IVﬁ CESKY METROLOGICKY INSTITUT
OBLASTNI INSPEKTORAT BRNO

ZAVERECNA ZPRAVA C. 6014-TR-Z0001-22

o plnéni ukolu TR

AFM meéreni na velkych plochach

Odpovédny fesitel: ~ Mgr. Petr Klapetek, Ph.D.

Vypracovali: Mgr. Petr Klapetek, Ph.D.
Mgr. Miroslav Valtr, Ph.D.
doc. Mgr. Jan Martinek, Ph.D.

Reditel VOJ: Ing. Radovan Wiecek
feditel Ol Brno

Datum: 30. listopadu 2022

Schvalil: RNDr. Pavel Klenovsky
odborny feditel pro FM




Cesky metrologicky institut Zprava dkolu TR &. Pocet ptiloh: 4
Oblastni inspektorat Brno 6014-TR-Z0001-22 Pocet listt: 2/{5‘

£

Resumé

Cilem tkolu bylo vyvinout néstroje pro méfeni rozmért a Ghld na mikrostrukturach vyuzivanych v optic-
kém a elektronickém priimyslu na plochach aZ 5x5 cm s nejistotou mensi neZ 10 nm pro méfeni rozmérii a
mensi neZ 50 mikroradianti pro méfeni Ghlt na povrchu vzorkd. Pro tyto tcely byly vyvinuty néstroje pro
kompenzaci rotaci pti pohybu polohovacich systémli dvou mikroskopt, néstroje pro prenos ndvaznosti
pfi méfeni dhlu a postupy pro vyhodnocovani periody z mikroskopickych dat. Soucasti ikolu byly také
pfipravné kroky v dal$i dlouhodobé aktivité oddéleni 6014 - méfeni teploty pomoci Johnsonova Sumu,
kde jsme se zaméfili na technickou pfipravu pro porovndni s alternativni primarni realizaci na oddéleni
primdrni metrologie tepelné-technickych veli¢in.
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1. UVOD

Smyslem méfeni na velké ploSe (v kontrastu s méfenim na typickych komercnich zatfizenich s omezenym
rozsahem), pri charakterizaci mikro- a nanostruktur, je pfedev§im sniZeni nejistoty méfeni. S timto pii-
stupem se proto miiZeme setkat vSude, kde k tomu existuji potfebna zafizeni tj. napiiklad v némeckém
metrologickém institutu PTB. Pozadavky na nejistoty v fddu jednotek nanometrti jsou pfitom ze strany
zdkaznikl velmi Casté. Typické vzorky urcené k méfeni jsou v difrakéni miiZky, vyuZivané jako pfeno-
sové etalony délky pfi kalibraci dalSich mikroskopt. S postupnym pronikdnim mikro- a nanotechnologii
do riiznych oblasti primyslu se objevuji také nové pozadavky na specidlni méfeni period a Ghlid riz-
nych velkoplo$nych struktur, které jsou takovym typickym vzorktim velmi vzdalené - napiiklad méfeni
vad v rozmistén{ jednotlivych optickych prvkl na CCD detektoru. I metrologickd zatizeni schopna mé-
fit s dostate¢nou presnosti (jednotky nm) jsou ¢asto schopna méfit jen na pomérné malé plose (napriklad
200x200 mikrometri v pfipadé€ naSeho statniho etalonu vyuZivaného v nanometrologii), coZ miZe byt pro
takové tlohy nedostacujici a vede to ke snaze o rozsiteni méfeni na vétsich plochach. To s sebou piinasi
nové metodické otdzky stran volby méfené oblasti, i nové vyzvy v oblasti konstrukce mikroskopi Méren{
uhlt je jeSte obtiZzn€jsi — obecné se mikroskopy atomadrnich sil (AFM) vyuZivaji pro méfeni v rychlé ose
skenovani a data v pomalé ose skenovani jsou povazovana za méné pfesnd. Méfeni thld pomoci AFM
je proto obecné Spatné popsané a malo rozvinuté téma metrologie a to navzdory tomu, Ze pozadavky
zakaznikl na takova méfent tvoii cca polovinu poptavek.

Cilem ukolu je rozvinout oblast méfeni periody a thlu, a to jak rozSifenim méfeného rozsahu, tak
zpresnénim méfeni pomoci kompenzace thlovych chyb a vytvorenim metrologické ndvaznosti pro malé
dhly. Tyto dva udkoly jsou z velké miry provdzané - kompenzace thlovych chyb se pfimo projevi i ve
sniZzeni nejistoty méfeni periody diky sniZeni vlivu Abbého chyb, nicméné pri popisu nasich aktivit se
pro jednoduchost zabyvdme kaZdou oblasti samostatné.

V oblasti méfeni thll jsme se zaméfili na dva aspekty. Prvnim je minimalizace nejistot souvisejicich
s thlovym natdc¢enim skeneru mikroskopu pfi jeho pohybu. Natdceni skeneru formou Abbého chyb pfi-
spiva k nejistot€¢ méfeni geometrickych veli¢in, coZ s ohledem na to, Ze méfeni Ghli mezi strukturami na
povrchu zkoumaného vzorku vyZaduje métfeni ve dvou smérech, mé na vysledky méteni thlu podstatné
vétsi vliv nez na méfeni linedrnich rozmérti. Pro aktivni kompenzaci thlovych chyb byly proto vytvoieny
hardwarové i softwarové néstroje, které byly implementovény jak na stdtnim etalonu délky a tvaru v oblasti
nanometrologie, tak na platformé pro hybridni méfeni vyvinuté v roce 2021. Druhym aspektem je vytvo-
feni fetézce ndvaznosti pro malé thly, ktery by bylo moZné vyuZzit jak smérem k porovnanim s jinymi
oddé&lenimi CMI, tak pro uréeni thlovych nejistot dal§ich mikroskopii, které samy o sob& kompenzaci
parazitnich rotaci nemaj.

V oblasti méfeni periody se, kromé vySe uvedenych testli systému pro méfeni na velké ploSe, jednalo
pfedeviim o vyzkum v oblasti zpracovani dat. Usilim metrologickych institutéi, zejména PTB, vznikly
v minulych letech nékteré normativni dokumenty, napiiklad ISO 11952, které se méfenim a vyhodnoce-
nim periodickych struktur zabyvaji. Problematika volby periody a jejitho vyhodnoceni z méfenych dat je
v nich nicméné poddna pomérné strucn€ a zdaleka nevylucuje mylnou interpretaci, jak je moZno vidét i
pri studiu vysledka rtiznych porovndni, ¢i pri diskuzi s partnery z jinych metrologickych institutii. Ana-
lyza, do které jsme se zapojili a na které se zcela zdsadni mérou podilel Mgr. David Necas Ph.D. (nyni
CEITEC VUT) ukézala, Ze nejistotu méfeni periodickych struktur je moZzné zdsadnim zplisobem sniZit
volbou co mozna nejdelsich méfenych profild, dalece nad doporuceni normy. Naopak, mnohé postupy,
které mély byt podle praxe, normy i literatury vhodné pro sniZeni nejistoty se ukdzaly jako zcela kontra-
produktivni. Vyslednd publikace (nyni v recenznim fizeni, pfipojena v ptiloze zpravy) tak po teoretické
strance podporuje koncepci méfeni na co moznd nejvétsich plochéch, kterou dlouhodobé sledujeme.

V ramci feSeni tikolu bylo také pokracovano v nékterych dlouhodobych rozvojovych aktivitach, které
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jsou ve zpraveé kratce zminény. V oblasti méfeni teploty prostiednictvim Sumu se jednalo napiiklad o tech-
nické pfizptisobeni prototypu teploméru pro navazani spoluprace s Oddélenim primarni metrologie tepelné-
technickych veli¢in a pro pfipravu budouciho experimentu k porovnani prototypu Johnsonova Sumového
teploméru a sestavy primérniho akustického plynového teploméru. Sumovy teplomér je na AFM méient,
které jsou primdrnim tématem tkolu navdzany prostfednictvim méfenych vzorki (etalony drsnosti) a sond
(rastrovaci termdlni mikroskopie). Z pohledu dlouhodobych aktivit je v piiloze zpravy také zminéna ana-
Iyza vlivu drsnosti povrchil na optickd méfent, kterd souvisi s nasi snahou o postihnuti vlivu drsnosti na
méfend data v co moZna nejSirSich souvislostech a také se snahou o vétsi vyuzuiti AFM jako metody pro
nezdvislé stanoveni drsnosti pfi vyhodnocovéni dat z optickych méteni.
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2. POPIS RESENI UKOLU

Jak bylo zminéno v tivodni ¢4sti zpravy, popis feseni je rozdélen na ¢ast zabyvajici se méfenim dhld
na mikro- a nanostrukturach a ¢ast zabyvajici se méfenim periody. Je nicméné€ vhodné opét zddraznit,
7Ze Cast zabyvajici se thly je do velké miry propojena i se vS§emi dalSimi méfenimi pomoci AFM, a to
prostfednictvim systému pro kompenzaci parazitnich rotaci, jehoZ vyuzitim se méfeni pomoci mikroskopu
zptesni ve vSech ohledech.

2.1. Meéieni dhla

PoZadavky na méfeni Ghli pomoci mikroskopie atomérnich sil (AFM) mohou byt v principu dvojiho
druhu, jak je naznaceno v obrdzku[I] MiiZe se jednat o méfeni sklond vii¢i roviné vzorku, napiiklad pfi
méfeni sklonu faset struktur pro zachytavani svétla v soldrnich ¢lancich, ¢i analyze otiskd vnikaciho té-
lesa v instrumentované indentaci. Pro takova méfeni mame k dispozici jiz fadu nastrojii pro zpracovani
dat v programu Gwyddion, na jehoZ vyvoji se naSe oddéleni podili. Pokud je méfeni provedeno tak, Ze
méfeny sklon je moZné zachytit v rdmci profilt v rychlé ose méfeni mikroskopu, nejsou nejistoty méfent
thlu zdsadn€ jiné, nez u jakychkoliv jinych méfeni rozmérovyach parameteri pomoci AFM. Hlavnim
problémem jsou omezeni rozsahu mérenych thli dané sklonem stén hrotu - tj. neni mozné méftit velmi
prikré sklony. Druhym pfipadem, ve kterém mluvime také u dhlech, je méfeni Ghld v roviné povrchu
vzorku, napfiklad pfi analyze neortogonality difrakéni miiZky. Zde je situace podstatné sloZitéjsi - po-
Zadavky presnost méfeni ortogonality jsou vysoké a méfeni neni mozno provést jen v rychlé ose méfeni
(je nutné stanovit smér struktur tvoricich difrakéni mfiZzku ve dvou oséch), coZ pfindsi zdsadni problémy
z pohledu ortogonality méfictho systému i z pohledu mechanickych ¢i tepelnych driftd. Prave fakt, Ze obé
osy, rychld, v jejimZ sméru se méfi "fadky"ve vysledném obrdzku a pomald, v jejimZ sméru tyto fadky

pribyvaji, nejsou ekvivalentni, je hlavni pfi¢inou problémt. Problomatika spravného méfeni ahli v ro-
viné vzorku, tj. tento druhy pfipad, byly proto hlavni ndplni naSich aktivit pfi feSeni tkolu technického
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Obrazek 1: Ilustrace zdkladnich typti méfeni thlovych veli¢in na AFM v nejjednodussim mozném usporadani:
(vlevo) méfeni sklonti na anizotropné leptané mfiZce s vyuzitim jednoho profilu, (vpravo) méfeni Ghld v roviné

vov

vzorku na difrakéni miiZce vyuzivané pro kalibraci mikroskopt s vyuZitim dvou profild.

Pokud nahlédneme do odborné literatury, zjistime, Ze problematika méfen{ uhll je podstatné méné



Cesky metrologicky institut Zprava dkolu TR &. Pocet ptiloh: 4
Oblastni inspektorat Brno 6014-TR-Z0001-22 Pocet listt: 7/{5‘

£

pokryta, neZ je tomu v pripad¢ jinych délkovych méteni v AFM, napriklad periody miizky. Méfenim
uhld se zabyva napiiklad PTB v publikaci vénované méteni difrakénich miiZek [1]]. Pro tyto Gcely vyuzi-
vaji vysoce presny polohovaci systém Nanopositioning and Nanomeasuring Machine (NMM) [2], ktery
umoZziuje méfeni na plochach az 25x25 mm. Ze sad velmi dlouhych profilti ve dvou osach stanovuji ori-
entaci obou os miizky a jejich vzdjeny dhel stanovuji s nejistotou cca 40 urad. Klicovym prvkem pro
dosazZeni tak malé nejistoty je pritom velmi mald dhlovd chyba samotného mikroskopu (neortogonalita
0s), kterou autofi studie prekvapivé ziskdvaji jen z dokumentace vyrobce a jednd se o hodnotu 10 yrad.
Pti vyuziti jiného metrologického mikroskopu v korejském institutu KRISS byla pro srovnini dosaZena
o néco vyS$i hodnota nejistoty, 100 prad [3]], kterd se nicméné&, ve srovndni se zcela nepiredvidatelnymi
hodnotami, které by bylo mozné ziskat na komercnich mikroskopech, dd povaZzovat za velky tspéch.

Jak je zminéno jiZ v ivodu zprdvy, nasi snahou je dosdhnout nejistoty métfeni thlu nizsi, nez je 50
prad. Méfeni dat pro vyhodnocen{ thli provadime v praxi nej¢astéji v souladu s postupem navZenym
v Ref. [[1], ktery spociva v natoeni miiZKy tak, aby byla zhruba orientovana stejné jako jsou osy skeneru
mikroskopu a ndsledném méfeni dvou obdélnikovych snimkl topografie, jednoho pokryvajictho jednu
fadu objektl tvoficich periodickou strukturu miizky a jednoho pokryvajiciho jeden sloupec objektt, tak
jak je to naznaceno na obrazku 2] Tato data jsou ddle zpracovéna, v nasem piipadé v programu Gwyddion.

C e @ M

o)t

C—> Fast scan direction

Obrazek 2: Schema méfeni dat pro vyhodnoceni dhlu dle Ref. [|1]

Pro dvahy o vhodné volbé parametrii pfi mefeni je vhodné otestovat nasSich schopnost vyhodnotit
malé rozdily v thlech z méfenych dat. Pokud bychom uvaZovali o typickém AFM snimku s velkym,
avSak béZné pouzivanym, rozliSenim (1024 x 1024 pixelt), jako je to v obrazku [3| prostou geometrickou
uvahou zjistime, Ze z poméru poctu pixeld a velikosti pixelu by melo byt nejvétsi mozné thlové rozlisen{
1 mrad. To odpovidd rozdilu mezi profilem, pro ilustraci napiiklad celym v ose x, a profilem, ktery je
na jedné strané v ose y posunut pravé o jeden pixel. Vyhodnoceni proto neni vhodné provadét piimym
odecitanim profild, kde bychom na toto omezenf narazili. Abychom dosahli vy$siho rozliSeni, vyuZivame
faktu, Ze miiZka je tvofena stejnymi objekty (napiiklad ¢tvercovymi otvory). Je proto mozné detekovat
polohy téchto objektli néjakou pokrocilej$i metodou se sub-pixelovym rozliSenim, coZ je v naSem piipadé
kros-korelace. Vybereme jeden objekt, a hleddnim pomoci korelace nalezneme polohy vSech dal$ich ob-
dobnych objektd na povrchu. Vysledné polohy stfedi objektt v rdmci jednoho fadku ¢i sloupce miizky
pak mtiZeme napiiklad prolozit pfimkou a z nf odecist poZadovany thel.

Ptesnost postupu zaloZeném na kros-korelaci jsme otestovali jednoduchym numerickym experimen-
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Obrazek 3: Simulace schopnosti algoritmu kros-korelace detekovat rotaci vzorku pro rtiznd rozliSeni. Vlevo jsou
vstupni data (vloZeny obrdzek) a detekované posuny, vpravo zdvislost délky vektoru posunuti na vzdélenosti od
stiedu obrazku, pro dvé riiznd rozliSen{ vstupnich dat.

Vv

tem. Pomoci ndstroji programu Gwyddion jsme vygenerovali dvé sady topografii miizek, vzdjemné po-
otocené o 0.1 stupné. Vyhodnotili jsme polohy stfedil objektd a vynesli jsme do grafu jejich vzajemné
posunuti, v zdvislosti na vzdalenosti od stfedu otdc¢eni. Data jsme proloZili pfimkou a urcili jeji smérnici
a rozptyl této smérnice. Stejny experiment jsme zopakovali na dvou sadéch dat, reprezentujicich miizku
o fyzicky stejnych rozmérech, nicméné naméfenou s rozliSenim 1024 x 1024 pixelti a 5000 x 5000 pixeld.
Vysledné grafy je mozné vidét v obrazku [3| Detekované thly byly (0.1007i0.0004)(o) pro data s men-
§fm rozlisenim a (0.1 & 5x1077)° pro data s vy3$&im rozlienim. Nejistota v uréent tihl&i dand procesem
zpracovani dat je v tomto pripade€ 14 urad resp. 0.9 urad, coz je pro nase ucely dostacujici a to dokonce i
pro méfeni v niZ§im rozliSeni (pokud by ostatni nejistoty byly velmi nizké).

Generovand data byla nicméné idedlni, takova, jaka by byla naméfena polohovacim systémem, ktery
je dokonale ortogondlni a prosty jakychkoliv driftd. Metrologické mikroskopy vyuzZivaji odméfovani ve
vSech osdch pomoci interferometrickych systémi a takovému stavu se snazi co moznd nejvic pribliZovat.

Kli¢ovym pfistupem pro ziskdni co moznd nejmensi nejistoty pfi méfeni dhlu je vyuZiti skenovaciho
systému, ktery je dostate¢né stabilni a prosty parazitnich posunti ¢i rotaci — to byl také pripad méreni
v PTB. Mohlo by se zdat, Ze je také nutné, aby i osy mikroskopu byly viic¢i sobé co moZna nejvic kolmé.
Nedokonalost v tomto sméru je nicméné mozné detekovat velmi jednoduchym postupem - druhym méte-
nim stejné miizky pootocené o 90 stupiiti. To umozZiuje odseparovat chybu miizky od chyby skenovaciho
systému. I tento postup pfedpokladd, Ze skenovaci systém se chova stdle stejné€ a prave rlizné parazitni jevy
tento princip narusuji. VétSina ndmi vyvinutych systémt vyuziva k odmérovani polohy interferometry, tj.
poloha by méla byt zndma piesné. To nevylucuje, Ze se miize polohovaci systém pfii skenovani rizné na-
taCet. Pokud by nas senzor byl umistén pfesné v pomyslném stfedu svazkt interferometrd, mél by byt vliv
natdceni nulovy. V praxi je nicméné velmi obtiZzné takového stavu s rozumnou presnosti dosdhnout a jako
vyhodnéjsi se jevi parazitni rotace detekovat a kompenzovat.

V ramci feSeni dkolu jsme se proto zabyvali kompenzaci parazitnich rotaci Stdtnim etalonu délky
a tvaru v oblasti nanometrologie (ddle pro strucnost nazyvaném metrologicky SPM) a na systému pro
hybridni méfeni na velkych plochéch, ktery jsme zkonstruovali v minulém roce.
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2.1.1. Parazitni rotace pri méreni na metrologickém SPM

Parazitni rotace souvisi s nedokonalosti linedarnich vedeni, kterd by méla zajistit, Ze je pohyb skenova-
ciho systému v kazdé ose zcela nezdvisly a ptimy. V piipadé metrologického SPM se jednd o polohovaci
systém Physik Instrumente, ktery umozZiluje pohyb ve vSech tfech osidch a ktery obsahuje i integrované
kapacitni senzory vzdalenosti. Uhel natodemni detekovat ani kompenzovat nedokaze. Uhlové chyby pfi
stolku byly charakterizovany jiz pfed mnoha lety kolegy z oddéleni kvantové metrologie délky. Pro jed-
notlivé rotace, s oznadenim os prezentovaném v grafu[d)), byly naméfeny maximalni hodnoty 12 pirad pro
rotaci oznacenou jako "pitch", 35 urad pro rotaci "yaw"a 12 prad pro rotaci "roll". Pro méfen{ plandrnich
uhld je kritickd predevsim rotace "yaw", jejiZ hodnota je pomérné vysokd, pokud ji srovname s nejistotou
50 prad, které chceme dosahnout. Proto se jiz krétce po konstrukci mikroskopu spole¢nym tsilim CMI a
UPT AVCR za&alo uvaZovat o instalaci kompenza¢niho systému.
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i

Obrazek 4: Oznaceni os rotaci stolku Physik Instrumente dle méfeni na oddéleni kvantové metrologie délky v roce
2007.

