MuHucTepcTBO 06pasoBaHus n Hayku Poccunckon depgepauumn
denepanbHoOe rocyaapCTBEHHOE aBTOHOMHOE 06pa3oBaTenbHOe yypexaeHme
BbiCcLUEro o6pasoBaHus
«HAUNOHAINBbHbIA UCCNEQOBATEIbCKUA
TOMCKWUN NONMUTEXHUYECKUUA YHUBEPCUTET»

UMHCTUTYT PUINKO-TEXHMYECKUI
Hanpasnenune nogrotoskn 03.04.02 ®dusmnka KOHOEHCUPOBAHHOIO COCTOSIHME BellecTBa
Kadeaopa O6Luen punsnkn

MATMCTEPCKAA AUNCCEPTALIUA

Tema pa6oTbl

Pa3pa60TKa U aHanum3 AByMepHbIX pelleTOYHbIX CTPYKTYP AnA nonyvYeHus
PeHTreHOBCKUX M306pa>|<eHm7| n3 ogHOro CHMMKa

YK 681.785.552:621.386

CrygeHnt
Mpynna (17 [e] Moanucb OaTta
0BM51 3axapoBa Mapraputa AHaTtonbeBHa
PykosoguTens
[OomkHoCcTb (17 (o] YyeHas cTeneHb, Moanucb OaTta
3BaHue
Mpocdpbeccop Kptoukos KOpuit KOpbesny 4.d.-M. H.
KOHCYIIbTAHTbI:
Mo pasgeny «PMHAHCOBLIN MEHEIKMEHT, PECYPCO3a(PEKTUBHOCTL U pecypcocbepexeHmey
[OomkHoCTb (17 (o] YyeHas cTeneHb, Moanucb Oarta
3BaHue
[oueHTt PbikakmHa TaTtbsiHa
"aBpunoBHa
Mo pasgeny «CounanbHas OTBETCTBEHHOCTb»
[OomkHoCTb [o:]7 (o] YyeHas cTeneHb, Moanucb Oarta
3BaHue
Mpodbeccop depopuyk HOpun AO.T.H.
MutpocpaHoBmy

KoHcynbTaHT — nUHrBncT kadpeapbl O6wen pusnkm

JomKHoCTb [0]7 o] YyeHast cTeneHb, NMoanuck Oata
3BaHue

[oueHT EmenbsaHoB Uropb K.COLIMOJI.H.
JleoHngoBny

AONYCTUTb K SALLUTE:

3aB. kachegpon (017 (o] YyeHas cTeneHb, Moanucb Oarta
3BaHue

Obwen punsmkn Jvpep AHapen Mapkosuy K.dp.-M.H.
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3annaHMpoBaHHble pe3ynbTaTbl 00y4YeHus

Nno OCHOBHOW 0bpa3oBaTeribHOW NporpamMmmMe BbiCLLEro NnpodeccnoHansHoOro obpasoBaHus,
HanpasneHue nogrotoBkm 03.04.02 dusumka, npocmnb Puamka KOHOEHCUPOBAHHOIO
COCTOSIHMA BeLLecTBa

Kog
eavn PesynbTaT 06yyeHus
pesy. (BbINYCKHUK AOMKeH GbITb roToB)
bTaTa
O6buwiekynbmypHbie (yHueepcasbHble) KoMnemeHyuu
P1 lMoHMMaeT HeoBXoaUMOCTb CaMOCTOATENBHOIO 00YYEeHUS N NOBbILEHWS
KBanudukaumm B TeMeHne Bcero nepmoga npodeccruoHanbHoN OeaTerbHOCTH.
MposaBnaeT cnocobHOCTb APPEKTUBHO paboTaTb CaMOCTOSATENBHO B KayecTBe
po | 4n€Ha KoMaHAbl Mo MEXANCUUNNMHAPHOW TemMaTuke, ObiTb NMOEPOM B

KOMaHZe, KOHCYNbTUPOBATL MO BOMPOCAM NPOEKTUPOBaHNS Hay4HbIX
nccnegoBaHui, a Takke OblTb rOTOBbIM K Negarorm4eckon 4esTenbHOCT!.
YMeeT HaxoauTb 3apybekHbIX U OTEYECTBEHHBIX MAPTHEPOB, BriageeT

P3 | MHOCTpaHHbIM SI3bIKOM, NO3BONSALIMM paboTaTh ¢ 3apybeXxHbIMM NapTHeEpamMu
C Y4ETOM KYJbTYPHbIX, 3bIKOBbIX 1 COLManbHO-3KOHOMUYECKNX YCITOBUIA.
MposiBNsSieT NOHNUMaHUE UCNOoNb3yeMblX METOA0B, 0611acTh UX NPUMEHEHNS,
BOMPOCOB 6e30MacHOCTU 1 3ApaBOOXPaHEHNs], OPUANYECKMX aCMNEKTOB,

P4
OTBETCTBEHHOCTU 3a NPodeCcCMoHanbHY0 AeATENbHOCTb M €€ BIINSHUS Ha
OKpY>KatoLLyHo cpeay.

p5 CnepnyeT kogekcy npodeccuoHanbHON 3TUKN, OTBETCTBEHHOCTM U HOpMaMm

Hay4YHO-UccnegoBaTeNbCKoN AeATENbHOCTMW.

lpogheccuoHasnibHbIe KOMNIemeHyuu
MposasngaeT rnybokne ecteCTBEHHOHaY4YHble, MaTeMaTUYeCcKme
P6 | npodeccroHarnbHble 3HaHUA B NPOBEAEHUN HAYYHbIX UCCNeLoBaHUM B
nepcrnekTUBHbIX 06nacTsx NpodeccnoHanbHoON AeATENbHOCTMU.
[MpuHMMaeT yyactne B oyHAaMeHTasnbHbIX UCCIIEA0BaHUAX U NPOEKTax B
obnacTtu o13nk1 MeTansnoB N MaTtepuanoBeneHuns], a Takke B MOAepHU3aumnm
COBPEMEHHbIX U CO34aHNN HOBbIX METOAOB U3YYEHNA MEeXaHUYECKUX,
ANEKTPUYECKUX, MarHUTHbIX, TEMNJIOBLIX CBOWCTB TBEPAbIX TES.
CnocobeH obpabaTbiBaTb, aHanM3npoBaTth U 0606LaTh Hay4YHO-TEXHUYECKYHO
MHdopMaUuo, NepeaoBon 0TEYECTBEHHbIN U 3apybeXXHbIN ONbIT B
npodeccnoHanbHON AeATeNbHOCTN, OCYLLECTBIATb Npe3eHTauuto Hay4yHom
OeATenbHOCTI.
CnocobeH NPUMEHATb NOMNYyYEHHbIE 3HAHUA AN1S PeLIEeHUst HEYETKO
onpeaeneHHbIX 3a4a4, B HeCTaHAapPTHbBIX CUTyauusiX, UCNoSib3yeT TBOPYECKNI
nogxon Ans paspaboTkn HOBbIX OPUTMHANBHBLIX UAEN U METOA0B UCCe4OBaHUA
B 0611aCTn 13nKM MeTanIoB, MaTepuanoBegeHns n TepmoobpaboTKu.
CnocobeH nnaHnpoBaTb NpoBeAEHME aHANUTUYECKNX UMUTALMOHHbBIX
nccnegoBaHnin No NPogeCcCcnoHanbHoN AeATeNbHOCTU C NPUMEHEHNEM
COBPEMEHHbIX JOCTUXEHUA HAYKN N TEXHUKK, NepeoBOro 0TEYECTBEHHOIO U
P10 | 3apybexHoro onbiTa B 0651aCTU HaY4YHbIX UCCNeLOBaHUN, YMEET KPUTUYECKN
oLeHMBaTb Mory4YeHHble TeOpeTUYECKME U IKCNEepPUMeEHTarbHble JaHHble U
AenaeTt BbiBOAbl, 3HAET NpaBOBble OCHOBbI B 00/1aCTW MHTENEKTYannbHON
COBCTBEHHOCTM.
YMeeT UHTErpMpoBaTh 3HAHUS B PA3SIMYHbIX U CMEXHbIX 00n1acTsx HayYHbIX
nccnepoBaHui M pellaeT 3agadn, Tpedytowwme abCTpakTHOro U KpeaTuBHOMO
MbILUSIEHUS] N OPUTMHANTBHOCTU B pa3paboTke KOHUENTYyarnbHbIX acnekToB
NPOEKTOB HAaYYHbIX UCCIEeJOBaHUMN.
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MuHucTepcTBO 06pasoBaHus n Hayku Poccunckon depgepauumn
denepanbHoOe rocyaapCTBEHHOE aBTOHOMHOE 06pa3oBaTenbHOe yypexaeHme
BbiCcLUEro o6pasoBaHus
«HAUMOHATBbHbIAN UCCNEOOBATENbLCKUNA
TOMCKWUN NONMUTEXHUYECKUUA YHUBEPCUTET»

WNHcTnTyT JPU3NKO-TEXHUYECKNI
Hanpasnenune nogrotoBkn 03.04.02 dusmka KOHOEHCUPOBAHHOIO COCTOSIHWE BellecTBa
Kadeapa obLuen punankm
YTBEP>XXOAHO:
3aB. katheapon
A.M.Jlngep
(Moanuck)  (Oata) (¢.1.0.)
SAO0AHUE
Ha BbINOSIHEHME BbINYCKHOM KBanMduUKaLMoHHON paboTbl
B dopwme:
‘ MarucTtepckon guccepraumm
(6akanaBpckon paboTbl, AMNNOMHOrO NpoekTa/paboThl, MarncTepckon anccepTauun)
CryoeHTy:
Fpynna (217 [o)
0BM51 3axapoBon Maprapute AHaTonbeBHe

Tema paboThbi:

PaspaboTka 1 aHann3 ByMepHbIX PeLIeTOYHbIX CTPYKTYP Arsi NONy4YeHNst PeHTreHOBCKUX
N306paKeHnn U3 OHOro CHUMKA

YTBEpXaeHa NprMka3omM anpektopa (garta, Homep)

Cpok coauu CTyAeHTOM BbINONHEHHOW paboTbl:

TEXHUWYECKOE 3A0AHMUE:

UcxopHble gaHHbIe K paboTe

(HaumeHosaHue obbekma uccriedo8aHus Unu MPOeKMUpPO8aHUs;
rpou38ooumeibHOCMb UNU Hagpy3Ka; pexum pabomsi
(HenpepbigHbIU, nepuodudeckud, yuknudeckuti u m. d.); sud
CbIpbs Unu Mamepuarn u3denus; mpebosaHus K MPooykmy,
u3denuro unu npouyeccy; ocobble mpebosaHusi K 0CO6eHHOCMSIM
pyHKUUOHUPOBaHUsI (3Kcrnyamayuu) ob6bekma unu uddenus 8
nnaHe 6e3onacHocmu aKcnIyamauyuu, 8IUSIHUS Ha OKPYXalowyto
cpedy, sHep203ampamam; 3KOHOMUYecKul aHanu3 u m. 0.).

OBYMepHble AndpakUNOHHLIE peLeTKku
nepuogom 50 MKM;
OBYMEpHbIe AndpakUNOHHbIE peLLeTKu
nepuoaom 25 MKM;
OBYMepHble AndpakUNOHHbIE peLeTKku

nepmuogom 10 MKM.

MaTtepuanbl M3genusi: KpeMHUEBbIA OUCK, akTUBATOp
agresuu,
30510T0.

HeraTuMBHbIN  (POTOPE3NCT, MPOABUTESDb,

MepeveHb nognexawmx
nccnegoBaHUIO, NPOEKTUPOBAHUIO U
pa3paboTke BonpocoB

(aHanumuyeckuti 0630p No numepamypHbIM UCMOYHUKaM C
Uesbo 8bISICHeHUsT 0ocmuXXeHUl MUpos8oll HayKu MexXHUKU 8
paccmampueaemoli obrnacmu; nocmaHoeka 3adadu
uccnedoeaHusi, MPOEKMUPOBaHUSI, KOHCMPYUPOBAHUS;
codepxxaHue npoyedypbi uccredosaHusi, MPOEKMUPOBaHUSI,
KOHCMpyupoeaHusi; 06cy)x0eHue pesynbmamos 8bIMofHEeHHOU
pabomsi; HaumeHoeaHue OOMoNHUMESbHbLIX pa3denos,
rnoonexauwux paspabomke; 3aknrodeHue no pabome).

nposefeHne nutepaTtypHoro o63opa;
NnocTaHOBKa 3a4auyv nccnegoBaHus;
agjanTtaumsi  TEXHONOrM4yeckoro  npouecca
onTudeckon nutorpacdmm Onsi U3roToBreHUst
OBYMepPHbIX AUdpaKLNOHHBIX peLLeTOK;
N3roToBneHne ABYMEPHbIX PeLLIeTOK,;
ONTUMMU3aUMS TEXHOSTOMMYECKOro npolecca Ha
OCHOBE MOMy4YeHHbIX AaHHbIX;

nccnegoBaHue KayecTBa peLleTok C
UCMonb30BaHWEM pPacTPOBOW  3MEKTPOHHOM
MUKPOCKOMWMU;

paspaboTka anroputma OLIEHKM
3 PEKTUBHOCTYU peLeToK B




paguorpadU4eckon yCTaHOBKE;

— TeCcTUpOBaHWE N OLeHKa KayecTBa peLLeToK B
pagunorpadnyecKkon yCcTaHOBKE;

— obcyxaeHve pe3ynbTaTos;

—  3aKroyeHve.

MepeyeHb rpachuyeckoro matepmana -

KOHCYﬂbTaHTbI no pasgenam BblﬂyCKHOﬁ KBanVIqJVIKaLIMOHHOl\;I paGOTbI

Paspen KoHcynbTaHT
CouuanbHas depopuyk KOpuin MutpodaHoBu4
OTBETCTBEHHOCTb

®duHaHcoBbIN MeHeIKMeHT, | PbikakuHa TaTbaHa ["aBpunoBHa
pecypcoaPEKTUBHOCTb n
pecypcocbepexeHune

KOHCYNbTaHT-NUHIBUCT EmenbsaHoB Uropb JleoHngosumy

HazBaHus pa3aenoB, KOTOpPblie AOOJTKHbI ObITb HanucaHbl Ha PYCCKOM U MHOCTPAHHOM
A3blKaX:

Hay4Hasi paboTa BbINONIHEHA HA aHIIMNCKOM S3blKe

[arta Bbigayum 3afaHusa Ha BbINONIHEHME BbIMYCKHOMW
KBanuduKaLumMoHHON paboTbl N0 NIMHEMHOMY rpaduky

3agaHuve Bbigan pykoBoguTternb:

[OomkHoCTb (17 [e] YyeHas cTeneHb, Moanucb Oarta
3BaHue
Mpodbeccop Kptoukos KOpuit KOpbesny a.4.-M.H.
3afaHune NPUHAN K UCNOSTHEHUIO CTYAEHT:
Ipynna [0]7 o] NMoanuck Oata
0BM51 3axapoBa Mapraputa AHaTtonbeBHa




5 3AOAHME ONA PASAENA
«®PUHAHCOBbIN MEHEXXMEHT, PECYPCO3®®EKTUBHOCTb U

PECYPCOCBEPEXEHUE»
CrypeHTy:
Mpynna ®no
0BM51 3axapoBon Mapraputa AHaTtonbLeBHe
UHcTuTyT PTU Kadenpa oo
YpoBeHb MarnctpaTtypa | HanpaBneHue/ 03.04.02 Pun3smka KOHOEHCMPOBAHHOIO
obpasoBaHuA cneunanbHOCTb | COCTOSHMSA BELECTBa

UcxogHble AaHHble K pasaeny «PUHaHCOBbLIA MEHEeZKMEHT, pecypcoahheKTUBHOCTL U

pecypcoc6epexeHuey:

1. Cmoumocmb pecypcos Hay4yHo20 uccriedosaHus (HU):|  Wcnonb3oBaHne nHdopmaumu,
MamepuarbHO-MeXHUYECKUX, 3Hepaemu4yecKux,| npeacTaBreHHON B POCCUNCKNX U
QUHaHCO8bIX, UHGhOPMAUUOHHbIX U HYE/108€4ECKUX WMHOCTPaHHbIX Hay4HbIX Nybnukaumsix,

2. Hopmbl u Hopmamuebi pacxodo8aHUsi pecypcos aHanUTM4Yeckux matepuanax u n3gaHusx,

3. Ucnons3dyemas cucmema Harnoe2o0bnoxeHus, cmasku| HOPMaTVBHO-NPABOBLIX AOKYMEHTAX.
Haroeos, omyucneHud, OUCKOHMUPOBaHUs u
KpedumoeaHusi

I'Iepequb BOMpPoOCOB, noAanexawunx nccrnegoBaHnio, NPOeKTUpoBaHUIO U pa3pa60TKe:

1. OueHka KOMMep4eCcKoao nomeHyuana,| [llpoBegeHne NpeanpoeKTHOro aHanusa.
nepcriekmugHocmu u anbmepHamue npoeedeHuss HYI|  OnpegeneHne LeNeBOro pbiHka u
c nosuyuu pecypcoaghghekmusHocmu u| npoBedeHME €ro CerMeHTMPOBaHMS.
pecypcocbepexeHusi BbinonHenne SWOT-aHanmsa npoekTa.
2. OnpedeneHue 803MOXHbIX anbmepHamue rnposedeHusi| OnpegeneHne Lenen n oXxXuaaHuin,
Hay4HbIx uccriedogaHull TpeboBaHun npoekta. OnpegenexHve
3aMHTEepPECOBAHHbIX CTOPOH U UX
OXUaaHun.
3. lNnaHuposaHue rnpouyecca ynpasneHus HTU:| CocTtaBneHwe kaneHgapHoro nnaHa
cmpykmypa u epaghuk rnposedeHus, 61odxem, pucku. npoekta. Onpegenenune Grogxeta HTU
4. OnpedeneHue pecypcHol, ¢uHaHcosol,| [MpoBeaeHne OLEHKN SKOHOMUYECKOM

3KOHOMUYecKol aghchekmusHocmell.

