HAYYHOE IIPUFOPOCTPOEHHE, 2025, mom 35, Ne 2, c. 57—66

VIIK 681.7

PU3UKA IITPUBOPOCTPOEHUA

ISSN 0868-5886

© E. E. Maiiopos, B. II. llymkuna, P. b. I'yiues, A. B. [laraes, 2025

SKCIHEPUMEHTAJIBHOE UCCJIEJOBAHUE WHTEP®EPEHIIMOHHON
YCTAHOBKH, UCITOJIB3YIOINIEN UCTOYHUK BEJIOI'O CBETA
JJI KOHTPOJISA MUKPOPEJIBE®A ITOBEPXHOCTHU

HccnenoBanue ocemaetr npoodieMy METPOJIOTHH HErJIaJKUX TIOBEPXHOCTEH U BBISIBICHUE TEXHUUECKUX XapaKTepH-
CTHK pa3pabOTaHHON MHTEPPEPOMETPUIECKON YCTaHOBKH, I'/Ie B KAY€CTBE NCTOYHHMKA M3JIyYESHUS TPUMEHSIICS U0
6extoro ceera. [losrydeHue BBICOKOTOYHOW MH(OPMALMH O F€OMETPUH ONTHYECKOI MO0 HErNaJIkoi MOBEPXHOCTH
ABJISIETCS 3HAYMMOMW ITPOOJIEMON ISl METPOJIOTHYECKOro oOecreyeHus, 1 UHTep(epeHIIMOHHbIE TPUOOPBI U KOM-
TUICKCHI, UCIONIB3YIONINE HCTOYHUKH CBETa, KOTOPBIE 3arpyOIIsIOT Ta3epHBIN PEXNUM, CITIOCOOHBI 00ECIEUNTh HCCiIe-
JoBatens Takoi uHdopmanueil. B paboTe mccnenoBaHbl METPOIIOTHUYECKHE NApaMETPhl AKCIIEPUMEHTAIBHOW yCTa-
HOBKH: JIMANa30H, MOTPEIIHOCTh U3MEPEHHH, aMIUINTYQy MHTep(epeHInOHHOro curaaia. IloixydeHHbIe SKCIepH-
MEHTaJIbHBIE PE3yIbTAThI IPEJCTABICHbI B BU/IE TEXHUUECKUX XapaKTEPUCTHK.

Kniouesuie crosa: NiHa CBETOBOU BOJIHBI, KOHTPAcT MHTEPGHEPEHIIMOHHOTO N0, [UINHA KOTePEHTHOCTH,
MOTPENIHOCTh U3MEPEHHH, TMana30H N3MEPEHNH, aMIIUTY/1a MHTEp(EPEHIIMOHHOTO CUrHala, IMaMeTp CBETOBOTO

IIsAITHA

BBEJEHUE

BrisiBnieHHE BBICOKOTOYHOW HH(pOpPMAIMU O Teo-
METPUU OINTHYECKOW JTMOO HeTJalKoH MOBEPXHOCTH
SBIISIETCS 3HAYMMON MPOOIIEMON ST METpPOJIOTHYe-
ckoro obecrneyenus: [1-5]. Pa3BuTHe s1eKTpOHHOM
HNPOMBIIIEHHOCTH, 3JIEKTPOTEXHUYECKUX, KOMIIbIO-
TEPHBIX TEXHOJOIMH IMO3BOJINJIO BBIBECTH Ha HOBBIN
YPOBEHb M3MEPEHHS ONTUKO-MH()OPMAIMOHHBIX CHC-
TeM u TexHonoruit [6]. IlosiBUIackr BO3MOXKHOCTH
NPOBOANTH M3MEPEHUSI B PEKUME PEATBHOTO BpeMe-
HH, TZle TIPOU3BOAUTENFHOCTh BBIPOCTA B Pasbl, MPH
PEILIeHNH CIIOKHBIX 33a]]ad yCOBEpPILEHCTBOBAJIACh -
HaMUKa u3MepeHui [7].

Onrtryeckne METOAbl M3MEPEHUH MHKpopeibeda
MOBEPXHOCTH AEJISITCA Ha BBICOKOKOTE€PEHTHBIE, KOTe-
PEHTHO-OTpaHUYEHHBIE M METOJbl T€OMETPHUECKOM
OITHKH, TJI€ KOTEPEHTHOCTh NMPAKTUYECKH OTCYTCTBY-
eT. B ocHOBe 3THX METOJIOB JIEKHT Takoe (PU3nvIecKoe
SBJIEHHE, KaK OTPaK€HHWE CBETOBOM BOJHBI OT IIO-
BEPXHOCTH UCCIIEAYEMBIX 00BEKTOB WK cpef [8].