Pro kompenzaci rotaci je nejprve nutné tyto rotace s dostate¢nou piesnosti méfit. V pripad¢é metrolo-
gického SPM je tento tkol usnadnén tim, Ze v SPM je soustava interferometr( ur¢end pro métfeni pohybu
ve vSech Sesti stupnich volnosti, coZ zahrnuje i rotace. Umistén{ interferometrti je schematicky naznaceno
v obrdzku [5] Metrologicky SPM je systém skenujici vzorkem, tj. veskery pohyb mezi hrotem a povr-
chem v laterdlnim sméru je zajisfovan pomoci polohovaciho systému Physik Instrumente, jehoZ parazitn{
rotace byly diskutovdny v minulém odstavci. Pfi prvnim pokusu o aktivni kompenzaci rotaci byly mezi po-
lohovaci systéma a rovinu vzorku instalovédny tfi kombinované piezoelektrické prvky, kazdy umoZiujici
pohyb ve dvou oséch, lateraln€ i v ose z. Tyto prvky byly instalovany zhruba na kruzZnici naznac¢enou na
obrazku 5] tak, aby lateralni pohyb vSech tiech vyvolal natoceni okolo osy odpovidajici normdle povrchu
stolku, tj. rotaci "yaw"z predchoziho textu. Nezavisly pohyb jednotlivych piezoelektrickych prvkl v ose
z pak miZe kompenzovat zbylé dvé rotace. Vyhodnoceni vSech rotaci a jejch kompenzace probihaly po-
mérné sloZitym zptisobem. Signdly odmé&fované viemi interferometry detekovala elektronika UPT AVCR
a délku z nich vyhodnocoval program v Labview béZici na osobnim pocitaci. Vysledky se preddvaly pres
priamyslovou sbérnici CAN do dalsiho pocitace. Na ném bezZel program pro kompenzaci, ktery nastavoval
hodnoty napéti pro jednotlivé kompenzacni prvky jako analogovy vystup na multifunkéni karté National
Instruments. Ty byly déle zesilovany pomoci dalif elektroniky UPT AVCR. Celd tato sestava byla testo-
vana a schopna udrzovat konstantni natoceni celého polohovaciho systému, jak bylo také prezentovdno
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v odborném ¢lanku [4]], z néhoZ pfejimdme jeden z vysledki v obrazku [0

Experimenty provedené s prvni verzi aktivni kompenzace byly velmi slibné, ale jednalo se spiSe o mé-
feni typu "proof of concept”, nez o sestavu, kterou by bylo moZné rutinné vyuZivat, jak se ukdzalo posléze.
Kombinace vSech prvkia detekce, zpracovani, vyhodnoceni a interpretace dat byla pomérné t€Zkopadna,
coZ mimo jiné ovliviiovalo rychlost kompenzace, coZe je ostatné vidét i na nizkém rozliSeni snimku de-
monstrujicicho efektivitu kompenezace v obr. [ V tomto roce jsme proto cely systém rekonstruovali
a znaéné zjednodusili, jak je to popsdno v dalSich odstavcich. Velkou vyhodou ziskanou experimenty
z predchozich let bylo, Ze jsme mohli vyuZit jiZ existujici interferometry a kompenzacni piezoelektrické

prvky.
v by

NP

Obrazek 5: Umisténi Sesti interferometrd v metrologickém SPM

2.1.2. Nova detekce rotaci pomoci interferometra

Stejn¢ jako v minulych letech je kli¢ovym prvkem pro detekci rotaci v metrologickém SPM vyuziti Sesti
interferometrd, z nichZ jeden odméfuje posuny v ose x, dva posuny v ose y a tii odméfuji posuny v ose
z. Z jejich vystuptli je mozZno zrekonstruovat pohyb stolku ve vSech smérech i rotacich, tj. ve vSech Sesti
stupnich volnosti. Surova data z interferometrii nicméné maji k takovym vysledk@im velmi daleko. Pri-
mdarnim signdlem z interferometru s detekci faze jsou dva signély, které je mozné si predstavit jako sinus
a kosinus vektoru opisujiciho pohyb po kruZnici. Velikost této kruZnice a jeji ptipadnd nepravidelnost je
déna kontrastem interferencnich prouzki, fize odpovida poloze, tj. jeji zména o 27 odpovidd posunu po-
hybujiciho se zrcadlo vici referencénimu o urcity zlomek vinové délky - v pfipadé€ naSich interferometr
je to jeji Ctvrtina.

Nové usporadani detekce posunuti je zaloZzeno na vyuZiti desky Red Pitaya a pfidavné desky s AD a
DA prevodniky (viz obr. , kterou jsme popisovali jiZ ve zprdavé UTR v predchozich letech pii popisu
kontroléru pro rastrovaci sondovou mikroskopii. Pro ticely detekce a kompenzace natoCeni je na tomto
systému podstatné, Ze obsahuje 16 simultdnnich analogovych vstupd, které mtiZeme pouZit pro snimani
signdldl z interferometr. Kromé toho obsahuje také 16 analogovych vystupd, které mtizeme vyuZit na
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Obrazek 6: Vysledky pokusi o kompenzci rotaci publikované v Ref. [4]: a) thlova chyba bez kompenzace a s kom-
penzaci, b) rezidudlni dhlova chyba po kompenzaci rotaci.

fizeni kompenzaci, jak bude zminéno v dal§im textu, v kombinaci s vysokonapéfovym zesilovacem zob-
razenym na obr.[7} Analogové vstupy jsou realizovany prostiednictvim dvou osmikanélovych 18bitovych
AD prevodnikt Od Texas Instruments (ADS8598H), které sdili jeden signél pro konverzi hodnot. I pfesto,
Ze je méfeni realizovdno dvéma prevodniky, je diky tomu moZné nacist simultanné 16 napéti. Analogové
vystupy jsou implementovany pomoci 16kandlového 16bitového DA prevodniku DAC81416 rovnéZ od
Texas Instruments. VyuZili jsme celkem 4 kandly, kdy jeden slouZi pro fizeni napéti na vSech stfiznych
piezech a zajiSfuje tak rotaci okolo osy z. Zbylé tii signdly nastavuji napéti na jednotlivych z piezech a
umoziuji tedy rotace okolo os x a y. Pro zesileni fidicich signalti jsme vyuZili kompaktn{ zesilovace firmy
Piezodrive. Moduly BD250 maji integrovany zdroj vysokého napéti a vstupni rozsah O V az 3 V zesili na
4250 V. Napéti 1,5 V na vstupu udéla nulové napéti na vystupu.

Pro vyhodnoceni vzdalenosti méfenych jednotlivymi interferometry vyuzivame vzdy dvojici signalt
z prislusné detekcni jednotky. Pred detekci signdly normalizujeme jejich prepoctem na jednotkovou kruz-
nici s korekci piipadné elipticity, kterd mtZe byt ddna Spatnym sefizenim interferometru (tzv. Heydeman-
nova korekce, popisovand ve zpraviach UTR v minulych letech). Samotn4 detekce je velmi jednoduchd,
fazi detekujeme pomoci funkce arkustangens a priibézné pocitdme prichody nulovou fazi abychom mohli
kumulativné sledovat pocet probéhlych interferenc¢nich prouzki.

Parazitni rotace detekujeme jako rozdil mezi vzdédlenostmi ¢tenymi interferometry umisténymi ve
stejném sméru, viz obr. [3] tj. napiiklad pro nés kritickou rotaci "yaw"z pfedchoziho textu vyuZijeme roz-
dil mezi vzdalenostmi méfenymi dvéma interferometry v ose y. Z pohledu rozliSen{ thlu je tedy zdsadnt,
aby naSe odmérovani bylo zatiZeno co moZnd nejmen$im Sumem, coZ zahrnuje faktory jako sefizeni in-
terferometri, zesileni a detekci signdld z detek¢nich jednotek i mechanicky Sum celého systému.

Na obr. [8]a[9]jsou uvedeny vysledky analyzy Sumu v systému pro riizné stavy elektroniky. Na obr. [§]je
porovnani stavu, kdy je fidici elektronika vypnutd, se stavem, kdy je kompletn€ zapnutd. Vynesena jsou
méfeni ze vSech interferometrd, které odmétuji pohyb stolku, doplnénd o méfeni interferometru, ktery
odméfuje pohyb sondy (Head). Skdla na ose y byla zimérné nastavena u obou stavil elektroniky stejné,
aby byl rozdil zfejmy jiz na prvni pohled. Obecné se da fict, Ze nejmensi Sum byl pozorovan na Head in-
terferometru, zatimco nejvétsi byl na y interferometrech. Ve vypnutém stavu se Sum pohyboval od 0,6 nm
u Head interferometru do 1,2 nm u y2 interferometru, zatimco v zapnutém stavu to bylo v rozmezi 1,5 nm
az 3 nm. Zajimalo nés déle, jaké jsou pifispévky od jednotlivych ¢4sti systému. Srovnédni je uvedeno na
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obr. 9 Pro pfehlednost jsou uvedeny pouze vysledky méfeni na x interferometru. Je vidét, Ze pokud se
zapnulo napdjeni zesilovacti pro kompenzacni pieza a drZelo se fidici napéti na konstatnich hodnotach,
Sum v ose z to nezvySilo. Pokud ov§em byla zapnut4 jen stabilizace vlnové délky, Sum se zvySil nékolika-
ndsobné. Podstatné zvySeni Sumu také prineslo zapnuti napdjeni piez, které pohybuji stolkem, a piipad,
kdy kromé piez byla zapnutd i zpétnd vazba, kterd na zdkladé hodnot z integrovanych kapacitnich sen-
zoru drZela stolek na dané pozici. Z porovnani jde tedy vidét, Ze systém kompenzace rotace zdaleka nen{
podstatnym zdrojem Sumu celé sestavy.

Obrazek 7: Fotografie desky s AD a DA pievodniky s modulem Red Pitaya (vlevo) a zesilovact Piezodrive BD250
(vpravo).
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Obrazek 8: Porovnani Sumu interferometrti v piipade, Ze je veskera fidici elektronika vypnutd (vlevo) a v piipadé,
Ze je kompletné zapnutd (vpravo).

2.1.3. Kompenzace rotaci

Jak bylo zminéné vyse, pro kompenzaci rotaci vyuzivime piezoelektrické prevodniky umisténé na polo-
héch shodnych s polohami interferometrd v ose z na obréazku 5] pfi¢emz pro rotaci typu "yaw"je vyuZito
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Obréazek 9: Porovndni jednotlivych pfispévkl do Sumu na z interferometru. Off - fidici elektronika je vypnutd,
rotation - zapnutd pouze elektronika pro rotace stolku, stabilization - zapnuty pouze systém stabilizace vin. délky,
table - zapnuté polohovani stolku, table+servo - stolek aktivné drzi pozici.

NMeiv 2

stfizné funkce prevodniki - jejich pohybu v lateralnim sméru. Pro kompenzaci vyuZivime program im-
plementovany na zafizeni Red Pitaya, ktery pomoci jednoduché zpétné vazby udrZuje detekované rotace
konstantn{ tim, Ze na jednotlivé piezoelektrické prvky posild napéti. Efektivita kompenzaci je zndzornéna
na obr. [I0]a [IT] kdy jsme se stolkem popojeli z vychozi nulové polohy o 10 um v osich z ay ao 1 pm
v ose z a o stejné vzddlenosti zase zpét. Rychlosti stolku byly 10 um/s v laterdlnim sméru a 1 um/s ve
sméru z. V grafech je pro srovnani uveden i piipad, Ze rotace stolku kompenzovany nebyly. Z porovnani
téchto zavislosti jde vidét, Ze pokud je kompenzace vypnutd, interferometry v ose y se vzdali cca o 300 nm
od referen¢ni hodnoty namefené kapacitnim senzorem. V piipad€ naseho systému se jednd o rotaci cca
4 urad, kterd byla bezezbytku vykompenzovana.

V ptipadé kompenzace rotace okolo osy z byla situace jednoduchd v tom smyslu, Ze na modulu Red
Pitaya byla implementovana jednoduchd zpétnd vazba pouze s P ¢lenem, kdy se napéti na stfiZznych pie-
zech nastavovalo tak, aby se vynuloval rozdil interferometrd y1 a y2. V piipadé€ zbylych dvou os je situace
o néco komplikovanéjsi. MozZnosti jak nastavovat rotace pomoci tfi piez je hned nékolik:

* Nulovat rozdil jednoho z interferometrti oproti priméru spocitaném ze vSech tif interferometrd, tj.
napf. nastavit napéti na piezu z1 tak, aby byl nulovy rozdil z1 — (z1 + 22 + 23)/3.

* Nulovat rozdily sousedni dvojice interferometrd, tj. napf. napéti na piezu z1 nastavit tak, aby byl
nulovy rozdil z1 — 22.

* Nulovat v jednom kroku rozdil interferometrti 22 a z3 pomoci napéti na piezech 22 a 23 a ve druhém
kroku nastavit napéti na piezu z1 tak, aby byl nulovy rozdil z1 — (22 + 23)/2.
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V aktudln{ verzi fidiciho software je zpétna vazba implementovana podle tfeti varianty. Divodem byla
nazornd geometrickd predstava, kdy v prvnim kroku se stolek oto¢i okolo osy y a ve druhém pak okolo
osy x. Toto ale bude pfedmétem zkoumadni, protoZe uZ ted je z obr.[I1] (vlevo) patrné, Ze piezu z1 trvalo
vyrazné del$i dobu otoceni stolku podle osy x v porovndni s nati¢enim podle osy y, kdy se na rotaci
podilela pieza dvé. Nicméné kompenzace rotaci funguje, jak ma. Obrazek 1] vpravo jasné demonstruje,
Ze jsme byli schopni vykompenzovat rozdil napf. mezi piezy z1 a 22, ktery ¢inil cca 150 nm, coZ opét

2 Nz

odpovida fddove jednotkdm prad.

Déle nés zajimalo, zda mtiZeme vykompenzovat natdCeni okolo osy z pfi pohybu stolku na celém
svém rozsahu. Nastavili jsme proto vychozi polohu stolku ve v§ech osédch do stfedu piislusného rozsahu a
pak jsme jeli o polovinu rozsahu smérem na zacatek, déle pies cely rozsah nakonec, abychom se na z4vér
opét vratili do stfedové polohy. Priibéh fidiciho napéti na stfiZznych piezech a rozdil interferometrd y1 a
y2 je uveden na obrazku [I0] V grafu je pro porovndni uveden i pifpad, kdy byla kompenzace vypnutd.
Jde vidét, Ze v tomto piipad¢ se interferometry rozesly aZ o 1,7 um, to odpovida rotaci az o 11 urad. Pri
zapnuté kompenzaci byl rozdil mezi interferometry mensi nezZ 200 nm, pfi¢emz tato hodnota by jisté §la
zmenS$it bud zpomalenim pohybu stolku nebo zvySenim proporcniho ¢lenu ve zpétné vazbé. Pii hodné
vysoké hodnoté ale hrozi, Ze se zvyS$i Sum. Z grafu je také patrné, Ze se fidici napéti béhem kompenzace
pohybovalo v rozmezi 0,5 V az 2,7 V. Vzhledem k tomu, Ze plny rozsah je nula aZ tfi volty, je zde potencial

pro kompenzaci jesté vétsich natoceni.
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Obrazek 10: Kompenzace rotace stolku pfi soucasném pohybu ve vSech osich. Hodnoty y interferometri, kdy byla
kompenzace vypnutd, byly pro lepsi ndzornost posunuty o 400 nm. Zobrazeno je i méfeni z kapacitniho senzoru

samotného stolku (CY).
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Obréazek 11: Kompenzace rotace stolku pfi soucasném pohybu ve vSech osiach. Hodnoty z interferometrii byly pfi
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vypnuté kompenzaci posunuty o 400 nm. CZ je méfeni z kapacitniho senzoru.
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Obrazek 12: Kompenzace rotace stolku pfi jeho pohybu véetné fidicich napéti. Je uveden i piipad, kdy byla kom-

penzace vypnuta.
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2.1.4. Generator malych rotaci

Zarizeni pro kompenzaci rotaci midZeme pouZit i jako generator malych dhld. Pokud stolek stoji a my
pouze nastavujeme riznd napéti na piezo ovladajici otdCeni ve sméru "yaw", miZeme pomoci interfero-
metril detektovat natoceni s metrologickou ndvaznosti na stabilizovany Nd:YAG laser, ktery je soucdsti
stitniho etalonu. Na obradzku [13] je vysledek takového experimentu. Napéti na stfiznych piezech bylo
nastavovdno v rozmez{ £220 V, ¢emuZ odpovidal rozdil interferometri v rozmezi -3,3 pm az +3,2 ym.
Pfevedeno na dhel to déla celkem 43 prad. Celkovy rozsah natdceni by tedy pro rozsah napéti £250 V mél
¢init ptiblizn€ 49 prad. Co se Sumu tyce, ukdzali jsme, Ze Sum interferometru v ose y byl na drovni 3 nm.
Pokud tento idaj opét pfevedeme na thel, vyjde ndm Sum pfiblizn¢ 20 nrad.

Y- ¥ [pm]
.

0 50 100 150 200 250 300 350 400
t[s]

Obrazek 13: Rotace stolku okolo osy z, uveden je rozdil interferometrd y1 a y2. Rozsah napéti na stfiZznych piezech
byl +220 V.

2.1.5. Senzor autokolimatoru pro pi‘enos navaznosti tthlu

Situace, kdy mdme v mikroskopu odmérovaci systém detekujici v§echny stupné volnosti pohybu je po-
mérné vzacnd. V praxi by nds zajimaly také parazitni rotace u jinych polohovacich systémt, vcetné ko-
mer¢nich mikroskopti. Kromé toho planujeme jesté v tomto roce porovnat nase schopnosti méfeni malych
GihlG s pistroji na Oddéleni primarni metrologie rovinného thlu a délky CMI v Liberci a Sestiosy odmé-
fovaci systém na statnim etalonu se pro takové ucely nehodi, byf miZe pracovat i jako generdtor malych
uhld. Proto jsme se rozhodli vyrobit maly etalon pro prenos ndvaznosti v oblasti velmi malych Ghld.
Koncepce etalonu je zaloZena na vyuZiti autokolimdtoru, coz je zafizeni, které sleduje posun svazku
svétla na pozi¢né citlivém detektoru (PSD), poté co se svétlo odrazilo od zrcatka, jehoZ pootoceni chceme
detekovat. Predpokldaddme Ze zrcatko bude soucasti jiného etalonu generujiciho thel (bud’ na nasem od-
déleni nebo na OI Liberec), pti konstrukci jsme se proto zaméfili jen na optickou a elektronickou ¢ast
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Obrazek 14: Fotografie DPS pro zpracovani signdlii z pozi¢né citlivych detektorti. Vyobrazeny jsou i desticky s pred-
zesilovaci.

detektoru. Opticka sestava je pomérné jednoduchd, sklddajici se z laserového modulu, kolimacni optiky a
délice svazku. Pro detekci vyuzivame pozi¢né citlivy detektor, na néjz dopada odraZeny svazek. S ohle-
dem na to, Ze pozi¢né citlivy detektor a jeho pfedzesilovac jsou klicové pro dosaZeni potfebné citlivosti a
stability, vyvinuli jsme novou elektroniku znédzornénou na obr. [T4} Schéma zapojeni jak pfedzesilovali,
tak samotné desky pro analogové zpracovani signald z PSD je v priloze zpravy. Umisténi pfedzesilovaci
do tésné blizkosti senzoru je dileZitym faktorem pro minimalizaci elektromagnetického ruSeni. Na ob-
rdzku jsou desticky s predzesilovaci osazeny kvadrantnimi detektory Hamamatsu S5980 a S4349, které
chceme vyuZzit predevSim pro optickou zpétnou vazbu v AFM. Desticka AFMTIA02B v$ak pifimo umoz-
fiuje osadit detektor Hamammatsu S5990, ktery byl pouzit v ddle uvedenych méfenich Sumu (obr. [I3)) a
citlivosti (obr. . Mame jesté desticku pro detektor S5991 s aktivni plochou o rozméru 9 x 9 mm?2, coz
by mélo vést na vétsi rozsah autokolimatoru. Nami testovany mensi z detektorti ma aktivni plochu jen
4 x 4 mm?, m4 ale zase mensi Sum.

V testovaci aparatuie jsme pouZzili zrcatko, které umoziiovalo pfesné natdceni pomoci piez. Pfi odhadu
rozsahu naseho autokolimétoru jsme pouZili katalogové udaje vyrobce (Thorlabs), ktery uddva rozsah
4275 prad pro rozsah O V az 150 V na piezech. Prvni experiment spoc¢ival v méfeni Sumu. Nejdiive jsme
mé&fili maximalni samplovaci rychlosti, co pouZitd méfici karta umoziiovala - 125 kS/s. Na obr. [I3] vlevo
jde vidét, Ze autokolimator v prvnim okamZiku zaznamenal oties zrcatka pfi inicializaci analogovych
vystupt méfici karty, které byly privedeny na zesilovac, pies ktery bylo nastavovdno napéti na piezech
zrcdtka. Dale je vidét, Ze Sum se pohyboval na drovni 100 mV. Toto jsou data naméfend piimo na vystu-
pech z desky pro analogové déleni signdlu. Vzhledem k tomu, Ze pohyby odméfovanych zrcadel budou
v naprosté vétsiné pripadi pomalé, planujeme tato napéti filtrovat a fadové tak snizit Sumy. Zkusili jsme
rovnéZ dlohodobé mérenti, kdy jsme béhem 3hodinového pozorovani nezaznamenali vétsi drift signdld
autokolimdtoru.

Dalsi experiment spocival v méfeni citlivosti, kde jsme zrcétko nastavili do pevné polohy v jedné ose
a proskenovali vétSinu rozsahu v druhé ose. Toto se zopakovalo s prohozenymi osami. Pro vzdédlenost
zrcdtka od detektoru 420 mm jsme zjistili, Ze citlivost dané osy nezdvisi na poloze v druhé ose a ¢in{
55 prad/V v ose x a 49 prad/V v ose y. Rozsahy jsme odhadli na vice nez 250 urad v ose z a vice nez
220 prad v ose . Sumy okolo hodnoty 100 mV by tedy odpovidaly cca 5 prad, tedy p¥iblizné jedné tihlové
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vtefing, ale jak bylo zminéno dfive, tato hodnota by $la jesté fadove sniZit filtrovanim signdld.
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Obrazek 15: Vysokofrekvencni Sum (vlevo) a dlouhodoby drift (vpravo) testovaci sestavy autokolimatoru.
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: Méfeni citlivosti v ose X (vlevo) a v ose Y (vpravo) autokolimdtoru. Vzdalenost zrcadla od detektoru
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2.1.6. Rozsifeni kompenzace parazitnich rotaci pro méieni na velkych plochach

Koncepci otestovanou na metrologickém SPM jsme rozsitili i pro druhé zatizeni, které v tomto kontextu
planujeme vyuZivat, tj. na systém pro hybridni méfeni v nanometrologii vyvinuty v roce 2021 v rdmci
Ukolu technického rozvoje. Jednd se o polohovaci systém s velkym rozsahem (5x5 cm?), vyuZivajici
vzduchova vedeni a generovani sily pomoci civek. I tento systém je fizen pomoci interferometrd, zdkladn{
metrologickd ndvaznost je tedy zajiSténa, ale i u tohoto systému se setkdvdme s parazitnimi rotacemi. Ty
jsou pozorovatelné i v praxi a projevuji se napiiklad zménami v kontrastu interferen¢nich prouzki, kdyz
je zafizeni v pohybu.

Obrazek 17: Fotografie stolku s orientaci os.

Narozdil od metrologického SPM se v systému pro hybridni méfeni neodmétuji vSechny stupné vol-
nosti pohybu, ale v kazdé ose je instalovan jen jeden interferometr. Pro detekci thla jsme proto vyuzili
senzory autokolimdtord popsané v predchozi kapitole. Pro kompenzaci samotnou jsme pouzili velmi po-
dobné a obdobné& uspofddané piezoelektrické prvky jako v metrologickém SPM, viz obr. [I7} také elek-
tronika a software pro kompenzaci byly stejné.

