METRONOR®

Pro méfeni velkych objektii nabizime pFenosny dotykovy
méfici stroj METRONOR®. Systém je schopen méfit v pfedem
neomezeném prostoru a je vhodny jak pro pouZiti v automobilovém
pramyslu, pro stavbu a sefizeni svafovacich a montaZnich linek, tak
i v kovarnach, ve slévarnach, pro stanoveni minimalniho pridavku
pred obrobenim, nebo pro rychlé ustaveni polotovaru na obrdbécim
stroji. Vyznamné je vyuZivdn i v leteckém primyslu k méfeni a usta-
vovani Sablon i dal§ich piipravki.
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Pfistroj je zaloZeny na fotogrammetrické metodé, kdy jedna nebo
dvé specidlni CCD kamery, umisténé na stativu, snimaji méfeny pro-
stor. V tomto prostoru se pohybuje osoba, kterd provadi méfeni tim,
Ze priklada do méfenych bodu ,,svételné pero*. Je to dotykovy nastroj,
na kterém jsou umistény svitici diody. Jakmile je pero pfiloZeno svym
koncem opatfenym dotykem s rubinovou kulickou k méfenému bodu,
diody bliknou a specidlni software zaznamena jejich polohu a vypocita
soutadnice sejmutého bodu v prostoru. Pfistroj pracuje s béZnym soft-
ware jako jiny méfici stroj (zdkladni elementy — rovina, koule vélec,
kuZel), nebo miiZze méfit odchylky bodi piimo podle CAD modelu.

Dalsi detaily naleznete na http://www.metronor.com

Modernizace pristroja

Firma DEOM provadi i modernizaci délkovych méficich pii-
stroji jako jsou délkoméry, mikroskopy aj. Pristroje vybavujeme
presnym odméfovanim (0,0001 mm), indikacemi a grafickym soft-
ware. Uprava pfistroje je vZdy cenové vyhodn4 a pfitom vysledkem
jsou velmi dobré uZitné vlastnosti upraveného piistroje srovnatelné
s novym piistrojem.

Podrobnosti na http://www.deom.cz/sluzby.htm

Ing. Milan Suchomel, DEOM s.r.0., Praha, www.deom.cz

Prof. RNDr. lvan Ohlidal, DrSc. jubilujici

Prof. RNDr. Ivan Ohlidal, DrSc. se dlouhodobé
vyznamné podili na tspé$né publikacni ¢innosti ¢a-
sopisu Jemnd mechanika a optika a proto nemiiZeme
prehlédnout, Ze se v tomto roce plny tvuréiho elanu
doZivd vyznamného Zivotniho jubilea, 60 let véku.
Prof. Ohlidal se narodil 25. dubna 1945 v Bfezolupech
u Uherského Hradisté, v razovitém regionu Moravského
Slovécka. Tento vZdy trochu drsnéjs$i a méné rozvinuty
region jej na Zivot dobfe pfipravil. Za své Zivotni poslani,
kterému zustal az do dneska vérny, si zvolil jiZ v raném
véku fyziku — v r. 1967 promoval v tomto oboru na
piirodovédecké fakulté tehdejsi Univerzity J. E. Purkyné
v Brné, s tspéSnou obhajobou diplomové prace ,, Ter-
mickd oxidace sloucenin A3 B5*. Ve svém védeckém
oboru fyziky prohluboval a naddle prohlubuje svoje védomosti nejen
studiem svétové odborné literatury a docilenych objevil v aktudlnim
Case, ale zejména téZ vlastnim védeckym bddanim, jehoZ vysledky
postupné promitd do rigordzni prace v oboru experimentdlni fyziky
., VIiv drsnosti na odrazivost tenkych vrstev®, za coz v r. 1970 ziskava
titul RNDr. V roce 1977 pak ve stejném oboru zpracovava disertacni
préci ,,Elipsometrie tenkych vrstev s ndhodné drsnymi rozhranimi®, za
coZ je mu pfizndn titul CSc., v oboru experimentdlni fyzika.

Jeho védecky ruast pokracuje i v ndsledujicich letech, kdy v oboru
,.Fyzika pevnych latek® se habilitoval v roce 1980 jako docent na
Ptirodovédecké fakulté Masarykovy univerzity (tehdy Univerzity J.
E. Purkyné) v Brné. V roce 1988 svoji houZevnatosti a dosaZzenymi
vysledky v oboru ,,Kvantova elektronika a optika* ispéSnou obhajobu
doktorské disertacni prace je mu pfiznana védeckd hodnost DrSc.

Na zdkladé jim prokdzanych odbornych i pedagogickych vysled-
ki byl v roce 1998 prezidentem republiky jmenovédn vysokoSkolskym
profesorem v oboru ,,Kvantova elektronika a optika“.