HccnenoBarenu 0TMEUalOT, YTO CPEM ONTUYECKUX
METOOB H3MEPEHUH MHKpopesnbeda MOBEPXHOCTH
HanOoJiee YHUBEPCAIBHBIMHU SBIISIIOTCS HHTEphepo-
METPHUYECKHE, B KOTOPBIX HCIIOJIB3YIOT HCTOYHHMKH
U3Iy4eHUsS C Majol MJIMHON KorepeHTHocTu [9].
Ha ceromnsimuHuii [eHh B ONTHYECKOM MPHOOpPO-
CTPOCHUHM OIPOMHOE BHHMAaHHE YJIENseTcs XapakTe-
PUCTHKAM UCTOYHHUKOB M3JTy4€HHs, B YaCTHOCTH CBe-
TonuonaM Oenoro cBeTa. M3 HayyHOW NUTepaTyphl
W3BECTHO, YTO JJMHA KOT€PEHTHOCTH 3THX M3Iydare-
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JIell HaxOoIUTCA B Auamna3oHe ot 1 MM 10 5 MM [10].
TouyHoCTh M3MepeHM UHTEP(PEPEHIUOHHBIX MPHUOO-
POB U KOMIIIEKCOB KOHTPOJISI TIOBEPXHOCTH, KOTOPBIE
WCIIONIB3YIOT KOTE€PEHTHO-OTPAHUYEHHBIE HM3JTydaTeNn
(cynmepmroMUHECTIEHTHBIE, OEJIOTO CBETa U JIPyTrHe To-
JTYTIPOBOJHUKOBBIE CBETOJHMOMBI) 3aBUCUT OT JUJINHBI
KorepeHTHOCTH ucToyHMKa [11]. [Toatomy pazpabot-
YUKH 3TOM anmaparypbl IPOSBISIIOT ITOBBIIICHHBIN
WHTEpEC K Pa3BUTHIO ONTHUKO-3JIEKTPOHHOH 0a3bl u3-
Jydareseil.

Hecmotps Ha omnpeneneHHble TOCTHKEHUS B TpaK-
TUYECKOM TNPUMEHEHUH WHTepHEpOMETPOB C HC-
TOYHUKAMH C MAJIOH JUIMHOM KOTE€PEHTHOCTH, HUX
uccinenoBaHus  (YHKIUMOHAJIBHBIX  BO3MOXKHOCTEH,
CXEMHBIX PEIICHUN SIBHO HEIOCTATOUHEI [12].

[ToaTomMy mpezcTaBisieT WHTEpeC MOITy4YEHHE HH-
(dbopMannu METPOJIOTHYECKOT'O XapaKTepa, CBSI3aHHON
C HCCcIeloBaHWEeM HHTEp(EPEHIIMOHHON YCTaHOBKH,
B KOTOPOH peann30BaH CBETOAMO OEJI0ro cBeTa.

[TOCTAHOBKA 3AJJAYN

Lenpto paboThl SIBUIOCH MccieoBaHle (akTopoB
OrpaHHYeHHs] TOYHOCTH HW3MEPEHUH B HMHTEphepeH-
LHAOHHOW YCTaHOBKE C M3JIydaTelleM MaJION JJIMHbI
KOT€PEHTHOCTH JUIsl KOHTPOJISL CIIOKHOH (OPMBI 110~
BEPXHOCTH.

HccnenoBath METPOJIOTHYECKUE IApaMeTPhl JKC-
HNEPUMEHTAIBHOW YCTAaHOBKH: JMANa3oH, MOTpell-
HOCTh M3MEPEHUH, aMIUIUTYAy HHTep(EPEHIIMOHHOTO
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curHana. [lomydyeHHble 3KCIIEPUMEHTAJIBHBIE PE3YJIb-
TaThI CBECTH B TAOIUILY.

MATEPHAJI M1 METOA UCCJIEJOBAHUA

N3mepenus: mpoBOUIUCH ¢ TTOMOIIBIO TUIOCKOTIA-
paJIENIbHOM CTEKJISTHHOW TUIACTHUHBI C aTTECTOBAHHOM
MTOBEPXHOCTHIO MIECTOTO KJIAcca MEePOXoBaTOCTH (R, =
= 1.6 MxM). B skcneprMeHTe MCHOIB30BAINCH CTEK-
JISTHHBIE TIIOCKOTApajUleNbHbIE TUTACTUHBI  Pa3HOM
TOMIIUHEI 1, 2 1 3 MM JJ1s1 U3SMEHEHUS TUaMeTpa CBe-
TOBOTO IIATHA HA TOBEPXHOCTH.