Prvni, co nds zajimalo, byl opét Sum. Na obr. [I8]jsou mé&feni z interferometri. Na grafu vlevo jsou
uvedeny piipady kdy byl stolek aktivni a drZel polohu, déle kdyZ se vypnula zpétna vazba, pripad, kdy se
zastavi privod vzduchu do loZisek, nebo kdyZ se jesté navic vypne napdjeni stfiznych piez, které zajistuji
rotaci horni desky se zrcadly. Pro pfehlednost jsou v pravém grafu jenom pfipady, kdy stél stolek na
misté, tj. neni zobrazen pripad bez zpétné vazby, kdy stolek pomalu odjizd€l z pivodni polohy. Jde vidét,
Ze zdaleka nejvetsi piispévek do Sumu méla zpétnd vazba, kterd drZela stolek na misté. Parametry zpétné
vazby bude tedy potieba jesté optimalizovat.

Dile jsme se zajimali o natdceni stolku. Na obr. [I9]je uvedeno méfeni na autokolimatoru, ktery byl
umistén v ose z stolku. Uvedeny jsou opét pripady analogicky k méfeni poloh pomoci interferometrd.
Vzdalenost zrcadla od detektoru byla oproti testovaci sestavé jenom Ctvrtinovd a navic muselo byt piena-
staveno i zesileni desky pro analogové déleni signdlli autokolimétoru. Nemtzeme tedy pouZit citlivostni
faktory odhadnuté diive. Misto toho ale miZeme rozsah nataceni a pfislusné ihly odhadnout z geometrie
arozsaht piez. Vyjde ndm v tomto piipadé citlivost 390 prad/V. S timto citlivostnim faktorem ndm vyjde,
Ze v piipadé, kdy stolek drZi aktivné polohu, se jedna o thly 40-80 urad.
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Obrizek 18: Sum v poloze odméfované 2D interferometrem v riiznych stavech stolku. Vpravo jsou vyobrazena
pouze méfent, kdy stolek drZel polohu.
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Obrizek 19: Sum odméfovany autokolimdtorem umisténym v ose X stolku, resp. X interferometru. Osa X na auto-
kolimatoru tedy odpovida rotaci okolo osy Z stolku a osa Y na autokolimatoru odméfuje rotaci okolo osy Y stolku.
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Na obr. 20]a 21| jsou méfeni na autokolimdtoru, kdy stolek postupné jede v jedné ¢i druhé ose o riizné
vzdalenosti. MiiZeme vidét, Ze pokud stolek popojede maximaln€ o 1 mm, natoceni jsou kolem 40 prad.
Zde neuvaZujeme otfesy zptsobené zakolisdnim zpétné vazby. Pokud ovSem jedeme na vétsi vzddlenost,
thly jsou podstatné vétsi. Pokud napiiklad jedeme podél osy x o 4 cm, napéti na vodorovné ose autoko-
limétoru postupné nartistd z cca 0,5 V na 3,5 V. Tomu by odpovidala rotace o thel 1170 prad.

V dalsim jsme se pokusili odhadnout, jakych rotaci jsme schopni dosdhnout pfivedenim napéti na
jednotlivé pieza. Na obrdzku 22| vlevo je znazornéno méfeni na autokolimdatoru, kdyZ se ménilo napéti na
stfiznych piezech. MidZeme odhadnout, Ze zména napéti o cca 200 mV odpovida rotaci o 78 urad. Rozsah
stfiznych piez je 200 V, takze teoreticky jsme schopni kompenzovat rotace do 156 prad, coZ ovSem
zdaleka nepokryje rozsah rotaci pfi pohybu na plném rozsahu stolku. Na obrdzku vpravo je piipad, kdy
se pfivadélo napéti na piezo z1. Zde jde vidét, Ze k Zddnému natdeni nedochdzi, coz vyplyva z geometrie
systému a je tedy v souladu s ocekdvanim. Analogicky odhadujeme rozsah natd¢eni pfi zméné napéti na
piezech z2 a z3. Rozsah moznych natoceni odpovida v obou piipadech 156 prad.
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Obrazek 20: Odméfovani rotaci stolku pfi jeho pohybu pomoci autokoliméatoru. Vlevo pohyb stolku o 100 pm, resp.
o 1 mm v ose X, vpravo pohyb v ose Y.
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Obrazek 21: Odmérovani rotaci stolku autokolimatorem. Vlevo pohyb stolku o 1 cm, resp. 0 4 cm v ose X, vpravo
pohyb v ose Y.
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Obrazek 22: Autokolimdtorem zméfené natdceni stolku pomoci stfizného (vlevo) a Z1 pieza (vpravo).
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Obrazek 23: Vlevo je autokolimdtorem naméfené natdceni stolku pii zméné napéti na piezu Z2, vpravo jsou data
z autokolimadtoru pfi zméné napéti na piezu Z3.
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2.2. Meéreni periody

Meéfeni periody je jednou z typickych tloh v oblasti metrologie délky a to i mimo oblasti mikro- a nano-
technologii. Periodické struktury jsou vyuZivany v fadé oblasti, af uz se jedna o kone¢né produkty, nebo
o soucdsti metrologickych zafizeni. Typickymi piiklady jsou difrakéni mfizky, senzorové matice rdz-
nych detektord (CCD, CMOS) ¢i fotonické krystaly. Periodické struktury se také vyuzivaji jako pomocné
prvky ve velmi pokrocilych vyrobnich technologiich, napiiklad pro sesazovdni masek v polovodi¢ovém
pramyslu. S ohledem na to, Ze fada periodickych struktur ma rozméry idedlni pro charakterizaci pomoci
mikroskopie atomdrnich sil se jednd o jedno z nejcastéj$ich méfeni i z pohledu pozadavki zdkaznikd. Ilu-
straci riznych periodickych struktur se kterymi se v tomto oboru potkdvdme miiZeme vidét na obrazku[24]
V oblasti metrologie je zdaleka nejcastéjeim typem vzorku difrakéni miiZka, kterd se kromé své primérn{
funkce pouZiva také jako etalon pro pfenos ndvaznosti mezi riznymi typy mikroskopi, vcetné optickych
¢i elektronovych.

Periodu nejjednoduseji ziskdme naméfenim topografie povrchu zkoumaného vzorku pomoci AFM,
ndslednym vybérem sméru ve kterém mé byt perioda vyhodnocena a manudlnim vyhodnocenim poloh

Y s

jednotlivych dtvart tvoficich periodickou strukturu na profilu ziskaném v tomto sméru. JiZ takovy postup s
ve stejném Case méné period s vy$Sim prostorovym rozliSenim? Je lepsi vyhodnotit data z hran struktur,
nebo spocitat né¢jakou statistickou funkci reprezentujici vlastnosti vzorku v lateralnim sméru, napriklad
autokorelacni funkci a vysledek ziskat z ni? Na tyto otdzky by mohl odpovédét piislusny normativni do-
kument, napiiklad norma ISO 11952. Ta vSak bohuZzel o této problematice mluvi jen velmi kuse - je v
ni uvedeno nékolik metod vyhodnoceni a doporuceni, aby se vyhodnocovalo vice nez 5 period. Odpovéd
proto musime nalézt sami. To se podafilo pfedevs§im diky spoluprici s Mgr. Davidem Necasem, ktery
se otdzkdm statistickych vlastnosti struktur na povrsich pevnych latek vénuje dlouhodobé€. V nésleduji-
cim textu prezentujeme hlavni pfistupy, které byly ve spolecné studii pouzity a hlavni vysledky, které se
néjakym zptisobem vztahuji k méfeni na velkych plochéch, které je naplni tohoto projektu. Jako pifiloha
této zpravy je uveden rukopis ¢lanku, toho ¢asu v recenznim fizeni, ktery jde daleko za rdmec problema-
tiky tohoto tkolu technického rozvoje a podava podrobnou analyzu chovani rtiznych metod vyhodnoceni
periody, v¢etné fady praktickych doporucent jak stran jejich pouZiti tak stran jejich implementace.

Prezentovand analyza chovani riznych metod vyhodnoceni periody je zaloZena na masivnich nume-
rickych simulacich na syntetickych datech povrchid. To m4 dobry divod: pokud data generujeme, zndme
vSechny jejich parametry, tj. vime, jaky ma byt vysledek vyhodnoceni periody. MiZeme také konzistentné
pridavat riizné chybové vlivy abychom zjistili, ktery z nich ma na efektivitu zkoumanych algoritmt nej-
veétsi vliv. Vytvarenim metod pro generovani simulovanych dat v Gwydddionu se vénujeme dlouhodobé
(viz napt. Ref. [5]). Generované povrchy pfitom mohou byt velmi blizké tomu, co mikroskop zméi{ - i
viechny struktury prezentované v obrazku [24] byly ziskany jen timto zptisobem a nereprezentuji Zadné
redlné méfeni.

Metod pro vyhodnoceni periody je celd fada a nachdzime je nejen v normé ISO 11952, ale i v fadé
odbornych publikaci. MiZeme je rozdélit do riznych kategorii. Méreni v pfimém prostoru je patrné
néjintuitivnéjsi postup a spadd do néj i vySe uvedeny nejjednodussi piistup - odecist dvé polohy hran

vz 7 Moev s

objekt tvoricich periodickou strukturu. Zkoumané metody byly sofistikovanéjsi, konkrétné tyto:

Vv e

Vv oev

pak fitovdny linedrni funkci.

v~

Pruchod nulou (Zero crossing, ZC) — hledame polohy kiiZeni profilu s prahovou hodnotou (ktera opét
profil rozd€luje zhruba v poloviné na horni a dolni oblast), viz obr.[25d a vysledky fitujeme linedrn{
funkei.
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Obrazek 24: Syntetickd data reprezentujici rizné typické periodické struktury meéfené pomoci AFM: (a) 1D
difrak¢ni miizka, (b) 2D difrakéni miiZka, (c) pole kifemikovych nanodratki, (d) nedokonald 1D mfizka s velmi
vysokym rozliSenim, (e) atomdrni miizka, (f) samousporddané polystyrenové ¢astice vyuZivané pii méfeni ¢itact
Castic.

Dalsi skupina metod je zaloZena vyuziti Fourierovy tranformace, kterou v tomto kontextu zndme
napiiklad z minulych zprdv UTR, kde byla vyuZivdna pro vyhodnoceni drsnosti prostiednictvim spekt-
rdlni hustoty prostorovych frekvenci. Z naméfenych dat topografie je spoc¢tena 1D nebo 2D Fourierova
transformace a poloha maxima odpovidajiciho prostorovych frekvencim hledané periodické struktury je
vyhodnocena rliznymi zptisoby:

VVVVV

trélni hustota prostorovych frekvenci spo¢tend pomoci FFT nejvétsi, viz obr. 25h.

s v

Dai05 FT — zpiesnénd metoda [6l[7]], umoziiujici vypocet prvki ve spektru i pro neceld ¢isla indexd, tj.
hodnot mezi indexy, které jsou prostym vysledkem FFT.

Zoom FFT — obdobné zpresnéni, pocitajici koeficienty Fourierovy transformace pro neceloCiselné in-
dexy s vyuzitim Bluesteinova algoritmu [8]] umoziiujiciho zdsadni zrychleni vypoctu.

Obdobnou statistickou veli¢inou jako je spektrdlni hustota prostorovych frekvenci je autokorela¢ni
funkce - i tu jsme v minulosti vyuzivali pro analyzu statistickych vlastnosti drsnych povrchd. I z jejich
maxim je mozné urcit periodu riznymi zptsoby:

vvvvv

prvnimu maximum (nikoliv v nule, kde je maximum vzdy), viz obr. 23p.

Vice maxim z ACF (Multi-peak ACF) — pro zpfesnéni vysledku jsou vyuzita i dal$i maxima, ktera se
v autokorela¢ni funkci periodicky opakuji. Jejich polohy jsou fitovany linearni funkci.
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Obrazek 25: Ilustrace principt riznych metod vyhodnoceni periody z méfené topografie.

Kone¢né mtizeme periodicky povrch fitovat néjakou vhodnou periodickou funkci, jako je to nazna-
¢eno v obr. 25k. Pro tytou tcely vyuzivime metodu nejmensich ¢tvercii a perioda je jednim z parametra
fitu. Podrobnéjsi popis vSech algoritmti véetné jeho matematickych zakladd a fady dalSich zdroji v lite-
ratufe je uveden v rukopisu v pfiloze.

Cilem analyzy chovani vySe uvedenych metod bylo zjistit jak4 je jejich pfesnost a robustnost, tj. jak
se chovaji pro riizné typy vstupnich dat. To zahrnovalo jak data o s riznym poctem "méfenych'"period, tak
data s riznymi chybovymi vlivy (Sum, vlnitost povrchu, konvoluce hrotu, apod.). Ukdzalo se, Ze hlavn{
trendy v chovéni jednotlivych metod jsou si velmi podobné i pro rizné typy chybovych vlivi, proto zde
vybirdme jen dva piiklady uvedené v obrézku [26] pro data zahrnujici vliv vlnitosti a Sumu. Pozitivnim
zjisténim bylo, Ze vétSina pokrocilej$ich metod se chovd velmi dobie, zejména v kontrastu s jejich "z4-
kladnimi"variantami. Nicméné, ukazalo se také, Ze pro plné vyuZiti potencidlu metod je nutné méfit co
mozZnd nejdelsi profily, zahrnujici desitky aZ stovky period, coZ je podstatné vice, neZ doporucuji norma-
tivni dokumenty.
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Obrazek 26: Ptiklad urené presnosti riznych metod vyhodnoceni periody pro dva modelové defekty v datech.

S ohledem na to, Ze se (nejen) v této zpraveé snazime vyuzivat systémy s velkym rozsahem, zajimalo
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nds jak se metody vyhodnoceni chovaji i pro rlizny pomér poc¢tu bodil viici periodé. Jak u ndmi konstru-
ovanych skenovacich systémi tak u komerc¢nich zafizeni pro nanometrologii (jako je naptiklad zafizeni
NMMI1 zminéné v tvodu zpravy) je totiz mozné ziskdvat v rdmci kazdého profilu desitky az stovky ti-
sic datovych bodd. Také je, uz z podstaty skenovacich systémt s velkym rozsahem, mozné méfit velké
mnozstvi period. Porovnani riznych kombinaci poctu bodi a poctu period (délek profilu) je uvedeno v
obréazku 27} Z obrézku je patrné, Ze az do chvile, kdy je pocet bodi na jednu periodu velmi maly (cca 20)
je vZdy lepsi méfit delsi profil, neZ jen ptiddvat body.
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Obréazek 27: Vysledky studie piesnosti riznych metod vyhodnoceni periody pro rtizné poméry poctu méfenych
bodt vici periodé.

Z grafi je patrné, Ze "dobré"metody vyhodnoceni periody maji velmi dobré $kdlovani presnosti s
ohledem na pocet méfenych period (tj. zdrovenl délku profilu). Abychom se ptfesvéddili, Ze stejny efekt
budeme pozorovat také na méfenych datech, piipadné abychom odhalili, ¢im mohou byt méfend data od-
lisnd od simulaci, vyuZili jsme nepfesnéjsi dostupny skenovaci systém, zafizeni NMM na Ceitec VUT.
Pro méfeni jsme vyuZili bezkontaktni Akiyama sondu a elektroniku pro jeji fizeni vyvijenou v rdmci ji-
ného grantového projektu. Méfeni probehlo na testovacim vzorku od firmy Bruker, coz je 2D difrakéni
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mfiZka. Profily tvofici AFM snimek byly snimdny po celé §ifce mrizky, abychom postihli co mozn4 nej-
vétsi mnozstvi period. Vysledna data jsme zpracovali zptisobem, ktery byl obdobny analyze piesnosti
metod vyhodnocovéni. Rozdélili jsme je na riizné dlouhé profily (vZdy vétsi mnoZstvi, ndhodné vybi-
rané) a vyhodnotili jsme rozptyl vysledkt v rdmci kazdé konkrétni délky profilu (v tomto pfipadé nebylo
mozné srovnavat vysledek se "spravnou"hodnotu, nebof ta neni zndma, ale je stile mozné sledovat jak se
s délku profilu sniZuje rozptyl vyhodnocenych hodnot). To by mélo poskytovat v principu stejné skdlovani
presnosti, jako analyza na simulovanych datech. Ve vysledném grafu, viz obr. [28[se ukdzaly pfekvapivé
odchylky od ofekavaného trendu u velmi dlouhych profild. Dalsi analyzou dat jsme zjistili, Ze tento jev je
patrn€ ddn drobnymi periodickymi nepfesnostmi miizky vzniklymi pfi jeji litografické vyrob¢ (tzv. stiti-
ching error), které maji za dtsledek periodické odchylky rozteci struktur tvoficich miiZku. Tento jev bylo
mozné v mé&fenych datech pozorovat, viz obr.[29b, byt je tato periodickd chyba velmi mald, jen jednotky
nanometrd. Simulaci celého jevu jsme také byli schopni potvrdit, Ze tento jev miiZe zpisobit ndmi dete-
kovanou odchylku ve $kdlovéani piesnosti (viz obr. 29¢), kterou by bylo nicméné mozné potlacit volbou
jesté delsich profild (viz obr. [29d), nejednd se tedy vyloZené o poruseni odhadované zavislosti pfesnosti
na délce profilu.
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Obrizek 28: Skdlovani rozptylu vyhodnocenych period na redlné mifZce pro riizné dlouhé profily, tj. réizny pocet
period v profilu.

Vyse uvedeny experiment ndm dale potvrdil vyznam méfeni na velkych plochach. Pokud bychom
provadéli méfeni na ndhodnych mistech miiZky v rozsahu typickém pro komeréni mikroskopy (napf.
100x 100 mikrometrit), patrné bychom ziskavali rizné hodnoty periody a nedokdzali odlisit, jestli se
jednd o statistickou nehomogenitu miiZky, nebo nejistoty souvisejici s chovanim mikroskopu. Métfeni
velmi dlouhych profilt ndm poskytuje moZnost provést analyzu homogenity miizky jako v obr. (viz obr.
29b, coz je v praxi velmi cenné.

S podrobnou analyzou rtiznych metod vyhodnoceni periody se mtliZze Ctendi sezndmit v ptiloZzeném
rukopisu, zde jiz pouze shrnujeme hlavni zdvéry, nebof ty jsou klicové pro naSe uvahy o nalezeni nej-

vhodné&;jsi metodiky méfeni a vyhodnoceni periody:

 Pfesnost pokrocilejsich metod vyhodnoceni se zvySuje super-linedrné s poctem méfenych period,
typicky s koeficientem P3/2 pro 1D méfeni a P2 pro 2D méfeni.
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Obrazek 29: Vysledky méfeni periody miizky od firmy Bruker: nehomogenita periody napfi¢ miizkou, jeji vliv na
méfend data a srovnan{ s numerickym modelem: (a) jeden z méfenych profilii, (b) lokaln{ perioda vyhodnocena z
vice profill, osa x odpovida celé Sifce miizky, kazdy bod reprezentuje 30 period, (c) simulované chovani vyhod-
nocovacich metod v piipadé pritomnosti ¢i absence periodickych chyb, (d) totéZ na vétSim simulovaném rozsahu
méfené plochy (nad rozsah redlné velikosti této konkrétni mrizky).

* Vsechny metody maji sub-pixelovou piesnost, z pohledu pfesnosti neni tedy nutné aby kazdy z
motivil tvoricich periodickou strukturu byl méfen velkym poctem pixeld.

» Pfestoze norma ISO doporucuje mérfeni vice neZ 5-7 pixeld na periodu, idedlné by to mélo byt
alespori 20.

* JiZ naméfend data nemd smysl resamplovat na vySsi rozliSeni.

* Metody zaloZend na vyhodnoceni t€zist a priseciki s prahovou hodnotu mohou ziskat také odhad
nejistoty typu A.

* Pokud dodrZime vySe uvedend doporuceni, d4 se povaZovat nejistota souvisejici se zpracovanim
dat za zanedbatelnou s ohledem na jiné nejistoty vyskytujici se v AFM.
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2.3. Termometrie na zakladé Johnsonova Sumu (JNT)

Cést praci navazuje na tkol feSeny v minulém UTR, ktery spo&ival v realizaci primarniho teploméru vyu-
Zivajiciho termdlni nap&fovy Sum rezistoru. Lze ukdzat, Ze stfedni hodnotu Sumového napéti 1ze vypocitat

ze zdkladnich fyzikdlnich principt:
Ur = VAKTRAf

pricemz k je Boltzmannova konstanta, 7" je absolutni teplota, R je odpor rezistoru a A f je Sitka frekvenc-

niho pasma. Podrobnéjsi rozbor je uveden v minulé zavérecné zprave, pficemz méfici elektronika byla
v mnoha smérech vylepSena.

2.3.1. Nova verze zesilovacu

Elektronika popsand v pfedeslém UTR méla zdsadni nevyhodu v tom, Ze z n&jakého diivodu nebylo mozné
realizovat dvoukanédlové méfeni, protoZe oba zesilovace se vzajemné ovliviiovaly. Pfi zjistovani pric¢iny
vyslo najevo, Ze jeden ze zesilovactl je vaZznym zpisobem poskozen, a z naméfenych dat nebylo mozné
odhalit, kdy k poskozeni doslo. Zesilovac byl navrZen jako Ctyfstupniovy a na zdkladé€ pfedchozich zkuSe-
nosti 1ze soudit, Ze problematicky je nejspiSe prvni stupei, zatimco ostatni stupné, véetné napdjeci ¢asti,
mnohokrét pracovaly bez problémi, a proto neni divod je ménit.

Byla navrZena a vyrobena nova verze zesilovact. Prvni stupeil jiZ nespoléha na integrovany obvod,
ale je sestaven z diskrétnich komponent. Schéma je uvedeno na obrazku 30
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Obrazek 30: Schéma predstavuje Ctytstupiiovy zesilovac, pfi¢emZ prvnf stupei (predzesilovac) je tvofen diskrétnimi
JFET tranzistory JFE 2140, coZ predstavuje hlavni rozdil ve srovnani s pfedchozimi verzemi zesilovace.