3P PEKTUBHOCTU UCCNESOBAHNS.

MepeyeHb rpadmyeckoro matepmana (C moYHbIM ykaszaHUeM obsi3ameribHbIX Yepmexel):

ohwnhE

OueHka KOHKypeHmOCI'IOCO6HOCI’nU mexHu4ecKux peweHuE/

Mampuya SWOT
OueHka 2omosHoCMU npoekma K kKommepyuanusayuu
KaneHOapHsbil nnaH-gpaghuk u 6r0dxem HTU

OueHka pecypcHol, puHaHcosoUl U 3KoHoMuYecKol aghcpekmusHocmu HTU

CpasHumersnbHas aghghekmusHocmb paspabomku

| OaTa BbIAauM 3agaHvs Ans pasaena no NMHeMHOMY rpadouky |

3aaaHue BblAan KOHCYIbTaHT:

JdomxHocTb o]/ o) YyeHasn Mognuckb HOarta
cTeneHb,
3BaHue
JoueHT PbikaknHa TatbsiHa K.9.H
"aBpunosHa
3apgaHue NPUHAN K UCMOJTHEHUIO CTYAEHT:
Mpynna PNO0 Noanuckb Hata
0BEM51 3axapoea Mapraputa AHaTonbeBHa




3AOAHUE ONA PASOENA
«COUMANBbHAA OTBETCTBEHHOCTb»

CryoeHTy:

Mpynna PUNO

0BEM51 3axapoBa Mapraputa AHaTonbeBHa
UHcTuTyT OTU Kadenpa O6Lwas dursmka
YpoBeHb Maructpatypa | HanpaBneHnue/ | 03.04.02 ®usuka
obpasoBaHus cneunanbHOCTb | KOHOEHCMPOBAHHOIO COCTOAHME

BellecTBa
3AOAHUE

UcxoaHble AaHHbIe K pasgeny «CoumnanbHasi OTBETCTBEHHOCTbY:

1. OnucaHue paboyezo mecma (pabouyeli 30HbI,

MeXxHOI02UHYECKO20 Mpoyecca, MexaHu4eckoao 0bopydosaHusi)

Ha rnpedmem 803HUKHOBEHUSI:
— 8pedHbIX nposeneHuli hakmopos npou3eodcmeeHHoU

cpelbi

(Memeoycriosusi, pedHble geujecmesa, oceeuweHue, Wymbl,

eu6pauuu, 37IeKmpomMacHUMmMHsbIe r1oJid, UOHU3Upyrnwue

U3J1y4eHus)

— 0nacHbIX nposienieHUl ghakmopos rnpou3sodcmeeHHoU
cpeldbi (MexaHU4YecKoU npupodbl, MePMUYECKO20
Xxapakmepa, ariekmpudeckol, rnoxapHol U 83pbI8HOU

rnpupodki)

— Hez2amugHOo20 8030elicmeusi Ha OKPYXaroWyto npupoOHyHo
cpedy (ammocabepy, eudpocghepy, numocgepy)

— 4ypessbivaliHbix cumyayuli (mexHo2eHHo20, CmMUXUHOEZ0,
3K0J102U4eCKO20 U coyuanbHO20 xapakmepa)

1. Ob6bekTom uccrnegoBaHns
ABNseTCA  MaTpuKCbl M3 nonu-L-
MOJIOYHOW KMCNOThI.

K BpedHbiM paktopam  OaHHOW
OVUNIIOMHOW  paboTbl MOXHO OTHECTU
MUKpPOKNMMaT pabo4dero noMeLleHus,
ocBelleHne pabouen 30HblI,
3NEKTPOMarHMTHOE Norse n LWyMm.

K onacHbiM cbakTopam AUMIOMHON
paboTbl MOXHO OTHECTU BO3MOXHOCTb
MOPaXeHMs1  3NEKTPUYECKMM  TOKOM.
Bo3MOXHble 4pesBblyanHble CUTyauun
Ha pabodyeM MecTe: u4pesBblHalHble
cUTyauum  TEXHOTEHHOro  XapakTepa
(noxap) wn 4pesBblHaWHble CUTyaLMK
NPUPOAHOrO xapakrepa (pe3koe
nageHve Temneparypbl BO3gyxa
OKpYy>atoLLen cpeapl).

2. BHakomcmeo u ombop 3aKkoHoOamerlbHbIX U HOPMamueHbIX

aOKyMeHmOS rno meme

2. CornacHo BceM BMAaM BpeaHbIX U1
onacHbIX )akTopoB AMMNIOMHON paboThbl
oTobpaHbl " npoaHanu3npoBaHbl
COOTBETCTBYHOLUME 3aKOHOAATENbHbIE WU
HOPMaTUBHbIE JOKYMEHTHI.

MepeyeHb BONpoOCOB, Noanexawmx uccnegoBaHuio, MPOeKTUPOBaHUIO U paspaboTke

1. AHanu3 ebisie/ieHHbIX B8PEeOHbIX (hakmopos rpoekmupyemol npou3godcmeeHHol cpedbl 8
cnedyowel nocredogamesibHOCMU:

— ¢busuko-xumudeckas npupoda epedHocmu;

— Oelicmeue ¢hakmopa Ha opaaHU3M 4esl08eKa;

— npusedeHue 00nycmuMbiX HOPM ¢ HE0OX0OUMOU pasMepPHOCMbIO;

— npednasaeMbie cpedcmea 3auumei.

2. AHanu3 eblsiefieHHbIX onacHbIX ¢hakmopos rpoekmupyemol rnpoussedéHHoU cpedbl 8 crnedyowel

rnocredogsamesnibHOCMU:

3neKmpo6e30naCHocmb;

3. OxpaHa okpyxarouwieli cpedsbi:
paspabomka peweHusi no obecriedyeHur 3Kornoaudeckol b6e3onacHocmu co ccbinkamu Ha HT/L no
oxpaHe okpyxatoujeli cpeosl.




4.  3awuma e ypessbivaliHbiX cumyauusix:
— rnepeyeHb 803MOXHbIX YC Ha obbekme (cusibHbie MOPO3bl, Ousepcusi);
— 8blbop Haubonee munuyHol YC;
— paspabomka npeeeHMuUBHbIX Mep o npedyrnpexdeHuro YC;
paspabomka mep Mo nosbIWeHU ycmouldusocmu obbekma K daHHol YC;
pa3pa6omf<a Oeticmeul 8 pe3ynbmame go3Hukwel YC u mep no nukeudayuu eé nocrnedcmeud;

5. [llpasossie u opeaHu3ayuoHHbIe 80Mpockl obecrneyeHuss bezonacHocmu:
—  crneyuarnbeHbie (xapakmepHbie 0715 npoekmupyemol paboyeli 30HbI) Mpagosble HOPMbI MPydo8o20
3aKoHoO0ameribcmea;

6. Cxewmbl:
— 71aH 3saKyauuu;
— [1aH pa3Meuw,eHUsI C8eMmMuUIIbHUKO8 Ha rMomorike.

| OaTa BblAauM 3aaaHus Ans pasaena no NMHeNHOMY rpaduky |

3agaHue Bblaan KOHCYNbTaHT:

OdomxHocTb o]/ o) YyeHasn Moanuckb HOarta
CTeneHb,
3BaHue
Mpodbeccop denopyyk KOpui O.T.H.
MuTpodhaHoBu4




MuHucTepcTBO 06pasoBaHus n Hayku Poccunckon depgepauumn
depepanbHoe rocygapcTBeHHOE aBTOHOMHOE 0b6pa3oBaTenbHOE yupexaeHme

BbICLLEr0 NPOdECCHOHaNbLHOro 0bpa3oBaHns

«HALIMOHANBHbIN UCCNEAOBATENLCKMIA
TOMCKMWA NONIUTEXHUYECKUN YHUBEPCUTET»

DU3NKO-TEXHNYECK

WA UHCTUTYT

HanpasneHve noaroToBku — onamnka

Kadenpa obuien domsmnkn

YpoBeHb 0bpasoBaHnst — MarncTp

Mepuropg BbINONHEHNs1 — BeceHHMI cemecTp 2016/2017 yyebHoro roga

dopma npegcrasn

€Huns paboThl:

mMarucrepckasi guccepraums

KANEHOAPHbIW PEATUHI-MNAH

BbIMNOJIHEHUA BblﬂyCKHOﬁ KBanMd)MKaLIMOHHOIZ pa6OTbI

| Cpok caum cTyAeHTOM BbINOMHEHHOW PaboThI:

[ata KoHTpons HasBaHue paspena (moayns) / Bua paboThbl MakcumanbHbI 6ann
(nccnepgoBaHus) pasgena (moayns)
15.03.2017 r. O630p nuTepartypbl 20
20.04.2017 . Ob6BbeKkT n MeToabl nccrnenqoBaHns 20
25.05.2017 . PacueTt n aHanutuka 20
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Summary

The master thesis contains 102 pages, 41 figure, 35 tables and 38 literary sources.

Keywords: X-ray imaging, Single-shot imaging, X-ray gratings, UV LIGA,
micropatterning.

The object of research: two-dimensional X-ray absorption gratings.

The objective: to develop high-quality two-dimensional X-ray gratings to be used
in the single-shot imaging setups. Ultraviolet lithography and electroforming were used to
manufacture the gratings; scanning electron microscopy and X-ray radiography were
applied for grating quality characterization.

Recently developed grating-based single-shot X-ray imaging techniques have
attracted a lot of interest due to unique information they provide on the inner structure of
the objects within robust radiographic setup. The quality of the images for these
technigues depends on the optical component in use, thus intended high-quality X-ray
gratings are required.

In the course of the research: the method of optical lithography and
electroforming was adapted to fabricate two-dimensional gratings, the photoresist
characteristics necessary for the technological process were studied, the gratings were
manufactured and their quality was examined by optical and scanning electron
microscopy, and also using the developed algorithm for estimating the efficiency of
gratings performance in radiographic setup.

As a result of the research, high-quality two-dimensional X-ray gratings were
developed, as well as an algorithm for evaluating their quality and efficiency.

The gratings developed have a size of 1 cm x 1 cm, periods of 50, 25, 10 ym and
thicknesses from 7 to 32 ym. These gratings are ready for use in installations with X-ray
energies up to 28 keV.

Degree of implementation: the data are tested at international conferences in
Finland and Brazil, as well as reported in seminars at Institute of Microstructure
Technology of Karlsruhe Institute of Technology. The manuscript based on acquired
results is in preparation.

Application: medical imaging, materials characterization.

Outlook: In the future, it is planned to continue the work towards improving the
characteristics of gratings by using other photoresist compositions and X-ray lithography to
obtain structures with a high aspect ratio that can be used at higher X-ray energies. It is
planned to use the developed gratings in X-ray imaging setups to address scientific issues

in the field of medicine and materials science. With the help of the developed gratings, a
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significant improvement in the quality of the images is expected. In addition, it is planned
to study the possibilities of using a spatial harmonic single-shot imaging with the sensitivity
of the small-angle scattering signal to particle size.

The following theses and results are subjected to defense:

1) the technological process of fabrication of two-dimensional X-ray gratings based
on ultraviolet lithography and gold electroforming, ensuring a high degree of periodicity of
structures;

2) algorithm for estimation of the two-dimensional gratings quality and the efficiency

of the wavefront modulation caused by the grating.
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Pedepar

Maructepckasa gucceptaums cogepxut 102 ctpanuubl, 41 undpy, 35 Tabnuy n 38
nnTepaTypHbIX UCTOYHUKOB.

KnioueBble cnoBa: peHTreHoBCKOe u3obpaxeHne w3  OOHOM0  CHUMKAa,
PEHTreHOBCKME  pelleTkn, ynbTpaduoneTosas nutorpadusi, ranbBaHOMNIacTUKa,
MUKPOCTPYKTYpUpPOBaHUE.

O6beKT uccnenoBaHus: ABYMEPHbIE PEHTreHOBCKME abCopOLMOHHBIE peLUeTKN.
Lenb maructepckon pgucceprtaumm: paspabotartb BbICOKOKAYECTBEHHbIE OBYXMEpPHbIE
PEHTreHOBCKME peLUeTKn AN UCMNOoSIb30BaHUA B paguorpauyecknx yCcTtaHoBKax C LieNbio
nonyyeHuss u3obpaxeHun w3 OOHOro0 CHUMKa. [ns M3roToBneHws peleTok Obina
ncnonb3oBaHa ynbTpaduoneToBad nutorpacdus U ranbBaHOMMacTuka; pacTpoBas
3NEeKTPOHHAas MUKPOCKOMNUA N peHTreHoBCKasi pagnorpadus 6binv NnpuMeHeHbl AN OLEeHKN
KayecTBa 1 3(pPEeKTUBHOCTN paboThbl peLLeTKu.

HepnasHo paspaboTaHHble TEXHOMOrMM PEeHTTeHOBCKOM BM3yanu3auum Ha OCHOBE
ANPPaKLUMOHHBIX pelleTyaTbiX CTPYKTyp Bbi3Banu 6onblon uHTepec 6Gnarogaps
YHUKanNbHOW WHopMaunmm O BHYTPEHHEW CTPYKType OOBLEKTOB, KOTOpasd MOXeT ObiTb
nonyyeHa B paguorpacduyeckon ycrtaHoBke. KayecTBO wusobpaxeHwuin, noryvyaembiX C
MOMOLLbIO 3TOr0 MeToda, onpeaenseTtcs KayeCcTBOM  MCMOMb3yeMOoro OnTUYEeCKOro
KOMMNOHeHTa. Takum o06pas3omMm, UCMONb30BaHWE BbICOKOKAYECTBEHHbIX PEHTreHOBCKUX
peLeToK MOXEeT CYLLLEeCTBEHHO YNy4LIMTb Ka4eCcTBO nofy4aemMomn nHpopmaumn.

B npouecce wccnegoBaHus npoBoaunuck paboTbl NO  agantauuu  MmeTtoda
ONTUYECKOW nuTorpadunn 1 ranbBaHONMACTUKN ONS U3rOTOBMEHUSA ABYMEPHbLIX PELUETOK,
NccneaoBaHMI0  XapakTepUCTUK oTopesncta, HeobXxoauMbIX AN TeXHONOrMyeckoro
npouecca, Co3gaHuIo peLeToK N UCCedoBaHUI0 UX KavyecTBa C MOMOLLBbI ONTUYECKON U
pacTpOBOM 3fIEKTPOHHOM MWKPOCKOMUKM, a Takke C UCMOoNb3oBaHMEM pa3paboTaHHOro
anroputMa oueHkn 3PEKTUBHOCTUN peELLETOK B paanorpadomnyeckomn yCTaHOBKe.

B pesynbtate wuccnegoBaHua 6binn pa3paboTaHbl  BbICOKOKAYECBTEHHbIE
ABYMEpHblEe PEHTTEHOBCKME peLlleTkn, a Takke anropuTtM OLEHKM WX KadecTBa MU
appeKkTnBHOCTH.

PaspaboTtaHHble peweTkn obnagatoT pasamepom 1 cm x 1 cm, nepuogom 50, 25, 10
MKM W TONwMHOM oOoT 7 o 32 MKM. [aHHble pelleTKn roToBbl K WCMOMb30BaHUIO B
yCTaHOBKaX C 9HEPrnen peHTreHOBCKOro U3ny4eHnsa oo 28 kaB.

CTeneHb peanusauuun: JaHHble MPOBEPAIOTCA Ha MeXOYyHapOLHbIX KOHepeHUmsX

B ®duHnangum wn bpasunun, a Takke coobwaetca Ha cemuHapax B WHcTutyTe
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MUKPOCTPYKTYPHOM TexHonormn TexHonorndeckoro uHcTUTyTa Kapncpya. Pykonuce,
OCHOBaHHas Ha NoJlyYeHHbIX pe3yrnbTaTax, HaxoauTCs B CTaguu NOArOTOBKM.

O6bnactb NPUMEHEHWS: MeaNUNHCKas BU3yanmsauyus, XapakTepucTumka
MaTepuarnos.

B 6yaywem naHuvpyeTca MpOAO/MKUTb paboTy NO yryyleHWo XapaKTepUCTUK
peLleTok MNyTeM WCMOMb30BaHMA  OPYrMX COCTaBoB (POTOPE3UCTOB U PEHTTEHOBCKOW
nutorpadumn Onga rnonyyYeHns CTPYKTYP C BbICOKUM acneKTHbIM COOTHOLUEHMEM, KOTOopble
MOryT 6bITb MCMONb30BaHbl NPU Bonee BbICOKUX IHEPTUAX PEHTFEHOBCKOIO W3y4eHus.
MnaHnpyeTca ucnonb3oBaTb paspaboTaHHble pelleTkn B YCTaHOBKaX PEHTreHOBCKOW
BM3yanusauum Ons  peleHus  HaydHblXx npobnem B obnactu  MeauumHbl U
maTepuanoBegeHus. C nomowbio pas3paboTaHHbIX PeLeToK OXMOAeTcs 3HavuMTenbHoe
ynydleHne kKadecTBa nonydyaembix usobpaxeHuin. Kpome TOro, nnaHvpyeTca U3ydnTb
BO3MOXHOCTU UCMNOSIb30BaHNA NPOCTPAHCTBEHHOW rapPMOHNYECKOM OLHOKPATHOM ChbeMKU C
YYBCTBUTESNBHOCTLIO YPOBHS CUrHasa OT MarnoyrfloBOro paccesiHus K pasmepy yactuy,

Ha 3awmTy BbIHOCATCA crieaytoLme nosioXeHust U pesynbTaThbl:

1) TexHONorn4yeckui npouecc co3fgaHus ABYMEPHbIX PEHTFEHOBCKMX PeLueToK Ha
OCHOBe ynbTpaduoneToBon nurtorpacdomm w ranbBaHOMNacTUKM, obecneynsaroLnn
BbICOKYH CTeneHb NepnoguyHOCTUN CTPYKTYP;

2) anropuT™M OLEHKN KayecTBa ABYMEPHbIX PeLIETOK U adEeKTUBHOCTM MOAYNALMN

MW BOSTHOBOTO (PpPOHTA MU3MyYeHUsI.
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Definitions, designations and abbreviations

phase contrast x-ray imaging (PSI): A group of various technical methods utilizing
information concerning changes in the phase of an X-ray beam that passes through an
object in order to create its images.

diffraction grating: An optical component with a periodic structure, which splits and
diffracts light into several beams travelling in different directions

Talbot-Lau interferometry (TLI): Phase-sensitive X-ray imaging method utilizing three
gratings.

single-shot imaging (SSI): Robust x-ray imaging technique which is used to obtain three
different and complimentary information i.e. Absorption, Scattering and Phase Contrast
from a single exposure of x-rays on a detector.

spatial harmonic imaging (SHI): novel X-ray imaging technique based on Fourier
analysis. Also called spatial frequency heterodyne imaging (SFHI).

wavefront modulation (WFM): the X-ray wavefront intensity distribution after sampling by
passing through periodic structure which acts a modulating element.

post exposure bake (PEB): photoresist processing step performed before developing,
typically to help reduce standing wave phenomena caused by the destructive and
constructive interference patterns of the incident light.

