FiB

0)11it¢1| Measurement of Surface Topography

Richard Leach

it



E s FREEBREEE (BHK)

Optical Measurement of Surface Topography

REEHRAFNE

Richard Leach

4 4 % BB
= [



E=F: 01-2012-3434
moEE &

EHAB T REARENBIRF—FF E RGN, HRMMENERE
FHOMBH AT EM. BNARSARNERTERITOAEEAR,
BRATEHERRSURRRE, ABEEATLA RERTRARN T
BAR, WEATHEXGEENARERSERERE,

Reprint from English language edition:

Optical Measurement of Surface Topography

By Richard Leach

Copyright © 2011, Springer Berlin Heidelberg

Springer Berlin Heidelberg is a part of Springer Science + Business Media

All Rights Reserved
This reprint has been authorized by Springer Science&Business Media for distri-
bution in China Mainland only and not for export thereform.

EBEMS HE (CIP) BiiF

FH LA Y622 Wi = Optical Measurement of Surface Topography: F3C/
H7% (Leach, R ) &% . —HHA. —tr. Rz, 2012.6

(BT BIERELE)

ISBN 078-7-03-034474.8 -

[.O% 0.QH- I OXFEWME-FKX N. OTB%

o AR A B 51 CIP Biig ks (2012) % 108176 5

FAEsE. IMAL / TR R B O/ HERT: BO#

4 4 8 K @& R
FRAERERILE 16 5
BEE4RTS: 100717

http://www.sciencep.com

o& & (K 14 124 & ENRI
PR ET SHFEBEESH

201246 A% — M FFA: B5 (720 x1000)
2012 426 ASE—WENR  ERgk: 21 14
;480 000
Effr: 65.00 T
(A EPRE BRI, RAEARFTFAR)



(ESNBFERRREZE) F

20 42 90 SERLIE, FRREBRBR AU REFHIRIE, HELTE
LML R, UMET. HEI. BEIMEERIRERFERER, R
IAKHLH P I RPRBRR, BEERE ., NAER HXBER. FR&
RYRBESHTHRET . AL, B, N%. BREXLORE, BT £
Bl FEoR, 8B, MEHMRXERFEARTUKREL. FEEFLKERKER
WRMEWEAT . XSS WEFERNDELEN, WRAER— T ERNSS
B, BRESFAMERKENERGE, EHE, FEFLEERSFRESD
SAEEEREMNMA, RAEREFEESIE™ L, AT, PEHAGEEPER
BARRBHNEAE, FEERELATHBIRERIAKF, RHik, REZREER
FEARBAREEEBRAEH,

BEFERENERBRAREF A RER, FEMEZTAEEMIREARARTH
SRR, WS, RIOBAER L IBZEZTHEENTRERARGUBEEFHT
RBETE, MEXNEEHARNIFESBREAE, KPR SHEREARMEREH
B4 R TAE

MRS R, BR T Bra ot i RA B ERIR B RSRS, 513
ESMGRTE BRI R AR LR, AT, BEINRFEEIEREN, £
HERFHTR S R RE LN RT A CHE AR, TREHEBRERERN. B
22 St 5 | —HEES A R R E E I, ERENFESEARKT KR
THEXEMTEERAABUBEBROMBIEE, X THRHRERFEBEARTRHB
SHERTIARNE,

WP R ZAER E KRB RN ER L, 2RI, FHRK,
LT HE T HEIE 30 ASMR A, KEETRIAARE, F-REREMBIREE, £
“RETENATHEEE. FrANEERYRERTRNRFTRR, KEHE
2005 5 HARET, S5k BIKE . AR, 3EHR" . EREMEX LEEER



TRRE ISR — T AT RO P A |
AR, A H BT BRI EEOR B4, BT TAR B Rk T
Ho MTF—LLEEE, WAFH. EASE R 458 R X AR,
BAAFAREFEIAAE, i, ROFEKRERE NS, Uso
RSB A LTI,
M2, RIS SR — BRI A, T