Prvnf stuperi je feSen jako diferencni zesilovac, jehoz hlavni zesilujici prvek je JFET tranzistor JFE
2140, ktery je dodavan jako dvojice tranzistor ve spole¢ném pouzdie. Pro sniZeni Sumu byly zapojeny
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dva tranzistory paraleln€. Pokud by byl Sum zesilovace stile prili§ vysoky, je mozné pocet tranzistord
zvysit, coZ je vyhoda diskrétniho feseni. Diferencnim zesilovacem protéka konstantni proud, ktery je fizen
tranzistorem Q3 (BC817). Jeho stabilitu zlepSuje ¢ervend LED dioda D2, kterd ma podobnou teplotn{
charakteristiku jako PN pfechod baze-emitor, ¢imZ predstavuje teplotni kompenzaci. Obdobnou funkci ma
dioda D1, kterd napomdha udrZovat pracovni bod tranzistorim Q5A a Q5B, coz je dvojice DMMT3904
doddvand v jednom pouzdfe. Vystup diferencniho zesilovace ma velmi vyrazny DC offset, a pro jeho
kompenzaci je druhy stupeni oddélen horni propusti tvofenou kondenzitory C18 a C19. Druhy stupeii je
tvoren pristrojovym zesilovacem AD8429, déle nasleduje ADA4898 a poté dolni propust (filtr) LTC1564,
stejné jako v pfedeslych variant4ch.

Pti zprovoznéni zesilovacii se ukdzalo, Ze vystupni signdl m4 pfili§ velky offset, ktery neodpovidal
teoretické predpovédi zaloZené na specifikacich jednotlivych operaénich zesilovact. Navic, pro prevenci
offsetu jsou v obvodu zaclenény oddé€lovaci kondenzétory tvofici horni propusti. Jednd se o C9, C18
a C19. Vznik offsetu pravdépodobné souvisi s vysokofrekvencnimi oscilacemi, které mohou nastat u
prvniho stupné s FET tranzistory v pfipadé, Ze vzniknou podminky pro vznik Colpittsova oscildtoru, coz
se projevi predevsim pfi zkratu vstupd zesilovace. Oscilace se nepodafilo pfimo zmérit, ale jejich mozny
vznik téZ potvrzuje publikace [9], kde autofi popisuji, Ze oscilacim lze zabranit rezistorem zapojenym
pred vstup zesilovace anebo pomoci tlumivky s feritovym jadrem. Skutecné se potvrdilo, Ze je vhodné
pred vstupy zesilovace zapojit rezistor, ktery oscilace utlumi, ale ktery soucasné prispivd svym Sumem
k celkovému Sumu zesilovace. Neékteré vlastnosti zesilovace se méfi pri zkratovanych vstupech, coz vSak
neni mozné z diivodu oscilaci. Pfedfazené rezistory R = 10 €2 je tedy nutno chapat jako nedilnou soucast
zesilovace. Nejsou uvedeny ve schématu, protoZe se jednd o dodate¢nou tpravu. Pfi béZném méfeni nejsou
potieba, protoZe jejich funkci pfevezme rezistor, jenz predstavuje teplotni senzor.

2.3.2. Predbéiné testy

Mezi dilezZité parametry zesilovace patii predevsim jeho zesileni A a droven vlastniho vstupniho Sumu
U, . Oba tyto parametry lze zméfit alespoii orientacné, piestoZe oba majf silnou frekvencni zavislost. Pro
velmi hrubé piibliZeni predpokladejme, Ze Sitka pasma je dana schopnosti méfici karty PCI-6143, ktera
vzorkuje s frekvenci 250kHz, pfi¢emz $ifka pasma je poloviéni, tj. Af = 125kHz. Dale uvazujme,
Ze zesilovac je testovan ve dvou reZimech. Bud jsou na vstupy pfipojeny snimaci rezistory £ = 1000 €2,
anebo jsou vstupy zkratovany. Pfi zkratu plati, Ze stfedni hodnota vystupniho Sumového napéti Us je rovna

Us = AU,

priemz zapojime-li na vstup snimaci rezistory, pak se jejich Sum Uy geometricky secte se vstupnim
Sumem zesilovace a na vystupu naméfime Sumové napéti U:

U= Ay/U2+ U2

Proudovy vstupni Sum zesilovace zanedbavame, protoZe tranzistory JFET maji mimorddné velky vstupni
odpor, a pravé z toho dtivodu byly zvoleny. Z vyse uvedenych dvou rovnic mizeme zjistit vlastni Sum
zesilovace i jeho zesileni, protoZe zndme Sumové napéti rezistora pfi teploté 23 °C

Ur = \/AKTRAF = 1,7 uV

Déle byla naméfena stiedni hodnota vystupniho Sumového napéti pti zkratu Uy = 128 mV a také Sum pri
pfipojenych rezistorech U = 562 mV. Zesileni zesilovace vychazi

VU2 + U2
A= VI HUE - 390000

R
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a jeho Sum
UsUr

Up = —t
NIRRT

Snadno vypoéteme hustotu $umového napéti, kterd vychdzi 1,12 nV/v/Hz, pfi¢em? tak nizkou hodnotu
nema pravdépodobné Zadny z komercné dostupnych integrovanych zesilovacti s JFET vstupy.

Zesileni a Sum jsou sice zdkladnimi parametry kazdého zesilovace, ale pro praktické tucely z nich
vyplyvaji vlastnosti, které midZeme stanovit piimo. Hlavnim désledkem je vyuZiti napéfového rozsahu

vy, s

méfici karty a rychlost méfeni. Vystupni signdl musi mit dostatecCnou udroven, pficemz byly naméfeny
§pickové hodnoty Sumu £2,7 V. Rozsah méfici karty je 5V, takZe zesileni je velmi dobie zvoleno a l1ze
pocitat i se zvySenou teplotou rezistordl. Z hlediska statistiky a pravdépodobnosti je zajimavé uvést, ze
Spickovd hodnota vychdzi ptiblizné 5 x vyssi nez efektivni hodnota.

Sum zesilovace m4 vliv na rychlost méfent, ale vzhledem k tomu, Ze $um snimaciho odporu je vyrazné
vy$§i, nemd valny piinos jeSt€ ddle optimalizovat zesilovac. Z méfeni vychdzi, Ze pti laboratorni teploté
postaci dvé minuty méfeni k tomu, aby stfedni kvadratickd chyba klesla na 100 mK, a deset minut pro
chybu 50 mK.

Uvedené vysledky byly zjistény z jednoho zesilovace. Dal3{ test mél zjistit, zda mohou soubéZné fun-
govat zesilovace dva a zda se vzajemné neovliviiuji, jestlize oba méfi tentyZ Sumovy signdl ze snimaciho
rezistoru. Byl proto proveden test, pfi kterém jsou oba zesilovace v provozu, ale kazdy zesilova¢ ma sviij
vlastni snimaci rezistor. Oba snimaci rezistory maji stejnou hodnotu, jsou na stejné teploté, jejich Sum
ma4 stejnou napéfovou droven, ale jejich Sum neni korelovany. KaZzdy kandl méfi teplotu zvlast, ale jejich
korelace (stfedni hodnota soucinu) by méla vychazet nulova. Tento test odhali, zda do obou zesilovaci
nevstupuje parazitni spolecny signél, af uz by vznikal spole¢nou oscilaci anebo by ptichdzel z vnéjsiho
prostiedi a pronikal nedostateCnym stinénim.

Vysledky méfeni ukazaly, Ze teplota vypoctend z korelace obou kandll skutecné klesd k absolutni
nule, ale neustdli se. Pfiblizn€ po deseti minutach klesne na 100 mK a pribliZzn€ po jedné hodiné méfeni
vykazuje ndhodny charakter, ale nepfesahne 15 mK. V této souvislosti je vhodné uvést dileZity poznatek,
Ze samotnd méfici karta zptisobovala v minulosti vznik souhlasného signdlu, ktery vedl k chybé 0,2 stuprid,
coz siln¢ degradovalo celou méfici metodu. Vysledkem byly marné snahy o vylepSovani zesilovaci, coz
nevedlo k cili. Pfi¢ina na strané méfici karty byla ponékud necekand. Situace se velmi zlepSila pfepojenim
na jiné kandly. Ukdazalo se, Ze kanaly O a 1 maji vyrazné vyssi pieslechy nez kandly 0 a 7.

Urcity parazitni vliv tedy stdle 1ze naméfit a jisté je zde prostor pro zlepSeni, ale v tomto stavu by
aparatura jiz mohla byt pfipravena pro dalsf testy v termalni 14zni.

= 397nV

2.3.3. Teplotni zavislost zesilovacu a jejich kalibrace

U vsech pouzitych elektronickych komponent je nutno pocitat s tim, Ze jejich parametry zaviseji na tep-
loté obvodu. Byva obvyklé, Ze méfeni neza¢indme ihned po zapnuti méficiho zafizeni, ale ponechdme
aparaturu dostatecnou dobu teplotné stabilizovat. Tato metoda mtize byt dostacujici pro operaéni zesi-
lovace se zpétnou vazbou, jejichZ zesileni zdvisi pfedevS§im na vnéjsich rezistorech, které 1ze vybrat na
zakladé jejich teplotniho koeficientu. Pfizniva situace nastane, zavisi-1i zesileni na poméru dvou rezistord.
Oba rezistory reaguji na teplotu, ale kdyz je jejich teplotni koeficient stejny a zajistime jejich spole¢nou
teplotu, pak je jejich pomér velmi dobfe stabilni.

ObtiZné 1ze odhadnout teplotni zavislost kondenzatord, které ovliviiuji frekvenéni odezvu zesilovace.
Ve vSech pfipadech jsou zvoleny kondenzatory s velmi nizkym teplotnim koeficientem (COG a NPO)
anebo X7R.

Velmi problematicky z hlediska teploty je zejména predzesilovag. Jeho hlavni prvky jsou Ctyfi dis-
krétni JFET tranzistory tvorici zesilovac bez zpétné vazby. Zesileni je tudiz ddno pouze charakteristikami
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tranzistord a jejich pracovnim bodem, pfi¢emZ oboji je teplotné zavislé.

Kromé zesileni a frekvenéni charakteristiky bude na teploté zaviset téz vlastni Sum zesilovace, cemuz
se nelze vyhnout ani pfi nejlepS§im ndvrhu obvodu ¢i vybéru jeho komponent.

Vsechny zmitiované faktory vedly v predeslych verzich obvodu k tomu, Ze teplota elektroniky byla
regulovdna termostatem a jednotlivé integrované obvody byly chlazeny spole¢nym hlinikovym blokem,
ktery zdroven zajiSfoval rozvod tepla. Tato tprava vedla k vyraznému zlepSeni, ale presto nenf jisté, zda
bylo toto feSeni dostatecné, a navic vzniklo podezieni, Ze samotny termostat je zdrojem ruSeni.

V nové verzi teploméru s diskrétnimi FET tranzistory se jiZ nespoléhd na stabilni teplotu elektroniky,
ale radéji na pribéZnou kalibraci pomoci Sumového generatoru, ktery predstavuje referencni vstupni sig-
ndl. Ukazuje se, Ze teplota tohoto obvodu mé skutecné vyrazny vliv. Thned po zapnuti je vypoctend teplota
snimaciho rezistoru o 10 stupiiti vyssi nezZ po ustaleni. Po zapnuti se teplota obvodu nepochybné zvysuje,
zatimco vystupni Sum se sniZuje. Tento paradox lze vysvétlit napiiklad tim, Ze zesileni zesilovace na-
ristd s teplotou. Namisto zjistovani konkrétnich pficin se radéji soustfedime na kalibra¢ni obvod, ktery
zmifiovany problém vyftesi.

Mikropocita¢ ATmega (Arduino) byl naprogramovan tak, aby na jednom ze svych vystupnich pinti ge-
neroval MLS (maximum length sequence) bindrni sekvenci, kterd ma tu vlastnost, Ze obsahuje pouze dvé
napéfové trovné a jeji diskrétni fourierova transformace ma vSechny koeficienty konstantni. Frekvencni
spektrum tedy pfipomina hfeben. Rychlost generovani jednotlivych bitt a také celkova délka opakujici
se sekvence jsou parametry, které zvolime tak, aby frekvencni pdsmo odpovidalo pdsmu, které odpovida

(o2

schopnostem méfici karty.
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Obrézek 31: Zaznam bindrniho Sumu pofizeny méftici kartou. Napéti dosahuje pouze dvou diskrétnich hodnot, a
to 0V a 4,096 V. Napéfova droven je odvozena z napéfové reference ADR4540. Bindrni Sum obsahuje frekvence
v celém potfebném frekvencnim rozsahu.

P YV -

Pro testovaci dcely byl generator Sumu pripojen pfimo k méfici karté, kterd zaznamenala signal patrny
z obr. [31] Samotny zesilova¢ viibec nebyl pouZit, aby se zjistily zakladni vlastnosti kalibrace, protoze
stabilitu i Sum je potieba zjistit u vSech komponent. Data zpracovaval stejny software, ktery je urcen
k méfeni teploty, avSak pfepocetni konstanty byly upraveny tak, aby program vyhodnotil teplotu ptibliZné
jako 300 K, coZ odpovida 26,85 °C. Po priblizné 45 minutich stfedni kvadraticka chyba klesla na 3mK a
jiz déle neklesala. Jedna se o priznivy vysledek, byf integra¢ni doba je ponékud dlouhd. Pro uSetfeni ¢asu

N

na dkor presnosti je vhodné uvést jesté dalsi udaj, kdy po ¢tyfech minutdch jiZ chyba klesla pod 10 mK.

2.3.4. Spoluprace s oddélenim 1012

PredbéZné byla konzultovdna spoluprdce s oddélenim 1012 — oddéleni Primérni metrologie tepelné-
technickych veli¢in. Popsany teplomér pracujici na zaklad€ Johnsonova Sumu (JNT) by mohl byt zapdj-
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¢en pro porovnani s navrhnovanou sestavou primarniho akustického plynového teploméru (AGT). Jimky
pro snimace byly navrZeny s ohledem na rozméry stonku JNT (primér stonku je 10 mm a délka zhruba
700 mm. Na obr. [32] je vidét detail fezu jimkou. Po realizaci nezbytnych prvki bude mozné dlouhodobé
porovnavat méfeni AGT a JNT v rozsahu asi (—40 az 160)°C. Do té doby lze tyto dva systémy porovnat
v klimatické kalibracni komoie v rozsahu asi (—10 aZ 50)°C.
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g A
__I\f__
A
N (
W 1T 7

\ /

Obrazek 32: Detail jimky pro snimace teploty v fezu
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3. DOSAZENE VYSLEDKY

Vétsina vysledki feSeni tkolu je prezentovana v predchozi kapitole. V oblasti hardware a elektroniky se
jedna o soubor prvki pro kompenzaci rotace polohovaciho systému na riiznych mikroskopech a o senzor
uhlu, ktery mtiZe byt vyuZit jako prvek pro prenos metrologické ndvaznosti thlu do dalSich mikroskopic-
kych systémt (které napiiklad nemaji schopnost kompenzace naticeni). V oblasti teoretické se o rtizné
vysledky metodického charakteru, které ndm umoZziiuji modifikovat stavajici metodiku pro méfeni peri-
ody a vytvorit novou metodiku pro méfeni thlu na plandrnich strukturdch, coz probéhne na konci roku
2022, po skonéeni aktivit v rdmci tohoto tikolu technického rozvoje.

V této kapitole proto poddvdme souhrn doporuceni, které budou zdkladem takovych metodickych
postupt, poté co budou validovdny dal§imi méfenimi na riznych ndm dostupnych mikroskopech.

3.1. Meéreni uhlu

Pro méfeni Ghlu pouzivdme metrologicky mikroskop, tj. zafizeni s odméfovanim polohy pomoci interfe-
rometri. V systému musi byt vyuZita aktivni kompenzace parazitnich rotaci. Postup méfeni a nasledné
zpracovani je nasledujici:

1. Provedeme orienta¢ni méfeni vzorku a poté nato¢ime vzorek tak, aby byl natocen ve sméru os
mikroskopu, v pfipadé potifeby proces opakujeme.

2. Odhadneme drift mikroskopu nékterou jednoduchou metodou, napf. méfenim dvou po sob€ nésle-
dujicich snimkd, jednoho smérem shora dold a druhého zespodu nahoru, s vyhodnocenim vzajem-
nych posunti objektti na snimcich. Podle velikosti driftu stanovime maximalni dobu dalsich méfent,
pripadné nechame vzorek ddle mechanicky a teplotné ustélit. Zbytkovou hodnotu driftu miZeme
vyuZit ndsledné pti analyze nejistot.

3. Zvolime velikost skenti a pocet pixeld, pricemz se snazime abychom zahrnuli alesponl 10 period,
pocet pixelli v rychlé ose méfeni byl alespoii 1000 a pixely byly ¢tvercové, tj. pomér mezi velikosti
strany a po¢tem pixeld v daném sméru byl stejny.

4. Provedeme méfeni ve dvou obdélnikovych oblastech, tak aby byla zahrnuta jedna fada a nisledné
jeden sloupec zkoumané periodické struktury, rychld osa méfeni je vZdy orientovand ve sméru
del$itho rozméru obdélniku, tj. typicky jednou ve sméru osy x a jednou ve sméru osy y.

5. Naméfend data zpracovavame v programu Gwyddion. V datech oznac¢ime jednu oblast tvofici peri-
odickou strukturu vzorku, tj. naptiklad jeden otvor difrakéni mfiZky a pomoci kros-korelace nale-
zeneme polohy vSech oblasti se subpixelovou presnosti. Polohy nafitujeme linarni zavislosti, totéz
provedeme s obéma soubory. Vysledny dhel uréime jako thel mezi obéma pifimkami. Pfi stanoveni
nejistoty vyuZijeme také chybu parametri ziskanych z fitovani.

3.2. Meéreni periody

Meéfeni periody provddime vZdy ve sméru rychlé osy méfeni mikroskopu a problém tak efektivné pie-
vadime na méfeni periody 1D miizky i v pfipadé Ze periodickd struktura ma dva sméry, které je nutné
vyhodnotit. Na rozdil od méfeni thlu nds v tomto pfipad¢é nezajimd vztah mezi obéma sméry ani v pri-

YoV

padé 2D miizky. Citlivost méfeni na neortogonalitu skeneru, drift a obdobné jevy, které mohou ovlivnit

vy

méfeni hli je proto niz$i. Postup méfeni a nasledné zpracovani je nasledujici:

1. Provedeme orienta¢ni méfeni vzorku a poté zorientujeme vzorek aby byl natoen ve sméru os mi-
kroskopu, v piipadé€ potieby proces opakujeme.
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2. Zvolime velikost skenti a pocet pixeltli, pfi¢emZ se snaZime abychom zahrnuli alespon 20 period a
aby pocet pixelt v jedné period€ byl alespori 30. Pokud je to mozné, uptfednostnime delsi profil (tj.
vice period) nad vét§im poctem pixelli v rdmci jedné periody.

3. Meéfeni provedeme podél rychlé osy mikroskopu. Neni nutné aby pixely byl ¢tvercové, tj. jednot-
livé profily v rychlé ose mohou byt od sebe vzdéleny vice, neZ je samplovani. Hlavnim smyslem
ziskavani vice viic¢i sobé posunutych profilti je zpfesnéni odhadu natoceni miizZky, nikoliv urc¢eni
periody.

4. Data zpracujeme nékterou pokrocilejsi technikou (napft. té€Zisté, multi-peak ACF, refined FFT) v pro-
gramu Gwyddion, napiiklad ndstrojem "Lattice".

5. Pokud se skdlovani rozptylu dat s délkou profilu vymyka predpoklddané zavislosti, zkontrolujeme
homogennost periody v rdmci profilu jeho rozdélenim na pravidelné useky, ze kterych periodu
vyhodnotime.

3.3. Komplexni charakterizace mrizky

vV

V piipadé, Ze je poZdavkem provést komplexni charakterizaci parametr miizky, tj. periody ve vice smé-
rech, Ghli mezi nimi a pripadnwé dalSich parameterti, jako je vySka motivu, mtizeme se pokusit kom-
binovat vySe uvedené poZadavky tak, aby postacilo provést jen omezené mnozstvi méfeni. V takovém
ptipadé bychom méli ziskat vysledky napf. jen z dvou obdélnikovych oblasti, tj. z dvou méfeni. Klicové
je v takovém pifpadé€ pouZit alesponi 20 period v rychlé ose méfeni a rozliSeni nastavit tak, abychom méftili
¢tvercové pixely. V mnohych piipadech miiZe byt rychlejsi provést oba typy méfeni oddélené (omezeny
pocet velmi dlouhych profid pro periody a kratsi obdélnikové oblasti se ¢tvercovymi pixely pro dhel).
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4. CERPANE NAKLADY NA UKOL

Tabulka 1: Tabulka pldnovanych a ¢erpanych ndklada (v tis. K¢):

Plan Odhad cerpani do 31. 12. 2022

Cena hodin tis. K¢ 1430 1430
Materidl tis. K& 150 150
Externi kooperace tis. K¢ 130 130

Vydaje na porovnéni v zahranic¢i tis. K¢

Interni kooperace tis. K¢

Kooperujici stfedisko

Cestovné zahrani¢ni tis. K¢
Celkem tis. K¢& 1710 1710

Vétsina vydaja byla Cerpana formou hodin. Externi kooperace se tykala vyvoje programu Gwyddion.

z ¥z

Materiél byl pouZit na stavbu jednotlivych experimentalnich zatizeni zminénych v technické ¢asti zpravy.
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5. ZAVERY

Projekt se zaméfil na konstrukci hardwarovych prvkd, elektronickych obvodt a metodickych doporuceni
pro zptfesnéni méfeni v oblasti periody a plandrniho Ghlu mikro- a nanostruktur. Podaftilo se ziskat fadu
podnétd pro zlepseni metodickych postupti, tak aby bylo mozné provadét méfeni thlu a periody v souladu
s nejnovej$im vyvojem v odborné literature a v n€kterych oblastech, jako jsou algoritmy pro vyhodnoceni
periody jsme se pokusili pochopeni problematiky odbornou vefejnosti ddle posunout a uvést na pravou
miru nékteré Sirece rozsifené omyly.

Jednim z hlavnich cilti dkolu bylo sniZeni nejistoty méfeni thlu na plandrnich strukturdch pod 50
prad. Z provedenych experimentd a metodickych postupii je patrné, Ze dosazeni takové nejistoty je v nové
vyvinutém uspordddni mozné, i kdyZ konkrétni nejistota méfeni na zdkaznickém vzorku vzdy zdvisi také
na parametrech tohoto vzorku - povrchové drsnosti, presnosti vyroby objektl tvoficich napt. difrakéni
mfizku, vlivu spojovani poli v litografii (stitching error), a podobnych jevech. Tyto faktory ovlivnit ne-
dokaZeme, nicméné z pohledu komponent nejistoty, které jsou na nasi strané (tihlova stabilita, algoritmy
pro vyhodnoceni, rozliSen{) jsme pro takovd méfeni pfipraveni.
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PLANOVACI LIST UKOLU TECHNICKEHO ROZVOJE

Cislo
tkolu” Néazev tkolu

Terminy feSeni |NeinvestiC.