Je tfeba uvést, Ze pan profesor RNDr. Ivan Ohlidal, DrSc. piisobi
ve své pedagogické i védecké Cinnosti i nadéle na Prirodovédecké
fakulté, Katedre fyzikdlni elektroniky Masarykovy univerzity v Brné.
Svoje studenty vede a vychovava ke stejnému zanicenému vztahu
ke zvolenému védeckému oboru, zejména v oblasti optiky tenkych
vrstev a povrchtl pevnych latek, elipsometrie a interferometrie. V této
souvislosti Ize uvést, Ze v izké soucinnosti s ndrodnim metrologickym
institutem — Ceskym metrologickym institutem v Brné - byla ustavena
,,Laboratof moderni metrologie*. V rdmci ¢innosti této laboratote maji
studenti fyzikalnich obort piistup k modernim nejnovéjsim Spickovym
pfistrojum v oblasti nanometrologie, tj. rastrovaci sondové mikrosko-
pie, kde mohou svoje teoretické poznatky konfrontovat s praxi. Ve
spolupraci s CMI inicioval vznik série odbornych semindfi o metro-
logii povrchu pevnych latek. Téchto semindfi se kromé ceské odborné
vefejnosti a studentll vysokych kol dcastni také vybrani zahrani¢ni
predndsejici, coZ vyznamnou mérou prispivd k vyméné nejnovéjsich
poznatku z tohoto dynamicky se rozvijejictho oboru.

Pan profesor ziskal pro svoji pedagogickou a védeckou ¢innost téZ
praktickou odbornou pripravu ve Vyzkumném ustavu skla a biZuterie
v Jablonci nad Nisou, kde ptsobil v letech 1968 — 1969 jako odborny
pracovnik, kam po promoci v r. 1967 nastoupil.

Od sedmdesatych let aZ do soucasné doby vy-
kondva pedagogickou ¢innost v riznych oborech
fyziky na Pfirodovédecké fakulté MV v Brné, od
funkce odborného pracovnika, asistenta, vedouciho
katedry, aZ po docenta a profesora. Hlavnimi obory
jeho védeckého vyzkumu jsou optika tenkych vrstev,
mikroskopie atomové sily a dal$i metody sondové
rastrovaci mikroskopie, i kdyZ se pedagogicky vénuje
i dal§im odbornym obortim fyziky. V téchto oborech
doposud publikoval vice nez 150 odbornych ¢lanka
v mezindrodnich i domdcich casopisech, které maji
patfi¢ny ohlas a uznani ve védeckych kruzich ostat-
nich zemi, a to nejen evropskych. Jeho price jsou
hojné citovdny v odbornych svétovych Casopisech
fady statd. V soucasné dobé existuje vice nez 500 citaci jeho praci.

V jeho védeckovyzkumné ¢innosti zaujimd predni pozici optika
tenkych vrstev a povrchu pevnych ltek, elipsometrie, interferometrie
a sondova rastrovaci mikroskopie. Nezanedbatelnou ¢asti védecké
¢innosti jubilanta jsou rovnéZ jeho prace na projektech zamérenych
na moderni pokrokova feSeni zminéné problematiky, na nichZ se
podili bud jako feSitel nebo spolufesitel projektu, z nichZ nékteré
maji mezindrodni charakter; v poslednich péti letech se jedna o 9
projektt. Aktivity pana profesora v mezindrodnim méritku se pro-
mitaji do jeho predndSkové ¢innosti na stdZich v univerzitich nejen
v Evropé (Oslo, Jena, Videi, Leningrad, Turin, Linz, Marseille), ale
téZ v zdmoti.Pracoval napt. jako hostujici profesor v Japonsku na
Shizuoka University v Hamamatsu.

V rdmci Masarykovy univerzity pusobi v oborové komisi dok-
torského studia ,,VInova a ¢asticova optika“ a je clenem Komise pro
vybérova fizeni. Jeho odborné zkusenosti a znalosti ocenuji i jiné
subjekty, takZe puisobi v Oborové komisi doktorského studia ,,Optika
a optoelektronika“ na Pfirodovédecké fakulté¢ Univerzity Palackého
v Olomouci, je ¢lenem SPIE — The International Society for Optical
Engineering, ¢lenem Jednoty ¢eskych matematiki a fyzikd, clenem
Ceské a Slovenské spolenosti pro fotoniku a v neposledni fad& té7
v ndvaznosti na svoje pedagogické zaméfeni je Clenem tymu ,,.Labo-
ratofe moderni metrologie* (spole¢nd laboratof CML Piirodovédecké
fakulty MU a Ustavu fyzikalniho inZenyrstvi VUT).