B pabote npemioxkeHo pacCMOTPETh IKCIIEPUMEH-
TaJbHYI0 HHTEP(EPEHIIMOHHYIO YCTaHOBKY C HCTOY-
HUKOM O€JIOTO CBETa C JUIMHOW BOJIHBI H3JIYUCHUS A =
=525 HM W JUIMHON KOTePEHTHOCTH /. = 2 MKM JJis
KOHTPOJII MHKpopeibeda TOBEPXHOCTH CIOKHOU
¢opMbl. B KauecTBe MCTOYHUKA W3ITYyUYCHHS HCIIOJb-
3yeTcsl CBETOINO] OEJI0ro CBeTa Ha OCHOBE TE€TEPOCT-

pyktypsl InGaN/AlGaN c¢ aktuBHbIM cioeMm InGaN,
JIETUPOBAHHBIM 7N, W HAaHECEHHBIM Ha HETO CIIOEM
xenroro JoMuHOodopa. OnTHYeCKas cxema dKCIepH-
MEHTAJIbHOM W3MEPUTENBbHON YCTAHOBKH IIPUBEJICHA
Ha puc. 1.

B ycTanoBke OCHOBHOW M3MEPUTEILHBIA OJIOK ITO-
CTPOEH IO KJIACCUYECKOM cxeme MaiikenbcoHa, rie
B OIIOPHYIO BETBb YCTAHOBJIEH OOBEKT C aTTECTOBAH-
HOW TIOBEPXHOCTHIO. BOJHOBBIE (DPOHTHI, OTpaXKeH-
HBbIE OT IUTOCKOCTH 3epKana R M MIOCKOCTH moBepX-
HOCTH WUCHBITYyeMOro o0bekta R’ mpoenmpyrotcs
B (horoxamepy Nikon. McTounuk nznmyueHus S Haxo-
JIAJICS Ha paBHOM PacCTOSIHUM OT miockocteit R u R'.

B mpouecce uccrnenoBaHus U3MEHSIOCH PAaCcCTOS-
HUE B ONTOPHOW BETBH 3a CUET MEPEMEILEHUS 3epKana
R, xoTopoe mpuBOAMIOCE B IBHXKEHHE CHEIHAILHO
CKOHCTPYHPOBAaHHBIM IPYXKHUHHBIM MEXaHU3MOM, KO-
ne6aHusl KOTOPOI'0 OCYILECTBILSUTUCE JIEKTPOMArHUTOM.
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Puc. 1. OnTHueckast cxema HKCHEPUMEHTANBHON H3MEpUTENBHON

YCTaHOBKH.

S (1) — cBetoauoz 6enoro ceeta; (2) — KOJTUMATOPHBINH 00BCK-
TuB; (3) — cBeronenuTens; (4) — TMOBEPXHOCTh CTEKJISHHOU
TIOCKOMapauIeNIbHOW TutacTuHBl (00BekT); R (5) — 3epkaio
B OMOPHOH BeTBU; R’ — IUIOCKOCTh MOBEPXHOCTH 00BEKTa; (6) —
00BEKTHUB OCBETHUTEILHOUW cHCTeMBI;, (7) — TodeuyHas nuadparma;
(8) — OOBEKTHB PEruCTpaUK HHTEPPEPESHIIMOHHOTO MMOJIsT; (9) —

(orokxamepa Nikon
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PaBeHCTBO paccTOsSHUN B BETBSIX COOTBETCTBOBAJIO
MaKCHUMaJIbHOMY KOHTDPAcTy MHTEp(EpeHLIUH U Mak-
CUMaJIbHOMY 3HadeHHWIo Ha ¢oTtokamepe 9. Hauanom
OTCYeTa CIIyKWja JOMOJHHUTEIbHAs ONTHYecKas Iuia-
CTHHA, IPUKPEIUICHHAs K MHCIBITyeMOMy oOpasiy,
MOBEPXHOCTh KOTOpOH (popMHUpoBana OMOPHBIN CHT-
HaJ, OTPaXEHHBIA OT 3TOH MOBEpXHOCTH. B naHHOM
YCTAaHOBKE aMIUIUTYly MHTEP(PEPSHIMOHHOTO CHUTHA-
Ja OTIpeNessul JUaMeTp CBETOBOIO ISITHA HA MOBEPX-
HOCcTH. J{71s1 TOro, 4TOOBI CBETOBOE TISITHO HE M3MEHSI-
JIOCh B TIpOLIecCe U3MEpPEHUi, MPOCTPAHCTBEHHOE TO0-
JIOXKEHHWE HCTOYHHMKA H3JIyYeHHs S NPUBOIWIOCH B
JIBUKEHHE C YacTOTOW MepeMEeIleHUs] OMOPHOTOo 3ep-
Kanma R, mprdyeM COOTHOLIEHHE aMITIUTYZA MCTOYHUKA
u 3epkayia O6but0 1 : 50. dokycHOe paccTosiHue coOU-
patoreid muH3Bl (8) (f = 12.5 MM) wu paccrosiHue
JI0 TIOBEPXHOCTH 00BeKkTa (4) SIBISUIUCH OCHOBaHHWEM
3TOTO COOTHOILIEHHUS.