Strucna charakteristika ukolu prostredky
Vysledek feSeni tkolu zahdjeni | ukonceni| tis. K¢

UTR22E601404 | AFM meérteni na velkych
plochach

Cilem tikolu je vyvinout nastroje pro méreni rozmeért a Ghl na 1/2022 |12/2022 | 1 710,-
mikrostrukturach vyuZivanych v optickém a elektronickém
prumyslu na plochach az 5x5 cm s nejistotou mensi 10 nm pro
méreni rozmérd a mensi nezZ 50 mikroradiant pro méreni uhli na
povrchu vzorkd.
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Bank. spojeni / €. uctu: 198139621/0710
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Datum: 26. 10. 2021
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Verze 17-001_P02C_011-ZS-C008




1.1 Hlavni cile ukolu (divod zadani tkolu, napt. zdkonné pozadavky, plnéni koncepce
rozvoje NMS, plnéni pozadavkti CIPM MRA):

Mikro- a nanotechnologie se stéle castéji vyuZivaji v riznych primyslovych odvétvich a s tim
roste i potfeba specialnich kalibra¢nich vzorka. Ty Casto obsahuji objekty, které je soucasnymi
metodami vyuZivanymi v nanometrologii obtiZzné, nebo nemozZné méfit. Takovym
prumyslovym pozadavkem mtiZe byt napfiklad potfeba méfeni rozte¢i velkého mnoZstvi
objektt tvoricich specidlni difrak¢ni m¥izku, nebo méfeni tihli mezi sméry takové difrakcni
miiZky s velmi malou nejistotou. Metrologicka zatizeni schopna méfit s dostateCnou presnosti
(jednotky nm) jsou typicky schopna méfit jen na pomérné malé ploSe (napriklad 200x200
mikrometrti v pripadé statniho etalonu vyuzivaného v nanometrologii), coZz je pro takové
(AFM) vyuZivaji jen pro méfeni v rychlé ose skenovani a data v pomalé ose skenovani jsou
povazovana za méné presnd. Méfeni uhli pomoci téchto zafizeni je proto obecné Spatné
popsané a malo rozvinuté téma metrologie a to navzdory tomu, Ze pozadavky zékaznikii na
takova méreni tvori cca polovinu poptavek.

Cilem tkolu je vyuZit platformu pro skenovani na velké ploSe vyvinutou v roce 2021 a
vytvorit z ni systém schopny méfeni s nejvyssi moZnou presnosti pfi rozmérovych a thlovych
méfenich. To zahrnuje po hardwarové strance vybudovani referencniho systému s
diferencialnimi interferometry a vytvoreni kompenzace uhlovych chyb linearnich vedeni. Po
metodické strance to zahrnuje vytvoreni postupu pro meéreni s izotropni nejistotou aby bylo
mozné provadét uhlovda méreni. DalSim cilem bude zajiSténi vhodnych néastroji pro prenos
navaznosti z etalonti thlu na toto zafizeni.

V ramci feSeni tkolu bude také pokracovano v dlouhodobych rozvojovych aktivitach v oblasti
optickych méreni na drsnych povrsich a v oblasti technického prizptisobeni pri méfeni teploty
prostiednictvim Sumu (spoluprace s Oddélenim primarni metrologie tepelné-technickych
veli¢in na pripravé experimentu k porovnani prototypu Johnsonova Sumového teploméru a
sestavy primarniho akustického plynového teploméru). Ty jsou na AFM meéfeni, které jsou
primarnim tématem tkolu navazany prostfednictvim méfenych vzorka (etalony drsnosti) a
sond (rastrovaci termalni mikroskopie).

Projekt pfimo navazuje na koncepci rozvoje metrologie a cil roku 2022: SniZeni nejistoty
méreni thlu na planarnich strukturach pod 50 prad.

1.2 Objektivné overitelné vysledky reSeni ukolu:

Rozpocet nejistoty pro planarni a uhlova méreni na velkych plochach.
1.3 Zptisob ovéreni: (uvést neopomenutelné ticastniky):

Zavére¢na oponentura za tcasti oponent.

1.4 Navrhovani oponenti tikolu (minimalné 2, podléhaji odsouhlaseni zadavatelem tikolu):
Prof. RNDr. Miloslav Ohlidal, CSc., VUT v Brné

Mgr. Petr Klenovsky, Ph. D, Masarykova univerzita v Brné

Verze 14-001_P02_011-ZS-C008



2.1 Dil¢i cile nezbytné k dosazeni hlavnich cilt ukolu (I. etapa FeSeni) :
Vytvoreni systému kompenzaci uhlovych chyb linearnich vedeni vCetné elektroniky a
ovladaciho SW.

2.2 Objektivné ovéritelné ukazatele dilcich cila
Vysledky testovani systému kompenzaci.

2.3 Zptisob ovéreni dil¢ich cilt

3. Kalkulace tkolu (rozpis nakladti) a ekonomické zhodnoceni (pfinos ekonomicky):
odhad jednorazovych nékladu (stroje, zarizeni, budovy) a odhad nakladt na projekt (pracovni
hodiny, material, kooperace)

Cislo strediska 6014
¢. ikolu neuvadét

pocet hodin stfediska na cely tkol x 746h x 1755 K¢ =1 230
sazba

material tis. K¢ 150
externi kooperace tis. K¢ 250
vydaje na porovnani v zahranici tis. K¢

interni kooperace tis. K¢ 80

kooperujici stfedisko

cestovné zahrani¢ni tis. K¢

celkem tis. K¢ 1710

4. Zdroj financovani ﬂkolvu (Vv %):
100 % hrazeno z CMI

5. Praktické vyuziti vysledki feSeni a pozadavky pro udrZovatelnost vysledki (vcetné vlivu
vysledku na Zivotni prostredi):

Vysledky feSeni tkolu budou vyuZity pfi méfeni pro zakazniky v oblasti optického a
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Abstract. Periodic structures are often found in various areas of nanoscience and
nanotechnology with many of them being used for metrological purposes either to
calibrate instruments, or forming the basis of measuring devices such as encoders.
Evaluating the period of one or two-dimensional periodic structures from topography
measurements, e.g. performed using scanning probe microscopy (SPM) methods, can
be achieved using different methodologies with many grating evaluation methods
having been proposed in the past and applied to a handful of examples. The optimum
methodology for determining the grating pitch is not immediately obvious. This
paper reports the results of extensive large-scale simulations and analysis to evaluate
the performance of both direct and Fourier space data processing methods. Many
thousands of simulations have been performed on a variety of different gratings
under different measurement conditions and including the simulation of defects
encountered in real life situations. The paper concludes with a summary of the merits
and disadvantages of the methods together with practical recommendations for the
measurements of periodic structures and for developing algorithms for processing them.

Keywords: Scanning Probe Microscopy, traceability, grating pitch, nanometrology,
uncertainty

1. Introduction

Surface topography measurements are one of the important tools in the area of
nanoscience and nanotechnology. The more complex the properties that are measured,
the more important is the selection of the data processing methodology, as surface
topography measurements do not provide the result directly. In this paper we deal with
evaluation of grating parameters and similar periodic structures, which can be used for
a variety of applications. Periodic structures in the nanometre to micrometre range
are frequently found in the areas of surface science, nanoscience and nanotechnology.
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Starting from the nanoscale, the atomic lattices, that are providing insight into the
atomic arrangement of matter are periodic and their properties can be evaluated from
very high spatial resolution measurements of surface topography [1,2]. The lattice
parameter of silicon is even recognised as a secondary realisation of the metre for
dimensional nanometrology [3]. At larger scale, surface topography is being used to
analyse artificially created 2D periodic structures that can be used as metamaterials [4],
photonic crystals [5-7] or phononic structures [8], controlling the way the energy passes
through the matter. In all these cases the period is one of the key characteristics, directly
affecting the material function.

When it comes to manufacturing methods themselves and related measurement
science, there are also different potential roles for periodic structures. First of all, they
can be used as key components in the manufacturing process, such as gratings used
for mask overlay adjustment in the semiconductor industry [9]. Second, they can be
a critical part of the measurement device itself. Most of the area sensors, e.q. CCD
chips are also periodic structures with an arrangement similar to 1D or 2D gratings and
position of individual features may have direct impact on the measurement accuracy,
e.g. when sub-pixel accuracy needs to be achieved, as in astronomy, and when both
the geometrical errors and electronic performance defects of individual pixels need
to be considered [10], or, at larger scale, when making accurate X-ray tomography
measurements [11]. Shack-Hartmann wavefront sensors combine a 2D periodic microlens
array with a CCD chip, mounted in the focal plane of the microlens array (usually
this is calibrated by using an ideal wavefront). Grating structures are used as the
basis of optical encoders and 2D gratings are being adapted for multi-axis position
sensing [12]. Self-assembled periodic particle or hole arrays can be used as substrates
for surface enhanced Raman scattering measurements [13], providing the plasmonic field
enhancement. All the above mentioned structures need to be either measured or cali-
brated at some stage and one of the approaches is to use some of the surface topography
measurement methods, like scanning probe microscopy (SPM) or surface profilometry
which in turn use gratings as calibration standards. This has led to the publication of ISO
guidelines e.g [14] ISO 11952 Surface chemical analysis — Scanning-probe microscopy
— Determination of geometric quantities using SPM: Calibration of measuring systems
outlining methods for the evaluation of grating periods. The methods are not restricted
the to calibration standards but are generically applicable to all periodic structures.

This raises the question, why there is a need to revisit the measurement of grating
period? Experience shows that in the main, people predominantly use only the simplest
possible methods, even if the ISO standard recommends more sophisticated methods.
Based both on our experiences with SPM data processing software development over
last 20 years and on the experiences from an interlaboratory comparison [15], we see
that many SPM users evaluate grating period only from a distance of two crossing
points on a line profile, or, base their uncertainty in the grating pitch solely on the
standard deviation, from multiple distance measurements. So, many users still struggle
to calibrate their AFMs using gratings, thereby limiting their ability to make basic
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dimensional measurements. Moreover, many users tend to systematically underestimate
the area that is needed for obtaining statistically significant results, as shown already
also for roughness measurements [16]. The intuitive choice of the scan area is not optimal
and without a detailed analysis it is hard to understand why this is the case.

One of the reasons why people are struggling with periodic structures analysis might
be the wide variety of choices available. There are many methods in the literature and
standardisation documents that can be used for evaluation of periodic structures and
their explanation is not always clear. The Fast Fourier Transform (FFT) method,
gravity centre method and a combined method (FFT+cross-correlation) are at present
recommended by ISO 11952. Even though there is guidance on the number of grating
periods that should be measured on the sample and suggested resolution (e.g. more than
5 for gravity centre method and more than 7 for FFT methods), there is no detailed
analysis in the standard or referenced papers of the dependence of resulting uncertainty
on the size of the area scanned. It can be seen that preferably a large number of periods
should be chosen for achieving the smallest uncertainties [17,18]. However, it is hard
to guess how the uncertainty will grow when these ideal conditions are not met, as is
likely to be the case in reality. When a grating is measured, the main limitations are
the scanning range and grating pitch. The scanning ranges can be varied as well as the
choice of grating. The typical maximum scanning range for an AFM is 100 pm. The
range of most grating pitches is between 100 nm and 5 pm, for SPM calibration gratings,
but can be very different in other cases. The typical number of pixels in an SPM image
is 500 to 5000 pixels. This gives users a wide choice of parameter combinations and from
the AFM comparison [15], it was seen that users chose a variety of pitch/scan range
parameters. In this paper we consider the effect of this poor choice. Moreover, it is not
clear how the different aspects of non-ideal measurement (feedback loop effects, noise,
tip convolution) or non-ideal grating parameters (form errors, roughness) and of course
limited scan range, affect the result. Special cases are the lateral imperfections of the
grating such as misplaced grating pits or stitching errors introduced in the fabrication
process. Even if the calibration gratings available on the market are very good from
this point of view, the uncertainties of present metrological SPMs are at the nanometre
level so the measurements should also address this aspect. Moreover, grating analysis
methods are used for analysis of other periodic structures used in industry (CCD chips,
microlens arrays) where the positioning error can be much larger.

There are different types of periodic structures that could be evaluated using surface
measurements. Figure 1 shows synthetic images of some typical periodic structures,
including some typical experimental errors and sample imperfections.

2. Methods

The goal of this paper is to systematically assess the performance of various implementa-
tions of the periodic structure evaluation methods. Therefore, the methodology is purely
based on numerical simulations, using synthetic data with known parameters [19]. Using
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Figure 1. Examples of periodic structures: (a) an ideal 1D grating; (b) a measurement
of a too small area on a 2D grating; (c) nanowires; (d) a poor quality 1D grating; (e) an
atomic lattice — Si 7 x 7 surface reconstruction; (f) self-assembled spherical particles.

the data synthesis tools in the open access AFM data analysis software Gwyddion [20],
grating surfaces with different properties and deterministic distortions can be generated.
In detail, for all the simulations many gratings with slightly different parameters were
generated in each simulation to suppress coincidences and aliasing effects. The inter-
instance parameter variation range was 5 %. If, for example, the nominal grating period
was 50 pixels (and this value would be shown in a figure), individual generated gratings
would in fact have periods from 47.5 to 52.5 pixels. Various data processing methods
can be then applied to the generated gratings and their performance can be evaluated
statistically. In contrast to using real data this can directly provide a quantification
of the errors as the true parameters of generated surfaces are known. It also permits
a wider variation in the value of parameters that would be possible with experimental
work. The analysis is performed initially on 1D gratings, to introduce the methodology
and different error source types. Then, the differences obtained when evaluating 2D
gratings are presented and discussed.

Methods suitable for analysis of gratings and other periodic structures that can be
found in the literature and in ISO 11952 can be divided into the categories as presented
below together with details of their implementation. Eight period evaluation methods
were implemented. Their principles are illustrated in figure 2.



Demystifying data evaluation in the measurement of periodic structures )

@ f=1T Measured profile (b)

T ) T ) T )
Fourier transform Autocorrelation \ /\ /\ /\
-+ — -
Distance
Spectral density
A
T

Frequency Autocorrelation function
Py

AR NN
RN

Gravity centres Zero crossing

Figure 2. Principles of methods for one-dimensional grating period evaluation: (a)
Fourier transform based methods; (b) autocorrelation function based methods; (c)
gravity centres; (d) zero crossing; (e) fitting of a model function.

2.1. Direct space measurement

As mentioned earlier, direct space measurement can be the most intuitive approach,
namely when a profile is drawn across the periodic structure and the lateral distance
between two or more similar features on the profile is evaluated [21,22]. More advanced
approaches use more elaborate methods to determine the period, e.g. by evaluating
the position of the profile at some height, interpolating or fitting the points near to
this position to obtain the position more accurately. This is called the zero crossing
method and is also often used [22-24]. To use only points related to a special feature
and throw away the rest of the structure might be not very efficient, so the centre
of gravity evaluated from whole structures can be used in order to include all of the
data [18,23-25].
Two methods working in the direct domain were implemented for this study:

Gravity centre (GC) — analysis of gravity centres of grating bars [17,24]. The
measured profile is plotted as a function, a threshold is chosen and the profile
shifted to make the threshold line z = 0. The centre of gravity of each bar is then
defined as the center of gravity of the area under the curve (figure 2¢). Its horizontal
coordinate is z. = [xzdz/ [ zdz (both integrals are over the bar interval). We
obtain a set of centres z.,, indexed by integer bar number n, and fit them with a
linear function

Ten =T +c (1)
with parameters 7' (period) and ¢ (offset). This can be repeated with areas above
the curve for the negative parts and the results averaged.

Zero crossing (ZC) — analysis of positions where the profile crosses the zero line
[22,24,26]. A zero line is chosen as in the gravity centre method. Data around
each zero line crossing are fitted with straight line z = a + bz to estimate precisely
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the crossing coordinate zq (figure 2d). We obtain the coordinates of up-crossing
positions z ,, indexed by integers n, and fit them with a linear function

Ton = nl 4+ c (2)

with parameters 7" (period) and ¢ (offset). This can be repeated with down-crossings
and the results averaged.

The implementation of some methods is straightforward, whereas others require more
care to work reliably. Some comments on our experience with their implementation are
made after the results of numerical simulations have been presented.

2.2. Fourier transform

Next class of methods is based on the spectral density of spatial frequencies that can be
obtained using Fourier transform (FT). A 1D or 2D discrete Fourier transform (DFT)
is run on the measured topography and from the frequencies corresponding to the peaks
the period is evaluated [23,27]. As the lateral size of the scan is limited, the frequency
resolution can be very coarse, which can be handled using different approaches for
calculating a refined F'T [18,28], e.g. calculating the spectral density also for non-integer
components.

The following methods working in the frequency domain were implemented for this
study:

Simple FFT — an elementary Fourier transform based estimation. The DFT of the

measured profile data z, (both n and v take values 0, 1,2, ..., N — 1)
N-1 n
Z, =" zexp (—2mi ) 3
2 Zp €XP T (3)

is computed using an FFT. We then find the index v where the spectral density |Z,|?
attains its maximum and take the corresponding spatial frequency f = v/(INh) as
the pitch value, where h is the sampling step. The period is obtained using the
relation T = 1/f (figure 2a). Prior to the Fourier transform, data are multiplied
by a windowing function. The simple raised cosine Hann window was used (in all
frequency domain methods).

Dai05 FT — refined Fourier transform [17,28]. A coarse estimate is computed using
the previous method and then refined by allowing non-integer values of v. The
search for the precise maximum starts with the interval [v — 1, 4 1] around the
integer coarse maximum v. This interval is then progressively refined using a simple
grid search, until it becomes shorter than a prescribed length. Fourier coefficients
are computed by a direct evaluation of expression (3).

Zoom FFT — Zoom-FFT refinement is, in principle, equivalent to the preceding
method but computed in a different way. Fourier coefficients for non-integer v are
not computed individually; Instead Bluestein’s algorithm [29] is used (discussed in
more detail in section 4.3). It computes Fourier coefficients corresponding to an
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arithmetic progression of frequencies f, f+Af, f+2Af, ..., f+nAf using an FFT.
Therefore, it is possible to zoom into the interval around the coarse maximum and
refine its position using a simple search. The results presented here show the effect
of zooming in the interval [v — 1,v + 1], computing again N Fourier coefficients,
which corresponded to an N/2-times refinement.

2.3. Autocorrelation

A direct domain parallel to the spectral density is the auto correlation function (ACF).
The methods implemented for this study can be considered hybrid as the measurement
is made in the direct domain, but the ACF is obtained using the FFT:

Simple ACF — an elementary autocorrelation-based estimation. The discrete ACF

N-1-k

1
G = N——k: ; Znin+k (4)

is computed using FF'T, utilising the discrete cross-correlation theorem. Integer
indices, k, are related to real distances 7 via the sampling step h: 7 = hk. Its first
maximum always lies at zero. The next one corresponds to the grating period T
(figure 2b) and is directly used as the estimate.

Multi-peak ACF — multiple ACF maxima are used to improve accuracy. The
position of a single ACF maximum cannot be determined very precisely. However,
the function has many maxima corresponding to integer multiples of T (figure 2b).
We locate as many of them as feasible, obtaining a set of horizontal distance 7,,,
indexed by integers n, and fit them with a linear function

Tp =nT (5)

with a single unknown parameter 7.

2.4. Fitting

Most of the methods used for grating analysis provide only pitch and angle as a result.
There are, however, more parameters that could be evaluated on a grating; roundness
of corners or fill ratio, that cannot be determined using the standard methods but still
could provide some information for practical use of the grating, e.g. when one wants
to characterise the shape of the AFM tip using the grating. Although tip shape is not
strictly necessary when evaluating grating periods, it would be useful if the sample
had other features to be measured that were non-periodic. The grating height, if
constant throughout the grating structure could be used for z calibration and extracted
background could, in principle, be used instead of basing it on separate measurements
of a flatness standard. However, care should be taken when calibrating the 2z axis as
the optimum measurement strategies for pitch and height are different. Fitting the data
using a model is used in many areas of measurement science and using this approach
for grating analysis could be understood as a straightforward approach. Fitting grating
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parameters can be already done in SPM data processing software, such as Gwyddion [30]
which has the capability to evaluate many other parameters rather than just grating
pitch.

For least-squares fitting, a suitable function describing the grating shape must be
first chosen, for instance, a rectangular or sine wave. The function has several unknown
free parameters: period T, height, offsets in = and z, and possibly others such as
slope width, describing the shape in more detail. An initial estimate of their values
is necessary, for example this can be obtained using the simple FFT method. Precise
values are then obtained by non-linear least-squares fitting of the model function using
the Marquardt-Levenberg algorithm [31]. In this study a rectangular wave with sloped
walls was used as the model function (figure 2e).

Least-squares fitting of long periodic data is sensitive to local phase variation.
Therefore, as an alternative, the model function can be fitted separately to each re-
peating unit (e.g. grating bar), obtaining individual parameters for each. Parameters
representing positions are then processed as in GC and ZC to obtain the period T'. This
approach will be denoted Piecewise fitting, whereas Model fitting will denote fitting
the entire data with the model.

If only position estimates of individual features are required, Cross-correlation [?]
can be used instead [?,28]. A template of the repeated unit can be created either using
an explicit model or from experimental data. A synthetic rectangular wave template was
used in this work, constructed based on a coarse estimate of T'. The cross-correlation of
the template with the data has maxima where they match best, albeit the best match
criterion ditfers from fitting and generally the positions from the two methods do not
coincide. Positions of these maxima are then refined using parabolic interpolation and
again processed as in GC or ZC to obtain the period 7' [28].

2.5. One-dimensional gratings

One-dimensional gratings were modelled as rectangular waves with slightly sloped walls
(5% of length). The following random and scanning artefact types could be added to
the ideal grating data, individually or in combinations (a graphical illustration of the
artefacts can be seen in section 3.1 in figure 5):

Waviness — the deviation of the grating substrate from ideally flat surface was added
as a multi-scale locally smooth random additive background.

Unevenness — the grating geometry imperfections were added using uncorrelated
random variation of individual bar parameters, including position, height and fill
ratio.

Broken bars — another grating imperfection was introduced by random removal of

top parts of individual bars (up to complete removal).

Particles — the presence of dust particles was added using random bumps with size
typically comparable to or somewhat smaller than one grating bar.
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Noise — the impact of SPM noise was added using independent random Gaussian
noise of each sample.