(3 EEL N) %

FEAF R
PEIBRRE
2006 4E 12 A



Contents

1 Introduction to Surface Texture Measurement ..... sasraonnes cervensaesens ceese 1
Richard Leach
1.1 Surface Texture Measurement.........coccoeneeniisniviniisesssenssensnssesssssessossssosass 1
1.2 Surface Profile and Areal Measurement.............c.occerveneenmencrrssereresennens 2.
1.3 Areal Surface Texture Measurement ...........occvueecrreircnercereseemreceneanserseasens 2
1.4 Surface Texture Standards and GPS.........ccocmecrennnicrnnieccneriercarenscncens 3
1.4.1 Profile Standards .........cooocoiiierveeiernseee et snscenens 3
1.4.2 Areal Specification Standards............coccevieeiriiiniiensnccnnreciocnnnens 4
1.5 Instrument Types in the ISO 25178 Series........ccouvmrcrirmirrccssensiesenrenonnens 5
1.5.1 The Stylus InStrIMent.......c.ccecrvierveesimicneeseeiserasenssnessreesiosenenssessens 7
1.5.2 Scanning Probe MiCIOSCOPES........ceeereremressrareserrrnssrecsssssnsssensennens 8
1.5.3 Scanning Electron MiCIOSCOPES .......cccoerrmremimsuarssesinisrssesnacsccennes 9
1.5.4 Optical INSLrUMENE TYPES ...evveierevvresersseresvsmsrarssnsssnssssenseasssnsssoseans 9
1.6 Considerations When Choosing a Method ...........c.ccoceveernvirennvrorsnrennnes 10
ACKNOWIBAZEIMENLS ........o.ooeeeiireneaieaiaestaeinarsntrescaesvessrarasmrassasscessnsssssssmsanes 11
REFEIENCES ..oceiineieciiiaicrtreecteene sttt re st et e nests s assbress e sta st anantesaearaeanae 11
2 Some Common Terms and Definitions.....cc.cccereeecesnes wrssssasseresereasee 15
Richard Leach
2.1 INLPOQUCHION .....cocviirnrivcrnnriinresienetcaresesstvseesesstrararessassensensarsssesesnessenas 15
2.2 The Principal ADEITALONS........c.ueevieivreereecceeessnensencssnessecssosssesasnessasnssnsas 15
2.3 Objective Lenses.........cuiiiiiiinneintineitencsnisc s s 17
2.4 Magnification and Numerical APEItuIe........coeeeiveiiriicniiiinecnciincenmensens 18
2.5 Spatial RESOIULION ....cocruiverercnrertieene s st ese st nsereceseseeseessanesanseanesns 19
2.6 OpUCAl SPOL SIZE ...ccouirueernricrniiriccamsiricseriaressestanrecsrssasasassasresseseosssessans 20
2.7 Field Of VIEW ..ot e s e eseesceseseraen s aaesessemsresesseeenen 21
2.8 Depth of Field and Depth of FOCUS.......ccccoiiomieseenerccnnencereceessasreseenes 21
29 Interference ODJECLIVES .......covvirrinririmsiiniesicssireseneesesevenssscessaeessssesenaes 22
ACKNOWIEAZEIMENLS ......cccoorenrreneeienreecrrecarrersreserssnsstessssotensrasesasssesssnenssoscansas 22
REfEIENCES ....eereieecirciicremi it s ntesrseecteessteses st vansmssensmtessensessessensrnrases 22
3 Limitations of Optical 3D Sensors ....c.ccceeevecencnass cerasanene reereeesaanas 23

Gerd Hdusler, Svenja Ettl
3.1 Introduction: What Is This Chapter About? ..........cccveimiicinmiinnicicncna 23
3.2 The CanoniCal SENSOT.......c.ccceeieeereeenrenienrenerinrestesereseassessassesssassesasassaeas 24



VIII Contents

3.3 Optically Rough and Smooth Surfaces...........corerereeeereieisicnneeniricnnnnas 25
3.4 Typel Sensors: Triangulation .........cocceeveervueerereesrrerrersioresssersnssssessnsssness 27
3.5 TypeII and Type III Sensors: Interferometry.........c.ecoecereecerverenrecseanennen 33
3.6 Type IV Sensors: DefleCtOmetry ..........coeceoeececcernereenccreresersecssesnsesscens 38
3.7 Only Four Sensor PrinCiples? .........cieoeeriivierrneieeescesiesecsenssssesseessees 42
3.8 Conclusion and Open QUESLIONS.........cccveceireererrreesreserrnersareasisessreseasseses 43
REfEIENCES ......ieouenernerrecerenrstrciensrnresseeseeesiesscssasesssessssssssssassassassesseseaseasananesen 45

Calibration of Optical Surface Topography Measuring Instruments .... 49
Richard Leach, Claudiu Giusca

4.1 Introduction to Calibration and Traceability ..........cccceecereriveccrccrecnnnnnne. 49
42 Calibration of Surface Topography Measuring Instruments .........c.ccce... 50
4.3 Can an Optical Instrument Be Calibrated?.........ccccooevevevereticcnrecieeieneees 51
4.4 Types of Material Measre. ........covveeicveerensvriacsrsmisncscsresasssenseasesseaseases 52
4.5 Calibration of Instrument SCAlEs .....ccuiiriviiciiiesiisitnninnreerreeseecersinrieesneannes 54
4.5.] NOISE ....cereeeersccriciensissiesoestsnseerneresessransassessassessassasesssessasenssasensansen 56
4.5.2 Residual FIatness......uniniiniiniininieanereniaeesescsssnsssssssesaesnas 58
4.5.3 Amplification, Linearity and Squareness of the Scales................ 59
4.5.4 RESOIULON ....cevcorrerceenrenneerieecrsneesaraseestessnesacessssseesenssnenssssensesassses 63
4.6 Relationship between the Calibration, Adjustment and Measurement
UDCEITAMLY ..ecveiisrenreessserassnmsiissiomsssierainessesessassssssssassassassasssessnsssesessasaes 66
47 SUMMALY ..c..corirrinriericnrcrannimerirrsraseenssesinesnesassessssasossssasssssessassessssessrsssssnes 67
ACKNOWIEABEIMENLS ....cviciieisiinieesiiiiiisiisrisinesnessnannestesseasseesseasesseesessnsassssseness 68
REfEIENCES .....c.ceeerneerrirenrieriasirstesenseestestestesesssasiassessasssssessesessessesestsstesseseennesens 69
Chromatic Confocal MiCroscopy ....cccecrecererercecosasecascsacccsnas srenses 71
Frangois Blateyron
5.1 BasiC TREOTY ...t rteceeers et steene st asresn s nesnesssasnssesnnosnons 71
5.1.1 Confocal Settil......cccriimnrierinirnnieninniinienecieseeeneesresessnssnsssesesnans 72
5.1.2 Axial Chromatic DiSpersion.........c.ccceveeieeceerceercereresenreereesvessnssens 73
5.1.3 Spectral DecOding ......cecieviieniiriienieecreneeniinieceieesresenensreeeassernesnes 75
5.1.4 Height Detection ........ccoceeceriernirriererrienisiesieesrsseseressssssessessasenssensess 76
5.1.5 Metrological CharacteriStiCs.....ceuteereririniuercasienssansersansarsrsesasssssons 77
5.1.5.1 SPOt SIZE ....cocerciiiirecrennirceesenntinesiseresressesrsasesssssessssaseesens 71
5.2 INStrUMENIALION....ciiviresrsrieressesrasrisssssestiniesssnssssinnensensassensesaesasssssnesessnsnnsnes 78
5.2.1 Lateral Scanning Configurations.........c..vecevvreeereeveesesneresneseessnens 78
5.2.1.1 Profile Measurement .............coccevcrvervesesreraneesiessnseesarsens 78
5.2.1.2 Areal MEaSUIEMENL .......ccovvereererreriersereeserersesnesnsssensenees 80
5.2.2 Optoelectronic Controller..........c.cuiueernerseromsressessnesrnersesessanensornens 81
5.2.3 Optical Head..........coconreeerrrciorcrnemnrerensesseeeetaessnssessenesssssens 83
5.2.4 Light SOUICE .....cciisiivimrrrecerrenssnrearirassanssensonsanssassasesasssasensssesassaessns 84
5.2.5 Chromatic ObJectiVe...........cceremrrerrcrrrreruirieresmriesesseresnssessessssenssesens 85
5.2.60 SPECIOMELEL...cccoimrisiseisnssisimssnssissessersssssssessiseinsensrarsnssassnssessessesens 86