Fourier transform (FT): a complex-valued function of frequency, whose absolute value
represents the amount of that frequency present in the original function, and whose
complex argument is the phase offset of the basic sinusoid in that frequency.

LIGA: a German acronym for Lithographie, Galvanoformung, Abformung (Lithography,
Electroplating, and Molding) that describes a fabrication technology used to create high-
aspect-ratio microstructures.

ultraviolet (UV): an electromagnetic radiation with a wavelength from 10 nm (30 PHz) to
400 nm (750 THz), shorter than that of visible light but longer than X-rays.

propylene glycol monomethyl ether acetate (PGMEA): a chemical used as a developer
to dissolve unexposed negative tone photoresist mr-x 10.

contrast of photoresist: in lithography the development rate as a function of the
absorbed light dose.

contrast curve: a plot showing the remaining resist film thickness after development (in
relation to the thickness before development) as a function of the (logarithmically plotted)
exposure dose. Also called sensitivity curve.

scanning electron microscopy (SEM): a type of electron microscope that produces

images of a sample by scanning the surface with a focused beam of electrons.
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field of view (FoV): in optics a solid angle through which a detector is sensitive to
electromagnetic radiation.

reactive-ion etching (RIE): a type of dry etching which uses chemically reactive plasma
to remove material deposited on wafers.

polymethylmethacrylate (PMMA): in microfabrication positive tone photoresist.
hexamethyldisilazane (HDMS): an organosilicon compound used in microfabrication to
improve photoresist adhesion to silicon substrates.
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Introduction

Phase-contrast imaging methods have attracted a lot of attention in the scientific
community due to their ability to offer enhanced information about inner structure of the
various objects in addition to conventional attenuation contrast. These methods are based
on the refraction and scattering of X-rays while passing through the object under
investigation. Following the increasing interest, the application of phase-contrast imaging
was made available not only at synchrotron facilities with a highly coherent and
monochromatic radiation, but also with conventional X-ray tubes [1]. One of the ways to
expand the application of phase-contrast imaging is by introducing special optical
components, gratings, to the beam path to provide partial coherence of the radiation and
improve the resolution of the detecting camera [2]. These methods can be united in the
group representing grating-based phase-contrast imaging.

Until recently, among the grating-based imaging methods Talbot-Lau
Interferometry (TLI) was one of the most popular approaches to get multi-contrast
information on the object structure using not only broad bandpass but also a conventional
detector. Despite the evident advantages of the method, there is a trade-off between these
benefits and the complexity of the required optical system. Usually TLI exploits three one-
dimensional periodic line grating arrangement (source grating, phase grating and
absorption grating), where phase grating and absorption grating in front of the detector
must be well aligned to detect small distortions of the X-ray wave front generated by the
object under investigation [3]. Together with sophisticated stepping procedure, which
requires extremely stable and precise controlling system and several X-ray exposures,
these characteristics impose a certain difficulty on the measurement procedure.
Additionally, one-dimensional line gratings allow only orientation-dependent analysis of
structures, because they are only sensitive in the direction, perpendicular to the grating
lamellas [4].

Responding to the need for orientation-independent characterization within
simplified setup and fewer requirements on grating quality non-interferometric wave front
sensing methods have been proposed recently [5-7]. These methods can operate with
broadband radiation, do not require stepping procedure and thus can be applied for single-
shot imaging. A single-shot setup configuration, apart from micro focus X-ray tube and X-
ray camera, includes a unique two-dimensional grating to provide with enhanced
information on material structure in several directions ensuring thorough characterization
of the object under investigation. In this approach the incident beam is periodically

modulated by an absorption grating, and the distortion of the regular pattern introduced by
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the object is recorded with single exposure and then analyzed. There are several data
processing algorithms on how to retrieve three contrast modalities from the grating-object
image projected on the detector. One of these algorithms is based on the spatial harmonic
imaging approach (or it's modification — spatial frequency heterodyne imaging) [6-12],
where the image at the detector, which is the convolution of the object and the grating
images, is Fourier-transformed into a spatial frequency spectrum. This spectrum is the
sum of a series of harmonic spectra that can be separated to yield all three contrast
modalities. Spatial frequency harmonic imaging has been successfully implemented for
medical imaging [6, 9-10], materials science [11-12], and also was adapted for soft X-rays
[8].

Considering the growing interest to the single-shot imaging methods which require
two-dimensional gratings it is consequential to draw attention to the optical components in
use. Gratings for X-ray imaging are represented by the matrix with periodically alternating
opaque and transparent structures to either effectively absorb or transmit X-ray radiation
respectively (figure 1). As in the abovementioned methods information is retrieved from the
overlapped grating-object image, it is of great importance to insure high quality and
efficient performance, as it was emphasized in [8], that using gratings of greater symmetry
may increase the efficiency of sampling of Fourier spectra. Thus, higher degree of
periodicity of the grating structures can increase the quality of the final image, thus it is
necessary to remove or at least reduce to the minimum the amount of irregularities in the
grating pattern, which can be falsely treated during data processing as the distortions
introduced by the object. It is also important to keep in mind that the resolution of the final
image in a single-shot approach is defined by the period of the grating [6, 8], although to
avoid overlapping of the harmonics, the camera pixel size should be less than projected
grating period divided by 3 [6]. Thus the optimal grating period is an open guestion, which
corresponds to the available X-ray camera and X-ray source: the grating period should be
as small as possible to ensure sufficient final image resolution, but large enough to meet
the mentioned criterion.

Sufficient wavefront modulation is another characteristic that directly influences
the contrast of the image acquired by the detector. Here by the efficiency of wave front
modulation (WFM) we mean the signal intensity variation recorded by the camera. It can

be expressed similarly to the visibility characteristic used in TLI [13]:

WFM = —

It+lop
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where It — intensity, transmitted by the transparent structure, lop — intensity, transmitted by
the opaque structure. In theory, lop = 0 and It = lo, where lo is the intensity of the X-rays
incident upon the grating, thus the WFM should always be equal to unity. Although in
reality it is not always the case as for a certain grating at lower energies highly transmitting
structures can be slightly absorbing and at higher energies the opaque material will

transmit some radiation.

X-ray opaque structures

\L period
Y

height

X-ray transparent material
(substrate)

Figure 1 — Schematic drawing of the grating

Different periodic structures were mainly used before for single-shot imaging
applications such as different commercially available metal meshes: Bucky grid (lead and
aluminum) [6], Nickel wire mesh [8, 9], stainless steel mesh [11], although there were
examples where gold grating of 30 um electroplated on 100 pym glass substrate were
utilized at the energy of 50 keV [14]. Albeit gold absorbs X-rays much more efficiently than
nickel and stainless steel, the height of 30um only stops about 35 % of incident radiation,
leading to WFM = 0.2. This may lead to the decreased contrast of the final images.

To explore the possibilities of the spatial frequency harmonic imaging and single-
shot imaging approach in general it is important to achieve highest wavefront modulation
keeping high degree of periodicity for the gratings in use. In this regard the objective of this
work is to develop high quality gratings of various periods and with intended structure
height suitable for X-ray energy to be used in the single-shot imaging setup. To achieve
abovementioned objective it is required to accomplish the following tasks:

a) to establish technological process for development of two-dimensional X-ray
gratings;

b) to manufacture the gratings testing different layouts and tailoring for single-shot
imaging;

C) to optimize the fabrication process based on acquired information;

d) to evaluate the quality of the final gratings with scanning electron microscopy;

e) to develop an algorithm for evaluation of grating performance in a sing-shot

configuration;
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d) to evaluate and test two-dimensional gratings in the single-shot imaging

configuration.

The following theses and results are subjected to defense:

1) the technological process of fabrication of two-dimensional X-ray gratings based
on ultraviolet lithography and gold electroforming, ensuring a high degree of periodicity of
structures;

2) algorithm for estimation of the two-dimensional gratings quality and the efficiency

of the wavefront modulation caused by the grating.

Chapter 1 Grating-based X-ray imaging

Nowadays the vast majority of X-ray imaging technigues are based on the
absorption of the radiation by the object, where the information is given by the difference in
the attenuation coefficient of the object constituents. However, another approach has been
used extensively in light microscopy — phase contrast imaging, which relies on differences
in the refractive index of different materials. This approach was extended to X-rays,
although for this kind of radiation the changes in refractive index are minor and require
special methodology and equipment to detect them [1]. When X-rays are passing through
the materials, they undergo refraction on the edges and interfaces giving the information
on changes in the phase. Another advantageous type of contrast first applied in light
microscopy and later to X-rays as well is diffraction contrast (small-angle scattering or
dark-field contrast). It arises from scattering of the X-rays on micro- and nanostructures,
which are smaller than diffraction limit and result in fringes which cannot be directly
resolved by the X-ray camera [2,3] These two additional types of contrast can reveal
essential mesoscopic and microscopic properties of the object (figure 2). Along with the
development of coherent X-ray synchrotron sources, several types of dark-field and phase
contrast methods were developed for synchrotron X-ray imaging and tomography. Several
techniques have been studied for phase-sensitive imaging, e.g. propagation-based phase
contrast and diffraction-enhanced imaging. These techniques need a coherent X-ray

radiation with high flux, such as synchrotron radiation facilities.
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Figure 2 — Demonstration of three X-ray contrast modalities obtained for a biological
specimen (a chicken wing): a) absorption, b) differential phase and c) small-angle
scattering or dark-field [2]

However, the complexity of synchrotron sources and the need of elaborate optical
elements limit the accessibility of the techniques and also increase the operational costs.
The other group of scattering- and phase-sensitive imaging techniques was developed
primarily to allow such measurements on lab-scale, using e.g. the conventional X-ray
tubes as the radiation sources. The grating-based techniques proved to be robust,

scalable and already found their practical applications in X-ray imaging.

1.1 Talbot-Lau Interferometry

Talbot-Lau Interferometry (TLI) is the most popular phase-contrast imaging
method, as it overcomes the limitation imposed by the use of synchrotrons [16]. It offers
multimodal information based on absorption, small-angle scattering and phase contrast.
The increase of information can highly improve sensitivity and specificity for various
investigations.

The TLI system utilizes a set of three one-dimensional gratings arrangement
between the incoherent radiation X-ray source and the X-ray detector (figure 3 a). The
arrangement includes source grating, which is placed right after the X-ray source and
serves to provide sufficient coherence of radiation. The source gratings consist of
periodical slits to generate an array of line sources. The phase grating introduces phase
shift by beam splitting due to diffraction (figure 3 b). The grating is placed before or after
the object, depending on a specific setup configuration. Usually the period of the phase
grating is smaller than detector pixel size (few pm), thus to resolve generated fringes the
analyzer grating (or absorption grating) should be introduced. Analyzer grating consists of
strongly absorbing lines and acts as a transmission mask for the detector, thus should be

placed in front of the detector. The gratings must be well aligned to detect small distortions
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of the X-ray wave front generated by the object under investigation [3]. Furthermore, the
spatial resolution of the TLI is restricted by the challenge of fabricating high aspect ratio
one-dimensional gratings with periods smaller than 2.4 ym [17].

To align the gratings and to perform stepping curve (figure 3 c), which is required
in order to resolve phase grating pattern by conventional detector, highly stable and
precise mechanical system is necessary, which makes image acquisition a complex and
time-consuming procedure. In addition, one-dimensional gratings allow only orientation-
dependent analysis of structures, because they are only sensitive in the direction,
perpendicular to the grating lamellas [18]. Radiographic imaging is widely used to study
dynamic processes, but the orientation dependency in this case result in insufficient
information about the inner structure of the object. Fully two dimensional information can
only be acquired by two-directional scanning [18] or utilizing two-dimensional optical
components [19]. The lack of imaging information in direction parallel to the grating lines
has been reported as well for other X-ray imaging modalities [20].
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Figure 3 — a) Setup with a source grating GO, a phase grating G1, and an analyzer
absorption grating G2. b) Through the Talbot effect a linear periodic fringe pattern is
created behind G1 in the plane of G2. c) Intensity modulation detected in a detector pixel
when one of the gratings is scanned along Xg. A detailed analysis of the sample-influenced
shape of the curve yields transmission, phase-contrast, and dark-field/scattering images
[21]

Talbot-Lau interferometry has been successfully implemented for medical imaging
[18, 22] and material science applications [23, 24] within laboratory setups, providing
guantitative information and high contrast. Although in the recent years, responding to the

need of decreasing the X-ray dose to the medical specimens [25] and investigation of
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dynamic changes in the sample (e.g. phase transitions [11]), prompt and robust multi-
contrast X-ray imaging techniques have been proposed, which can obtain all three

contrast via a single projection.

1.2 Single-shot imaging with a single optical element

All single shot grating-based X-ray imaging setups have similar basic approach
beneath them: to modify a conventional radiography setup to acquire three type of contrast
via a single projection. In a single-shot configuration usually a single grating introduced
usually between the X-ray tube and the object in order to reduce the dose to the sample
[9, 14]. However, setup arrangement with object placed before the grating is used as well
[6, 12]. All the methods use the grating-only image with no object in the beam path as a
reference to clear the acquired images and eliminate the imaging setup impact to the final
image (X-ray source radiation inhomogeneity, initial defects of the grating, dead pixels of
the detector, etc.). In the following measurement grating pattern distorted by the object is
projected onto the detector and recorded to be subsequently analyzed. The difference in
overlapped image processing divides the method into three approaches:

a) Local method (correlation analysis): the grating distortions are resolved into
horizontal and vertical components directly by the detector with high spatial resolution [5];

b) Intensity distribution method (subpixel resolution analysis): the method is
based on precise subpixel position determination of the X-ray pattern projected by the
grating directly from the pattern image. Microfocus tube and a high spatial resolution
detector (e.g. hybrid semiconductor pixel detector) are required [14, 26];

c) Fourier analysis (spatial harmonic imaging and spatial frequency
heterodyne imaging): there are two treatments of this approach — apply Takeda’s method
[27] of Fourier analysis [6, 10] and using a modified hybrid input-output algorithm based
on heterodyning effect given by the grating [7-12]. Both approaches apply Fourier analysis
and consequent synthesis to the recorded projected image.

1.2.1 Correlation analysis of local shifts in intensity

A single-exposure quantitative method of X-ray phase contrast imaging based on
correlation method of local intensity shifts was proposed by Morgan et al. [5]. The gist of
the method is analyzing how a high visibility reference grid pattern is deformed by the
presence of the sample by resolving the pattern into horizontal and vertical components

(figure 4). Unlike methods based on Takeda’s method of Fourier analysis, sample size
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here can be very small relative to the grating period and smaller than the Field of View

(FoV) of the setup.
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Figure 4 — Experimental setup for quantitative single-exposure x-ray phase contrast
imaging using a single attenuation grating to perform correlation analysis of local shifts in
intensity [5]

The method compares the grating-sample image with a reference grating-only
image taken separately, and then reference pattern shift S is determined for each pixel,
utilizing real-space analysis. The closest correlation between grating-only and grating-
sample patterns is found and resolved into horizontal Sx and Sy vertical components
(figure 5). Plotting of these shifts gives a differential phase contrast images in two
directions, giving quantitative information about the phase shift. From these images

projected thickness map can be reconstructed.

Figure 5 — Scheme the cell of cross-correlation shift alignment of the grating only (red) and
grating-object (blue). This procedure is repeated for each coordinate of grating-object
image [5]

The method thus provides quantitative information about phase contrast, but it
doesn’t provide with simultaneously acquired absorption and small-angle scattering
images. The method is not sensitive to the grating quality and can utilize a random phase
optical component (e.g. paper [28]). Although it should be possible to use this method with
table-top X-ray sources, it has only been implemented using a synchrotron radiation with

high spatial resolution detectors (pixel size around 0.18 ym) [5].
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1.2.2 Subpixel resolution analysis of intensity distribution

Subpixel resolution analysis is based on a similar approach as local method: the
grating-only image signal is compared to the grating-object signal, but here the distortions
introduced by the object are analyzed with subpixel resolution. Intensity distribution of the
beamlets formed by the mesh grating is weighted by recording grating-only image. After
the object is placed on the beam path, refraction shift occurs within it, and the phase shift

is calculated by estimating the ratio of intensity distribution between adjacent pixels.
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Figure 6 — a) Setup scheme for single absorption phase-contrast technique, where the
phase gradient is calculated directly from the detector signal; b) position of the original
(dashed) and refracted (pink) beam. The non-symmetrical initial beam alignment is more
convenient for practical measurements [14]

As the phase gradient is obtained directly from the detector signal (figure 6 a),
calculation of the values are quite straight-forward. Labeling the intensity in the respective
neighboring four pixels 11, 12, I3, 14 in the case without the object and Iy, I2, Is and 14 in the
case with the object (figure 6 b), then the horizontal shift du, vertical shift dv and

attenuation image A can be calculated as:
L1, AR I, . LY L+ +1,+1
dH:pl(—l——z-]'(“—l] ,dv=p{—1——3.]-(1+—1j JA=s1—2-24 (g)
s 1, I, I L+L+1+1,

Subpixel analysis of intensity distribution requires high spatial coherency of the

source (micro- or even nanofocus tube) to give well-defined beamlets and as it is clear
from its name, detector with high spatial resolution is the base of this approach (e.g.
Medipix2 detector). The method has been applied for high energies (70 keV) [26] and
allows obtaining absorption and phasing images simultaneously from a single projection.
Although as the previous method Subpixel analysis cannot be applied to acquire small-

angle scattering signal.