Tip convolution — the impact of SPM probe-sample convolution was added by
convolution with an ideal parabolic tip.

PID loop — the impact of the feedback loop imperfections was added using a simple
proportional-integral-derivative feedback loop simulation. [7]

Particles and broken bars were always used together as one ‘local defects’ artefact. Other
important systematic error sources exist: erroneous calibrations, drift, Abbe error and
cosine error. Their linear components change the measured data to give a slightly
different value for the grating period. Given such data, even a hypothetical ideal
evaluation would compute the changed period. From the data processing standpoint
they are, therefore, not interesting as all methods are affected in exactly the same way.
The conclusion is similar for the non-linear components. Non-linearity can be detected
in data processing and some methods can deal with local phase variation better than
others [?]. However, correction requires additional information and is outside the scope
of the evaluation method.

The evaluation also included a preprocessing step with two main goals: suppression
of long-wavelength background (waviness) and shifting the profile mid-height to z = 0.
The latter is required mainly by the zero crossing method (ZC) and to a lesser
degree the gravity centre method (GC), but the same preprocessing was used for all
methods. Waviness was removed using a custom envelope method (see section 4.5 for
an explanation as to why it was chosen). Upper and lower profile envelopes were found
as the local maximum and minimum within 1.57 interval (with 7" estimated using Sim-
ple FFT). Their average was processed using a low-pass Gaussian filter (0.57") and
subtracted from the data. The mid-height was located by finding the two main peaks
in the height distribution and taking their midpoint [23].

2.0. Two-dimensional gratings

Two-dimensional gratings were generated with slightly rounded rectangular holes, half
the period wide, corresponding to 3/4 of upper surface and 1/4 of lower surface. The two
lattice vectors could differ in length, but they were always orthogonal. The orientation
and offsets (phases) in the plane were random. A typical image is shown in figure 3a.
As in the 1D case, individual grating instances varied within 5% of the nominal values.

The simulated images could include three artefacts analogous to 1D: noise, waviness
and uneven positions. In addition, random tilt could be added as it is ubiquitous in
AFM images. Images usually cover much smaller areas than scan designed to capture
what is effectively a line profile, specified by the number of periods and several scans
very close together perpendicular to the profile. Therefore, only this simple background
was considered. Also the preprocessing was simpler and only included tilt removal. It
was implemented as an initial plane levelling, followed by splitting the surface to upper
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Figure 3. (a) An example of typical grating image used in the simulation, with
dimensions 500 x 500 pixels, period T = 50 pixels and a combination of selected
artefacts. All values are rescaled to pixels, i.e. unitless. (b) Point lattice which is
the usual intermediate step of 2D grating evaluation. (c) Recursion in the 2D GC
computation.

and lower portion using Otsu’s threshold [32] and final plane levelling using only the
upper portion of the surface (as defined by the threshold).

A subset of 1D evaluation methods was implemented: simple FFT and ACF, refined
FT, multi-peak ACF, GC and model fitting. Zero crossing was not implemented because
it is not clear how it generalises to 2D. Both FT and ACF based methods generalise
directly to 2D. Refined F'T was only implemented using Zoom-FFT as the two refinement
methods are equivalent (this was already verified for the 1D case).

Both FT and ACF methods produce sets of points in a more or less regular lattice
(figure 3b) and two lattice vectors have to be selected [28]. The procedure can be
outlined in two steps:

(i) Find the point closest to the origin, but not at the origin. Use its position as lattice
vector aj.

(ii) Find the point which is closest to the origin and linearly independent (sufficiently
small scalar product with a;). Use it as a,.

Integer indices of any other point v are then determined (where necessary) by solving
v = ma; + nas for m and n and rounding them to integers. Then the positions are
fitted by linear least squares model similar to expressions (1), (2) and (5), only 2D:

Tmpn = Mg + nagy ; Ympn = MA1y + Nagy (6)

with free parameters ai,, a1y, a2, and agy.

GC has two steps, identification of holes and computation of their centres. Otsu’s
threshold was again used to choose the z = 0 plane and mark the holes. Holes touching
image borders were filtered out as well as holes that were too small (single-pixel holes).
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The GC was defined exactly the same as in the 1D cases, even though its computation
was more involved, requiring integration over the region where interpolated data lie
below the z = 0 plane. A simple recursive quadrature was used (figure 3c). We started
with pixel-sized rectangles formed by 2 x 2 neighbour values and then:

(i) If the values at all rectangle corners were negative it was considered completely
covered. The integral over the rectangle was computed analytically using the
bilinear interpolation of the four corners.

(i) If all corners were negative the rectangle was skipped.

(iii) If some corners were positive and some negative, the rectangle was split into four,
with corners computed by interpolation, which were then evaluated recursively .

(iv) If a rectangle became too small the recursion was terminated.

The image has N? pixels but only O(N) are at hole boundaries, requiring recursion.
Therefore, a more efficient integration method was not necessary. After finding all
centres, one close to image centre was chosen as the initial origin. The analysis then
proceeded as for the case of a multi-peak ACF, except that the origin position was also
a free parameter and it was updated after each fitting step.

Model fitting was implemented as in the 1D case, again relying on simple FFT
for the initial lattice vector estimates. The model function was similar to the grating
generation function. However, it was more general, allowing non-orthogonal lattice
vectors. Not doing so would give fitting an unfair advantage over the other methods
since the generated gratings had orthogonal lattice vectors.

2.7. Gratings with small number of periods

Data with just a couple of periods are evaluated differently than data with a thousand.
The profile is likely to be scanned more slowly with respect to feature size, the entire
data can be inspected and ensured they are defect-free, levelling and zero line can be
checked manually. It is not entirely fair to use the models and methods outlined in
sections 2.5 and 2.6, focused on automated processing of long profiles and large areas,
to study this case. Therefore, they were modified for the 1D case as follows:

e The grating model was a perfect rectangular wave, distorted by the convolution
with a rounded triangular tip (which was the only systematic artefact considered).

e There would be no significant local defects and the background would be mainly
tilt, corrected by the user. Hence, we considered only one random artefact: noise.

e The zero line was set exactly at mid-height.
e A ‘manual’ evaluation method was included.
The typical choice of two points for manual measurement is zero crossings, so that

is what the ‘manual’ method used (it was still carried out automatically). The two
most distant zero crossings of the same type (up or down) were found, located with
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Figure 4. Distributions of relative errors of the evaluated pitch for almost ideal
gratings with approximately 1000 periods. Note the order-of-magnitude factors in the
bottom right corners of the graphs — the errors can differ by several orders. For some
methods errors much larger than typical were occasionally encountered (as indicated
by the maximum error dmy.x). In these cases the abscissae do not cover the outliers
and corresponds roughly to the mean square error ..

subpixel precision by linearly interpolating the two adjacent points, and their distance
was divided by the number of periods between.

Other methods were tweaked to stretch their applicability. Usually, in GC and ZC
both ‘up’ and ‘down’ features are analysed and the results averaged. This was still done
when possible, but if the method could find at least one measurable T', the evaluation was
considered successful. Zoom FF'T started the initial coarse estimate from 3x zoomed
FFT, instead of plain FFT, because the peak could be indistinguishable from the peak
at origin otherwise.

3. Results and discussion

3.1. Methods performance on one-dimensional gratings

The distributions of relative errors o7 of the period are illustrated in figure 4 for
a typical calibration grating with 1000 periods, 50 samples per period and waviness
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background with noise to signal ratio of 7% (approximately corresponding to [17], by
visual comparison). The distributions were obtained by running the evaluation on 25000
random grating instances. The error distributions are anything but Gaussian. Simple
FFT has a uniform error distribution, which is expected because the error is basically a
rounding error. Simple ACF has an odd bimodal error distribution, which is probably
related to the use of parabolic interpolation to improve the maximum location. Its
shape seems partially preserved in multi-peak ACF error distribution, which is also
rather asymmetrical. All the seemingly Gaussian distributions have in fact heavier
tails. The error distributions become more conventional when waviness is replaced by
simple noise — for instance multi-peak ACF asymmetry disappears. However, most
simulated artefacts led to odd error distributions and heavy tails.

Both less accurate methods, simple FFT and ACF, consistently give results with
bounded errors; the maximum error encountered is a small multiple of the mean error.
The more accurate methods occasionally give a value with much larger error than typical,
causing the heavy tails of the distributions. For FFT-based and cross-correlation meth-
ods this occurs when the period is very close, but not exactly equal, to an integer number
of pixels. Grating edges can then align with sampling points in a way that makes edge
positions less certain than if there was no relation between the grating period and
sampling step. Direct space methods are affected for a similar reason. In the following
we will refer to the eight more accurate methods as ‘the good methods’ for brevity.

Figure 5 compares how the methods behave when the number of periods P in the
profile change. For additive disturbances the noise ratio was kept at 7%, likely to be
the worst case encountered in a real situation. For uneven bars the relative standard
deviation of parameters was 2.5%. Particles and broken bars covered each randomly
and independently 2% of the profile. Tip convolution and PID loop are non-random
effects and their parameters were chosen to obtain roughly comparable disturbance of
the profile shape. The accuracy d,,¢ is measured as the mean square relative error.

There are some differences in sensitivity to different artefacts. Multi-peak ACF
seem the most difficult to thwart by local defects (particles & broken bars), but it
is more susceptible to asymmetry of the shape (PID loop) than others. The rapid
deterioration of accuracy of GC, ZC correlation search and fitting in the case of local
defects and low P is driven by occasional cases when an unfortunate constellation of
defects manages to derail the method entirely. In most cases the accuracies of the good
methods are comparable, although the logarithmic scale in figure 5 is deceptive as curves
that appear close to each other can still differ by factor 2 or 3.

3.2. Super-linear scaling

For most methods, the accuracy in figure 5 clearly follows a power law. The scaling
exponents are listed in table 1. As expected, the accuracy of simple FFT scales linearly
with P, the number of periods. Simple ACF shows almost no improvement with an
increased number of sampled periods beyond a certain point. It is limited in precision
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Figure 5. Scaling of the accuracy (mean square relative error) d,ms of grating period
with the number of measured periods P. Curves for the two refined FT methods cannot
be visually distinguished. Each plots illustrates the corresponding type of artefact with
features disturbed in scale to the simulation.

by the sampling inverval h which does not change. The most interesting observation,
however, is that the accuracy of all the good methods scales super-linearly with P.
The exponent somewhat varies among them; it also varies somewhat with simulation
settings. However, it is consistently around 3/2 or larger.

Several factors contribute to the super-linear scaling. The easiest case to analyse
is the multi-peak ACF. The period is obtained by least-squares fitting of peak positions
with the model equation (5). Assuming for simplicity uniform uncorrelated Gaussian
errors o, of positions 7,, the estimated period is T = Spr/Spn and its variance
Var[T] = 02/Spn, where S,, = > n* and S,; = > n7,. The sum S, is just the
sum of squares of the first P natural numbers S,,, = P(P + 1)(2P +1)/6 ~ P3/3 (for
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Table 1. Estimated accuracy scaling exponents for 1D methods and different artefact

types.

Method Waviness Noise Uneven Defects Tip conv. PID loop
Simple FFT 1.00 1.00 1.00 1.00 1.00 1.00
Dai05 FT 1.97 1.50 1.50 1.56 1.49 1.46
Zoom FFT 1.99 1.50 1.50 1.56 1.50 1.51
Simple ACF 0.05 0.27  0.57 0.32 0.09 0.13
Multi-peak ACF  1.86 1.54 1.49 1.54 1.79 1.81
Gravity centre 2.00 1.52 1.51 1.57 1.51 1.57
Zero crossing 2.05 1.51 1.51 1.56 1.55 1.73
Model fitting 2.05 1.50 1.50 1.57 1.61 1.54
Piecewise fitting  2.06 1.52 1.52 1.57 1.51 1.54
Cross-correlation  1.83 1.52 1.52 1.57 1.51 1.56

large P). Therefore, the standard deviation of T is o ~ /3 0,/P%?, giving scaling
exponent 3/2.

The same effect is in play in GC, ZC, cross-correlation and both fitting methods.
If the ideal profile is disturbed by adding Gaussian noise, position errors are close to
uncorrelated and normally distributed, all three indeed scale in line with the theoretical
expression. In fact all the good methods scale similarly with exponent ~ 3/2 in the white
noise case. Deviations from 3/2 are, therefore, influenced by spectral properties of the
disturbance as they scale non-trivially with the number of data points. For instance,
the simulated waviness has a certain frequency spectrum and effectively disturbs short
profiles more than long ones.

In refined FT methods the scaling comprises two factors. A factor P comes with
the increased frequency domain resolution, as in unrefined FFT. The additional P'/? is
determined by how precisely the peak can be located inside one frequency step, i.e. how
deep we can ‘zoom’. Intuitively, the DFT concentrates all direct space data to a few
peaks in the spectrum. The peak width (measured in DFT frequency steps) does not
depend on the profile length. So for longer profiles more data contribute to one peak
and thus better define its shape.

3.3. Optimal number of samples per period

The super-linear scaling leads to an important conclusion concerning measurement
strategies. Assume we measured a profile with P periods. Now we want to increase
the precision by measuring 5x more data. Keeping the sampling step h, we can either
repeat the measurement five times or measure a single 5x longer profile. Although the
first option is useful if representativeness can be an issue, the second is vastly more
precise. Measuring five times and averaging reduces the standard deviation by factor
V5 &~ 2.2. However, measuring a five times longer profile reduces the standard deviation
by factor 532 ~ 11.2 for scaling exponent 3/2.

Consider now that the maximum number of samples is limited, but the sampling
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Figure 6. Optimisation of the number of samples per period for 1D gratings. The
mean square error dyy,s of grating period is plotted as a function of the number of
measured periods P for three fixed numbers of samples in the profile (480, 4800 and
48000).

step can be chosen freely. Should we measure many periods, a few, or is there a
Goldilocks zone? If o o< 0, /P32 and the position error o, is proportional to sampling
step, i.e. 0, < h o P, it can be seen that or 1/\/? Therefore, it seems as many
periods as possible should be crammed into to the measured profile because the error
decreases monotonically with P.

This suggestion may sound counter-intuitive. When performing SPM measure-
ments, one often cares about pixel size, assuming that it is the key parameter limiting
the accuracy of the result. However, in contrast to simple manual evaluation, all the
presented methods are substantially sub-pixel by nature, by using all the available data.

Of course, if the sampling step becomes too long, and in particular when reaches or
exceeds T'/2, individual bars become impossible to distinguish and the scaling relation
breaks. Therefore, there will be an optimal sampling step which was estimated using
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a numerical simulation. Its results for fixed N = 480, 4800 and 48000 and varying
number of periods P (that we again assume can be chosen freely) are shown in figure 6.
The three cases roughly correspond to a standard profile (possibly read from an image)
using routine settings for pixel resolution on a commercial instrument, a profile obtained
using commercial AFM at the limits of the possible pixel resolution, and a measurement
using a specialized long-range metrological AFM capable of producing scans of virtually
unlimited pixel resolution at the cost of low speed. A combination of random artefacts
was used in this simulation, noise and waviness, each with 1 % noise, and slightly uneven
bar parameters with 107° relative standard deviation.

All the good methods improve down to about 20-30 samples per period (N/P)
before the errors level off and then become erratic, varying depending on how the
sampling step and period align. The accuracy of piecewise fitting deteriorates quickly
around 10 samples per period, indicating the implementation might be insufficiently
robust for small N/P. The simple methods behave differently. For simple ACF the
optimum is P ~ v/N. Simple FFT improves steadily up to 3-4 samples per period.
However, neither reaches the accuracy of the good methods. The optimum of 20-30
samples per period may depend on the defects present in the data. Nevertheless, it
seems quite consistent over two orders of magnitude of N. It also agrees with the study
of scanning speed influence [23] where the profile length was kept fixed and N decreased
with increasing scanning speed. The variance of results did not change much for more
than 20 samples per period, but it started to increase sharply when less than 20 points
were measured (one needs to combine tables 1 and 2 in [23] to compute N/P).

To summarise, measuring more periods is better than measuring each position more
precisely — provided the sampling does not become too coarse and some other error
does not grow too large. Still, the optimum settings can be quite counter-intuitive.
This is a similar situation to roughness measurements where a measured area which
‘feels right’ is often way too small [16,33]. If we are limited by the maximum profile
length, measuring with a shorter sampling step is still useful, but the precision gain is
slower.

3.4. Methods performance on two-dimensional gratings
The overall accuracy of the two lattice vectors a; and a; was measured as

A —af | Ja - af?

6% =

(7)

EN |as?
a natural extension of the 1D relative error to the 4D space formed by a; and a,.
Results for 2D gratings are plotted in figure 7 for combined random artefacts (noise
+ waviness + uneven + tilt). The scaling exponents for all four good methods are
around two. They vary slightly, but this is expected based on the 1D results. The
abscissa in figure 7a is the linear image size in pixels instead of number of periods P
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used in figure 5. An effective P can be defined

where h,h, is the area of one pixel with sides h, and h,. In the typical case |as| ~ |a;]|
and h, = h,. However, image size is easier to imagine.

Following the analysis of 1D scaling, the explanation of the scaling exponent is
simple. Two vectors need to be determined. The accuracy of each vector scales with
le{)ig for the number of periods along its direction P,jone. It also scales with P;C/rz,ss for the
number of periods across its direction P,jong because sufficiently distant profiles behave
like independent measurements. For a square image Pijong = Pacross = P. Therefore,

the overall accuracy scales with

P2 P2~ p¥2pl2— p? 9)

along™ across

which is proportional to the number of image pixels N2. Scaling with P? is again much
better than with v/P?2 = P which would follow from simply measuring more data. In
higher dimensions D the expected scaling is with PP/?*1. In the 1D case we commonly
saw mean relative errors below 10~% with 50 000 samples, whereas here we do not reach
them even with 2000 x 2000 = 2000 000 image pixels (for comparable noise levels). This
is a direct consequence of the smaller number of periods in images and slower scaling
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with P. The error (7) is also larger because it is the total relative error of four vector
components, instead of a single parameter 7.

These observations together support the measurement strategy which converts 2D
evaluations to 1D evaluations [17]. The two lattice vectors are first found using a 2D
measurement. They are then improved by measuring long thing stripes along each vector
and evaluating them separately as this maximises the number of periods measured along
each vector. Of course, this strategy can only be realised with a long-range metrological
AFM.

As in one dimension, we can ask what is the optimal number of samples per period,
measured using the effective P defined by equation (8)? The result, analogous to figure 6,
is plotted in figure 7b for images with 1000 x 1000 pixels. The overall behaviour is similar
to the 1D case. The optimal number of samples per period for the good methods is lower
than in 1D, about N/P = 10. A possible reason is that the number of data points per
grating unit is (N/P)?, not N/P.

Even though the generated hole patterns were always perfectly orthogonal, the
evaluation did not impose any orthogonality constraint. The measured angle between
a; and a, could thus deviate from 90°. In figure 8 we can see the 2D error distribution
of a; for 500 x 500 images. The simple ACF method underestimates the length
of a; slightly and the error distribution for simple FFT resembles more a uniform
distribution in square than a Gaussian distribution. Distributions for the good methods
are isotropic and the errors of angle and length can be thus estimated using the simple
error propagation rule.

2D measurements are also used for 1D structures. In principle we then have two
options, process the entire image using a 2D method, or extract a set of profiles and
evaluate them using a 1D method. Only frequency domain methods and model fitting
work identically as in the pure 1D and 2D cases. The rest are not directly applicable to
images of 1D structures. As for profiles, they have to be taken along the lattice vector
to prevent cosine errors, creating a chicken and egg problem since the lattice vector is
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what we are trying to determine. Even though the vector can be estimated using 2D
FFT, if we are to compute 2D FFT a sensible strategy is to employ a refined FT method
in 2D instead of returning back to profile extraction.

The analysis of scaling with image size remains unchanged from the pure 2D
case. Now there is only one lattice vector, but the analysis considered each vector
separately anyway. One may think that a 1024 x 1024 image would be equivalent to 1024
independent profiles, so the standard deviation would be reduced by factor v/1024 = 32
compared to a single 1024-point profile. Although this can be the case, often such
estimate is too optimistic. Individual scan lines and artefacts in them, such as line
roughness, can be highly correlated and each line thus adds less independent information
than the simple estimate suggests. This is analogous to roughness measurement which
is plagued by the same problem [16,33,34].

3.5. Small number of periods

Two main reasons for measuring a small number of periods are instrumental limitations,
i.e. scanner range, and the preconception that it is necessary to measure the grating in
fine detail for accurate results. We hope this work helps to dispel the latter, but the
former is much harder to deal with. Measurements of short profiles/small areas are, and
will be, common as most AFM scans are limited to 100 pm.

A profile cannot be shorter than one T' (P = 1) to measure the period. The manual
method or ZC in principle require profiles only slightly longer than 7', whereas GC needs
profiles longer than 37'/2 (P = 3/2) to find two gravity centres of the same type. FFT
methods are limited by the ability to distinguish the correct peak from the one at origin.
Model fitting is interesting, in particular in 2D, by its ability to utilise information
which is not along the two lattice vectors. The image in figure 1b would not be the
best measurement of the grating, but despite being ‘too small’ and not accommodating
measurements along the two lattice vectors, it can still be easily evaluated by model
fitting (admittedly, the example is a bit contrived in order to illustrate the point). Piece-
wise fitting and cross-correlation both require profiles longer than 27 and possibly up
to 37T, depending on the phase. Therefore, their usefulness for short data is limited and
were not considered here.

1D simulation results are shown in figure 9. The profile always had 1000 samples
while T" and P were varied. The additive noise was relatively low, 0.7 %. Since direct
space methods may not find any usable points, the figure shows the accuracy 0, for
successful evaluations and also the success rate. Success was defined as (a) the method
itself did not report failure, and (b) the result was not an obvious outlier.

As predicted, the success rate of GC drops rapidly below P = 2, whereas other
methods can work closer to P = 1. Frequency domain methods never failed according
to the criterion, but of course their accuracy is poor for a small P. The manual method
appears to work well up to about P = 5, at least in the low-noise case when two points
suffice to find the intersection precisely. It is, in essence, a worse version of ZC, but for
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Figure 9. Results for small number of periods.

just a couple of periods they can behave similarly. Still, already in the range P = 5 to
10 it is clear that the accuracy of the manual method remains constant, whereas the
good methods start to scale with P%/2 (as in figure 5). We must stress that even in this
case all the methods were most accurate for the coarsest sampling (large P), not the
finest sampling step.