5.2.7 Optical Fibre Cord.........ccccesecricreeiarveannene testessesesstont st e nnrrens 87



Contents X

5.3 Instrument Use and Good PractiCe ..........eeeeviviereiseisceceneeeeeeeneceessserenas 87
5.3.1 Calibration .......ccceeieceeeinremieeeresreeressessresesessssssesesese st oo eaeeene 87
5.3.1.1 Calibration of Dark Level..........cccoecereeveererrencnirerecnennene 87

5.3.1.2 Linearisation of the Response Curve..............ccouue....... 88

3.3.1.3 Calibration of the Height Amplification Coefficient.....90

5.3.1.4 Calibration of the Lateral Amplification Coefficient ....90
5.3.1.5 Calibration of the Hysteresis in Bi-directional

MEASUTEMICENL.......c.uceneereereereeierreeeeereennsreesassasscnsersssnsanns 920
5.3.2 Preparation for Measurement .................eevveeveeeeceemeecseseeeenne 91
5.3.3 PIC-PIOCESSINE ....cucueuerrnieruniriesernssesencesssesenssessesssseseassensesssssemsenes 91
5.4 Limitations of the TeChnIQUE..............o.ereeevieeneermeceeeeeeeeseseeneseneneeenns 91
5.4.1 LOCAl SIOPES .......ooueecurrrenreirerennresenesssrese e seessassessessaseessenesssesees 91
5.4.2 Scanning SPEEA .......ccovvvreevereireniinirerseisereeeeeeeeerssenssessesenseesones 94
54.3 Light IDTENSILY «.ovoeeeereerrenrirerecceeerescee e s eeeenenssesasesssssesesnsns 94
5.4.4 Non-measured POINLS..........coooirieeeeeceeeeecreeeeressesseesosesssesmsrsesess 94
545 OULHEIS ...ttt stess s s e sesemessnessesesssesbesnemes 95
5.4.6 INLEITEIEIICE. ...c..cucuvreererieererearer st sse s s eeseeesessnesnesessassessnesms s 96
547 GhOSEFOCH c.covevicueerieremireiccceeeereeeeeaeseeassessessssasesssssessesse s s seens 9
5.5 Extensions of the Basic Principles............ooocvevereecrmemecereeseeeeereseenensnn 97
5.5.1 Thickness MEaSUrEmMENt ........u.curecrvercneremeenererrereeresssesssesssesessens 97
5.5.2 Line and Field SeNSOIS ..........cccieeerieeeeerrremreereseeressssssssseeenenssens 99
5.5.3 ADSOIute REErenCe .....uuueeeeeieireeeeeeeeeereeeeeeeeeeesseesessr s ses e 99
5.6 CaSE STUIES ...covrerrereerrerencrerieiteececeesiscsee e teeesesssessssssssessesssses s et 100
ACKDOWIEAZEMENLS ........uomeeeecenrieeeenc oo cstssseeesseeeses s s s ene 105
REfEIEICES 1.utnenieicirrere ettt et eeeee et sssrsnst s ess s et asenssassse s e e s 105
6 Point Autofocus INStruments ....cceeeeevesranseesence cressecrersacenses vrecesnes 107
Katsuhiro Miura, Atsuko Nose
6.1 BaSIC TREOTY.uuceereucurecurenririenet e verees s sesessteeenesssessssmessssesasesnns 107
6.2 INSHUMENLALION. .....cccverereerrereerneirsssisieceeeseceeeesseseeresesssesssssneessemsrssssssns 112
6.3 Instrument Use and GOOd PractiCe ...........meeememeeeeemereeeseesssesesresensesnns 114
6.3.1 Comparison with Roughness Material Measures........................ 114
6.3.2 Three-Dimensional Measurement of Grinding Wheel Surface
TOPOZIAPRY .......reerreririrmrereteeeeeeeeernese s tssseresocseseseseseasesasanaen 117
6.4 Limitations Of PAL......c.coueeuieiiiriiieiesieceeeeeesosssseseesesessssssssessmsssssssneses 118
6.4.1 Lateral RESOIUtON ........cveverrerrecerteieeeereereneeeneresesasssssesesssessaens 118
6.4.2 Vertical RESOIILON........ucmeeeeieeceienceeieeeeeeereeemeseeressessssneessesenone 119
6.4.3 The Maximum Acceptable Local Surface Slope......................... 120
6.5 Extensions of the Basic PrinCiples..........ovvvvevercrervneeetecnnne e 122
6.6 CaSE STURIES ..ot tsse e sesbeseseaeaeessnesasnnssses e nens 126
6.7 CONCIUSION....cucrrerrrerireniniesissisibiseenesencesesserssessssensassssssssessssesesenssnesens 128
REFEIEICES ...ttt etess ettt s e e e ssssssesssssesssssassoseorssss et s 128
7 Focus Variation INnStruments ........cc.ceeeveenceraesanes ceresastessasenss ceasens 131