SKCIIEPUMEHTAJIBHBIE PE3VYJIbTATDBI

B oakcnepuMeHTanbHOM HMHTEpdEpOMETpHUYECKON
YCTaHOBKE IpPU U3MEPEHHUH HETJIAJIKON MOBEPXHOCTH
CIIOKHOHN (DOPMBI A¥ara3oH U3MepeHuid (POPMBI OTpe-
JieNsieTcss TpejielaMyd CMEIIEeHUsT OMOPHOro 3epKaia
B OIIOPHOI BETBH M3MepeHmil nHTephepomerpa Maii-
KeJlbCcOHa. B mporecce uccinenoBaHus Npu paBeHCTBE
paccTosHUI B BETBSAX WMHTEpdepoMeTpa odecredrnBa-
eTcsl HeoOXOoJuMas BEJIMYMHA aMILTUTYAbl WHTepde-
PEHLIMOHHOIO cUrHaja. Vi3MeHeHue aMIUIMTYyIbl IpU
PasHbIX PACCTOSIHUAX OT BBIXOAHOIO 3payKa yCTaHOB-
KM 10 KOHTPOJUPYEMON MOBEPXHOCTH U ONPEAEIISI0
npenensl Iuarna3oHa u3Mepsembx BennunH. Koraa
OTIOPHOE 3€pKaJI0 HaXOAWJIOCh B HETOJABHKHOM CO-
CTOSIHMM HaOJIoAancsd MaKCUMaJbHbIM KOHTpPAacT WH-
TepepeHIMOHHON KapTHHBI, YTO COOTBETCTBOBAJIO
HAa4YaJIbHOMY pacCTOSHHUIO (MCXOAHast Touka). Pac-
crosane coctaBmsuio 100 MM. Ammutyna uHTepde-
PEHIIMOHHOTO CUTHAajJa pPEerUCTpUpOBaiach Npu mepe-
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MEIIeHUH CTEKJISIHHOM MJIoCKOoNapasuieIbHON IIIacTH-
HBbl C aTTECTOBAaHHOW IOBEPXHOCTBIO BJOJIb HAIPaB-
JICHUS paCIpPOCTPAaHEHHs CBETOBOTO HM3ITy4EHHs B OJ-
HYy U JIpYT'YIO CTOPOHY OT UCXOJHOU TOYKH. OnopHoe
3epKaJI0 paboTajo MpH YacToTe MOAYISLIMH f, =
=44 T'u. PesynpraThl HM3MEpeHUI NpeaCTaBIEHBI
Ha puc. 2, a.

U3 puc. 2, a, BUAHO, YTO AUANa30H H3MEPEHUM
SKCIEPUMEHTAIbHOU H3MEPUTENBHOW YCTAHOBKH CO-
ctasnser ot 0 10 7.8 MMm.

BaxHOI XapaKTEepUCTUKOMN SIBJIAETCS 3aBUCUMOCTh
JMana3oHa U3MEPEHUN OT PE30HAHCHOW YacCTOThI MO-
aynsropa f,. Momynatop Bo30y:KAaeTcs IepeMEeHHBIM
TOKOM ¢ dYacToTod wmonyisamuu f,. I[lepememeHus
OTIOPHOTO 3€pKajla OCYIIECTBISIOTCS C YacTOTOM f, =
=f,. Ha puc. 2, 6, npuBeeHa 3aBUCUMOCTb Az(f,).
HWrak, npu yBeIMYEHUH f, pacTET YacToTa U3MEPEHHH,
HO IIpH 3TOM HaOI0JaeTcsl MaJeHUe aMIIUTYIbl WH-
TeppepeHIIMOHHOTO  CHTHAaNa, BCJIEACTBHE  4Ero
YMEHbIIIAeTC JAuana3oH usMepeHui. IlosnydyeHHas
3aBHCHUMOCTh IO3BOJIIET BHIOpPATh ONTHMAJIBHOE CO-
OTHOILIEHUE MEXly STUMU HapaMeTpaMu JUIsl orpeje-
JICHHOU 3a7ja4u.

J171 BBICOKOKOTEPEHTHBIX WM HU3KOKOT€PEHTHBIX
nHTep()EePEHIIMOHHBIX MPHOOPOB W KOMIUIEKCOB aM-
TUIMTYJa WHTEPPEPEHIIMOHHOTO CHT'Haja BCEeraa SB-
JIAJIaCh 3HAYMMOM XapaKTEpPUCTUKOM, KOTOpas JaeT
BO3MOXHOCTb TIOJIE3HOMY CUTHAJIy IpeoOnanath Haj
YPOBHEM IIIyMOB. BrisiBiieHue naHHBIX 00 M3MEHEHU-
X aMIUIMTYIbl MHTEP(PEPEHLMOHHOIO CUTHaja MpH
MepeMEeNIeHNH OIOPHOTO 3epKajia IMO3BOJSEeT IOKa-
3aTh BIMSHHUE MOOOYHBIX SIBICHUN (M3MEHEHHE CIICK-
JIOB) Ha TOYHOCTh U3MepeHuil. Perucrpupopanach
aMIUINTya MHTeP(EpEeHIIMOHHOIO0 CUTHAJIA NpH Iie-
PEMEIIEHNN TIOBEPXHOCTH OTHOCUTENIEHO CBETOBOTO
W3ITy4YeHUs B IIPOJIOJIbHOM HanpasieHun OZ.