Representativeness is a major concern when only a couple of features are measured.
For periodic structures such as those in figure 1c or 1f the position and shape variation
of individual features can be much larger than the precision with which we can measure
the lattice vectors. Measurements at many different locations and statistical analysis
are then essential.

3.6. Error estimates

Figure 5 demonstrated that different artefacts with similar noise to signal ratios can
result in order-of-magnitude differences in accuracy. It is, therefore, difficult to assign
a universally valid accuracy estimate to each method. Frequency-domain methods do
not directly give error estimates, but direct-domain and hybrid do.

GC, ZC multi-peak ACF, correlation search and piecewise fitting employ linear
regression to obtain T. In most the individual values can be considered independent
and have finite variances. Therefore, the estimate of result standard deviation 67 from
linear regression should be usable. In ACF all the peaks are computed from the same
data, so the independence assumption may not be justified.

Model fitting using non-linear least squares also gives standard deviation estimates
or. They should be correct if data are disturbed by uncorrelated noise, although this
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is rarely the case. For large correlated artefacts the situation is more complicated and
the standard deviations can be severely underestimated. They are also affected by
systematic differences between the model and experimental data.

The estimates provided by these four good methods were compared with the true
error. The simulation was run for 1D profiles (4800 samples), T of 50 pixels, and
disrupted by the combined artefact (noise + waviness + placement). The noise to
signal ratio was varied over a few orders of magnitude to obtain different 4., and for
each ratio 12000 grating instances were evaluated.

The results are plotted in figure 10. For all the methods the mean estimated
relative standard deviation matched the true d,.,s quite well. Only multi-peak ACF
overestimated the error somewhat when it became small. For a large number of degrees
of freedom the quantity (' — T')/é7 should be normally distributed. Inspection of the
distributions showed that even though this was not entirely true, the distributions were
not far from standard normal. The estimates from individual methods thus seem usable,
with caution. Comparison of several different methods can also be helpful [23], despite
not being directly usable for standard deviation estimates if we do not know how the
errors are correlated.

Usually the accuracy is limited by artefacts in the experimental data and calibration
uncertainties. However, one can also ask if the evaluation method can ever become the
limiting factor and at what accuracy level? The two simple methods are obviously
limited by frequency and sampling steps. For the good methods the answer is more
interesting. It can be, unfortunately, also implementation-dependent. In order to
investigate these intrinsic errors our implementations were run on ideal data. With
no defects, two parameters remained to be chosen at random, the true period 7" (within
5% of nominal value, as usual) and grating phase.

The results are summarised in table 2. Simple FF'T and ACF behave as expected.
For 1D data, ZC and both types of least-squares fitting could achieve more or less the
full double precision, i.e. they were limited by rounding errors. Interestingly, neither
GC nor cross-correlation achieved the same precision, most likely because of subtle
discretisation errors. They have been studied in detail under different assumptions than
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Table 2. Upper accuracy limit of individual methods, measured as d,,5 for ideal data.
Profiles had nominal period 50 samples; images 25 pixels.

Method Profile 480  Profile 4800 Profile 48000 Image 250 Image 1000
Simple FFT 3.1x1072  3.0x1073 3.0 x 1074 1.4x1072 36x1073
Dai05 FT 34x107° 1.1x10°6 3.1x10°8 — —

Zoom FFT 3.4x107° 1.1x10°6 2.5 x 1078 6.1 x107°% 4.5x107°
Simple ACF 3.3x107*  1.3x10™* 1.2x1074 1.0x 1072  4.6x1073
Multi-peak ACF 2.5 x107*  4.2x 1076 6.1 x 1078 6.3 x107° 5.3 x 107
Gravity centre 2.6 x107° 6.6 x 1077 1.6 x 1078 8.9x107% 1.1x107°
Zero crossing 28 x 10716 70x10716 21 x107%° — —

Model fitting 99x10717 78x10717 81x107'7 62x107% 3.2x10°6

Piecewise fitting 5.0 x 10716 98 x 10716 3.0 x 10715 — —
Cross-correlation 4.6 x 107° 8.4 x 107 2.7x 1078 — —

hold in SPM [35], but are present also here. Other good methods also behave more or
less similarly to GC. Peak apex locations in frequency domain methods can be subtly
affected by windowing. For 2D data, model fitting did not achieve the same precision
as in 1D and was not even improving much with image size. Although a portion of fit
results was exact or within rounding errors, not all were — unlike in 1D. The reasons
are not clear; possibly the Gwyddion fitter has convergence problems for huge data sets.

4. Good and bad practices

About 15 methods were implemented (for 1D and 2D) and were run hundreds of
thousands of times on a variety of data, ranging from one period to thousands, and
with different simulated artefacts. This enabled us to draw more general conclusions
and remark on the merits and pitfalls in comparison to what would be achievable from
the evaluation of a small set of measured gratings.

4.1. Evaluation of a sequence of points

When one has a sequence of key points on the profile x;, 25, x3, . .., , (for instance zero
crossings) it is tempting to compute the distances xo — x1, 23 — 29,..., 2, — T,,_1, and
average them. This would be counterproductive because only the first and last positions
contribute to the average (as already noted in [17]):

—

1 —

n—lZ

- Tp —T1
T = oL

(10)

($i+1 - %) =
1

n—1

Instead we have to fit the sequence with a straight line x; = ¢T + c¢. A least squares fit
gives the best unbiased linear estimate of T' for homoscedastic x,,. Nevertheless, it still
gives much more weight to points close to the edges. The effective weight is proportional
to the distance from the centre. Weighted fit should be considered if data close to the
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edges can have larger errors. This is in an interesting contrast with frequency domain
methods. Although DFT itself acts uniformly, windowing suppresses data close to the
edges, giving larger effective weight to data in the centre.

4.2. Resampling

It has been suggested to interpolate the data to K times larger number of points, with
K possibly being as high as 20 [17]. However, there is no theoretical reason for it. The
added data do not bring any new independent information, meaning it cannot improve
evaluation methods based on fitting. The computation of quadratures, intersections with
zero or locations of maxima already gives answers corresponding to a continuous func-
tion interpolating the discrete data. Therefore, unless the computation utilises discrete
operations which cannot be easily expressed in this manner, preinterpolating the data
is pointless.

Resampling was also suggested for frequency-domain methods [17]. This technique
is sometimes called enhanced DF'T (as opposed to refined). It is a waste of computational
resources and not recommended. As both interpolation and DFT are linear operations,
the final result of the procedure is a summation over the original data z, as in eq. (3)
but with modified weights. If the signal is sampled densely (satisfying the conditions
of Nyquist-Shannon sampling theorem [36,37]) then a perfect interpolation exists, the
Whittaker—Shannon formula [36,37]. If we simultaneously consider K — oo, i.e. a very
fine subdivision, equivalent to analytical evaluation of integrals, the final result simply
reproduces the DF'T. Worse interpolations and less precise quadratures will deviate from
it (generally Z, would be multiplied by a slowly varying function of v), but that does
not constitute an improvement. On the other hand, if the signal is undersampled then
interpolation generally is not justified. It certainly cannot magically correct aliasing —
we have to measure with a shorter sampling step.

Only ACF-based methods can benefit from resampling — moderately. They are
direct space methods but average over many periods and resampling can help locating
the maxima in the averaged data slightly more precisely. ACF-based methods have not
been utilised in other works.

The theoretical conclusions are demonstrated numerically for 1D data in figure 11a
(N = 4800, 50 samples per period, combined noise). We calculated the improvement
achieved by resampling K times for all the implemented methods. Only a few curves
actually differ visibly from improvement factor of 1, i.e. no improvement at all. Only
the two ACF methods and data fitting differ systematically. Simple ACF shows the
largest improvement, but of course from a poor base accuracy. Data fitting seems to be
affected negatively. In the end, multi-peak ACF is the only method for which we might
suggest resampling if greatly increasing computation time for a moderate improvement
is an acceptable trade-off.
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Figure 11. (a) Accuracy improvement achieved by resampling the data to K times
larger number of points (most curves are indistinguishable from 1); (b) Scaling law for
experimental data; (c) reduction of accuracy in GC caused by moving the threshold
away from the mid-height; (d) aliasing effects in waviness removal by linear filtering.

4.8. Refined Fourier transform

Fourier transform refinement is the evaluation of DFT expression (3) for non-inte-
ger v (sometimes called a bit confusingly ‘FFT-FT’), as already briefly introduced in
section 2.5. It enables a more precise location of peaks in the power spectrum and thus
more precise measurement of 7' [17,23,28,38]. It has been usually implemented using
brute force computation [17,28]. The Goertzel algorithm [39] can compute Fourier co-
efficients one by one more efficiently in such case [23]. However, the computation of
each coefficient still costs O(N) operations.

The now standard FFT-based refinement method is Zoom-FFT, a specialisation
of the Chirp z-transform (CZT) [40-42], based on Bluestein’s algorithm [29]. The
algorithm computes Zz = ) 85" for a geometric sequence of complex numbers sg,
g =0,1,2,..., M (usually s is denoted z, in line with the name z-transform, but it
clashes with our z coordinate). It does so by expressing the transform as a convolution
and computing the convolution efficiently by FFT, utilising the convolution theorem.
In total three FFTs of size O(M + N) are needed to compute the M values of Zz. If
we chose sg = exp(—2mif/M), i.e. uniformly covering the unit circle, we would recover
DFT. But other choices are possible. In particular, we can cover only a small segment
on the unit circle. This special case is called Zoom FFT because it zooms into a small
interval of frequencies (although some other refinements methods are also called Zoom
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FFT).

Even though it may seem counter-intuitive, generally it is not recommended to
locate the peak maximum using a smart search method if it comes with costly evaluation
of each spectral density value. It can be efficient if the search is guaranteed to converge
in O(log N) steps. However, one N/2 times refinement around the coarse peak and a
simple scan for the maximum is much more straightforward. A parabolic refinement of
the maximum can be added as a final step. Zoom FFT takes only a couple of extra
FFTs and is commonly available as a function in numerical software and libraries. In
higher dimensions it is more efficient to zoom twice by v/N instead of once by N, but
in 1D there is no benefit.

Finally, we note that refined FT has been presented as substantially ditferent from
DFT [17] and it was even suggested that it cannot be done by interpolating in the
frequency domain [23]. However, this is misleading (the connection and interpolation
procedure are discussed in Supplementary Information S2).

4.4. Zero line selection

Zero line selection in GC and ZC attracted considerable attention in existing works. It
appears as a tunable parameter [17] or is located in a sophisticated manner [23]. When
only the upper halves are utilised it was suggested the zero line should be below the
profile mid-height as larger integrated areas reduce the relative errors slightly [26]. Yet
the symmetrical GC should be rather insensitive to the zero line height. The accuracy is
symmetrical with respect to the optimum which occurs around the mid-height (the exact
optimum is slightly different for each grating profile) and its first derivative by zero line
height is zero at the optimum. Hence, as long as the zero line is approximately correct
the accuracy should stay basically the same. This conclusion can already be made
from [26] and is confirmed by numerical results illustrated in figure 11c. We see that
the zero line has to be moved quite far from the optimum for a substantial reduction
of accuracy. It should be kept roughly around mid-height, but no great accuracy is
necessary.

A similar path of reasoning can be followed for ZC. Nevertheless, we found it more
sensitive to the zero line level. In addition, if the zero line is far from mid-height ZC,
choosing a good segment around the crossing to fit can become more involved. The zero
line was found similarly to Ortlepp et al. [23], i.e. by locating the two main peaks in
height distribution and choosing the midpoint. However, this was mainly for the sake of
simplicity in ZC implementation. Subtraction of the mean value was sufficient for the
other methods.

4.5. Background subtraction

Subtraction of a slowly varying background on the substrate (waviness) from oscillatory
data is not trivial. A moving average [17] can create a wavy pattern because the number
of samples averaged is an integer, but the period is not. Sometimes the upper part of
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the profile contributes more to the average, sometimes the lower part, and this varies
along the profile. The same conclusion can be made from analysis in the frequency
domain [23]. One instance of the effect is illustrated in figure 11d. It can clearly distort
an already perfectly levelled profile.

A Butterworth filter [43], which approximates a rectangular frequency-domain filter,
was suggested as a replacement because it has monotonous frequency response [23].
Unfortunately, it is not a good choice either because of its poor response to edges, where
it exhibits a considerable overshoot and ringing. Furthermore, if the data processing
is off-line and probably involves FFT anyway, there is no reason to limit it to filters
originating in classical signal processing such as Butterworth. Filtering can be done
in the frequency domain by modifying the Fourier coefficients, even using a perfect
rectangular high-pass filter, for instance. However, it would not entirely solve the poor
edge response. A possible result of rectangular filter processing is also illustrated in
figure 11d.

Other linear filters, such as Gaussian or Bessel, have a better response. However,
any linear filter is just multiplication by some function in the frequency domain and
involves trade-offs between not disturbing the profile shape and removing waviness on
sufficiently short length scale. In our opinion non-linear filtering may be necessary. Em-
pirical mode decomposition (EMD) [44] has already been proposed to improve grating
evaluation [38]. The highly non-linear envelope method used here to remove the back-
ground somewhat resembles one step of EMD. However, it extracts the low-frequency
background, not the highest frequency component. Its key feature is that it preserves an
ideal rectangular wave exactly. However, selection of the optimum filter requires further
investigation.

4.6. The lock-in method

A lock-in method was also suggested for grating evaluation [23]. We did not implement
and do not recommend it because it is basically a worse version of the refined FT. It
proceeds as follows

(i) Multiply the measured data by the model response — a sine or rectangular wave
is used.

(ii) Compute the average value. This is described in a somewhat complicated manner
as ‘low-pass filtering’, but the end result is the mean value of the multiplied data.

(iii) Find the maximum of this average over a domain of model response parameters,
period T and phase .

For a sine wave the first two steps are equivalent to the computation of a Fourier
coefficient. The quantity to maximise is
N-1

Z Zp, COS (QWh?n + go) =R (e¥Z]) , (11)

n=0
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Table 3. Typical execution time of various methods, single-threaded on a standard
PC. Simple FFT and ACF are grouped under ‘Simple’; more precise FFT, ACF and
FFT-based correlation search methods under ‘ACF & FFT’; and both fitting under

‘Fitting’.

Data GC & ZC Simple FFT & ACF Dai05 FFT Fitting
profile, 50k points 0.2 ms 2 ms 5 ms 30 ms 300 ms
image 1000 x 1000 100 ms 40 ms 0.5s — 10 s

where v = Nh/T, R denotes the real part and * complex conjugation. It attains the
maximum when the absolute value of the Fourier coefficient 7, is maximal and ¢ is
equal to its phase. Therefore, the maximum coincides with the maximum of |Z,|* and
the method, if correctly implemented, must give the same answer as any refined FT
(provided the same windowing is applied). It is, however, formulated as a multivariate
optimisation problem, similar to model fitting. The analysis is a bit more complicated
for rectangular waves because they contain also higher harmonics. Here we search for
the combined maximum of multiple harmonics. This could in principle increase precision
similarly to multi-peak ACF, even though the opposite is observed in [23]. In any case
such analysis, if required, would be better done in the frequency domain using a refined
FT.

4.7. Robustness and speed

One practical concern is evaluation speed, in particular in a high-throughput context.
Execution times reported in [17] may seem worrying, even considering the advances
in computer performance. For our implementations in C using FFTW [45] and
Gwyddion [30] libraries we can fortunately report much more encouraging data,
summarised in table 3. The straightforward direct-domain methods, GC and ZC, can
evaluate 50 000 samples long profiles in a fraction of a millisecond. In 2D the two simple
methods were fastest, but they are not sufficiently accurate. The next fastest was again
GC. Model fitting was the slowest and could take over 10s for a 1000 x 1000 image. The
Gwyddion fitter has a large overhead so the fitting execution time may not be entirely
representative. Still, the number of arithmetic operations per data point is invariably
high in non-linear least-squares fitting.

Perhaps an even more important property is method robustness, i.e. ability to
behave correctly for a wide range of input data. In the simulations all methods were run
hundreds of thousands times on generated data without human intervention, demanding
perhaps a bit more robust implementations than is typical. With FFT and ACF based
computations this was easy to achieve since they work with transformed (‘summary’)
data and are insensitive to local defects. If there is a peak where the algorithm is looking
for it, it is found and measured correctly. This makes them very reliable.

Model fitting is decidedly less robust. Its known Achilles’ heel is initial parameter
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estimation and the existence of multiple local minima of the sum of squared residuals.
Simple FFT was used for initial estimation of T" and a scalar product similar to the lock-
in method (section 4.6) for phase estimation. Such an estimate is still insufficient for
long gratings — when the estimated T is 1 % off the model gets completely out of phase
after 50 periods. Therefore, only several periods were initially fitted and the fitted
segment was increased in a geometric progression until the entire data were covered.
Multiple local minima did not seem a major problem with long periodic data, such as
gratings. Although fitting can definitely fail when the initial estimate is not sufficiently
close, we observed more or less only two possible outcomes. It either succeeded and
gave an accurate T value — or failed rather obviously. We should also mention that
model fitting does not work without a reasonable parametric description of the data.
Gratings are relatively simple to describe, but other periodic structures may be more
complicated. Evaluation of a different type of sample may require the construction of a
new model.

Bootstrapping was necessary also in other methods. All tested background
removal procedures require at least an approximate a priori knowledge of the period.
Furthermore, any refined FT method starts from a coarse estimate. Simple FFT is
reliable and serves well for this purpose, unless a very small number of periods is
measured. In such case the profile may have to be zero-extended (after windowing)
to two or three times the size to increase the frequency resolution.

GC, ZC and piecewise fitting require the most care to work reliably. Particles
and other local defects can lead to incorrect local fits and bar gravity centres [17].
When N/P is high, noisy data can cross the threshold more than once, creating very
short segments which need to be filtered out [23]. Our GC implementation used a two-
stage filtering. Most incorrect segments come from multiple threshold crossings and
are too short, whereas too long are rare. Therefore, the first stage computed the 90
th percentile of segment lengths and segments more than 10x shorter were discarded
(and segments that were too long). The second stage found the median inter-centre
distance and only kept centres whose distance to the closest good centre was close to an
integer, avoiding possible problems illustrated in figure 13 in [17]. The initial set of good
centres was identified as three consecutive centres with distances close to the median.
ZC points were processed in the same manner, just without the first stage because an
entire region around a crossing is fitted and so each crossing only gives one value of
xo. This approach made the procedures self-contained. If a FFT-based estimate of T'
is available, the filtering can be simplified. A modification of random sample consensus
(RANSAC) [46] may also be suitable. In both the GC and the ZC cases, the positive
and negative features were separately fitted and their average taken in order to reduce
the sensitivity of the methods to the choice of threshold.

GC and ZC employ various thresholds, interval/point filtering parameters, fitting
ranges and other similar algorithm tunables. All could be made user-controllable, as
was suggested for the thresholds [17,26]. One has to resist the temptation do so. In
addition to the usual problems that follow [47] we noticed one specific to highly accurate
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measurements. It is not difficult to make the evaluation accuracy worse by an order of
magnitude or two by a poor parameter choice (or a subtle implementation error). What
may be difficult for the user, is spotting that the relative error jumped from 3 x 10~7 to
3 x 107%, even in a situation when the former is negligible and the latter a major error
source. Extensive numerical verification can ensure a method achieves the accuracy it
should when used for samples within defined parameters. With half a dozen tunables
the user can tweak freely this becomes impossible. From this point of view refined F'T
based methods are preferable.

5. Experimental example

To demonstrate the validity of discussed scaling also on experimental data, we measured
a commercially available grating VGRP-UM from Bruker using self-sensing Akiyama
probe, a custom built electronics and Nanopositioning and Nanomeasuring Machine
(NMM) [48]. Use of NMM enabled measurement to be made over large area, in a simi-
lar way to that used to make the most accurate grating measurements that have been
reported in the literature [18].

In order to obtain data suitable for validation of the scaling law, the measured
primary profile was split into several independent segments and each was evaluated sep-
arately. The spread of obtained values was characterised using an estimated standard
deviation (with Student coefficient), divided by the estimated value to obtain a quan-
tity similar to d,ys in the simulations. The results were averaged for twelve independent
measured profiles. Since the spread of values, not ditferences from the correct value,
were considered, systematic errors did not enter the analysis. This meant the standard
deviations should follow the P?2 scaling law, which holds for random errors, and scale
with inverse 3/2-th power of the profile length.

The results are plotted in figure 11b for the eight good methods. The two simple
methods, strongly atfected by discretisation, are not shown. The scaling rule holds quite
well for short segments as data follow the lines corresponding to the 3/2-th power. The
scaling exponents are in fact somewhat higher than 3/2, like for waviness in section 3.2,
and for the same reason. For long segments the curves start to deviate and the spread
seems to almost saturate, decreasing much more slowly if at all. This apparent violation
of the power scaling is caused by manufacturing errors (a more detailed analysis is in
Supplementary Information S3). In summary, the general conclusions about behaviour
of the data evaluation methods, which were derived from simulations and theoretical
reasoning, apply also to processing of experimental data. The apparent violation of the
power scaling serves as a reminder that odd and distinctive properties of the sample and
measurement system must be always considered — in addition to the general principles
studied here.
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Table 4. Summary of advantages and disadvantages of various methods.

Method Advantages Disadvantages
Manual easy to understand poor accuracy upper limit
poor representativeness
user-dependent
laborious
Simple FFT insensitive to local defects poor accuracy
insensitive to background no error estimate
insensitive to odd shapes
relatively fast
Refined FT good accuracy no error estimate
insensitive to local defects
insensitive to background
insensitive to odd shapes
Simple ACF insensitive to local defects poor accuracy

insensitive to background
relatively fast

no error estimate
sensitive to shape asymmetry

Multi-peak ACF

good accuracy

insensitive to local defects
insensitive to background
provides error estimate
relatively fast

sensitive to shape asymmetry
relatively low accuracy upper limit

Gravity centres

good accuracy
provides error estimate
fast

difficult to make robust
depends on background subtraction

Zero crossings

good accuracy

provides error estimate
high accuracy upper limit
fast

difficult to make robust
depends on background subtraction
only one-dimensional

Model fitting

good accuracy

provides error estimate

high accuracy upper limit
possibly multiple parameters

requires a model

depends on parameter estimation
sensitive to local phase

slow

Piecewise fitting

good accuracy

provides error estimate
parameters for each unit
high accuracy upper limit

requires a model

depends on parameter estimation
difficult to make robust

slow

Cross-correlation

good accuracy
provides error estimate
relatively fast

requires a template
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6. Conclusion

In this paper we report on the use of both direct space and Fourier space based methods
for evaluating the periodic structure parameters. In addition to gravity centres, refined
FT and cross-correlation methods described in the ISO standard, this includes zero
crossing, multi-peak ACF and global and piecewise model fitting. We concluded that
these seven evaluation methods can be recommended, if implemented properly. Overall
they all behave similarly, although some differences in sensitivity to various artefacts
exist; see table 4. Importantly, their accuracy scales super-linearly with the number
of periods P, typically with P32 for profiles and P? for images. As a side effect of
this analysis, more can be said about the overall benefits and drawbacks of different
methods, as also shown in table 4.