Franz Helmli
7.1 INOAUCHION ...t eere st eereerssesseesseseensesesssomssesossseseseee e eeaes 131



Contents
7.2 Basic THEOTY ....cooiiiieinccriceist st et rreeieeasesne b srereressses s st senens 131
7.2.1 How Does It WOIK?.....cociiirmerenenniinnninnnsesisnsniiessinnsnsseseesneeseens 131
7.2.2 Acquisition of Image Data.........c.ccoeeeevrermrerereerirnerininesesisieesennes 133
7.2.3 Measurement of 3D Information ...........cc.eeereivververieseeeeeneennnnas 133
7.2.4 POSE-PTOCESSING....ccveurerrerierrereaeniiarenssesssesseesersasssssesseesensenessens 137
7.2.5 Handling of Invalid POINtS......ccccesuraiiiiiiiinieeeeceeeeseesesnsserenenne 139
7.3 Difference to Other TeChIQUES............coceveerereenirinieseerroe e seereeesssons 139
7.3.1 Difference to Imaging Confocal Microscopy ..............coeeenee... 140
7.3.2 Difference to Point Auto Focusing Techniques......................... 140
7.4 INStrUMENtAtiON....cicesresserenrareansrerarieressseresssssessrasessssneecssssscnsesssnsnsssesnenns 140
741 OpLcal SYStEM......oc.c.ecreeceeeerencterioreanrerosseeeeseeeenessee e esssssenens 141
742 CCD SENS0T.cuisiurinrssssarsimsissensranmsssasisisesesesssssesssins sessemssmssasssens 141
7.4.3 LAGAE SOUTCE ....vouecereerceeeieieniteiereneresnesesesse st st se e e eesneeeaen 142
7.4.4 Microscope ODJECHIVE....ecvurverssiernnermsneresseresssnsssessesessesessseenas 144
7.4.5 Driving Unit.......ccovrremreereerennnns, et seesarte st e e s eanatesannees 144
7.4.6 ‘Practical Instrument RealiSation ...........ueveeeeceereeeeerecresrennnn. 145
7.5 Instrument Use and Good PractiCe ...........cuvureveurveveeeeceereseenereerenana. 148
7.6 Limitations of the Technology ........c.c.oeceeeirrveeeeeeeeeeeeeseeresseresesemeanns 153
7.6.1 Translucent Materials ...........cccoveeeeveereviireseeeeeeeee s ssesrsssssssens 153
7.6.2 Measurable SUITACES.....iceuecvinriivesieenresessssersncressienssesssessssasesens 153
7.7 Extensions of the Basic Principles............iceerueeereeseeeseoneresesessessssnsrens 154
7.7.1 Repeatability Information...........coceueererrvsnieeseseneeneneesevesenesesnens 154
7.7.2 High Radiometric Data ACQUiSition ............ceoeveeveeeerveerereereennnn, 155
7.7.3 2D AZNMENE ...cuirireireiianrereneirseneseessesseeeeseeeeeasesssessesenssesenns 156
774 3D ALGNMENL ....o.oiterrerierieereeee i emesaeeeeeesesteseetessesassssesnsnes 157
T8 €Case SIUAILS ..ovvrvierieiceccinnrneenrstesnsrnn st tese e teseesesessssaeseseesemnena 160
7.8.1 Surface Texture Measurement of Worn Metal Parts ................. 160
7.8.2 Form Measurement of Complex Tap Parameters....................... 162
7.9 CONCIUSION .....cceerrrrerelerrereaeienenererese e seacassess e e e eesesesesesssesssesasasssaenns 166
ACKDOWICAZEIMENLS ...vovierisiscecncrersnenesessnssirarssssessseesssssssesesessssssesessessssssans 166
REfEIBIICES ...ttt ettt sttt oo ee st e e e aene 166
Phase Shifting INterferometry ...uu.cciviceereererresrereecseeseseenssecssssanne 167
Peter de Groot
8.1 Concept and OVEIVIEW ......ccccuemerereereerieireeieeeeeeeeeeeeeeessssssesesessssesensnses 167
8.2 Principles of Surface Measurement Interferometry................cccoeunn.... 168
8.3 Phase Shifting Method............ccueuemeeeriuieiieeeeccre e e eeseeen s 171
8.4 Phase URWIApping.....ccoccvreerersnirinenrenvesnesess ettt e e e e essaenane 173
8.5 Phase Shifting Error ANalysis........ocececoeeeveeemeeecesrensisieseecseseeeseeneessssenns 174
8.6 Interferometer DESIZN.....ccccererisrisnsmrenrieinssressarsssesiniissseseseoseseseseesessenns 175
8.7 Lateral RESOLULION ......ccoucereermrieierecineescennseessesses s besseeessesesessssnaenns 178
8.8 FOCUS ..ttt et e b st ss b e s e e s se e tann 181
8.9 LiBIE SOUICES...co ittt eee e ee e st e s se e et et 182
8.10 Calibration ....cveiesisisiresicrmienienernnsennssinesssesiistesesseseeseeeesesssesraeessens 183
8.11 Examples of PSI MEaSUIEMENL ............ccouevvereemeeenerrenereesseneessessssese 184