—

80 100 120 o Iy

Puc. 2. DxcniepuMeHTaIbHOE HCCIIEIOBAHUE TUaa30Ha U3MEPEHUH.
a — M3MEHEHHME aMIUTUTY/Ibl CUTHAJIA MPH U3MCHEHUHU PACCTOSIHUSA JI0 00BbEKTa OT HavallbHOU Touku z = 100 MM mipH f,, =
=44 I'n; 6 — 3aBUCUMOCTD JMaNa3oHa U3MEPEHMIT 0T pe30HaHCHOI YacToTHl MOAyATOpA f, (f, = f»)
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Upp/Up 2

0 5 10 15 20 25 30 35 40

d, MKM

Puc. 3. 3aBUCHUMOCTb YCpPEIHEHHOW aMILTUTYbl OT JUa-
MeTpa CBETOBOTO MATHA HA TIOBEPXHOCTH.
Ugp2» — aMIUIMTY/Ia CUTHATIA IPU d = 2 MKM

B kauecTBe 00BEKTa HCIOJIB30BANACH IJIOCKOIA-
pajnnenbHas CTEKISHHAs IUIACTHHA INECTOrO Kitacca
mepoxoBaTocT (R, = 1.6 MkM). OOBEKT ycTaHaBIIHU-
BaJICs Ha MOJBI)XHOM MIaT)opMe MUKPOMETPUUIECKO-
ro cronuka. KoHTpomupoBanach MOBEPXHOCTh pa3-
HbIM JUAMETPOM CBETOBOTO IISITHA, KOTOPBIM H3Me-
HSJICSI TIOCPEJICTBOM BBEJECHUS CTEKISHHBIX IUIOCKO-
MapaJuIeIbHBIX TUIACTUH Pa3IMYHON TONIIUHBI MEKIY
BBIXO/IHBIM 3PayKOM YCTaHOBKHM M M3MepseMOH Io-
BEPXHOCTBIO.

B skcneprMeHTe quaMeTpsl CBETOBOIO IISITHA CO-
craBasn 15, 25, 35 MKM COOTBETCTBEHHO TOJIIIMHAM
mnactul 1, 1.25, 1.5 mm. Ha puc. 3 nokaszana 3aBucH-
MOCTb ycpeaHeHHOH ammumtyasl U, uHTephepeHIu-
OHHOTO CHTHaJa OT JAHaMeTpa CBETOBOIO IIATHA
Ha TIOBEPXHOCTH, HOPMHpPOBaHHas BEJIMYMHON NpHU
MHHUMalbHOM quamerpe Uy, (d = 2 MKkMm).

BaxxHbIM IapaMeTpoOM 3KCIIEPUMEHTAJIbHOM YCTa-
HOBKHM SIBJSIETCS TOYHOCTh W3MepeHumil. B pabote
(UKCUPOBAJIHMCH JTAaHHBIE PACCTOSIHUS O CTEKJISTHHOM
IUIOCKONApayIeNIbHON  TUIACTHHBI, MpPUYEM IUIACTHHA
OpPUEHTHPOBAJIACh OTHOCHUTEIHHO CBETOBOIO MATHA
mmox pa3HeiMu yrimamu 6 = 0°, 10°, 15°, 20°. Ilnactuny
nepemMeniaii  Ha TUiatrGopMe MHKPOMETPUYECKOTO
CTOJIMIKA B TIOTIEPEYHOM HampaBieHuH (B0 ocu OX)
C IIaroM 25 MKM, U JJIs KaXJI0ro yriia IpoBOJUIOCH
20 m3MepeHuil. DKCIIEpUMEHTABHBIC JAHHBIE MPE.-
ctaBiensl B [lpunoxennn wa puc. I1. I'paduueckas
3aBHCHMOCTbH CPEIHEr0 KBaPaTUYECKOT'0 OTKJIIOHEHHUS
pe3yNbTaTOB U3MEPEHUN OT yrila HAKJIOHA IJIOCKOIa-
paenbHOM MIacTHHBI IPUBEIEHBI Ha puC. 4.

all.
\
}

6,rpan

Puc. 4. 3aBucumMocTh CpCAHCKBAAPATUYCCKOI0 OTKJIOHE-
HUA OT yrjla OpUCHTAIWU IIJIACTUHBI OTHOCUTCJIBHO CBC-
TOBOTI'O JIy4a.