1.2.3 Spatial harmonic frequency methods and their application
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1.2.3.1 Spatial Harmonic Imaging

The Spatial Harmonic Imaging (SHI) utilizes Takeda’s fringe pattern analysis and
was first introduced for single-shot imaging by Wen el al [20]. It is based on a Fourier
satellite approach analysis of a projected image. By this method a raw image, consisting of
the overlay of the grating pattern and the object, is converted using discrete Fourier
transformation (FT) into its spatial frequency spectrum in the Fourier domain. Fourier
transform of the raw image contains a primary peak at the center, which is not affected by
diffraction, and harmonic peaks corresponding to the periodicity of the gratings. The spatial
frequency content of the sample projection image is duplicated at each peak, which
provides a harmonic spectrum. If the harmonic spectra do not overlap, the inverse Fourier
transformation of a sub-region centered at a peak yields corresponding primary and
harmonic images. The ratio between the two is a scattering image (figure 7). Phase-
contrast image is obtained by mapping the shifts of first order harmonic relative to the
grating-only image. In the figure 7 one-dimensional case is shown, which is easily
extended for two-dimensional case where two Fourier spectra will be obtained in two

directions sharing zeroth order harmonic.
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Figure 7 — lllustration of spatial harmonic method for single-shot imaging in one-
dimensional case (for simplicity). The raw image is Fourier transformed into a spatial
frequency domain forming a spectrum. Harmonics of the spectrum are inverse Fourier
transformed separately to yield three contrast modalities via single image (adapted from
[20])

Spatial Harmonic method has been extended to obtain differential phase

information by using two-dimensional transmission gratings and successfully implemented
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at energy of 27 keV for medical imaging [6]. Example of images acquired with SHI for
medical imaging is shown in figure 8. Even though the resolution of phase and absorption
contrast images is limited by gratings density and camera pixel size [30], it has impressive
potential for acquiring specific spatial information from small-angle scattering contrast. This
fact deserves a special attention from the point of view of characterization at sub-um as

small-angle scattering signal originates from the variations of the electron density at the

nanoscale.

(a) _ (b)

Figure 8 — Single-shot SHI of mouse snout taken ex vivo a) absorption image, b) diffraction
image, c) differential phase-contrast image [30]

Following the development of spatial harmonic imaging, the diffraction effect was
quantified in terms of the sample’s material complex refractive index in a grating-before-
sample geometry with the first principle calculations. Scattering signal selectivity
associated with particle-size sensitivity was theoretically predicted and supported by
measurements at a synchrotron using microsphere suspension as a test sample. It was
proven that for specific auto-correlation lengths associated with scatterer size the
diffraction signal significantly increases. In addition to measurements at the synchrotron,
3D tomography measurements of iron-oxide nanoparticle suspension with particle sizes
varied from 100 to 200 nm and potassium iodide (KI) solution were performed at 30 keV
[31]. The measurements were conducted under setup arrangement providing auto-
correlation length of 160 nm, thus enabling sensitivity to the features of the same size.

To demonstrate selective diffraction imaging for a relevant application and to
differentiate between particles of different sizes, iron-oxide nanoparticles and potassium
iodide solution had been implemented into a bone structure of a chicken wing and
visualized using the abovementioned approach [32]. Selectivity in this case was performed
by placing two one-dimensional line gratings perpendicular to each other at fixed distances
A and B from the object (see figure 9 a) in order to record two images for different grating-
object distances (and different scattering lengths respectively) via a single exposure. The
absorption image (figure 9 b) was used as a reference to detect the presence of particles.
In the absorption image injected particles as well as surrounding tissue are clearly visible.

To perform selectivity the ratio between two diffraction images (figure 9 c) from both
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gratings was plotted, demonstrating scattering impact of iron oxide particles only as the
scattering length for the setup was 87 nm, which corresponds to the iron oxide particles

sizes.

a b c
Figure 9 — a) The double-grating setup for selective diffraction imaging b) absorption
image of a chicken wing injected with iron oxide particles (red oval) and potassium
iodide (black oval) c) double-grating diffraction image visualizing the presence of
particles with the sizes less than 87 nm [32]

1.2.3.2 Spatial frequency heterodyning imaging

Another interpretation of the SHI was formulated by the group of Rose-Petruck. In
the work of Wu et al [7] it was shown that the placement of the grating adjacent to the
object results in spatial heterodyning of the phase and absorption features of the object
that is a spatial analogue of the time domain heterodyning used in radio electronics.
Spatial frequency heterodyning imaging (SFHI) relies on the effect of a “local oscillator” in
the spatial frequency space of the X-ray image of an object. This local oscillator is
produced by imaging an object with a superposed transmission grating. Mathematical
cross-terms between the local oscillator's and object’s spatial frequencies result in image
contrast enhancement [8].

The procedure of spatial harmonic analysis consists of three consecutive steps
(figure 10): 1) Fourier Analysis — forward FT of the real grating-only and grating-object
images yielding the complex spatial frequency spectra; 2) Fourier synthesis — the inverse
FT of the selected (zeroth and first) components of the spatial frequency spectra yielding
the complex zero and first order components of the image; 3) Algebraic manipulation of
the individual complex components to obtain the desired contrast image (absorption,
phase and scattering contrasts). Using a two-dimensional grating 2D discrete FT can be
applied of the acquired images. The SFHI analysis then yields the pair of grating deflection
images and scattering images of the sample. The images express the amount of
deflection/scattering in the direction perpendicular to the grating’s lamellas. The

decomposition of the Fourier spectra of the image into 0™ and 15! order harmonics requires
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a band-limited image. The spectra overlap of the adjacent spectral components can be
averted by ensuring that the frequency of the grating’s intensity is at least twice the

maximal frequency component in the object image [29].
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Figure 10 — The fundamental processes of the discrete two-dimensional spatial harmonic
analysis [20], performed on the image of the grid with object h(x; y). A complementary
analysis of the image of the grid alone g(x; y) is not shown [29]

SFHI doesn’t have strong requirements on spatial coherency of the source, thus
common X-ray tube can be used. SFHI has been successfully implemented at X-ray
energies around 30-50 keV for imaging of hepatocellular carcinoma in a mouse model [9-
10] (figure 11).

Figure 11 — X- ray scatter images of mice 48 hours after receiving injections of saline (left),
50 nm Au-based nanoparticles (AuNPs) of different composition (middle and right). The
crossed wires mark the position of the liver, which should take up significant amounts of

AuNPs due to the phagocytic ability of macrophages in the liver [9]

Time-resolved studies were conducted to describe aqueous phase transitions
inside multi-walled carbon nanotubes (MWCNT) [11]. Evaporation and condensation of
water on MWCNT surfaces were studied as a function of time and temperature and
correlated to the shape of scatter profiles and contained water volume (figure 12).

The characterization technique itself was adapted for a new spectral range — soft
X-rays [8, 29]. In the figure 13 one can see images acquired with a dried cryo-microtome

slice of tendon with absorption, directional scattering and phase contrasts. In the work of
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Bruza [8] it was specifically underlined that using gratings of greater symmetry may

increase the efficiency of sampling of Fourier spectra.

o oeoo0
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Figure 12 — a) A one hour heating ramp to 320 °C and subsequent cooling period were
applied to the samples. F and AP stand for functionalized by oxidation and as-purchased
respectively; b) Demonstration of phase stated of MWCNT from empty CNT with circular
cross section (state 1) with contracted transitions partially filled with eater (state 2 and

state 3) to original cross section and complete filling with a planar menisci at both ends
(state 4)

Single-shot imaging is a prompt and robust visualization technique which has
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already been implemented for various applications. It has a potential for directional and
Size-sensitive scattering signal separation to perform selective imaging. For further
development and improvement of the resolution and image quality intended optical
elements such as diffraction gratings need to be manufactured providing with

homogeneous and efficient wavefront sampling.

Figure 13 — Soft X-ray SFHI of a dried cryo-microtome slice of tendon: a) absorbance
image b) SFH image of the directional scattering; c) and d) are the (1,0) and (0,1) orders of
the differential phase contrast images. Scale bar 100 um [8]

1.3 Requirements imposed on gratings by Single-Shot Imaging

As in the abovementioned methods information is retrieved from the overlapped
grating-object image, it is of great importance to insure high quality and efficient
performance, as it was emphasized in [8], that using gratings of greater symmetry may
increase the efficiency of sampling of Fourier spectra. Thus, higher degree of periodicity of

the grating structures can increase the quality of the final image, therefore it is necessary
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to remove or at least reduce to the minimum the amount irregularities in the grating
pattern, which can be falsely treated during data processing as the distortions introduced
by the object. It is also important to keep in mind that the resolution of the final image in
single-shot approach is defined by the period of the grating [6, 8], although to avoid
overlapping of the harmonics the camera pixel size should be less than the projected
grating period divided by 3 [6]. Thus the optimal grating period is an open question, which
corresponds to the available X-ray camera and X-ray source: the grating period should be
as small as possible to ensure sufficient final image resolution, but large enough to meet
the mentioned criterion.

To evaluate the quality of the gratings it is necessary to study the wavefront
sampling induced by the two-dimensional transmission gratings. Efficiency of wavefront
modulation of X-rays by diffraction grating is defined by:

- period of the gratings in two dimensions;

- height of absorbing structures;

- transmittance of the supporting substrate;

- homogeneity of the gratings structures in height distribution and periodicity.

These parameters should ensure clear modulation of the wavefront; ideally the
absorbing structures should absorb 100 % of incident X-ray radiation and the supporting
wafer (substrate) — 0 % of radiation meaning complete transparency. The grate pattern
should be regular within the whole grating area. Principle of wavefront sampling by two-

dimensional transmission grating is represented in figure 14.
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Figure 14 — Principle of wavefront sampling by two-dimensional transmission grating:
a) two-dimensional grating pattern, b) one dimensional intensity distribution in a certain
beam section after the grating: black line stands for highly efficient modulation, red for
intermediate efficiency and blue for a weak wavefront modulation

Two-dimensional grating is represented by the matrix/stencil with periodically
alternating opaque and transparent structures (figure 14 a). When X-ray radiation is
incident on the grating, part of it is transmitted by the low-absorbing substrate (attenuation

should be less than 5 %), while radiation incident on the gold structures array is almost

31



completely absorbed (90 % absorption and higher). Diffraction on the multiple apertures
occurs, but its effect is very weak due to short wavelengths of X-rays. All this effects
combined form multiple coherent point sources and wavefront is sampled to create a
pattern inverse to the grating. Intensity distribution in a certain beam section after the
grating is shown in the figure 14 b. The black line indicates the most efficient wavefront
modulation, as one can see it has sinusoidal distribution. In figure 14 b blue line represent
very weak one, which will result in low contrast of the final images during measurements.
Thus one can conclude that the amplitude and periodicity of the wavefront modulation (X-
ray beam intensity distribution) define the efficiency of the wavefront sampling by the
transmission grating.

Sufficient wave front modulation can also be expressed similarly to the visibility

characteristic used in TLI [13]:

WFM =% 2)

It+lop

where |t — intensity, transmitted by the transparent structure,

lop — intensity, transmitted by the opaque structure.

In theory, lop = 0 and I; = lo, where lo is the intensity of the X-rays incident upon the
grating, thus the WFM should always be equal to unity. Although in reality it is not always
the case as for a certain grating at lower energies highly transmitting structures can be
slightly absorbing and at higher energies the opaque material will transmit some radiation.

Different periodic structures were mainly used before for single-shot imaging
applications such as different commercially available metal meshes: Bucky grid (lead and
aluminum) for SHI [6], Nickel wire mesh [8, 9] and stainless steel mesh [11] for SFHI,
although there were examples where gold grating of 30 um electroplated on 100 um glass
substrate were utilized at the energy of 50 keV for subpixel resolution analysis of intensity
distribution [14]. Albeit gold absorbs X-rays much more efficiently than nickel and stainless
steel, the height of 30 uym only stops about 35 % of incident radiation, leading to WFM =
0.2. This may lead to the decreased contrast of the final images. To explore the
possibilities of the spatial frequency harmonic imaging and single-shot imaging approach
in general it is important to achieve highest wavefront modulation keeping high degree of

periodicity for the gratings in use.
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Chapter 2 Grating patterning technology

2.1 UV LIGA for X-ray grating fabrication

LIGA is a German acronym for Lithographie, Galvanoformung, Abformung
(Lithography, Electroplating, and Molding) that describes a fabrication technology used to
create high-aspect-ratio microstructures. There are two main LIGA-fabrication
technologies, X-Ray LIGA, which uses X-rays produced by a synchrotron to create high-
aspect ratio structures, and UV LIGA, a more accessible method which uses ultraviolet
light to create structures with relatively low aspect ratios when compared with X-ray
lithography.

Ultraviolet lithography (UV lithography, photolithography) is a patterning
technology that transfers a pattern from a mask to a photosensitive polymer (photoresist)
layer by using a standard lithographic process with the exposure of the photoresist by
ultraviolet radiation. Photolithography employs a UV light source, an optical system, a
mask, and a photoresist film coating the surface of a substrate into which a desired pattern
is to be transferred (figure 15). Photolithography is widely used in microelectronics for the
fabrication of transistors on a silicon substrate; however, this technology can also be used
as a tool for creating diffraction gratings for energies below 40 keV. In this case, the

required height of the final structures does not exceed 25 um [33].

Optical
Projection
System

UV Light

X\\Y
Photo Mask

L Photoresist
Substrate

Figure 15 — Scheme of photolithography setup, consisting of UV lamp, optical projection
system, photomask and a substrate with photoresist layer [34]

Lithography is a sequence of photochemical processes that creates on the surface
of the material a protective layer of the required configuration, thickness and resistance to
aggressive processes such as subsequent selective ion etching or metal electroforming

using cross-linked photoresist pattern. Optical lithography uses ultraviolet (UV) radiation
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with a wavelength of A = 310-450 nm to expose the photoresist: by light (photo) in a stone
(lithos) draw (grapho).

The lithography process uses a mask comprised of altering transparent and
opaque regions laid out to form a pattern. Typically the plate is either glass or quartz that
has been designed for transparency in the UV and contains an opaque patterned metal
film such as a typical 800 A thick chromium layer on the top surface. Photomasks can be
designed for either clear field or dark field patterning. A dark field mask has the desired
pattern contained in the transparent part of the mask whereas the clear field mask has the
pattern contained in the opaque part of the mask.

Using an optical projection system, mask pattern is illuminated onto a
photosensitive film called a photoresist. Depending on the optical projection system,
contact, soft-contact, and proximity alignments can be performed to produce a 1:1 image
in the photoresist layer:

a) contact aligner: photoresist is in intimate contact with the chrome-side of the
mask at the time of exposure. Mask image is 1:1, in theory is not limited by diffraction
(figure 16 a);

b) proximity aligner: photoresist is not in intimate contact with mask — separated
by a few microns. Mask image is 1:1. Usually is used in order not to prevent soiling the
mask surface, limited by near field (Fresnel) diffraction (figure 16 b);

c) projection aligner: photoresist is not in intimate contact with mask — mask
image is projected onto resist by lenses, limited by far field (Fraunhofer) diffraction.

Projection alignment requires a complex optic system in order to provide different
mask to the resist pattern ratios. This alignment mode is not relevant for grating
fabrication, since it provides with Gaussian light intensity profile shape (figure 16 c).
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Figure 16 — Lithography setup alignment modes suitable for grating fabrication: a)
contact alignment, b) proximity alignment, c) intensity profile for contact mode (green),
proximity mode (pink) and projection mode (blue). Based on Ref. 35
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When light strikes the photoresist, it undergoes a chemical change which in turn
changes the ability of the photoresist to be dissolved by various solvents. This allows
specific areas of the photoresist layer to be removed, which creates a pattern on the
substrate surface, which can be used as a stencil for consecutive metal electroforming.

Metal electroplating for transmission gratings is usually performed using gold as it
efficiently attenuates X-ray radiation. Electroplating bath represents an electrolytic cell
where a cathode represents a wafer with photoresist pattern to be plated. Gold is plated
upward from the metalized substrate into the voids left by the removed photoresist in the
electroplating bath environment.

Summarizing above-mentioned process details, the lithographic process of grating
fabrication can be divided into three main steps, each of which includes a series of
sequentially performed operations (figure 17).

Step 1. Formation of a continuous uniform layer of resist on the surface of the
substrate (usually performed by spin-coating):

a) preparation of the substrate surface (e.g. prebake, plasma etching,
application of adhesion promoter);
b) application of a photoresist layer (spin-coating);
C) drying of the resist (soft bake after spin-coating).
Step 2. Create a photoresist pattern structure (direct or inverse mask pattern):
a) exposure with UV light;
b) post exposure bake;
C) development of photoresist;

Step 3. Transfer of the photoresist pattern to the absorbing pattern (e.g. gold
structures):

d) etching of the photoresist layer to ensure clear gold pattern formation;
e) electrodeposition of gold;
f) removal of the resistive mask (optional).
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Figure 17 — UV LIGA process for grating fabrication
UV lithography is one of the most available and widely used microstructure
fabrication techniques for patterning of periodic structures. UV lithography can provide with
high quality structures, if the technological process is optimized for required structure size
considering that diffraction limits the patterning resolution. The main parameter to optimize

is the exposure surface energy, as radiation distribution is influenced by the diffraction.