Contents

X1
9 Coherence Scanning Interferometry ........... teressessesessrarasesasensasnsnse 187
Peter de Groot
0.1 Concept and OVEIVIEW ......c.ccrcrecrririinienrirererersnessssnessosessesssssarsssersassesses 187
9.2 TermIBOIOZY ...ceoceierireeeirresererecernrneee s e ensermet s ae et stesaessmssnssrsanennns 189
9.3 Typical Configurations of CSI ............ccccvvrmmvmicrcnnnnneriiccniiennnes 190
9.4 Signal FOrMAation ........cccceecterrroceiieceertreserreeenmrcsacsereesssesassassassnsensensenes 191
9.5 Signal Processing..........ccocvmvrivisiininiisiininsesisiinencstisssesesnesessencsnsonne 197
9.6 Foundation Metrics and Height Calibration for CSI ..........cccccecuueun.nn. 201
9.7 Dissimilar MAterials ..........ccccererereseeresereresresssssssesesssssesssensssssesesssssesenes 201
9.8 Vibrational SEnSitiVit .......cceoereccrnrerrrnruenrnesrieraresresseseesessrasesrssenserenes 202
9.9 Transparent FIIMS........cococoeincricnrereneein et seseeen et eeseeseesmenesans 203
.10 EXAMPIES ....coreerereerrereecerrenicererseeeseessassesiaesntesesssseseesasasssassssansessesasans 205
0,11 CONCIUSION.......oeiciremrerierererecrentrnrerassaesrsnsesseasessesstnsassansanmasesssesssasenns 206
REFEIEIICES .....c..cominmirvininiirtiniicnisit sttt seccensnssaeost e st nsssassesssesresassensrsnensanas 206
10 Digital Holographic MiCIOSCODY «.ceccecarerncecanerererasescscasssacssasessnnene 209
Tristan Colomb, Jonas Kiihn
10.1 IDEOAUCHON ......ocueireecrreranrnrierenererssenierenesnesessaseaseassesessassensessensenrenes 209
10.2 Basic TREOIY...ccccieciioieiiierrcnrctetecceceeesreeteecerrenesnsssesssnsasessesmsansensessenns 210
10.2.]1 ACQUISTHON.......cevmreereerenrierenieniescrnrestesiraresessesesseenesnsnseserenes 211
10.2.2 ReCONSIUCHON .....ccceeeiecaeeenensnnsreressrsssessessesssseseasesessssenseses 211
10.3 InSUUMENEALION . ....eeuiiceisirrscsoseracreeresaseessrersesssssasmsrssesassssaresssssssssses 214
10.3.1 Light SOULCE...cciiiirteeiriiiiinienintnctiieeerencerenesseeressaaet e sereases 215
10.3.2 Digital Camera.........cococerererveenereriereaesensesersressssessosssesessosesnnns 216
10.3.3 Microscope OBJECtiVe ......ccuveriiierericrecneeecrenee et eseseens 216
10.3.4 Optical Path Retarder...........cccoevvireeenvcrminnneeeneecireereeeen s 216
10.4 Instrument Use and Good Practice ........cccceueevrveesecvcncenrecsneccrrennn 217
10.4.1 Digital FOCUSING.......ccceverrrrerrerirrreresrenreressreesersarensesesesesensnsns 217
10.4.2 DHM Parameters ..........ccccoemverereserressessrsssressisseerssssssassessenee 218
104.3 Automatic Working Distance in Reflection DHM................. 218
10.4.4 Sample Preparation and Immersion Liquids............ccccene..n.... 219
10.5 Limitations of DHM .......cccocoirorireinirninrnicnrcesseseesseseesvnesnsenecne e 219
10.5.1 Parasitic Interferences and Statistical Noise ...........ceceereern.e. 219
10.5.2 Height Measurement Range............ccooceerreeveereeceecinneeenenene 220
10.5.3 Sample Limitation.......ccceierencniineencroniinireeesenesesessessseseraneans 220
10.6 Extensions of the Basic DHM Principles ........cccccoveenverrernrnnrienrennnnns 220
10.6.1 Multi-wavelength DHM..........cccccovvcvereevecinesnnrenencennenersinns 221
10.6.1.1 Extended Measurement Range............ccccrvrrerenencns. 221
10.6.1.2 MapPIng .....cccceeveerveerneenenervvenssemrmssseesssessnessnessanseses 222
10.6.2 Stroboscopic Measurement .........ccceeeeereereeeeersncesesnsseesesseruenss 222
10.6.3 DHM RefleCtOmetry ..........cccourveerecrveerensrerenseereaseessssesseenssens 223
10.6.4 INFINQte FOCUS .....ccerrmerceeecemrenemrerenceniresrenssesesnssasnssesesnssnas 224
10.6.5 Applications of DHM..........ccccccoemrirnennencricnresasiesnsaennnns 224
10.6.5.1 Topography and Defect Detection.........cccccveurrennns.. 224
10.6.5.2 ROUGNNESS ...cnneeeccnenreenirceerenaeeeece e e eeeneeneraes 225

10.6.5.3 Micro-optics Characterization............ceceeveervenee.n. 228



X1 Contents

10.6.5.4 MEMS and MOEMS.............cccvcvervmrrrrrrreererennenen. 229

10.6.5.5 Semi-transparent MicCro-structures .......ccceeererreeneas 230

10.7 CONCIUSIONS......ooouicmirierecernrsresietiesessseasarseesersesessensonsssssescassses 232

References ........ccoccceevcenniirncrenrienienteseeserreeeseeeressesesens et e e seesennaes 232