Jako dukaz ocenéni védeckou komunitou se jevi jeho Clenstvi ve
vyboru SPIE CS a v Narodnim vyboru ICO (International Committee
for Optics).

Je mu svéfovana prezentace predndsSek na mezinarodnich vé-
deckych konferencich a seminafich a podili se rovnéZ na organizaci
mezindrodnich konferenci a semindi.

U pfilezitosti dovrSeni jubilantovych 60ti let Zivota prejeme panu
profesorovi mnoho tspécht ve védecké ¢innosti i v osobnim Zivoté
a ocenéni jeho pedagogické ¢innosti v préci se studenty. Pfejeme mu
imnoho zdaru v jeho prici tykajici se rozvoje novych tvircich metod
v oblasti modernich experimentdlnich technik, zejména v oblasti
nanometrologie a elipsometrie.

RNDr. Pavel Klenovsky, Brno
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jako jsou napiiklad elektrody slunecnich ¢lanku, ¢idla pro analyzu
plynt nebo povrchy elektronickych soucdstek. Z vysledki je patrné,
Ze pri méfeni hladkych povrchti miZe metoda SThM slouZit pro
ziskdvani hodnovérnych obrazl materidlového kontrastu. V piipadé,
Ze je méfeno na drsnych povrsich, pozorujeme vyznamné zkresleni
termalnich dat. Prace ukazuje, Ze toto zkresleni je mozné efektivné
odstranit pomoci zpracovani namétfenych dat neuronovou siti.

Biologické aplikace AFM Explorer - naSe zkuSenosti

(R. Kubinek, M. Vijtek, H. DuSKOVA).....ccccoceeveeneniniinenenen. 330
Clanek vychdzejici ze studii Katedry experimentalni fyziky UP
v Olomouci podédva prehled aplikaci AFM v biologii. Zmifiuje
rozdily mezi elektronovou mikroskopii a AFM a vysledky ziskané
pfi studiu topografie molekul, bunék a tkdni a jejich strukturdlnich
zmén. Ukazuje se, Ze metoda AFM mad v oblasti biologie a mediciny
velky potencidl pro dalsi rozvoj.

Méreni nano DA C deformace pomoci zatéZovacich mikrografi
(D. Vogel, B. Michel)........ccccoimieiininieieniinieicniceeceeeeeeen 334
Prace predstavuje metodu digitdlni korelace, umoziiujici méteni de-
formac¢nich poli v mikrometrickém a nanometrickém méfitku u sys-
témi s mechanickym ¢i termdlnim zatiZenim. Zat€Zovaci mikrografy
jsou vyuZity pro zaznamendni posunuti a analyzu napétovych poli.
Metodika, kterd byla jiz diive vyuZita v rastrovaci elektronové mi-
kroskopii, byla rozsitena do oblasti AFM, kde umoZiuje ziskdvat
data s dostate¢nym rozliSenim. Aplikace popsané metody pribliZuji
piiklady vyuZiti v oblasti studia mikrosktruktur a mikrotrhlin.

Tvarova relaxace a nanotvrdost

(P. M. Nagy, P. Horvith, D. Aranyi, E. Kadlman) ...........c........ 338
Pro ur¢eni mechanickych vlastnosti tenkych vrstev pomoci métent
tvrdosti je nutné provddét méfeni pomoci co moznd nejmensich
vpicht. Souc€asny stav pfistrojové techniky v oblasti nanoindentace
umoznuje zjiStovat mechanické vlastnosti s vyuZitim vpichi mensich
nez | um. Data naméfend takovymi pifstroji jsou ovlivnéna zejména
drsnosti povrchu vzorku a deformacemi vtisku samotného. Tyto jevy
je mozné studovat diky kombinaci AFM a nanoindentace.

Kalibrace rastrovaciho kapacitniho mikroskopu: teorie a apli-
KACE (S. LANYI)..ovoevoeeeeeeeeeeeeeeeeeeeeee oo 342
Price je vénovana nové metodé pro urceni tvaru sondy rastrovaci-
ho kapacitniho mikroskopu. Je zaloZena na méfeni kapacity mezi
sondou a testovaci strukturou v riznych vzddlenostech od testovaci
struktury. Testovaci struktura ma védlcovy tvar a je umisténa na
hladkém vodivém povrchu. Vyhodou této struktury je predevsim
jeji symetrie, kterd vyznamné usnadnuje modelovéni interakce
mezi sondou a strukturou. Autor predstavuje také alternativni
moznost méfeni s vyuZitim modulovani kapacity vibraci sondy
ve sméru kolmém na povrch, vyuZitelnou ve vSech kapacitnich
mikroskopech, které umoZnuji pouze méfeni zmény kapacity, ne
jeji absolutni hodnoty.
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