2.2 Photoresist and its characterization

Photoresist typically consists of a mixture of organic polymers in a solvent
combined with photosensitive additives. Photoresist is designed to change solubility due to
exposure to UV light. The exposed area becomes either more soluble (positive
photoresist) or less soluble (negative photoresist) upon exposure. The difference between
these two main types of photoresist chemistries (positive and negative photoresist) is not
only the pattern itself, but also the edge profile resulting from absorption of UV light during
exposure, which is illustrated in a figure 18. Due to absorption affects, the top surface of
the photoresist receives a larger exposure dose than the bottom surface. This results in a
slightly larger exposed area at the top surface as compared to the bottom surface. This
means that more material will be dissolved away more either at the top or at the bottom.
For a positive photoresist, such an exposure profile versus depth results in an “overcut”

sidewall profile (a sidewall angle less than 90 °), while for a negative photoresist, such an
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exposure profile versus depth results in an “undercut” sidewall profile (a sidewall angle
greater than 90 °).
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Figure 18 — Edge profile of photoresist layer resulting from absorption of light during
exposure [36]

Modern demands on microfabrication lithography processing are increasing, thus
pushing the technology forward smaller structures of higher aspect ratio. In order to meet
increasing needs greater attention must be paid to each component and step of
microfabrication to ensure top performance of the manufactured components. The most
important component in pattern forming is photoresin/photoresist polymer, which is used to
create an intended design. Properties of the pattern directly depend on photoresist
performance during and after exposure, such as mechanical stability, homogeneity and
uniformity of the pattern (height and periodicity). Different characterization methods are
used to estimate photoresist behavior and optimize processing parameters such as
exposure energy and development time according to the acquired information. One of the
standard methods to evaluate sensitivity and contrast of the photoresist in use as well as
optimal exposure energy is contrast (sensitivity) curve (figure 19).

The contrast curve plotting and contrast evaluation was carried out as noted in

[13] and based on the assumption that the photoresist response is a function only of the

y=(lg%j , 3)

where D1 — exposure energy for 10 % photoresist remaining, mJ/cm?;

exposed energy [15]:

D2 — exposure energy for 90 % photoresist remaining, mJ/cm?Z.
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For precise parameter estimation generalized logistic function was used [13] to fit
experimental data
K—-A

Y(t)=A+ T.
(1+Qe—B(t—M));

(4)
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Figure 19 — Ideal contrast curves for positive (green) negative (red) photoresist to define
sensitivity and optimal exposure energy (dose) for photoresist

The contrast curve allows determining several important parameters for
photoresist processing: photoresist sensitivity and optimal exposure energy value.
Sensitivity is characterized by the slope of the curve and the optimal exposure energy can
be estimated from the complete crosslink plateau. As in case of UV lithography exposure
is characterized not by dose, but by surface exposure energy, it is important to take into
account absorption loss in intensity during penetration of radiation into photoresist layer.
Thus, for different thicknesses different values of exposure energy will ensure complete
cross-link.

To obtain contrast curve an intended set of samples is required. The processing of
samples is similar to standard UV LIGA process, excluding electroplating part and adding
height measurement after resist development. The scheme of the process is shown in
figure 20. First step is a wafer surface pretreat by spraying hexamethyldisilazane (HDMS)
with simultaneous heating. Following step is photoresist spin-coating with a consequent
soft bake at hot plate. Note that for better understanding of resist sensitivity for UV
lithography it is necessary to study several thicknesses. Thereafter soft bake the uniformity
and homogeneity of spin-coated resist should be controlled by thickness measurements in
different point of the wafer.

Exposure with UV light should be carried out after soft bake, although sometimes
relaxation period for the wafers is required to ensure drying of the resist. To ensure precise

dose value and uniformity of intensity distribution within exposure region preliminary
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measurement of intensity values in different points should be performed. Exposure for
contrast curve is performed using a double mask: first mask is a mask with test structures
of different size and the second is an opaque mask with a slit to split in order to provide
with several regions exposed with different exposure energy threshold. Exposure energy is
usually varied by increasing/decreasing exposure time as the UV source has known
intensity. After exposing a single region using test mask and slit mask, the latter is rotated
to exposure next sector of the wafer with increased energy value. Energy region should be
estimated in order to obtain underexposure with no sufficient cross-link for structure to
remain on the wafer for the first sectors and to reach complete cross-link plateau for the
last regions. It is desired to capture transition region and obtain the maximum possible
amount of points for this part of the contrast curve (maximum amount of different
remaining thicknesses values). After post exposure bake (PEB) and consecutive
development the final measurements of remaining thickness should be performed with

profilometer device or other techniques available.

Hexamethyldisilazane (HMDS)
| Surface pretreat | [(CH3)3Sil,NH

Pre bake @ 150 °C Control the photoresist / 3 \
layer uniformity with l:" 2 s )
| Spin-coating | Negative photoresist optical microscope \ /
mr-X 10 N1 S
] 95°C/10 min
| Soft bake |
Slit mask
| Exposure | UV (A=365nm)
1
| Post exposure bake | 70-90°C/ 4h
[Zad
| Development | PGMEA+ g —_
I Isopropanol rinsing
- “Fi ttern” test mask
| Drying after development | 30°C/~2h - Inger pattern™ tést mas

Mesurement of the profilometer

profile (height)

Figure 20 — Scheme of processing sequence to obtain contrast curve
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Chapter 3 Results and discussion

3.1 Sensitivity Curve for negative epoxy-based photoresist

A set of samples was prepared to carry out contrast curve procedure. Silicon
wafers with the thickness of 500 um were sputtered with a thin (few nm) layer of HDMS
during substrate pretreat with heating up to 150 °C for 30 minutes to increase the adhesion
of the photoresist to the wafer. Using different regimes to achieve different layer thickness
the epoxy-based negative mr-X 10 photoresist (MicroChem) was spin-coated on the
wafers. The photoresist consists of a photoacid generator and acid-labile groups. Spin-

coating parameters are listed in the table 1.

Table 1 — Spin-coating parameters for Contrast Curve samples (mr-X 10 photoresist)

Resist layer Spin Coating parameters (time // spin speed // acceleration)
thickness

5 um 60 sec // 5000 rpm // 1500 rpm/sec.

10 ym 60 sec // 2000 rpm // 1500 rpm/sec.

15 um 1) 30 sec // 500 rpm // 500 rpm/sec; 2) 60 sec // O rpm // 1500
rpm/sec;
3) 60 sec // 1200 rpm // 1500 rpm/sec.

20 uym 1) 30 sec // 500 rpm // 500 rpm/sec; 2) 60 sec // Orpm // 1500
rpm/sec;
3) 60 sec // 850 rpm // 1500 rpm/sec.

The soft bake was performed using hot plates at temperature of 95 °C for 10
minutes. Exposure was carried out with mercury UV lamp LH5. The stability and
distribution of the total incident radiation power was controlled by Karl Suss UV intensity
meter model 1000. The intensity value was 15 mW/cm? with 1 mW/cm? deviation from the
center to the edge of FoV, the measurements were performed for i-line of the mercury
spectrum (A = 365 nm). The exposure was done using a double mask geometry described
in Chapter 2 Section 2.2. The lower mask was a Cr-Quartz mask with alternating dark and
light tone regions with pattern of structure sizes from 2 up to 60 ym. The wafer area was
divided into 15 sectors exposed with different surface energy value using a constant
energy step, thus the surface energy was tuned within a determined range by changing
the exposure time. Exposure was carried out using hard contact alignment: the wafer and
the mask were placed in the vacuum chamber to ensure elimination of diffraction effects.

The exposed samples were subjected to post exposure bake in the oven for 4
hours with temperature changing from 70 up to 90 °C. A wet development of the exposed

resist layers was carried out in three steps: first for 10 minutes in propylene glycol
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monomethyl ether acetate (PGMEA) in order to dissolve unexposed area of mr-X 10
photoresist layer, then in the fresh PGMEA for the same time and the samples were rinsed
in the isopropanol alcohol. After development, the samples were air dried in an oven at 30
°C. For all development-rinsing-drying steps the samples were placed on a special holder
with the resist layer upside down to prevent structure damage due to the contact with
equipment in use. After drying, the height of the formed micropattern was measured with a
long scan profiler Tencor P-2 with an accuracy of 25 A,

The results of the contrast curve measurements for the first measured contrast
curve are shown in figure 21 d. Valuable information which can be obtained from the
contrast or sensitivity curves, for a given patterning resist material, is the optimal surface
exposure energy. Here by optimal exposure energy we mean the value of surface energy,
which is sufficient to obtain a full cross-link of the photoresist and defect-free pattern.
Optimal dose values were estimated from the contrast curve samples, taking into account
the remained thickness as well as the pattern quality evaluated with optical microscope

(figure 21 a-c).
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Figure 21 — Patterns obtained for optimal exposure energy section with contrast curve
samples for mr-X 10 thickness a) 5 ym (~110 mJ/cm?), b) 10 ym (~130 mJ/cm?), ¢) 20 uym
(=180 mJ/cm?); d) contrast curve for mr-X 10 for four thicknesses: 5 ym (black), 10 um
(red), 15 um (blue), 20 uym (green). Development time for all wafers was 10 minutes
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After characterization of the curve behavior it was noted that the contrast for
samples with photoresist thicknesses higher than 5 ym is significantly lower, although only
shift in the position of the curves was expected due to UV light absorption of the layer. It
was suggested that the development time was not adjusted for thicker layers of photoresist
and thin residual layer of unexposed resist remained on the surface for the samples with
resist thicknesses 10 ym, 15 ym and 20 um. As a profilometer measures the relative
height as a distance from the lowest point of the pattern profile to the highest, the
remaining layer provoked acquisition of false values for cross-linked resist height.

To check the theory it was decided to perform a second measurement where
longer development times were employed in order to achieve complete dissolution of
unexposed photoresist. The first test approach was to estimate the adjusted development
time with modification derived from the ratio between the start surface exposure energies,
considering that development time for 5um photoresist thickness is optimal (10 minutes).
By optimal development time here we mean a period of time sufficient to completely
dissolve the unexposed photoresist areas in PGMEA. Therefore, according to the
suggested theory, adjusted development time for a resist layer of a certain thickness can

be estimated as

Estart

D __¢+D  thickn.

tthickn. _t5pm Estart ’ (5)
5pum

where tPs;m — development time for 5 pym resist thickness (10 minutes);
Ewickns@t — start surface exposure energy, mJ/cm?;
EsumSat - start surface exposure energy for 5 um resist thickness, mJ/cm?2.
Adjusted development times for Contrast Curve samples are listed in Table 2.
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Figure 22 — Contrast curve for mr-X 10 for four thicknesses: 5 ym (black), 10 ym (red), 15
pm (blue), 20 um (green). The development time was adjusted according to equation 5 for
photoresist layers thicker than 5 pm
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Contrast curves obtained for samples with adjusted development time are plotted
in figure 22. As one can see the contrast has significantly increased in comparison with
first measurements. One can notice that the contrast curves are shifted forward to higher
surface energies, because the exposure energy is not a volumetric characteristic, thus
contrast curves are dependent on the resist thickness. Actually the contrast value itself
would be thickness-dependent, as for a negative photoresist profile the “undercut” is
typical, meaning that more material will be dissolved away at the bottom. If the difference
between the top and the bottom energy is quite big, which is the case for higher structures,
the bottom energy will not provide sufficient cross-link for structures to stay attached to the
wafer, and thus they will be washed away during the development and rinsing. As an
increased stress is applied to the bottom while its mechanical stability provided by cross-
linking is decreased the structures will be either washed away or completely cross-linked,
meaning the height close to the initial photoresist thickness. This will result in an increased
contrast as the contrast curve will be approaching a step function shape. Thus, for thicker
negative photoresist layers the contrast value obtained with UV lithography should be
higher, than for thinner ones. Although as it can be noted in the figure 22, the 15 uym
contrast curve is out of this dependency, which might indicate that further optimization of
the development time is required. As the dissolution time should depend not only on the
energy of exposure, but also on the area of the photoresist, meaning photoresist thickness
in our case as the mask pattern in use was the same. The impact of absorption of the layer
should also be taken into account, as it is not the exposure dose incident on the resist
which causes a change in the development rate, but the dose which actually makes it into
the resist that matters [37].
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Figure 23 — UV/vis absorption of unexposed, exposed and post exposure baked mr-X [38]
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As it was noted, the optimal energies estimated from the contrast curves and
images of micropatterns are the values of surface (top) energies, while bottom energies
should be calculated taking into account that part of the UV light intensity was absorbed by
the photoresist layer. To estimate the bottom exposure energy values absorption
coefficient information was used reported in [38]. From the figure 23, absorption coefficient
for mr-X series negative photoresist is 0.005 um. If the surface intensity of the UV
radiation is Jo and the intensity on the bottom is J, then bottom exposure energy can be
derived as

E =J-t=(J,-AJ)-t=J,-t-(1-L-p), (6)
where AJ — intensity loss due to absorption;

bottom

t — exposure time, seconds;

L — photoresist thickness, um;

U - absorption coefficient of mr-X photoresist, um.

The bottom exposure energy here is calculated taking into account only the
absorption phenomena, while for thicker layers the scattering phenomena arise decreasing
UV intensity in a certain point on the wafer surface, but we consider these effects
negligible as relatively small thicknesses were studied using vacuum contact alignment.

Therefore, the adjusted development time can be as well estimated as

L
D D Aum
1:L = t5um ' Eopt.bottom ’ (7)
L A opt.bottom
Sum

where E_°prtbottom _ gptimal bottom exposure energy for a layer of thickness L, mJ/cm?;

E sumPPtotiom - gptimal bottom exposure energy for 5 um resist thickness, mJ/cmz2.
The equation 7 provides with longer development times for intermediate photoresist
thicknesses of 10 um and 15 um. All processing parameters obtained for the contrast

curve are listed in the table 2.

Table 2 — Exposure (optimal surface and bottom energies) and calculated development
parameters for contrast curve samples

Resist layer | Optimal surface | Bottom exposure Adjusted Adjusted
thickness, exposure energy at optimal | development time | development
Mm energy, surface energy, (Eq. 4), time (EqQ. 6),
mJ/cm? mJ/cm? min min
5 110 107 10 10
10 120 114 13 19
15 150 140 15 23
20 180 162 23 26
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3.2 Two-dimensional gratings patterning with UV LIGA

3.2.1 Substrate preparation and photoresist spin-coating

UV LIGA for manufacturing of 2D gratings was carried out using the process chain
similar to the contrast curve samples preparation, but with several application-related
changes. The main overview of the process is shown in the figure 24.

Low-absorbing substrate wafers were used for grating fabrication in order to
ensure the maximum transmission of the radiation, i.e. to achieve the maximum wavefront
modulation. In our case the substrates were 200 um Silicon wafers with few nanometers
of Ti and TiOxto create a conductive contact layer for the concluding electroplating. There
were two sample sets: first consisted of 6 wafers and the second of 2 wafers.

In order to prevent a presence of particles and inclusions in the photoresist and to
improve its adhesion to the wafer, intended substrate preparation should be performed to
guarantee that it is free of impurities and moisture. Oxygen plasma cleaning was
employed with subsequent baking at 120 °C and cooling down to room temperature
immediately before coating.

Highly transmitting wafer Photoresist

e
Final structures Electroplating with gold Wet development
Figure 24 — Fabrication process steps of UV LIGA

Spin-coating of TI PRIME adhesion promoter was performed according to the
recommendations from technical data sheet [38]. TI PRIME forms a physically bonded
sub-monolayer of the active compound after solvent evaporation. Subsequent baking step
of the primed substrate at 120 °C chemically activated the adhesion promoter thus forming
the desired hydrophobic surface allowing subsequent resist coating with improved wetting
and adhesion between TiOx and photoresist. Immediately after the primed substrate
baking spin-coating of negative mr-X 10 photoresist was performed to achieve 10 ym, 20

pm, 30 um and 40 um thicknesses using the parameters listed in the table 3. A soft bake
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to remove the solvent content from the sample was carried out at 95 °C on the hot plates

for time periods from 10 to 20 minutes depending on the photoresist layer thickness.

Table 3 — Spin-coating parameters for 2D gratings (mr-X 10 photoresist)

Photoresist layer Spin Coating parameters (time // spin speed // acceleration)
thickness

10 ym 60 sec // 2000 rpm // 1500 rpm/sec.

20 um 1) 30 sec // 500 rpm // 500 rpm/sec; 2) 60 sec // Orpm // 1500
rpm/sec;
3) 60 sec // 850 rpm // 1500 rpm/sec.

30 um 1) 30 sec // 500 rpm // 500 rpm/sec; 2) 60 sec // O rpm // 1500
rpm/sec;
60 sec // 500 rpm // 1500 rpm/sec.

40 um 30 sec // 700 rpm // 1300 rpm/sec.