11 Imaging Confocal MiCroSCOPY v.iccevicicreiiscenenieencacciecanssesessasanane 237
Roger Artigas :

11.1 BasiC ThEOTY....coiicrirceirieneeeteecrtennrerestestessssesare s esessbesnesessssssanssns 237
11.1.1 Introduction to Imaging Confocal Microscopes..................... 237
11.1.2 Working Principle of an Imaging Confocal Microscope .......238
11.1.3 Metrological AlZOTIthin .......cceverererueeremercreesirsce e seeeneeae 241
11.1.4 Image Formation of a Confocal Microscope...........cceeevunnn.. 242

11.1.4.1 General Description of a Scanning Microscope....... 242
11.1.4.2 Point Spread Function for the Limiting Case of

an Infinitesimally Small Pinhole...............cc.couuucn... 245
11.1.4.3 Pinhole Size Effect..........ccocovenrernrrererrveniinninnnnes 246

11.2  INSLrUMENLALION.......c.cocrurtrremeerecnennccsenreseasteseas e e esese s s s sassenesssssesens 249

11.2.1 Types of Confocal MiCroscopes..........ccceerenrerreerrreeenrereseescsns 250
11.2.1.1 Laser Scanning Confocal Microscope
Configuration ......c..ceeeveeveeevenvereeeneeseeeerceseescnnne 250
11.2.1.2 Disc Scanning Confocal Microscope
Configuration ............ceenercrensnrneriressnreneensniesene. 253
11.2.1.3 Programmable Array Scanning Confocal
Microscope Configuration ............cececeveeeereeeeevennne 256
11.2.2 Objectives for Confocal MiCrosCopY ......oeevrevirveenrerneccencennees 259
11.2.3 Vertical Scanning..........cccocoerrenevenccneereniseesssesnsesvsssenens 262
11.2.3.1 Motorised Stages with Optical Linear Encoders ....262
11.2.3.2 Piezoelectric Stages..........covvevecrrerveneerersrirerecissnnas 263
11.2.3.3 Comparison between Motorised and Piezoelectric
Scanning Stages..........cccocveereverrreenenrerensenrerienneenens 264

11.3 Instrument Use and Good PracticCe ............ccecorevevvrmrerrermrevesieieserneenen 265
11.3.1 Location of an Imaging Confocal Microscope.............ccce.n.. 265
11.3.2 Setting Up the Sample .......cccveereereermrreeeereereecieee et 265
11.3.3 Setting the Right Scanning Parameters............. e rreererne s 265
11.3.4 Simultaneous Detection of Confocal and Bright Field

IMAGES ...ttt sev e s e 267
11.3.5 SampPling ......ccceoeeiieecrinnerenteiesseieesseee et sesese s i seenseseens 268
11.3.6 Low Magnification against Stitching............c.coeeverereieenene.. 269

11.4 Limitations of Imaging Confocal MiCroSCOpPY......cccvvmveeverveiviecececene 270
11.4.1 Maximum Detectable Slope on Smooth Surfaces.................. 270
11.4.2 Noise and Resolution in Imaging Confocal Microscopes......272
11.4.3 Errors in Imaging Confocal Microscopes .........cccceeveuruivenn. 274

11.4.3.1 Objective Flatness Error..........ccoveveerevesvernncreenenne 274
11.4.3.2 Calibration of the Flatness Error..........cccoveunn.... 275

11.4.3.3 Measurements on Thin Transparent Materials....... 276
11.4.4 Lateral ReSOIUtION.........cccovveevereririereneneeresree e siescseenane 276



Contents . XII

11.5 Measurement of Thin and Thick Film with Imaging Confocal

MICTOSCOPY .. ctuntieretanrrnranensesntasmanresarasasessessesarssensensessessassosessossanssrssone 278

11.5.1 IDtrOQUCHON. ......ccceirrrrrrrmrrnreasessesseisterasseseenssssssssssnesee sasasesses 278

11.5.2 Thick FIIMS ......c.cociiiiiniriireneresesie et et semsseesoecvenenesen 278

11.5.3 Thin FilMS .....ovreiiinieineireeensnenmsrmesssessssesessesossssrassesserseas 280

11.6 Case Study: Roughness Prediction on Steel Plates............ccccorvvevennne. 283
RELETENCES ..ucviseueneneeciireeiee e eesrn vt sbesseser e s s b sea st sas e ent son sesmeneem e e sesen 285

12 Light Scattering Methods .....ceeiviianciencrcssosocsseseasosseressessassasanss « 287

Theodore V. Vorburger, Richard Silver, Rainer Brodmann,
Boris Brodmann, Jorg Seewig

12.1 INIOQUCHON ........couvereertrmrneeeteineerrstete s e ces s eressesesesessaesosseeneenssaas 287
122 Basic TREOTY .. ot srrrntrrrsieseses s esbers s ssssesassassas seesessssanen 289
12.3 Instrumentation and Case Studies...........ccooveeeerrvrccrceerireinsirecrcesnene 295
12.3.1 Early DevelOpments..........ccccueeumeerrerserenssessssesssensesessesesssossns 295
12.3.2 Recent Developments in Instrumentation for Mechanical
Engineering Manufacture ............coveereereressencesssensecnensssssorenas 298
12.3.3 Recent Developments in Instrumentation for Semiconductor
Manufacture (Optical Critical Dimension)..........c..ccoververeeennns 302
12.4 Instrument Use and Good PractiCe .............ccoeueueuruevieisrensensiverenenenens 308