There are also more general conclusions and recommendations that can be used
when designing the experiment and processing the measured data, these are explained
in the previous text and are summarized here:

e Since all the good methods are sub-pixel, pixel size/sampling step is not the limiting
factor for accuracy.

e Although the ISO standard recommends measuring more than 5 or 7 samples per
period, ideally at least 20 points should be measured. If at least 20 pixels per period
can be measured, measure as many periods in the profile as possible.

e Resampling measured data offers no benefits.

e Accuracy scaling with the 3/2-th power of number of periods is quite difficult to
beat using alternative measurement strategies. The accuracy scales only linearly
with decreasing sampling step and only with the square root of the number of
repetitions.

e The GC and ZC methods readily provide an estimate of the statistical error.

o [f these guidelines are followed, the uncertainty contribution from the numerical
procedure used is insignificant compared to the other uncertainty components
related to measurement (at least in the case of a standard SPM).

As a simple example of applying the above recommendations, for most typical
gratings used in a commercial AFM calibration, which are 1-5 pm pitch, use full range
of the microscope (typically 100 um) as long as the positioning errors of the scanning
stage are not significant at the periphery. These settings should provide 20-100 periods.
Keeping at least 20 pixels per period then means collecting about 2000 pixels per line,
which is achievable by standard SPMs.

It is hoped that the results presented in this paper will give users confidence in
evaluating periodic structures and calibrating SPMs.
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Piiparava vzorku

Nehomogenni vrstva a drsnymi rozhranimi byla pfipravena plazmochemickou depozici z plynné faze
na jednostranné lestény kiemikovy substrat se zdrsnénym povrchem.

Strukturni model
V ptipadé kiemikového substratu se zdrsnénym povrchem byla pfedpoklddana nésledujici strukturas:

e Kiemikovy substrat je v takika celé méfené spektralni oblasti nepriithledny a jeho zadni strana
je zdrsnéna natolik, ze veskeré proslé svétlo se rozptyli. Proto byl pro popis substratu uzit
model polonekoneéného prostiedi.

e Na povrchu substratu byla pfedpoklddéna tenks nativni oxidova vrstva tloustky d,o1, kterd
byla modelovana jako tenka homogenni vrstva s optickymi konstantami zvolenymi v hodnotéach
odpovidajicich amorfnimu SiOa.

e Pii popisu ndhodné drsnosti byl uzit model predpokladajici identickou drsnost u v8ech rozhrani
(t.j. rozhrani substrat/nativni oxidové vrstva a rozhrani nativni oxidové vrstva/okoli).

V piipadé kiemikového substratu se zdrsnénym povrchem a deponovanou vrstvou byla
predpokladana nésledujici struktura:

e Pro popis kiemikového substratu byl uzit model polonekoneé¢ného prostiedi.

e U nehomogenni vrstvy bylo predpokladano, ze optické konstanty zavisi na soufadnici z, jejiz
hodnota urcuje vzdalenost od spodniho rozhrani nehomogenni vrstvy.

e Mezi substratem a nehomogenni vrstvou byla pfedpoklddéna tenkd pfechodova vrstva tloustky
dy1, kterd byla modelovana jako tenkd homogenni vrstva.

e Pti popisu ndhodné drsnosti byl uzit model predpokladajici identickou drsnost u vSech rozhrani
(t.j. rozhran{ substrét/pfechodové vrstva, rozhrani prechodové vrstva/nehomogenni vrstva a
rozhrani nehomogenni vrstva/okoli).

Disperzni model

Optické konstanty nehomogenni vrstvy a pfechodové vrstvy byly popsany pomoci Campi—Coriassova
disperzniho modelu [1]. Imagindrni ¢ést dielektrické funkce je dédna jako
2Nye B(E — E;)?O(E — E,)

&i(E) = 7E [(E.— E,)?— (E — Eg)Q]Q + B2(E — E,)?’

kde E je energie fotonu, Ny, urcuje silu mezipasovych prechodti, © je Heavisideova skokova funkce,
E, je energie sitky zakdzaného pasu, E. a B (E. > E,) jsou parametry urcujici polohu a sitku
oblasti kde md ¢;(£) maximum. Redlna ¢ast dielektrické funkce je pak dopoctena s uzitim Kramers—
Kronigovych relaci.

V piipadé nehomogenni vrstvy byla nehomogenita popsana s tak, ze u jednotlivych disperznich
parametru byla predpokldddna linedrni zavislost na soufadnici z. Hodnota parametru p,(z) pro
danou hodnotu soufadnice z je dana jako

kde index « rozlisuje disperzni parametry, pY je hodnota disperzniho parametru u horniho rozhrant,
pg je hodnota disperznfho parametru u spodniho rozhrani a symbol d znaéi stfedni tloustku ne-
homogenni vrstvy. Z hodnot disperznich parametru odpovidajicich dané hodnoté soufadnice z pak
byly vypocteny optické konstanty s uzitim Campi—Coriassova modelu.

Optické konstanty nativni oxidové vrstvy byly zvoleny v hodnotéach uréenych v [2] pro amorfni
SiOs. Pro kiemikovy substrat byly uzity optické konstanty urcené v [3].

palz) =Pk + (0



Zapocteni vlivu ndhodné drsnosti

V piipadé odrazivosti méfené v blizké a viditelné oblasti a elipsometrickych veli¢in byla pro
zapoCteni vlivu nahodné drsnosti rozhrani uzita kombinace skaldarni difrakéni teorie (SDT) a
Rayleigh-Riceovy teorie (RRT). V piipadé odrazivosti méfené v ultrafialové oblasti tento piistup
nevyhovoval protoze RRT jiz nebylo mozné kvili vysokym vyskam drsnosti vzhledem k vinové
délce uzit. Pro zapocteni vlivu drsnosti byla v tomto piipadé uzita pouze SDT. Pro interpretaci
dat odrazivosti v ultrafialové oblasti bylo rovnéz nutné zahrnout ptispévek od svétla rozptyleného
vzorkem a zachycenym detektorem spektrofotometru. To bylo rovnéz provedeno s uzitim SDT.

Kombinace SDT a RRT

Skalarni difrakéni teorie je uzita pro zapocteni ¢asti drsnosti s nizkymi prostorovymi frekvencemi,
zatim co Rayleigh—Riceova teorie je uzita pro stfedni a vysoké prostorové frekvence.

Skalarni difrakéni teorie vychazi z Kirchoffova—Helmholtzova integralu. V piipadé drsnych
povrchu, vrstev a systému vrstev s identicky drsnymi rozhranimi dostaneme nasledujici vztah pro
reflexni koeficient

o0
= [ AR )y = (w2 1)
—00

kde index ¢ = p,s rozlisuje p a s polarizované viny, v, = —4mngcospg/A, pficemz A je vlnova
délka svétla, ng je index lomu okolniho prostiedi a g je tthel dopadu. Proménnéd 7 reprezen-
tuje hodnoty ndhodné funkce popisujici ¢ast drsnosti s nizkymi prostorovymi frekvencemi. Hus-
tota pravdépodobnosti pro rozdéleni vysek této ¢asti drsnosti je pak oznacena symbolem w(-) a
odpovidajici charakteristickd funkce je oznacena x/(-). Symbol r?RT znadi lokélni koeficient odrazu,
ktery jiz zahrnuje vliv drsnosti se stfednimi a vysokymi prostorovymi frekvencemi. P¥i popisu
drsnosti jsme uzili predpokladu normélniho rozdéleni vysek s charakteristickou funkei

X(vz) = exp (—oémvi/@‘

U drsnosti s vysokymi a stiednimi prostorovymi frekvencemi, které popisujeme pomoci RRT,
se korelace mezi drsnostmi jednotlivych rozhrani uplatni pouze v piipadé velmi tenkych vrstev.
Proto muzeme pii vypoctu reflexniho koeficientu r};RT uzit pristupu, kdy vliv drsnosti zapocteme
pii vyjadieni koeficientii odrazu a pruchodu horniho a spodniho rozhrani nehomogenni vrstvy. Koe-
ficient odrazu odpovidajici nehomogenni vrstvé pak vypocteme s uzitim takto ziskanych koeficientu
postupem, ktery bychom uzili v pfipadé nehomogenni vrstvy s hladkymi rozhranimi.

V piipadé koeficientu odrazu od horniho rozhrani dostaneme

o oo
TUq = T%q + AT%§T’ ATIF}E{T = / / Gq(Ko, Ky)W(Ky — Ky, Ky)dK,d Ky, (2)
—0Q —0oQ

kde r%q je koeficient odrazu odpovidajici hladkému rozhrani a AT[P}(E{T je korekce druhého radu

Rayleigh-Riceovy teorie. Integrace je provedena pies prostorové frekvence K, a K,, pficemz
W(K,,K,) je PSDF (power spectral density function) a g,(K;, K,) je komplikovand funkce,
kterd kromé K, K, zavisi také na vinové délce, tihlu dopadu a optickych konstantach prostiedi,
ale nezavisi na drsnosti rozhrani. Symbol K, = (27/\)ngsingy znaéi slozku vinového vektoru
dopadajici viny, kterd je tetna ke stfedni roviné rozhrani. Vzorec (2) je pro koeficient odrazu
a svétlo dopadajici z horni strany. Stejnym zpusobem, ale s jinak vyjadfenymi koeficienty pro
hladké rozhrani a odlisnymi funkcemi gq(K,, Ky ), lze vyjadiit i koeficient pruchodu a koeficienty
odpovidajici dopadu svétla ze spodni strany. Detailni popis vypoctu lze najit v [4, 5]. Pii popisu
drsnosti jsme uvazovali PSDF danou Gaussovou funkci

W (K, Ky) = WUE{RTTP%RT eXp (_%TFQ{RT(Kg + Kﬁ)) ) (3)

kde orprr je rms hodnota vysek drsnosti se stfednimi a vysokymi prostorovymi frekvencemi a Trrr
je autokorela¢ni vzdalenost.



V piipadé spodniho rozhrani nehomogenni vrstvy je tfeba vzit v tvahu ze koeficienty odrazu
a pruchodu musi zahrnout vliv tenké pfechodové vrstvy. Jelikoz prechodova vrstva je velmi tenk4,
nelze korelaci mezi drsnymi rozhranimi zanedbat a v ramci RRT je tfeba uzit vztahy odpovidajici
vrstvé s identicky drsnymi rozhranimi. Vztahy pro vypocet koeficienti odrazu a pruchodu jsou
rovnéz vystupuje tloustka prechodové vrstvy. Detailn{ popis vypoctu lze najit v [4, 5].

Poté co byly vyjadieny koeficienty odrazu a prichodu u horniho a spodniho rozhrani, byl koe-
ficient odrazu nehomogenni vrstvy r?RT
na WKBJ aproximaci a korekcich na vnitini odrazy v nehomogenni vrstvé. Pro dosazeni dostatecné
presnych vysledku bylo potieba zapocist nejméné jednonasobny a dvojnasobny odraz uvniti neho-
mogenni vrstvy.

vypocten pomoci metody popsané v [6], kterd je zalozena

Kombinace SDT se zapoc¢tenim piispévku od rozptyleného svétla

Celkova odrazivost méfena spektrofotometrem je v tomto piipadé vyjadiena jako soucet koherentni
odrazivosti, kterd odpovida zrcadlovému odrazu, a nekoherentni odrazivosti, kterd reprezentuje
piispévek od rozptyleného svétla. Koeficient odrazu je vyjddien stejnym zpusobem jako v (1), s tim
rozdilem ze veSkerd drsnost je zapoc¢tena pomoci SDT. To znamend, ze lokalni koeficient odrazu
odpovidd nehomogenni vrstvé s hladkymi rozhranimi a p#i vyjadieni hustoty pravdépodobnosti
a charakteristické funkce musime uzit celkovou rms hodnotu vysek drsnosti ggpt misto hodnoty
odpovidajici ¢asti drsnosti s nizkymi prostorovymi frekvencemi. Vysledny koeficient odrazu je tedy
roven

Tq = X(Uz)%?, kde )_((Uz) = €xp (_6§DTU§/2)7

kde 7“8 je koeficient odrazu nehomogenni vrstvy v piipadé, kdy jsou rozhrani hladka. Koherentni
slozka odrazivosti je pak rovna
Re = |X(v2)”Ro,

kde Ry je odrazivost odpovidajici ptipadu s hladkymi rozhranimi.
Pro vyjadfeni nekoherentni odrazivosti je tfeba znat hustotu pravdépodobnosti pro rozdéleni
vysek ve dvou odlisnych bodech, ktera je zvolna ve tvaru

wa (11,125 t) = w1 (n)C ()6 (n — n2) +wi(m)wi(n2)[1 — C(t)], (4)

kde (m1 — m2) je Diracova delta funkce, n; a 12 jsou odchylky od stfednich rovin a ¢ je vzdalenost
témito mezi body. Pro autokorelaéni koeficient C(t) je uzit model s Gaussovou funkei

O(t) = exp (—t*/7épr), ()

kde 7sp je autokorela¢ni vzdalenost. Pro spektrofotometr, ktery zachyti svétlo rozptylené do kuzele
s polovinou vrcholového dhlu rovnou agpr, 1ze nekoherentni slozku odrazivosti vyjadrit jako [7]

16 2,,2=2 2,.2(~ — 2
e o () -

Experimentalni data a jejich zpracovani

Spektralni zavislosti elipsometrickych parametru I, I, and I, které odpovidaji nezdvislym prvkim
normalizované Muellerovy matice izotropnich systému [8], byly méfeny pro 5 ihli dopadu v rozsahu
55-75° a energie fotonu 0.6-6.5 eV (190-2066 nm) elipsometrem Horiba Jobin Yvon UVISEL.
Odrazivost byla méfena pii ihlu odpadu 6° pro energie fotonu 1.44-6.5 eV (190-860 nm) spektro-
fotometrem Perkin Elmer Lambda 1050.

Experimentalni data méfend na zdrsnéném povrchu a pro nehomogenni vrstvu s drsnymi
rozhranimi byla zpracovdvana soucasné. Pii zpracovani bylo predpokldadéano, ze rozhrani neho-
mogenni vrstvy vykazuji stejnou drsnost jako zdrsnény povrch substratu, a jsou tedy popsany
spoleé¢nymi parametry pro drsnost. Zpracovani experimentdlnich data bylo provedeno s uzitim
metody nejmensich ¢tvercu.



Vysledky
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Obrazek 1: Spektralni zévislosti odrazivosti (nalevo) a elipsometrickych parametru pii ihlu odpadu
70° (napravo) métenych na zdrsnéném povrchu kifemiku. Body reprezentuji experimentalni data,
kiivky odpovidaji vypo¢tenym hodnotam.
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Obrazek 2: Spektralni zévislosti odrazivosti (nalevo) a elipsometrickych parametru pii ihlu odpadu
70° (napravo) méfenych u vzorku s nehomogenni vrstvou a drsnymi rozhranimi. Body reprezentuji
experimentalni data, kiivky odpovidaji vypoctenym hodnotam.
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Obrézek 3: Spektralni zavislosti optickych konstant (nalevo) a profil optickych konstant pro energii
fotonu E = 3eV (napravo).
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Obrazek 4: Spektrdlni zdvislosti indexu lomu (nalevo) a extinkéniho koeficientu (napravo)
prechodové vrstvy. Cerchované kiivky odpovidaji optickym konstantam krystalického kiemiku.

Tabulka 1: Hodnoty strukturnich parametrii a parametru popisujicich ndhodnou drsnost rozhrani.

parametr hodnota
zdrsnény povrch kiemiku

tloustka nativn{ oxidové vrstvy dnol [nm] | 2.66 +0.01
nehomogenni vrstva s drsnymi rozhranimi

tloustka nehomogenn{ vrstvy (uréeno z elipsometrie) de [nm] | 379.1£0.3
tloustka nehomogenn{ vrstvy (urceno z odrazivosti) dy [nm] | 379.4£0.3
tloustka pfechodové vrstvy dy [nm] 18.8 0.2
parametry drsnosti pro kombinaci RRT a SDT

rms hodnota vysek drsnosti (RRT) orgr [nm] | 10.34 £0.07
autokorelac¢ni vzdélenost (RRT) TRRT [Dm)] 92.1+£0.7
rms hodnota vysek drsnosti (SDT) ospT [nm] 12.5£0.3
celkova rms hodnota vysek drsnosti Ttotal [N 16.2
parametry drsnosti pro SD'T' se zapoctenim rozptyleného svétla

rms hodnota vysek drsnosti (SDT) gspT [nm] 15.8 £0.1
sou¢in autokorela¢ni vzdalenosti a poloviny pfijimaciho thlu agpr7spr [nm] 18+1



Tabulka 2: Hodnoty disperznich parametru.

nehomogenni vrstva prechodova

parametr horni rozhrani spodni rozhrani vrstva
celkové, sila mezipasovych piechodit Ny [eV?] 934 + 14 142 4+ 3 165+ 3
energie $ifky zakdzaného pésu E; [eV] 1.89 £0.01 1.05+0.02 | 1.70 £0.03
E. [eV] 13.04 £ 0.08 8.97£0.07 | 3.68£0.01
B [eV] 20.2+0.3 0.01 (fixed) | 1.01 £0.03

Vysledky — vrstva s hladkymi rozhranimi

Kromé nehomogenni vrstvy s drsnymi rozhranimi byla provedena i opticka charakterizace neho-
mogenni vrstvy pripravené identickym zpusobem na substrat s hladkym povrchem. Byly uzity stejné
strukturni a disperzni modely jako u nehomogenni vrstvy s drsnymi rozhranimi, s tim rozdilem, ze
byla uvazovana hladké rozhrani.

800 500 300 Afnm] 200 1000
T T 1 .0

0.40

0.35

o o
nDow
o O

odrazivost
o
N
o

0.15

elipsometrické veliciny

0.10

0.05

0.00 I I 0.8 L L L L L L
2 3 4 5 Efev] 6 1 2 3 4 5 Efev] 6

Obrazek 5: Spektralni zavislosti odrazivosti (nalevo) a elipsometrickych parametru pii ihlu odpadu
70° (napravo) nehomogenni vrstvy s hladkymi rozhranimi. Body reprezentuji experimentalni data,
kiivky odpovidaji vypo¢tenym hodnotam.

Tabulka 3: Hodnoty strukturnich parametri.
parametr ‘ hodnota
tloustka nehomogenn{ vrstvy (urceno z elipsometrie) do [nm| | 378.3 £+ 0.4
tloustka nehomogenn{ vrstvy (uréeno z odrazivosti) d, [nm] | 378.9 £ 0.3
tloustka prechodové vrstvy dy [nm] | 16.2+£0.3

Tabulka 4: Hodnoty disperznich parametru.

nehomogenni vrstva prechodova

parametr horni rozhrani spodni rozhrani vrstva
celkovd sila mezipasovych piechodit Ny [eV?] 1078 + 16 201 +4 142 +3
energie §itky zakazaného péasu E; [eV] 1.68 £0.01 1.29£0.02 | 1.63£0.03
E. [eV] 14.02 £ 0.09 10.12+£0.07 | 3.39 £0.01
B [eV] 23.8+0.4 1 (fixed) | 0.96 &+ 0.03
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Obrézek 6: Spektralni zavislosti optickych konstant (nalevo) a profil optickych konstant pro energii
fotonu E = 3eV (napravo). Cérkované kiivky odpovidaji zdvislostem uré¢enym pro nehomogenni
vrstvu s drsnymi rozhranimi.
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Obrazek T7: Spektrdlni zdvislosti indexu lomu (nalevo) a extinkéntho koeficientu (napravo)
prechodové vrstvy. Carkované kiivky odpovidaji zavislostem uré¢enym pro nehomogenni vrstvu s
drsnymi rozhranimi. Cerchované kiivky odpovidaji optickym konstantam krystalického kiemiku.

Zaveér

Byla provedena tplna opticka charakterizace nehomogenni vrstvy s ndhodné drsnymi rozhranimi.
Pro zahrnuti vlivu drsnosti na odrazivost v blizké infracervené a viditelné oblasti byla uzita kombi-
nace skaldrni difrakéni teorie a Rayleigh—Riceovy teorie. Pro zahrnuti vlivu drsnosti na odrazivost
v ultrafialové oblasti byla uzita pouze skaldrni difrakéni teorie, pficemz pro spravnou interpretaci
experimentalnich dat bylo nutné zahrnou i to, ze detektor spektrofotometru zachyti i ¢ast svétla
rozptyleného na vzorku. Mezi substratem a nehomogenni vrstvou bylo nutné predpoklddat tenkou
prechodovou vrstvu, kterd ziejmé zahrnuje i tenkou vrstvu na povrchu substratu porusenou pri
¢isténi substratu v argonovém vyboji provedeném pied depozici vrstvy. Vysledkem optické charak-
terizace jsou optické konstanty nehomogenni vrstvy a piechodové vrstvy, tloustky nehomogenni
vrstvy a pirechodové vrstvy a parametry popisujici ndhodnou drsnost rozhrani.

Vysledky ziskané pii optické charakterizaci nehomogenni vrstvy s ndhodné drsnymi rozhranimi
byly porovnany s vysledky ziskanymi optickou charakterizaci nehomogenni vrstvy s hladkymi
rozhranimi pfipravenou za uziti stejnych technologickych podminek. Optické konstanty u horntho a
spodniho rozhrani a profil indexu lomu ur¢ené pro nehomogenni vrstvu s drsnymi rozhranimi a pro



nehomogenni vrstvu s hladkymi rozhranimi jsou téméf shodné, coz potvrzuje spravnost vysledku
ziskanych pii optické charakterizaci nehomogenni tenké vrstvy s drsnymi rozhranimi.
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Table 3-14 USB Type-C to USB 3.1 Standard-B Cable Assembly Wiring
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