OKCIepUMEHTaIbHOE UCCIIC0BaHUE UHTEPHEPCH-
IUOHHOH YCTAaHOBKM, HCHOJB3YIOIIeH HMCTOYHUK Oe-
JIOTO CBETa /ISl KOHTPOJII MHKpOpebeda MOBEPXHO-
CTU TMIOKa3aJlo, YTO JaHHasg YCTaHOBKa TMO3BOJISET
MPOU3BOAUTH KOHTPOJIb INOBEPXHOCTHU IPHU CIEAYIO-
[IUX TEXHUIECKUX XapaKTEPUCTUKAX:

— JUIMHA BOJHBI U3JTy4YeHU — 525 HM;

— IIOTPEIIHOCTh U3MEPEHUN

c=021— 1 0=0°,

o=11[—nnma0=10°,

c=31.— 1 0=15°,

c=61[— n1g0=20°

— auana3oH usMepeHuii — 0-7.8 mm;

—gactoTa usMepeHuit — 88 I'i;

— paccTOsSHUE OT ONTUYECKOro 3padka J0 MOBEPX-
HOCTH — 100 MM.

3AKJIFOYEHUE

OKCIIEPUMEHTAIBHO HCCIIENOBAHbl UANa30H H3-
MEpEHHI U 9acTOTa MEPEMEIICHHS OIIOPHOTO 3epKaa,
KOTOPAasi OIPENEIAeT CKOPOCTh U3MepeHuil. Brlssie-
HO, 4TO IIPH YBEIMYEHHUH f, PACTET 4acTOTa U3Mepe-
HU, HO TIPH 3TOM HaOIIOAAETCs MaJeHNe aMILTUTYIbI
UHTEPQEPEHLIMOHHOTO CHUTHajla, BCJIEACTBUE YETro
YMEHbIIIAeTCs auana3oH udmepeHui. [lomydeHsl nan-
Hble 00 aMIUINTy/Ae WHTEP(EPEHIIMOHHOTO CHUTHANa
IIpY KOHTPOJIE UCTIBITYEMOU MOBEPXHOCTH, OPUEHTH-
POBaHHOI MO/ pa3HBIMH YIJIIAMH K CBETOBOMY JIy4y,
TakuM 00pa3oM M3MEHSSI AWaMETp CBETOBOTO IISATHA
Ha TIOBEPXHOCTH.

OKCIIEpUMEHTANBHOW MpPOBEpPKE MOAJEeKaIa IIO-
TPEUTHOCTh M3MEPEHUIl YCTaHOBKH, TJI€ PEerucTpHpO-
BaJOCh PACCTOSHHE OT BBIXOJHOTO ONTHYECKOIO
3payka J0 HCCIIEAYyeMOM MOBEPXHOCTU IMPH MEepeaBH-
KEHUH TUIOCKOMApaIIeNIbHOM TUTAaCTUHBI
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B IIONEPEYHOM HampasieHuu OX OTHOCUTENBLHO OCH  IIOTPENIHOCTh M3MEpeHHi He mpesbimaer ¢ = 0.2 [,
ycranoBkH. IToka3anHo, 4To Ipu HOPMaJLHOM INaJe-  49TO COOTBETCTBYET 0.4 MKM.
HUM CBETOBOTO W3JIYYCHHS Ha MOBEPXHOCTH O0OBEKTa
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Puc. II. OnepaTuBHbIE OTKJIIOHEHUS! OT CPEIHETO Pe3yIbTAaTOB
HU3MEPEHUN PacCTOSHUA 10 IOBEPXHOCTU CTEKISTHHOU IUIOCKO-
rapauleNIbHOM IJTACTHHBI TIPH Pa3JIMYHbBIX YIiax OpueHTaluuy 6
ITACTUHBI OTHOCUTEIBHO CBETOBOTO JIyYa.

G, MKM
n
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EXPERIMENTAL STUDY OF INTERFERENCE SETUP USING WHITE
LIGHT SOURCE FOR SURFACE MICRORELIEF MONITORING
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The study highlights the problem of metrology of non-smooth surfaces and the identification of the technical
characteristics of the developed interferometric installation, where a white light diode was used as a radiation
source. Obtaining high-precision information about the geometry of an optical or non-smooth surface is a signi-
ficant problem for metrological support, and interference devices and complexes using light sources that block
the laser mode are able to provide the researcher with such information. The metrological parameters of the ex-
perimental setup are investigated: the range, measurement error, and amplitude of the interference signal. The
experimental results obtained are presented in the form of technical specifications.

Keywords: light wavelength, contrast of the interference field, coherence length, measurement error, measurement range,
amplitude of the interference signal, diameter of the light spot
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INTRODUCTION

New challenges faced by the world community re-
quire prevention in various spheres of human activity
[1]. In order to preserve and further develop scientific
potential, it is necessary to improve high-tech produc-
tion, as well as methods and technical means in vari-
ous scientific fields [2]. Any scientific field strives to
obtain convincing, reliable, and trustworthy informa-
tion about the studied object or environment [3].
There are a large number of methods and means for
measuring substances of different aggregate states:
mechanical, chemical, physical, optical, etc. [4]. An
important place among the variety of measurement
methods is occupied by optical control methods.