12.4.1 SEMI MF 1048-1109 (2009) Test Method for Measuring

the Effective Surface Roughness of Optical Components

by Total Integrated SCAETING .......ccorvrervrereerarerusnereerssnrsserness 308
12.4.2 SEMI ME1392-1109 (2009) Guide for Angle-Resolved

Optical Scatter Measurements on Specular or Diffuse

SUITACES ...ttt et e st e s e 310
12.4.3 ISO10110-8: 2010 Optics and Photonics — Preparation of

Drawings for Optical Elements and Systems — Part 8:

Surface TEXIULE .........ccervermurrivrrerrenisensessresessssrerersescssesssnes 311
12.4.4 Standards for Gloss Measurement ................c.ccoveeverererrennene 312
12.4.5 VDA Guideline 2009, Geometrische Produktspezifikation

Oberflichenbeschaffenheit Winkelaufgelsste

Streulichtmesstech-nik Definition, Kenngré8en und

Anwendung (Light Scattering Measurement Technique) ......312

12.5 Limitations of the Technique............cccceeeeviririrerinirersnsesseeeescessneeens 314
12.6 Extensions of the Basic Principles............coeoevuerereieeieieveeseneeeeeeenenne 314
ACKNOWIEAZEMENLS ........ceovmeemrrrenrnenrererrssre e sesessssasssasssaesssessssassssns 315
REfEIENCES ..ottt ettt sea s st s e s e 315

Index LR L Y T I Y P Y Y Y Y Y S I s N0 NNE NIt NNR00INIIINILRERIINEIALICROEAERRLOOSIRNS 319



1 Introduction to Surface Texture Measurement

Richard Leach

Engineering Measurement Division, National Physical Laboratory
Hampton Road, Teddington
Middlesex TW11 OLW

Abstract. This chapter introduces some of the concepts used in the measurement
and characterisation of surface texture that will be used throughout the rest of the
book. A short history of optical measurement techniques will be given, followed
by descriptions of surface profile and areal surfaces. How surface texture sits
within the ISO Geometrical Product Specification is discussed along with the cur-
rent position with surface texture specification standards. Non-optical and optical
surface texture measurement instrument types are summarised and some general
advice is given on instrument choice.

1.1 Surface Texture Measurement

Surface texture plays a vital role in the functionality of a component. It is esti-
mated that surface effects cause 10 % of manufactured parts to fail and can con-
tribute significantly to an advanced nation’s GDP. In the last century, surface tex-
ture was primarily measured by a method that involved tracing a contacting stylus
across the surface and measuring the vertical motion of the stylus as it traversed
the surface features. In most cases only a single line, or surface profile, was meas-
ured and this gave rise to enough information to control production, but was lim-
ited to identifying process change. Optical instruments closely followed the devel-
opment of stylus instruments and had the benefit of being non-contact and
potentially faster than stylus instruments (see Leach 2009 for a short history -
of surface texture measurement and Hume 1980 for a more thorough history of
engineering metrology).

In the early and middle of the twentieth century several different optical in-
strument designs were developed for measurement of surface texture and form.
These included conventional Michelson and Twyman-Green interferometers
(Leach 2009), Schmalz light sectioning microscopes (Schmalz 1929), Linnik mi-
crointerferometers (Miroshnikov 2010), Tolansky multiple beam interferometers
(1960), and fringes of equal chromatic order (FECO) interferometers (Bennett
1976). The interferometers produced very good fringe images that accurately
tracked the peaks and valleys of the surface texture with high vertical resolution.
However, it was not until the development of high speed computing that the
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analysis of fringes could be automated to the point where digitised topography
profiles and images could be produced in an automated way that could enable op-
tical instruments to rival the usefulness of stylus instruments. The first of these
was the phase shifting interfereometric (PSI) microscope in the early 1980s
(Bhushan et al. 1985, Greivenkamp and Bruning 1992, see Chap. 8), which was
primarily useful for nieasurement of smooth optical surfaces. This was followed in
the early 1990s by the coherence scanning interferometric microscope (Caber
1993, Deck and de Groot 1994, see Chap. 9), also called the vertical scanning in-
terferometer or scanning white light interferometer, which was aimed at overcom-
ing the roughness limitations of the PSI technique. The success of interferometric
microscopes was matched by confocal microscopes (Schmidt and Compton 1992,
see Chap. 11) in the 1990s. Nowadays, these two types of instruments dominate
the market for optical surface topography instruments, but a number of other tech-
niques have been developed as well. Many of these different types of optical
instruments are discussed in the remaining chapters of the book.

1.2 Surface Profile and Areal Measurement

Surface profile measurement is the measurement of a line across the surface that can
be represented mathematically as a height function with lateral displacement, z(x).
Areal surface texture measurement is the measurement of an area on the surface that
can be represented mathematically as a height function with displacement across a
plane, z(x,y). Surface texture characterisation, both profile and areal, are not dis-
cussed here — this book concentrates on the methods used to capture areal surface
texture data. The subsequent characterisation methods are presented in detail else-
where (Whitehouse 2010, Leach 2009, Muralikrishnan and Raja 2008).

1.3 Areal Surface Texture Measurement

Over the past three decades there has been an increased need to relate surface texture
to surface function and, whilst a profile measurement may give some functional in-
formation about a surface, to really determine functional information, a three dimen-
sional (3D), or areal, measurement of the surface is necessary. Control of the areal
nature of a surface allows a manufacturer to alter the way a surface interacts with its
surroundings. By controlling the areal nature of a surface optical, tribological, bio-
logical, aerodynamic and many other properties can be altered (Evans and Bryan
1999, Lonardo et al. 2002, de Chiffre et al. 2003, Bruzzone et al. 2008).