3.2.2 Photoresist pattern formation

The exposure of photoresist layers was performed using EVG mask aligner with
2.85 mW/cm? radiation intensity (0.15 mW/cm? deviation) using the filter for wavelengths
shorter than 365 nm. The photomask for exposure (figure 25) was a 5 inch Cr-Quartz
mask purchased from Compugraphics (Jena, Germany). It was covered with thin layer of
Teflon in order to protect the mask. The exposure was carried out with soft contact mode
(no vacuum) in order to reduce diffraction effects but also to prevent sticking the
photoresist layer to the mask. Theoretically optimal exposure energy depends on
photoresist thickness, solvent, UV sensitivity, absorption on the exposure spectrum, power
and coherence of UV lamp, but it can be empirically estimated using the contrast curve
method. The exposure surface energies were estimated by comparison of the data
obtained for contrast curve samples (Section 3.1. of this Chapter) exposed with higher

intensity (LH5 lamp) and laboratory investigations results from other students (EVG mask

aligner).
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Figure 25 — Cr-Quartz mask used for exposure with UV lamp: a) schematic layout, b)
picture of the mask
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The exposed samples were subjected to PEB in the oven for 4 hours within
temperature range from 70 up to 90 °C. Wet chemical development of the exposed resist
layers was carried out in three steps: first in recycled propylene glycol monomethyl ether
acetate (PGMEA) in order to dissolve unexposed area of mr-X 10 photoresist layer, then in
the fresh PGMEA for the same time and then the samples were rinsed in the isopropanol
alcohol. Development times were adjusted according to Section 3.1. During the
development, the photoresist pattern was formed due to etching of unexposed regions.
After development samples were air-dried in the convection oven at 30 °C. The optical
microscope image of the pattern obtained with the steps described above is shown in the
figure 26. Sharp definition of the structures and high degree of periodicity was observed for
all periods for photoresist thickness up to 25 uym (figure 26 a). Although, for photoresist
thickness of 30 um and thicker structures with period of 10 uym undergo undesirable

crosslink caused by diffraction limit of photolithography (figure 26 b).
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Figure 26 — Optical microscope images of the photoresist pattern observed after
development: a) grating period 25 ym, photoresist thickness 25 um; b) grating period
10um, photoresist thickness 30 pm

Thorough optical microscope examination of photoresist pattern of 10 um period
was conducted to evaluate uniformity of the diffraction effects. The grating area was
divided into 9 region imaged separately (figure 27). It was noticed that the degree of
undesired cross-linked varied dramatically for those regions: the regions 1, 4 and 7, which
were closer to the center of the wafer and consequently closer to the center of intensity
distribution, underwent more active cross-linking reaction affecting the areas covered by
opaque Cr regions during exposure. The same behavior was shown by the other wafer
from the same sample set and processed with exactly the same parameters. This implies
that cross-linking process strongly depends not only on the exposure energy, but also on
the intensity of the radiation.
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Figure 27 Optical microscope images (1-9) of respective regions of the grating area.
Considering the wafer layout one can notice, that regions 1, 4 and 7 were the closest to
the center of the wafer

3.2.3 Gold electroforming

Reactive ion etching (RIE) is an optional step applied in case of fabrication of high
aspect ratio structures and aimed to clear the resist pattern in the bottom part of the
grating. It is of great importance for grating fabrication to insure that there is no residual
photoresist layer left and there is an access to the conductive wafer surface to be
electroplated with gold or other desired metal. In case of the structures manufactured in
this thesis the first attempt was to ignore this step as the aspect ratio did not exceed 3.
Although due to the complexity of the grating pattern results of first electroplating have
shown a lot of cells which were plated with gold partially or were not plated at all. Based on
the experience, the other sample from the set with the same parameters was subjected to
RIE prior to the electroplating step. Etching was performed with oxygen plasma for 5

minutes at 120W/10mTor. The improvement of gold pattern is shown in figure 28.

Figure 28 — Optical microscope images of electroplated gratings without (a) and with (b)
prior RIE procedure
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Electroplating current, voltage and duration time are defined by the amount of gold
that should be plated on the wafer. This value is determined by the height of designed
structures, which is usually 75-80% of photoresist layer thickness, and the area that should
be electroplating. The electroplating area for the purchased mask was calculated manually
based on the layout. The values for each region as well as total electroplating area are
listed in the table 4. Considering the mask layout (figure 25), edge framing with
polymethylmethacrylate (PMMA) to prevent electroplating of the wafer edges, where there

was no photoresist coverage.

Table 4 — Electroplating area of the purchased mask

Region name Hole shape Period, ym Electroplating area,
mm?
Region 1 square 50 25.000
Region 2 square 25 25.000
Region 3 square 10 25.000
Region 4 round 50 19.635
Total area | 94.635

Gold electroforming was performed in the electroplating bath at the temperature of
55 °C. Current and start voltage were adjusted depending on electroplating area and
intended gold height. After electroplating for the gratings with 40 um photoresist layer
thickness consequent photoresist stripping with oxygen plasma was performed. Scanning
electron microscopy (SEM) images of the gratings with stripped (figure 29 a) and
unstripped (figure. 29 b) photoresist are showing the final views of manufactured gratings

of 50 um period.

Figure 29 — SEM images of the gratings with stripped (a) and unstripped (b) photoresist for
50 um period structures
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3.3 Gratings quality evaluation

3.3.1 Scanning electron microscopy

Grating quality evaluation was first performed with optical and scanning electron
microscopes to estimate uniformity of the grating pattern, sharpness of structures edges,
sidewalls geometry and to characterize it quantitatively by measuring period of the grating
and height of the gold structures. For the gratings with gold height from 5 to 15 pm
structures with period down to 10 ym is available, although the shape of the structures is
affected by diffraction in the corners of the square pillars. For gold structures higher than
20 pm electroplating of region with period 10 um was not possible due to excessive cross-
linking of the photoresist and significant distortion of the initial pattern. Overall grating
parameters with a brief comment on their quality are listed in the Table 5.

Table 5 — Characteristics of two-dimensional gratings of different thickness and period

Wafer | Average Average | Available | Quality and comments
number | photoresist | gold periods,
height, um | height, Mm
Mm
1458-2 | 9 5 none Low
1457-2 10, 25, Excellent for 25 and 50 ym; 10 uym is plated,
50 but the shape is distorted by diffraction
effects.
1459-2 | 20 14 10, 25, Structures are very well defined and sharp
50 edges for 25 and 50 ym, 10 um is plated, but
partially detached and over cross-linked.
1460-2 15 10, 25, Good quality, nevertheless worse than 1259-
50 2 for 25 and 50 pm; gold agglomerates
above the structures; 10 uym is plated but
over cross-linked
1461-2 | 32 30* 25, 50 Over-plated but uniform 25 and 50 ym; 10
Mm is not plated.
1462-2 24 Slightly influenced by diffraction by
sufficiently sharp edges for 25 and 50 ym; 10
Mm is not plated
1488-2 | 40 28 25, 50 Slight changes of duty cycle for 50 pm,
1489-2 stronger for 25 pm; corners of square
structures are affected by diffraction:
deviation of period +0.1 uym; deviation of size
from bottom to top +1.0 um (for square p =
50 ym), £1.25 (for square p = 25 ym), £0.8
pum (for round p = 50 um).

In the figure 30 SEM images of the 50 um period square gratings on the wafers
number 1459-2 (a) and 1460-2 (b) are shown. These samples were processed with the

same parameters and at the same time in order to have a reference between them and
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also to have a substitution in case of wafer damage. Although processing of the wafers
was performed exactly the same, photoresist performance was slightly different. One can
notice that the sample 1459-2 showed much higher quality; the structures are very well-
defined, the edges are smooth and there is only a minor diffraction effect observed in the
corners of the square cell finned with gold. Although the sample 1460-2 exhibits wave-like
shape of the photoresist mesh border (figure 31 a-b). The photoresist formation in the
border looks like it was caused by interference occurred during exposure, which means
that the source has a partially coherent radiation. The influence of these effects is
increasing for smaller structures and thicker photoresist layers (figure 32 a-b). It causes a
significant shape distortion, and for 32 ym photoresist layer thickness it led to the situation

when electroplating for those structures was not possible (figure. 32 b).

Figure 30 — SEM images of a single gold structure of 50 um period for square gratings
on the wafers a) 1459-2 and b) 1460-2 respectively processed with the same parameters

a S b
Figure 31 — SEM images of the corner of the photoresist mesh of 50 ym period for
square gratings on the wafers a) 1459-2 and b) 1460-2 respectively processed with the
same parameters
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Figure 32 — SEM images illustrating shape distortion due to diffraction effects in
photoresist layer of a) 20 um (wafer 1460-2) and b) 32 um (wafer 1462-2) thickness

Another example of the grating of 25 ym period and 28 pm gold height with
stripped photoresist is shown in the figure 33. One can see that grating pattern is clear and
uniform, no structures are collapsed or detached (figure 33 a). Each pillar of the grating is
wider in the bottom and smaller on the top, which is due to utilization of a negative
photoresist in the photolithography process. This means that period of the grating on top
and in the bottom is slightly different from intended (average period is P = 25.1 £ 0.2 pym).
Although the duty cycle of the pattern was affected strongly than the period. Analysis of
SEM images has shown that for the top of the grating duty cycle is 0.472 and for the
bottom 0.576. Thus the period variation is less than 1 % and the average duty cycle is DC
= 0.0524 + 0.052. It is important to note, that analyzed grating is with the highest aspect
ratio among fabricated gratings with sufficient quality, which mean these distortions are
much less for other gratings. From the application side such a distorted shape of the
structures might slightly decrease the efficiency of wavefront modulation, but on the other
hand it provides structures with additional mechanical stability.

As it was mentioned before, different shapes of the structures were tested to
compare their final quality. The two-dimensional X-ray gratings of the 50 ym period and
28 ym gold heights are presented in the figure 34. As one can see in the figure 34 a-b
grating patterns of both shapes are clear and uniform, structures are well-defined and
exhibit high degree of periodicity. Single pillars of square and round shape shown in the
figure 34 c-d both obtain wider foundation and narrower top, but here the deviation is
smaller than shown in the figure 33 b. For square pillar top duty cycle is 0.494 and the
bottom — 0.534, which means that the average DC = 0.5140 * 0.020. For the round pillar
top duty cycle is 0.498 and for the bottom — 0.530, which means that the average DC =
0.5140 + 0.016. No period variation within accuracy of the measurement was detected.

This means that the variation of the top and bottom sizes of the pillars is different for
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square and round shapes, but average duty cycle is the same. Although for the structures
of smaller period one can profit from decreased influence of diffraction in patterning of

round structures instead of square ones.

M N o . X K E R R

a
Figure 33 — SEM images of two-dimensional X-ray grating of 25 ym period and 28 ym gold
height: a) overview of the pattern, b) single structure

Figure 34 — SEM images of two-dimensional X-ray gratings of the 50 ym period and 28 pm
gold height: a) and b) are overviews of the square and round shapes respectively, c¢) and
d) are single square and round pillars
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3.3.2 Grating quality evaluation algorithm

To test the gratings and establish an algorithm to estimate their quality and
performance, radiography measurements were conducted using the TopoTomo beamline
at the ANKA synchrotron radiation facility of the KIT. The main idea of the Grating quality
evaluation algorithm for testing it within radiography setup is in comparing intensity
distribution obtained on the detector plane with simulated intensity map from ideal grating.
By transforming simulated ideal grating one can estimate quantitatively the wavefront
modulation and characterize structural changes in the real grating. Ideal grating is
represented by two-dimensional array with dimensions based on the digital image
obtained from the real data (figure 35 a-c). Then the array is filled with a constant value
and intensity distribution histogram (i.e. the number of counts associated with a certain
intensity value) can be obtained which is a discrete spectrum consisting of two peaks at

absorption signals for the wafer (in ideal case at zero) and the gold structures (figure 35 c).

Simulated 2D g

Simulated 2D grating, pitch 50um g, pitch 25um

1000 |8

1500 [S8

2000

500 1000 1500 2000 2500

a b
simulated pure pattern
T T T

4500000
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Il 25pm, sgquare
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4000000 — =

3500000 —

3000000 —

2500000 .

entries

2000000 —

1500000 .

1000000 —

500000 B

o I I I I I I
—200 -100 0 100 200 300 400 500 60!

absorption signal [a.u.]

D
Figure 35 — Simulated data arrays — ideal gratings with periods a) 50 um, b) 25 pm, c)
10pum and d) their intensity distribution histogram
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Figure 36 — Simulations for ideal gratings: a) flat-field image without the wafer with added
blurring of the distribution due to the camera noise Gaussian detector noise, b) estimated
camera noise with wafer absorption considered and c) intensity distribution histogram
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Figure 37 — Simulated tilted data arrays — blurred by background and tilted at -0.6 °with
respect to y-axis ideal gratings with periods a) 50 um, b) 25 pym, ¢) 10 um and d) their
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When the arrays and associated intensity distribution histograms are obtained, it is
necessary to approximate real grating by adding background function. This can be done
by introducing random fluctuations around central value as camera noise — Gaussian
distribution (figure 36 a). As the grating is supported by the substrate, it introduces a
certain absorption, which decreases signal to noise ratio. Thus, the camera noise was
further estimated taking into account the absorption of the 200 ym thick silicon wafer
(figure 36 b).

However in reality not only the presence of camera noise distorts the intensity
distribution, but also the fact that the grating might be tilted with respect to y-axis (figure 37
a-c) which leads to significant blurring of distribution especially for smaller periods such as
10 ym (figure 37 d). One can see that for the simulated grating with 10 um period intensity
distribution is not discrete anymore and peaks associated with absorption of the wafer and
the structures are merged and not clearly distinguished, which is due to the presence of
entries of intermediate intensity value. This means that such a rotation angle is critical for
10 ym period and thus one should pay a special attention to the alignment while using the
gratings of smaller periods. All the simulations were performed using high-level

programming language Python with the support of scientific supervisor.
3.3.3 Testing of developed algorithm within radiography setup

Testing of the developed algorithm was performed using radiographic data
obtained at TopoTomo beamline of ANKA synchrotron facility (Karlsruhe, Germany). We
express our gratitude to beamline scientist Tomy dos Santos Rolo for supporting the
measurement. Parameters of the setup arrangements are listed in table 6.

Table 6 — Setup parameters used for grating testing at TopoTomo beamline of ANKA
synchrotron facility

Setup component | Parameters Comment
Source E=8.5 keV AE/E=0.01 TopoTomo beamline
A=1.4586 Angstrom ANKA
NA=0.28, Magnification = 10x, 180mm , : .
Optical system Tube lens, Effective Magnitude 9x, Mlt_uto_yo LWD bright field
. . . objective
Effective pixel size 0.72 um
Detector pixel size 720nm Camera Andor Neo
Detector FoV = 2560 x 2140 pixels sCMOS

6.5um pixel pitch

Distances: source-grating = 32 m,

Arrangement grating-detector ~8 cm

Au pillars height = 15 pym, substrate

(TiOx on Si) thickness = 200 ym 1460-2 wafer number

Grating

Radiographic images were obtained with only the gratings on the beam path. All

four gratings which were manufactured on the wafer number 1460-2 were imaged. The
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fragments of the images are shown in the figures 38 a-c. Flat-field images were obtained
as well for each grating to correct histograms due to beam shape (figure 38 e) and
estimate camera noise (figure 38 f). Utilizing all the data, histograms of intensity
distributions for each square grating were plotted applying 3x3 median filters for pixel-
noise removal to study the influence of the grating period on intensity distribution. From
radiographic data (figure 38 a-c) and its analysis (figure 38 e-g) it follows that intensity
distribution peaks for gratings of periods 50 ym and 25 pym are clearly separated, which
means they can be successfully introduced in X-ray radiography setup to perform single-
shot imaging as they provide with sufficient wavefront modulation. Although for the grating
of period 10 um WFM is not evident, this can be caused by several factors strongly
appearing for smaller periods such as:

a) inhomogeneity of the gold structures height;

b) edge profile of fabricated structures: sloping sidewalls of the gold structures due

to diffraction limit of photolithography;

¢) misalignment due to rotation of the grating with respect to y-axis.

Possible solutions of this problem might be application of more sensitive to UV

light photoresist or utilization of radiation with shorter wavelengths (deep UV or deep X-ray

lithography).
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Figure 38 — Fragments of the radiographic images obtained for a) 50 um period square
structures, b) 50 um period round structures, c) 25 ym period square structures and d) 10
Mm square structures. Data obtain in experiment at TopoTomo beamline from flat-field
image: e) background function, f) estimated camera noise and g) histograms of intensity
distribution for each square grating with 3x3 median filter to remove pixel-noise
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Conclusions and Outlook

In this work short overview of single-shot imaging techniques with emphasis on
Fourier analysis based spatial harmonic imaging was made with a brief comparison of their
advantages and disadvantages. Based on the comparative literature review requirements
imposed on the grating structures were formulated.

Technological process was developed for two-dimensional grating manufacturing
using photolithography and electroforming in order to meet the requirements imposed by
the spatial harmonic imaging method. Two-dimensional gratings of high quality were
manufactured with different periods and gold structure height ensuring efficient WFM for
different energies up to 28 keV. Gratings quality was assessed with SEM and in the
radiography setup using self-developed algorithm based on histograms of intensity
distribution. It was shown that positioning of the grating becomes crucial for 10 ym grating
periods, while the gratings of 25 and 50 ym periods are quite tolerant to small rotation of
the grating with respect to the y-axis.

It is out intension to continue improving gratings quality towards higher aspect
ratios in order to make available singe-shot imaging at higher energies with sufficient two-
dimensional wavefront modulation provided by the gratings. Further work can be
connected with photoresist optimization in order to tune its sensitivity and overall
performance as well as with adaptation of the technological fabrication process for shorter
wavelengths, e.g. deep X-ray lithography.

Future work will be focused on implementation of developed gratings in X-ray
imaging setups to respond to various medical and materials science related applications. It
is planned to improve the contrast due to utilization of high quality optical components and
to investigate the capabilities of spatial harmonic single-shot imaging with inherent particle-

size sensitivity of scattering signal.
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FnaBa 4 ®MHaAHCOBbLIN MEHEPKMEHT, pecypco3dpheKTUBHOCTb U
pecypcocbepexeHue

4.1 NMpeAnpoeKTHbIN aHanNn3

4.1.1 NMoTeHuManbHble NOTPe6uTeNnu pe3ynbLTaToOB UCCNeAO0BaHUA

MpoAyKT: ABYMEPHblE  pPEHTreHoBckMe  AudpakuMOHHble  pelueTku  Ans
peHreHopaanorpadnyecKkmx nccrnenoBaHnst pasnuyHbIx cnabonornowarwmx 06 bEKTOB.