Identification of high-precision information about
the geometry of an optical or rough surface is a signif-
icant problem for metrological support [5]. The devel-
opment of the electronics industry, electrical engineer-
ing, and computer technologies has allowed us to
bring optical information systems and technologies to
a new level of measurement [6]. It has become possi-
ble to carry out measurements in real time, when
productivity has increased several times, and the dy-
namics of measurements have been improved when
solving complex problems [7].

Optical methods for measuring surface microrelief
are divided into highly coherent, coherently limited,
and geometric optics methods, where coherence is
practically absent. These methods are based on such
a physical phenomenon as the reflection of a light
wave from the surface of the objects or environments
being studied [8].

Researchers note that among the optical methods
for measuring surface microrelief, the most universal
are interferometric methods, which use radiation
sources with a short coherence length [9]. Today, in
optical instrumentation, great attention is paid to the
characteristics of radiation sources, in particular,
white light LEDs. It is known from scientific literature
that the coherence length of these emitters is in the
range from 1 pm to 5 um [10]. The accuracy of mea-
surements of interference devices and surface control
systems that use coherence-limited emitters (superlu-
minescent, white light, and other semiconductor
LEDs) depends on the coherence length of the source
[11]. Therefore, the developers of this equipment
show increased interest in the development of the opt-
ical-electronic base of emitters.

Despite certain achievements in the practical appli-
cation of interferometers with sources with a small
coherence length, studies of their functional capabili-
ties, circuit solutions are clearly insufficient [12].

Therefore, it is of interest to obtain metrological
information related to the study of the interference
setup in which a white light LED is implemented.

STATEMENT OF THE PROBLEM

The aim of the work was to study the factors limit-
ing the accuracy of measurements in an interference
setup with a short coherence length emitter for moni-
toring a complex surface shape.

The next aim is to investigate the metrological pa-
rameters of the experimental setup: range, measure-
ment error, interference signal amplitude. The expe-
rimental results obtained are summarized in a table.

MATERIAL AND RESEARCH METHOD

The measurements were carried out using a plane-
parallel glass plate with a certified surface of the sixth
roughness class (R, = 1.6 pm). In the experiment,
glass plane-parallel plates of different thicknesses of
1, 2, and 3 mm were used to change the diameter of
the light spot on the surface.

In this paper, it is proposed to consider an experi-
mental interference setup with a white light source,
a radiation wavelength of A = 525 nm, and a cohe-
rence length of /. =2 pm for monitoring the microre-
lief of a non-smooth surface. A white light LED based
on an InGaN/AlGaN heterostructure with an active
InGaN layer doped with Zn and a yellow phosphor
layer deposited on it is used as a radiation source. The
optical diagram of the experimental measuring setup
is shown in Fig. 1.

Fig. 1. Optical diagram of the experimental measur-
ing setup.

S (1) — white light LED; (2) — collimator objective;
(3) — beam splitter; (4) — surface of a glass plane-
parallel plate (object); R (5) — mirror in the refer-
ence arm; R' — plane of the object surface; (6) —
lens of the lighting system; (7) — pinhole diaphragm;
(8) — interference field registration lens; (9) — Ni-
kon camera

The main measuring unit of the setup is con-
structed according to the classical Michelson scheme,
where an object with a certified surface is installed in
the reference arm. Wave fronts reflected from the
plane of the mirror R and the plane of the surface of
the test object R’ are projected into the Nikon camera.
The radiation source S was at an equal distance from
the planes R and R’'.

During the study, the distance in the reference arm
changed by moving the mirror R, which was set in
motion by a specially designed spring mechanism, the
oscillations of which were carried out by an electro-
magnet. The equality of the distances in the arms cor-
responded to the maximum interference contrast and
the maximum value on the camera (9).
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The reference point was an additional optical plate
attached to the test sample, the surface of which
formed the reference signal reflected from this sur-
face. In this setup, the amplitude of the interference
signal was determined by the diameter of the light
spot on the surface. In order for the light spot not to
change during the measurements, the spatial position
of the radiation source S was set in motion with the
frequency of movement of the reference mirror R, and
the ratio of the amplitudes of the source and mirror
was 1 : 50. The focal length of the collecting lens (8)
(f = 12.5 mm) and the distance to the surface of the
object (4) were the basis of this ratio.