The measurement of areal surface texture has a number of benefits over profile
measurement (Blunt and Jiang 2003). Areal measurements give a more realistic
representation of the whole surface and have more statistical significance. There is
also less chance that significant features will be missed by an areal method and the
manufacturer, therefore, gains a better visual record of the overall structure of the
surface. The need for areal surface texture measurements resulted in stylus in-
struments that could measure over an area (a series of usually parallel profiles)
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and optical techniques. Optical instruments either scan a beam over the surface
akin to stylus instruments, or take an areal measurement by making use of the fi-
nite field of view of a microscope objective. There are currently many commercial
instruments that can measure areal surface texture, both stylus and optical (see
Sect. 1.5).

1.4 Surface Texture Standards and GPS

Surface texture documentary standards are part of the scope of the International
Organization for Standardisation (ISO) Technical Committee 213 (TC 213), deal-
ing with Dimensional and Geometrical Product Specifications and Verification as
well as many national committees. ISO TC 213 has developed a wide range of
standards for surface texture measurement for both profiling and areal methods
and has an ambitious agenda for future standards. Some of these standards are
listed below.

1.4.1 Profile Standards

There are nine ISO specification standards relating to the measurement and char-
acterisation of surface profile. These standards only cover the use of stylus in-
struments. The details of most of the standards are presented in Leach (2001) and
summarised in Leach (2009), and their content is not discussed in detail in this
book. It should be noted that the current ISO plan for surface texture is that the
profile standards will become a sub-set of the areal standards. Whilst the basic
standards and details will probably not change significantly, the reader should
keep abreast of the latest developments in standards. The following is a list of the
profile specification standards as they stand at the time of writing of this book:

Nominal characteristics of contact (stylus) instruments (ISO 3274, 1996)
Rules and procedures for the assessment of surface texture (ISO 4288,
1996)
Metrological characteristics of phase correct filters (ISO 11562, 1996)
Motif parameters (ISO 12085, 1996)
Surfaces having stratified functional properties — filtering and general
measurement conditions (ISO 13565 part 1, 1996)
*  Surfaces having stratified functional properties — height characterization
using material ratio curve (ISO 13565 part 2, 1998)
Terms, definitions and surface texture parameters (ISO 4287, 2000)
Measurement standards — material measures (ISO 5436 part 1, 2000)
Software measurement standards (ISQ 5436 part 2, 2000)
Calibration of contact (stylus) instruments (ISO 12179, 2000)
Surfaces having stratified functional properties — height characterization
using material probability curve (ISO 13565 part 3, 2000)
¢ Indication of surface texture in technical product documentation (ISO
1302, 2002)
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Note that there is only one specification standard (ISO 25178: 602 2011) that re-
lates to the measurement of surface profile using optical instruments. However, in
many cases where a profile can be mathematically extracted from an areal optical
scan, the profile characterisation standards can be applied. It is important, how-
ever, to understand how the surface data is filtered, especially when trying to
- compare contact stylus and optical results (Leach and Haitjema 2010).

1.4.2 Areal Specification Standards

In 2002, ISO technical committee 213 formed a working group (WG) 16 to ad-
dress standardisation of areal surface texture measurement methods. WG 16 is
developing a number of draft standards encompassing definitions of terms and
parameters, calibration methods, file formats and characteristics of instruments.
Several of these standards have been published and a number are at various stages
in the review and approval process. The plan is to have the profile standards as a
sub-set of the areal standards (with appropriate re-numbering). Hence, the profile
standards will be re-published after the areal standards (with some omissions, am-
biguities and errors corrected) under a new numbering scheme that is consistent
with that of the areal standards. All the areal standards are part of ISO 25178,
which will consist of at least the following parts, under the general title Geometri-
cal product specification (GPS) — surface texture: areal:

Part 1: Areal surface texture drawing indications (2011)

Part 2: Terms, definitions and surface texture parameters (2011)

Part 3: Specification operators (2011)

Part 4: Comparison rules

Part 5: Verification operators

Part 6: Classification of methods for measuring surface texture (2010)

Part 70: Measurement standards for areal surface texture measurement
instruments (2011)

Part 71: Software measurement standards (2011)

Part 72: Software measurement standards — XML file format (2011)

Part 601: Nominal characteristics of contact (stylus) instruments (2010)

Part 602: Nominal characteristics of non-contact (confocal chromatic

probe) instruments (2010)

e Part 603: Nominal characteristics of non-contact (phase shifting interfer-
ometric microscopy) instruments (2011)

¢  Part 604: Nominal characteristics of non-contact (coherence scanning in-
terferometry) instruments (2011)

e  Part 605: Nominal characteristics of non-contact (point autofocus) in-
struments (2011)

e Part 606: Nominal characteristics of non-contact (variable focus) instru-

ments (2011)
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e Part 607: Nominal characteristics of non-contact (imaging confocal) in-

struments (2011)

e  Part 700: Calibration of non-contact instruments (2011)
e  Part 701: Calibration and measurement standards for contact (stylus) in-

struments (2010)

At the time of writing, a general standard on the calibration of all areal surface to-
pography measuring instruments is being drafted, but is not yet a committee draft.
The American National Standards Institute has also published a comprehensive
documentary specification standard, ANSI/ASME B46.1 (2010) that includes
some areal analyses (mainly fractal based).

1.5 Instruiment Types in the ISO 25178 Series

ISO 25178 part 6 (2010) defines three classes of methods for surface texture
measuring instruments (and see Fig. 1.1):
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Fig. 1.1 A classification of surface texture measurement methods with examples, excerpted
with permission (ISO 25178-6 2010)