LleneBor DbIHOK: KOMMaHWM WM Hay4Hble LEeHTpbl, pa3pabaTbiBatoine MeToabl

MOHUTOPUHra crnabonornowarwmnx obbLEeKTOB C UCMOMb30BAHWEM PEHTrEHOBCKOro
nanydvyenus: Rigaku, Bruker, Siemens, Hammamatsu, Excillum Sigray, Paul Scherrer
Institute (PSI), Technical University Munich (TUM).

4.1.2 AHanu3s KOHKYPEHTHbIX TeXHUYeCKUX peweHumn c nosvuum
pecypcoadhekTUBHOCTU U pecypcocbepexeHus

AHanua pblHKa Mokasan Hanudme [OBYX OCHOBHbIX KOHKYPEHTOB  AnNs
npousBOoAMMOro npoaykta — 9TO MNPOU3BOAUTENW pacXodHbIX MaTepuanos Ang
9NEKTPOHHOM U OMNTUYECKON MWUKPOCKONUU, OBYMEPHbIE PELLUETKM KOTOPbIX MOXET ObiTb
MCNoMb30oBaHbl M ONA  PeHTreHoBckon paguorpapun. OCHOBHbIE XapaKTEPUCTUKW,
onpegensowme pecypcoaddeKTUBHOCTb U SKOHOMUYECKYHO 3(P(PEKTUBHOCTL, NPUBEAEHDI
B Tabnuue 1. OueHoyHasa kapTa Ons CPaBHEHUSI KOHKYPEHTHbIX TEXHUYECKNX pa3paboTok
Ha OCHOBE 3TUX KPUTEPUEB NpMBEAEHa B Tabnuvue 2.

Tabnuua 4.1 — KOHKypeHTHbIEe TEXHUYEeCKne pa3paboTkm

Homep | lNpounsoBoguterns Tun npogykuum CTtoumocTb
(i)
1 ABTOp NpoekTa AndppakunoHHas pewwéTka: TonwmHa go 30 | 400 eBpo
MKM, nepuog 50 Mkm n 25 mkm, pasmep 10
MM.
2 Structure Probe Inc. | pewéTtka onga kanmbpoku Mukpockona 320 eBpo
Consumables (ceTka) 02799G-AB: TonwuHa 2,5-5 MKm,
nepuog 34,6 Mkm, pasmep 25,4 mm.
3 Electron pewéTKa ans nponyckawwen anektpoHHon | 50 eBpo
Microscopy Mukpockonun (cetka) G400-Au: TonwmHa
Sciences 18 MkMm, nepuog 62 mkm, pasmep 3,05 Mm.
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Tabnuua 4. 2 - OueHo4vHas kapTa A4fs CpaBHEHNSA KOHKYPEHTHbBIX TEXHUYECKNX

pa3paboTok
Bec Bannb! KoHkypeHTO-
KpuTepumn oueHku KpuTe- CMocoGHOCTE
PYA-1 By | By | By | Ky | K K3
1 2 3 4 | 5 6 7 8
TexHn4yeckne KpuTepum oLeHKu pecypcoadppekTUBHOCTH
1. Ypo6cTBOo B akcnnyaTauum 0,11 5 3 4 0,55 | 0,33 0,44
(cooTBeTCTBYET TPEOGOBAHUAM
notpeburenen)
2. [NlomexoycToOn4YnBOCTb 0,02 5 3 5 0,1 |0,06 0,1
3. QHEepProaKOHOMMUYHOCTb 0,1 5 4 3 05 |04 0,3
4. HagexHocTb 0,05 5 3 |5 |0,25]0,15 0,25
5. YpoBeHb Wwyma 0,02 5 3 4 0,1 |0,06 0,08
6. OyHKUMOHanbHast MOLWHOCTb 0,15 5 3 3 0,75 | 0,45 0,45
(npepocTaBnsiemMble BO3MOXHOCTM)
7. NpocToTa akcnnyataumm 0,1 5 5 3 0,5 |0,5 0,3
OKOHOMUYECKUE KpUTEPUN OLEHKUN IhpheKTUBHOCTHU
1. KOHKyp€eHTOCNOCOBOHOCTb 0,08 5 4 4 04 |04 0,32
npoaykTa

2. YpoBeHb MPOHUKHOBEHMUS Ha 0,05 4 5 5 0,2 |0,25 0,25
PbIHOK

3. LleHa 0,09 3 4 |5 10,27 |0,36 0,45
4. NpegnonaraemMbli CPOK 0,09 5 3 4 0,45 | 0,27 0,36
aKcnnyarauum

5. MNMocnenpogaxHoe 0,03 4 5 5 0,12 | 0,15 0,15
obcnyxuBaHue

6. PMHaHCMpoBaHME Hay4YHOM 0,05 4 5 5 0,2 |0,25 0,25
pa3paboTku

7. CpoK BbIXxo4a Ha pbIHOK 0,05 5 5 5 0,25 | 0,25 0,25
8. Hanuuue ceptndpukaumm 0,05 4 5 5 0,2 |0,25 0,25
pa3paboTku

Utoro 1 70 60 |65 |4,93 (4,13 4,2

OcHoBbIBasiCb Ha 3HaHWAX O KOHKYpeHTaX, MOXHO caenaTtb BbIBOA4, YTO
YySI3BUMOCTb NMO3NLNMN KOHKYPEHTOB CBA3aHa C:

e ManbIM pasMepoM peLlleTKn, 4YTO Bnevet 3a cobon CHWKeHue ynobcTBa wu
NPOCTOTbI SKCMyaTauun, a Takke 3Ha4YNTENbHO OrpaHMYnBaeT PyHKLNOHANbHYO
MOLLHOCTb NpoayKumn. Takum oOBpas3oM, CHMXKaAETCH KOHKYPEHTOCMOCOBHOCTb
pelweTkn, npegnonaraembin  CPOK akcnnyataumm (B CnyyYyae 4acCTUYHOro
paspyLlleHnsi CTPYKTYp HEBO3MOXHO WCMOMb30BaTb APYrMe Y4acTKu peLueTku),
OOHaKO YMeHbLLEHNe pacxoaa 30510Ta NO3BOMSET CHU3UTb CTOMMOCTb;

e Manon TOMWMHOM peLleTkn, 4YTO BreyeT 3a cobon cHwxkeHne ypobcTea
NCNonb30BaHMs, MOMEXOYCTOMYMBOCTUN, HALEXHOCTb, YPOBEHb LUyMa, a Takke
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3HAUYUTENbHO CHWMXaET KONIMYECTBO BO3MOXHOCTEW MPUMEHEHUs, T.K. Manas

TONLWMHA BrieYeT 3a cobon crnabyo MoaynsiuMio BOSHOBOIO (OpOHTa U3Ny4YeHus.

Kpome Toro, cpok akcnyatauuu B aHHOM Crly4ae CHWKAEeTCsl U3-3a YBENMYEeHUs

BEPOSITHOCTM  MOBPEAMTb  TOHKYHO  pelleTky BCMeACTBME  pagnauMoHHO-

WHAYLMPOBAHHbIX Ae(EKTOB.

Takum 06pa3oM, KOHKYPEHTHbIM MPEenMyLLeCTBOM ANMPAKLUMOHHbBIX peLleTok
SIBNSIETCS WX  YHMBepcanbHOCTb. [1pOM3BOACTBO  BbICOKOKAYECTBEHHbLIX  PELUETOK
[OCTATOMHO OOMbLUOW MAOWaaM M TOSMWMHbI NO3BOMSIET 3aHATb CBOK HULLY HA pbIHKE

ONMTUYECKOM NPOAYKLMN.

4.1.3 SWOT-aHanu3

SWOT - Strengths (cunbHble cTopoHbl), Weaknesses (crnabble CTOpPOHbI),
Opportunities (Bo3amoxHocTn) n Threats (yrposbl) — npeacrtaBnsieT cobor KOMMNMEKCHbIN
aHanu3 Hay4YHO-MCCreaoBaTeNbCKOro NpoeKTa.

Tabnuuya 4. 3 — SWOT-ananus

CunbHble CTOpPOHbI | Cnabble CTOPOHbI Hay4HO-
Hay4Ho- nccnepnoBaTesibCKOro
nccnenoBaTesibCKOro npoekKra:
npoekKra: Cn1. Bonee BblOCKast
C1. YHuBepcarnbHoCTb CTOMMOCTb KOHEYHOoro
NCNoNb30BaHWs NPOAYKLNN. npoAykTa.
C2.bonee Bbicokoe kavyecTBO | Cn2.0TcyTcTBME BO3MOXHOCTHU
NPOAYKUMM MO CPaBHEHMIO C MacCOBOro NpoOM3BOACTBA.
KOHKYpEeHTaMu. Cn3.0T1cytcTBME
C3. BoctpeboBaHHOCTb Heobxoaumoro obopyaoBaHus
NpOAYKUMN. ANa  NpoBeAeHNa UCMNbITaHUSA
C4.[ocTtynHaga TexHonorms onbITHOro obpasua.
Npo13BOACTBA. Cn4. bonblon CpoK MOCTaBOK
C5.Hanuune wmnpokon mMaTepuanos n
WHCTPYMEeHTanbHoM 6a3bl AN | KOMNIEKTYIOLWMX,
co34aHus 1 onTuMM3auum NCNONb3yeMbIX npwu
NpoAyKUMN. npoBeneHnn Hay4Horo
C6.KBanmdunumpoBaHHbI nccrnenoBaHus.
nepcoHan.
Bo3amoxHocTu: CuB: CluB:
B1.Mcnonb3oBaHne PaspaboTtka pasnunyHbIX | 1. CHwmxeHune CTOMMOCTHU
WHHOBALNOHHOM BMAOB ANPaKUMOHHBIX | MPOAYKLUUN 3a CYET CHWKEHUS
NHpacTpykTypbl  WHCTUTYTa | pelueTok c Lenblo | pacxoda 3o050Ta UM 3ameHbl
MukpoTexHonorun (Kapncpya, | ontummsauum  ux paboTbl, | ero aHanorom,
epmaHus) nony4yeHus npoaykra ¢ | 2.PacwunpeHwne
B2.MosBneHve KOHKYPEHTHbIMN WHCTPYKMeHTarnbHon 6asbl Ans
AOMONHUTENBHOIO Crnpoca Ha | NpenMyllecTBaMm C | nony4yeHus BO3MOXHOCTM
HOBbIV NPOAYKT ONTUManbHON MaccoBOro npousoactea M
B3. CHwxeHne pacxoga | cebecToMmocTblo, AOCTYNHOW | UCNbITaHMSA ONbITHOrO 0b6pasua,
30M0Ta unu 3ameHa ero 6onee | TexHonornMen NPon3BOACTBa U | 3.COKpalLleHne MOCTaBOK Wn
AeLesbiM MaTepuanoMm | BbICOKUM Ka4yeCTBOM. CMeHa nocTaBsLuMKa.
(Hanpumep, cBuHeL).
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B4. [lloBbilleHWe CTOMMOCTMU
KOHKYPEHTHbIX pa3paboTok

Yrpo3sbl:

¥1.01CcyTCTBME cnpoca Ha
HOBble TexXHoMnornum
nponssoAcTBa

Y2 .PasButas KOHKYpeHLuA

TEXHONOrnM NPon3BoACTBA
Y3.BBegeHue
JOMONMHUTENbHbIX
rocyfapcTBeHHbIX TpeboBaHun
K cepTudunkaumm npoayKumnm

CBuYy:
1.MpoaBwxeHne nporpammbl
C LUenblo co3gaHng cnpoca

2.Co3gaHne  KOHKYPEHTHbIX
npevmMmyLLecTB roTOBOro
npoaykra

3.CepTtudbunkauus n

cTaHAapTU3aums npoaykTa

Cliny:

1.PasmButne TEeXHONOornx
PEHTTEHOBCKOM Bu3yanusauun
y noTeHUManbHbIX
notpebutenen
2.MpnobpeTteHuns
Heobxogumoro obopyaoBaHus
ONs  NpOBEedEHUs  UCMbITaHNA
onbITHOro obpasua
3.CokpalleHne nocTaBoOK W
CMeHa nocTaBLLuKa

4. MpoaswxeHne

nporpamMmbl C LEMbIO CO3aaHUs
cnpoca nyTeMm OeMOHCTpauum

npevmMmyuiects  npu  pabote
peLleTkamu

5.Co3gaHuve KOHKYPEHTHbIX
npevMyLLEeCcTB roToBOro
npoaykTa

6.CepTtudbukauus n

cTaHgapTu3aums npogykra

4.1.4 OueHKa roToBHOCTU NMPOEKTa K KOMMepuManusaumm

Tabnmua 4.4 — bBnaHKk OUEHKM CTeneHW TrOTOBHOCTU HAy4yHOro npoekTa
KOMMepLuuanmsaumnm
Ne YpoBeHb
n/n Crenexb NMEOLLINXCS
HanmeHoBaHune npopaboTaHHOCTK AHAHINIA Y
Hay4YHOro npoekTa
paspaboTymka
1. |OnpeneneH UMELNNCS Hay4yHO- 4 5
TEeXHMYecKkun 3agen
2. |OnpegeneHbl NePCNeKTUBHbIE 4 4
HanpasfieHUs1 KOMMepLUmanuaaumm
Hay4YHO-TEXHMYECKOrO
3agena
3. |OnpeaeneHbl OTpacnu n TEXHOMOrMm 5 5
(ToBapbl) ANga NpegnoXeHUs Ha pbiHKe
4. |OnpepeneHa ToBapHas bopma Hay4Ho- 5 4
TEXHU4YeCKoro 3agena gns
npeaCcTaBNeHNs Ha PbIHOK
5. |OnpepeneHbl aBTOpbI U OCYyLECTBEHA 4 5
oxpaHa ux npas
6. |l[MpoBeaeHa oLeHKa CTOMMOCTH 4 4
WMHTEeNNeKTyanbHoM COGCTBEHHOCTH
7. |lMpoBeaeHbl MapKeTUHIoBbIE 3 3
nccnegoBaHns pbIHKOB CObITa
8. | PaspaboraH 6usHec-nnaH 2 2
KoMMepUumannsaumm Hay4Hom pas3paboTku
9. | OnpegeneHbl NyTV NPOABMKEHMNS 3 4
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Hay4YHoM pa3paboTKmM Ha PbIHOK

10.| PaspaboTaHa ctpaTerna (dpopma) 5 5
peanunsauumn Hay4yHou pas3paboTku
11.| MpopaboTaHbl BONpOCHI 5 5

MeXOyHapoaHOro CoTpyAHU4YecTBa u
BbIXOZa Ha 3apy6eXXHbIN PbIHOK

12.| MpopaboTaHbl BONPOCHI UCMOMNb30BaHNSA 2 2

yCryr MHppacTpyKTypbl NOAOEPXKKN,
nonyyYeHust Nbrot

13.| MNpopaboTaHbl BONPOCHI 2 3
hbnHaHCUMpOBaHMS KOMMepLManusaunm
Hay4YHoW pa3paboTkn

14.| UmeeTca komaHga ans 2 2
KoMMepLumannsaumm Hay4yHon paspaboTku
15.| MNpopaboTaH MexaHn3M peanusaumm 2 3

Hay4YHOro NpoekTa

NUTOIO BAJIJIOB: 52 56

Mo pesynbTaTaM OLEHKM FOTOBHOCTM MPOEKTa K KOMMepLManuv3aumm n ypoBeHs
UMEIOLNXCHA 3HaHUK Yy paspaboTtumka (Tabnuua 4.4) 6biN0 yCTaHOBMEHO, YTO MNPOEKT
obnagaeT nepcrnekTUBHOCTBbIO BbIle CpPedHero, 4YTO roBOPUT O LenecoobopasHoCTH
WHBECTUPOBaHMSA B TEKyLLYl0 pa3paboTky U HanpaBneHus ee AanbHeunLwwero yny4yleHus.
PaspaboTtunk ob6rnagaet [AoCTaToOuHbIM YPOBHEM KOMMETEHLUMW, OAHaKo BO3OMXKHO
npuBneYeHne B KOMaHAy MpoOeKkTa CcneuuannctoB, OTBETCTBEHHbIX 3a KOMMEPYECKYH

peanusaumio NpoayKUmn.

4.2 AHMumauma npoekTa

Mpynna npoueccoB WHMLMaLUUM COCTOMT M3 NPOLIECCOB, KOTOPbIE BbIMOSTHAOTCH
ANA onpeferieHns HOBOro MpoekTa WnNn HoBOW dasbl cyuwlecTeylowero. B pamkax
NpoLEeCcCOB WMHUUMAUMW  OMpedensTCa  M3HavanbHble Uenu u  cogepxaHve W
UKCUPYIOTCS M3HavanbHble UHaHcoBble pecypcbl. OnpeaensalTcss BHYTPEHHWE WU
BHELLUHMEe 3anHTepecoBaHHble CTOPOHbI NMPOeKTa, KoTopble ByayT B3aMMOAENCTBOBaTb U
BNUATbL Ha oOWKMIN pesynbTaT Hay4yHOro npoekrta. [laHHas uHdopmauusa 3akpennsercs B
YcTaBe npoekTa.

Tabnuua 4.5 — SauHmepecogaHHbIe CMOPOHbI NPoeKkma

3aMHTepeCOBaHHbIe CTOPOHbI NPOEeKTa Oxupanusn 3aunHTepecoBaHHbLIX CTOPOH

NHCTUTYT MNKPOTEXHONOMNN Co3paHune HOBbIX ONTUYECKNX SNTIEMEHTOB U
Texonorndeckoro MHcTUTyTa Kapncpya, NX ONTUMU3aumsi/ycoBepLLIEHCTBOBaHME
HaunoHanbHbIN nccnegoBaTenbCKUN
TOMCKUI NONUTEXHUNYECKUNA YHUBEPUTET
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Tabnuua 4.6 — Llenn n pesynbtaTt NpoekTa

Pa3paboTka ABYMEPHbIX PELIETOYHbIX CTPYKTYP MeToAaMm
OMNTMYECKOW NUTOrpacmm 1 3NEKTPOOCAKAEHMS OLIEHKa UX
kayeTBa 4118 UCMONb30BaHNS B peHreHopaaunorpadgmyeckmx
nccneaoBaHusaX pasnnyHblX crnabonornoLlarLmMx 06GbEeKTOoB.