EXPERIMENTAL RESULTS

In the experimental interferometric setup, when
measuring a non-smooth surface of complex shape,
the range of shape measurements is determined by the
limits of the reference mirror displacement in the ref-
erence arm of the Michelson interferometer measure-
ments. During the study, equality of distances in the
interferometer branches ensures the required ampli-
tude of the interference signal. The change in ampli-
tude at different distances from the exit pupil of the
setup to the controlled surface determined the limits of
the range of measured values. When the reference
mirror was stationary, the maximum contrast of the
interference pattern was observed, which corres-
ponded to the initial distance (initial point). The dis-
tance was 100 mm. The amplitude of the interference
signal was recorded when moving a glass plane-
parallel plate with a certified surface along the direc-
tion of propagation of light radiation in one direction
and the other from the starting point. The reference
mirror operated at a modulation frequency of f, =
=44 Hz. The measurement results are shown in
Fig. 2, a.

It can be seen in Fig. 2, a, that the measurement
range of the experimental measuring setup is from 0
to 7.8 mm.

Fig. 2. Experimental study of the measurement range.
a — change in signal amplitude with a change in the
distance to the object from the initial point z =
=100 mm at f,, = 44 Hz; 6 — dependence of the
measurement range on the resonant frequency of the

modulator f, (f,, = 1,)

An important characteristic is the dependence of
the measurement range on the resonant frequency of
the modulator f,. The modulator is excited by alternat-
ing current with a modulation frequency f,,. The refer-
ence mirror is moved with a frequency of f,, = f,. The
dependence Az(f,) is shown in Fig. 2, 6. Thus, with
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increasing f, the measurement frequency grows, but at
the same time a drop in the interference signal ampli-
tude is observed, as a result, the measurement range
decreases. The obtained dependence allows choosing
the optimal ratio between these parameters for a spe-
cific task.

For highly-coherent or low-coherent interference
devices and complexes, the interference signal ampli-
tude has always been a significant characteristic,
which allows the useful signal to prevail over the
noise level. Revealing data on changes in the interfe-
rence signal amplitude when moving the reference
mirror allows us to show the influence of side effects
(speckle changes) on the measurement accuracy. The
interference signal amplitude was recorded when the
surface was moved relative to the light radiation in the
longitudinal direction OZ.

A plane-parallel glass plate of the sixth roughness
class (R, = 1.6 um) was used as an object. The object
was mounted on a movable platform of the
micrometer table. The surface was controlled by dif-
ferent diameters of the light spot, which was changed
by introducing glass plane-parallel plates of different
thicknesses between the exit pupil of the setup and the
measured surface.

In the experiment, the diameters of the light spot
were 15, 25, 35 um, respectively, for plate thicknesses
of 1, 1.25, 1.5 mm. Figure 3 shows the dependence of
the average amplitude U,, of the interference signal on
the diameter of the light spot on the surface, norma-
lized by the value at the minimum diameter U,,, (d =
2 MKM).

Fig. 3. Dependence of the average amplitude on the
diameter of the light spot on the surface.
U, — signal amplitude at d =2 pm

An important parameter of the experimental setup
is the accuracy of measurements. In the work, the data
on the distance to the glass plane-parallel plate were
recorded, and the plate was oriented relative to the
light spot at different angles 6 = 0°, 10°, 15°, 20°. The
plate was moved on the platform of the micrometer
table in the transverse direction (along the OX axis)
with a step of 25 um, and 20 measurements were tak-
en for each angle. Experimental data are presented in
the Appendix to Fig. Il. The graphical dependence of
the standard deviation of the measurement results on
the angle of inclination of the plane-parallel plate is
shown in Fig. 4.

Fig. 4. Dependence of the standard deviation on the
angle of the plate orientation relative to the light
beam.
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The experimental study of the interference setup
using a white light source to control the surface mi-
crorelief showed that this setup allows for surface
control with the following technical characteristics:

— radiation wavelength — 525 nm;

— measurement error

c=0.21[,—for6=0°,

o=11[—for0=10°,

c=31[.—for0 =15°

oc=61[.— for 6 =20°;

— measurement range — 0—7.8 mm;

— measurement frequency — 88 Hz;

— distance from the optical pupil to the surface —
100 mm.

CONCLUSION

The measurement range and the frequency of the
reference mirror movement, which determines the
measurement speed, were experimentally studied. It
was found that the frequency of measurements in-
creases with increasing f, but at the same time a drop
in the amplitude of the interference signal is observed,
as a result the measurement range decreases. Data on
the amplitude of the interference signal were obtained
when monitoring the test surface oriented at different

angles to the light beam, thus changing the diameter
of the light spot on the surface. The measurement er-
ror of the setup, where the distance from the exit opti-
cal pupil to the surface under study was recorded
when moving a plane-parallel plate in the transverse
direction OX relative to the setup, was subject to expe-
rimental verification. It was shown that with normal
incidence of light radiation on the surface of the ob-
ject, the measurement error does not exceed o =0.2 /,,
which corresponds to 0.4 um.

APPENDIX

Fig. I1. Operational deviations from the average of the
results of measurements of the distance to the surface
of a glass plane-parallel plate at different orientation
angles 0 of the plate relative to the light beam.
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