Llenu npoekra:

Mony4yeHne AByMeEPHbIX ANDPAKLNOHHbBIX peLleTok
Oxunpaemble BbICOKOIO Ka4ecTBa C pasfiMYHbIMK XapakTepucTukam, a
pe3ynbTaTtbl NpoekKTa: Takke ONTUMN3MPOBAHHOIO TEXHONOMMYECKOro npouecca mx
CO3[aHus U OLEHKN KayecTBa.

Kputepuu npuemku

pesynbTaTa npoeKTa: ALEeKBaTHOCTb pe3ynbtaTtoB

TpeboBaHus k TpeboBaHue:

pe3yrnbTaTy NpoeKTa: CTaHﬂ,apTM3aL|,I/IFI rotoBoOro nNnpoaykra

OpraHu3auMoHHas CTPYKTypa NpoeKkTa

Tabnuua 4.7 — Pabo4vas rpynna npoekTa

Ne PUNO0, Ponb B npoekTe PyHKUUMN Tpyno-
n/m | OCHOBHOE MecCTO paboThl, 3aTparhl,
LOMKHOCTb yac.
1 KptoukoB KOpuin KOpbesuy, PykoBogutens KoopauHauus 60
HW TI1Y, kacdenpa obLuen [eATeNnbHOCTHU
dumauku, npodpeccop, A.¢P.- npoekTa
M.H.
2 3axapoBa MaprapuTta NcnonHutens BbinonHeHve 500
AnaTtonbesBHa, HA TI1Y, HNP
kadpeapa obLuen pusnkn,
MarmcTpaHT
NTOIO: 560

Tabnuua 4.8 — OrpaHnyeHns npoekTa

dakTop OrpaHnyeHuns/ gonyweHus

3.1. brogxeT npoekTa 193 216,2

3.1.1. ICTOYHMK hMHAHCMpPOBaHUS NHCTUTYT MnKpOoTEXHOMNOrNIN

Texonornyeckoro MHCTUTYTa Kapncpya,
HA Ty
3.2. Cpoku npoekTa: 20.02.17-20.05.17
3.2.1. [laTta yTBep>XaeHus nnaHa 10.01.17
yrnpaBneHnst NPoekTomM

3.2.2. [laTta 3aBepLUeHNsa NpoekTa 20.05.17

4.3 nnaHMpOBaHMe ynpaBneHna Hay4yHo-TeXHN4eCKUM NpPpoeKToM

4.3.1. NnaH npoekTa

NuHenHbIN rpadhvk NpeacTaBnseTcs B Buae Tabnuupl (Tabn. 8).

Tabnuua 4. 9 — KaneHgapHbIn nNfiaH NnpoekTa
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Oarta
Onutenb | AaTa
HazBaHue HOGTB, hauana | ©KoHYa CocTtaB y4yacTHUKOB
pab gHn | pabot HnA
paboT
O6cyxaeHune uenen v 3agadv, 5 20.02 24.02 3axapoBa MaprapuTta
nnaHnpoBaHue AHaTonbeBHa,
KptoukoB HOpuin
KOpbeBuny
N3yyeHne nutepartypsl, 16 25.02 12.03 3axapoBa MaprapuTta
COCTaBfieHe NUTepaTypHOro AHaTonbeBHa
ob30pa
OnTMmunsaums npouecca 21 13.03 02.04 3axapoBa MaprapuTta
nutorpadum aByMepHbIX AHaTonbeBHa
CTPYKTYP 3a4aHHOM BbICOTbI
CospgaHve OByYMEpPHbIX peLueTok | 28 03.04 30.04 3axapoBa MaprapuTta
N OLEHKa MX KayecTBa AHaTonbeBHa
O6cyxaeHne NonyyYeHHbIX 7 01.05 07.05 3axapoBa MaprapuTta
pe3ynbTaTtoB AHaTonbeBHa,
KptoukoB HOpuin
KOpbeBuny
OdopmneHne BbIBOAOB 3 08.05 10.05 3axapoBa MaprapuTta
AHaTOoNbeBHa
OdbopmneHne nodacHutensHon | 10 11.05 20.05 3axapoBa MaprapuTta
3anucku AHaTonbeBHa
UToro: 90 20.02 20.05

Tabnuua 4.10 — KaneHgapHbii nnaH-rpadgpuk nposeaeHus HAOKP no teme

Bua pabot Wcnon | Tx, | MpogomknTenbHOCTb BbINOMHEHUS paboT
HUTen | OH. | dbesp MapT anpenb Mau
n 1 |2 112312 (3|1 |2

O6cyxaeHue uenen n 3agad, | Mar-HT | 18

nraHnpoBaHue Pyk-nb

N3yueHune nutepaTtyphl, Mar-HT | 21

CcoCTaBfeHne nuTepaTypHOro

o630pa

OnTMmmnsaums npouecca Mar-HT | 15

nutorpadumn gByMepPHbIX

CTPYKTYP 3a4aHHOW BbICOTbI

CospgaHne oByMepHbIX Mar-HT | 15

peLIeTOK N OLEHKa MX

KayecTBa

O6cyxxaeHne nonyvyeHHbIX Mar-HT | 7

pe3ynbTaToB Pyk-nb

OdbopmneHne BbIBOAOB Mar-HT | 3

Odopmnenune Mar-HT | 10

NOSICHNTENBHOW 3aNUCKK

MarmcTpaHT pyKoBOAUTENb

4.3.2. BrogxeT Hay4yHOro nccnefoBaHuA

66



Cbipbe, Mamepuasnbl, MNOKynHblie u3denusi u nonygabpukambl (3a ebl4emom
omxodoe)

Tabnuua 4.11 — NpynnnpoBKa 3aTpaTt No CTaTbaAM

3aTpaTbl N0 cTaTbsaM

Colpbe, CneumnanbHoe OcHoBHaga | OononHutenb | OTyncneH NToro
mMaTtepuansl | obopygoBaHue | 3apaboTHas Has nsa Ha nnaHoBas
(3a BblveTOM AN Hay4HbIX nnaTa 3apaboTHasa | coumanbH | cebecTonmo
BO3BpaTHbIX | (3KCnepumeHTa nnarta ble HyXAbl CTb

0TX00B), NbHbIX) paboT
MOKYMHblE
nsgenusa un
nonycabpuk
aThbl

35120,8 40 920,0 80 477,6 9 657,3 27 040,5 193 216,2
Tabnuua 4.12 — Coblpbe, MaTepuanbl, KOMMNMEKTYHOLWNE M3LenUss W NOKYMHbIe
nonydgabpukaTbl

HaumeHoBaHue Mapka, pasmep |Kon-Bo| LeHna 3a eanHnuy, | Cymma, py6.
pyb.
doTopesnct mr-x 10, 200 mn 49 600 9920
MicroChem, 1
nnTp (ByTbiKa)
Mposasutens MponuneHrnukons| 1 n 3 000 3 000
MOHOMETUI adomp
auertar
M3onponunosbiv cnupt 1n 250 250
Moanoxka na kpemMHus |TonwmHa 200 Mkm 6 3100 18 600
3onoTo 2T 1000 2000
Bcero 3a matepuansl 33770,0
TpaHcnopTHO-3aroToBUTENbHBIE pacxoabl (3-5%) 1 350,8
Ntoro no ctatbe Cw 35120,8

B aTy cTaTbio BKNOYaOTCS 3aTpaTbl HA NPUOOPETEHNE pacxodHbIX MaTepuaros,
HeobXoaAMMbIX ANs U3roTOBIMEHUS ANPaKLMOHHbIX PeLleTok MeTodoM doTonuTorpadum

M 3IIEKTpOoOoCaKaeHn4. Bcero 6bino n3rotoeneHo 5 rotoBbIX K MCMNOMb30BaHWUIO PeLleToK.

CneyuanbHoe o6opydosaHue Osisi HayYHbIX (3KCcriepuMeHmarsbHbIx) pabom

Tabnuua 4.13 — PacyeT 3aTpaT no ctatbe «CneuobopynoBaHune onst Hay4HbIX paboT»

Ne HanmeHoBaHue Kon-Bo egnHuy, LleHa eguHuubl Obuwas
n/n obopynoBaHus obopynoBaHus obopynoBaHus, CTOMMOCTb
ThIC.pYyO. obopynoBaHus,
ThbIC.py6.
1. | ®oTomacka (Xpom-kBapL,) 1 40,92 40,92

B OaHHYKO CTaTblO BKIMHOYEHbl 3aTpaTthbl, CBA3aHHbIE C r|p|/|o6peTeH|/|eM CbOTOMaCKI/I

ana obnyyeHns noaroToBneHHbIx obpasuyoB. PoTomacka Obina npuobpeteHa y mpmebl
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Compugraphics (MeHa, Tepmanusi) 3a cyeT cpeactB WMHCTUTYT MUKpOTEXHOMorwii

Texonornyeckoro MHCTUTYTa Kapncpya.

OcHoeHasi 3apabomHas nnama

Tabnuua 4.14 - banaHc paboyero BpeMeHun

NMokasaTenu pabo4yero BpemMeHun PykoBoautenn| Maructp
KanengapHoe 4ncno aHen 90 90
KonnyecTtBo Hepaboumnx aHewn 22 27
- BbIXOAHblE OHU 12 4

- npas3gHn4Hble OHAN

MoTepn paboyero BpemeHu
- OThycK - -
- HeBbIXoAbl Mo 6onesHu

HencteutenbHbIM roaoBon hoH pabovero BpemeHmn 56 59

Bcnepgcteme TOro, 4to aKcnepuMeHTasnbHble paboTbl MO MPOEKTY MpoXoaunun B
fepmaHmMm 1 Gbinn NpoBeAeHbl MarncTpaHTOM, a PyKOBOACTBO coBepluanocb u3d TI1Y,
KONMYEeCTBO MpasfHWYHbIX AHeW pasnuyHo. Mpu 3TOM CTyoeHT Ha BpeMs BbIMOMHEHUS
npoekTa nonyyan ctunenguio loma monodbix ydeHblx Kapncpya ot 'epmaHckon crnyxobl
akagemmyecknx obMeHoB.

Tabnuua 4.15 — Pac4éTt ocHoBHOM 3apaboTHOM nnaTthbl

VcnonHutenu 36, Kp 3w, 3an, Tp, 3och,
pyb6. pyo pyb. |pab.gH. pyo.
PykoBoautenb 331629 | 1,3 43 111,7 1437,1 56 80 477,6
MaructpaHT - - - - 59 -

,CIononHumeanaﬂ 3apa6omHaﬂ miaama Hay‘IHO-ﬂpOU36060meeHH020 rnepcoHasna

Tabnuua 4.16 — 3apaboTHas nnaTta ucnonHutenen HTU

3apaboTHas nnarta PykoBoauTenb MaructpaHTt
OcHoBHag 3apnnaTta 80 477,6 -
[lononHuTenbHasa 3apnnarta 9 657,3 -
Ntoro no ctatbe Csn 90 134,9 -

OmvyucneHus Ha coyuaJlJibHble Hy)del

CrtaTtbs BkMoyaeT B cebsa oTumcneHnsa Bo BHEGOOKETHbIE (POHADI.

C = kBHe6 ) (300}1 + 3;[011) ) (8)

rae  kewes =30 % KO9PDUUMEHT OTYMCREHMK HA ynnaTy BO BHeOGHOLKeTHble (hoHAbI

BHEOD

(NeHCMOHHBIN hoHA, hoHA 06a3aTenbHOro MeaMUMHCKOro CTpaxoBaHms 1 np.).

Tabnuua 4.17 — OTYnCneHNs Ha coumarnbHble HYXXabl

| PykoBoguteno | MarucTpaHT
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3apnnarta 90 134,9 -

OTymcneHus Ha coumarnbHble HYXObl 27 040,5 -

4.3.3. OpraHM3auMoHHana CTPYKTypa NnpoekTa

Tabnuua 4.18 — Bbibop opraHn3aLmMoHHOM CTPYKTYPbl HAy4YHOrO NpoekTa

Kputepum Bbibopa PyHKLUMOHaNbHasn MaTpuyHasn MpoekTHas
CTeneHb HeonpeaeneHHOCTH Hunskas Bbicokas Bbicokas
YCIOBUIM peanusaunm npoekra
TexHonorns npoekTa CraHgapTtHas CnoxHas HoBas
CnoXHOCTb NpoeKTa Hwnskas CpenHss Bbicokas
B3aumosaBncumocTtb mexay Hwnskas CpenHsis Bbicokas
OTAENMbHBbIMU YaCTAMU NPOEKTA
KpuTuMyHOCTb hakTopa BpeMeHU Hwnskas CpenHss Bbicokas

(obsa3aTenbCcTBa NO CpoKam
3aBepuleHuns pabor)
B3anmocBsasb n Bbicokas CpenHss Hwu3kas
B3aMMO3aBMCUMOCTb NpoekKTa
OT opraHu3auun donee
BbICOKOIO YPOBHS

Ha ocHoBe npoBegeHHOro aHanu3a BblGopa OpraHM3aUMOHHOW CTPYKTYpPSI

Hay4YHOro npoekKkTa, ObiNo BbISABMEHO, YTO Hambonee BbLIOAHOW SIBNSAETCS MaTpuyHada

CTPYKTYypa.

4.4 OnpepneneHue pecypcHou (pecypcocbeperatouwen), ¢MHaHCOBOMW,
6l04KeTHOMN, counarnbHON N 3KOHOMUYeCcKon 3dhhpeKTUBHOCTH UCccneaoBaHus

O PEKTUBHOCTb HaAy4yHOro pecypcocbeperarlero npoekta BKAOYaeT B cebs
coumanbHyto  9PPEKTUBHOCTb, IKOHOMUYECKYHD U  OBHOMKETHY0  3dEKTUBHOCTD.
MokasaTtenu obuwecTtBeHHON 39(EPEKTUBHOCTU YUYUTBLIBAKOT COLMANbHO-3KOHOMUYECKNE
nocrneacTems OCYLLEeCTBNEHUS MHBECTULMOHHOIO NpoeKTa Kak ansa obuwecrtsa B LeroMm, B
TOM 4ucne HernocpencTBeHHble pes3yrnbTaTbl U 3aTpaTbl NpoeKkTa, Tak WU 3aTpaTbl, U
pes3ynbTaTtbl B CMEXHbIX CEKTOpax 3SKOHOMMKM, 3JKOJIOrMyeckue, couuanbHble U UHble
BHE3KOHOMUYeCcKne apdekThbI.

lNokasaTtenu skoOHOMUMYeCKOM 3IPAPEKTUBHOCTM NPOEKTa Y4UTbIBAKOT (PUHAHCOBLIE
nocrneacTBus ero oCyLWecTBeHNa ONnd nNpeanpusaTus, peanusylowero AaHHbIn npoekT. B
9TOM crydae nokasaTenu 9(@EKTMBHOCTU MNpoeKkTa B UENOM XapakTepusylT C
9KOHOMMYECKOM TOYKN 3PEHUA TEXHUYECKMEe, TEXHOMOrm4yeckne wn OopraHn3aunoHHbIe

NPOEKTHbIE pPELUEeHNA.

69



BrogxeTHaa ahpdeKkTMBHOCTL XapakTepusyeTcs ydyacTueM rocygapcrsa B NpoekTe C

TOYKHM 3peHNA pacxoaoB N 4OXO0O0B GroaKeToB BCeEX ypOBHeVI.

4.4.1. AuHaMu4yeckme metoabl 3KOHOMUYECKOMN OLLeHKU UHBEeCTUL UM

OuHamuyeckme MeTodbl OLIEHKM WHBECTULUMIA GasupyloTca Ha  NpUMEHeHUM
nokasaTenemn:

- ynctas Tekyuias ctoumocTtb (NPV);

- cpok okynaemoctu (PP);

- BHyTpeHHss ctaska goxogHocTn (IRR);

- nuaekc goxogHoctu ( PI).

Bce nepeuyncrneHHble MokasaTenu OCHOBLIBAOTCA Ha COMOCTaBMEHUW YUCTbIX
[EHEeXHbIX MOCTYMMEeHUA OT OnepaLMoHHON UM WHBECTULIMOHHON AeATEeNbHOCTU, U WX
npuBedeHNN K onpeneneHHOMY MOMEHTY BpeMeHW. TeopeTMyeckM 4YUCTbIe AEeHEXHble
MOCTYNMEHMS MOXHO NPUMBOOAUTL K NOGOMY MOMEHTY BpemeHu (K Oyaylwiemy nmGo
Tekyliemy nepuody). Ho Ana npakTuyeckux LUeneri OLEeHKY WHBecTUUMn yaobHee

OCYLLIECTBNSATb HA MOMEHT NPUHATUS peLLeHnii 06 MHBECTMPOBaHUM CPEACTB.

4.4.2. Yncrana Tekywas ctoumoctb (NPV)

[aHHbIn MeTon OCHOBaH Ha COMOCTaBMEHUN [OUCKOHTUPOBAHHbLIX YMCTbIX
[AEHEXHbIX MOCTYMNNEHWIN OT onepaLnoOHHON U MHBECTULMOHHOW AeATEeNbHOCTH.

Ecnn wHBecTMuMM HocaT pasoBbit xapaktep, To NPV onpegensietcs no
dopmyne

n YAl
NPV= Y 701:':—101 (9)
t=1 (1+i)

roe III[HOHt — YUCTbIE AEHEXHbIEe NOCTYMNMNEHUS OT OnepaLMoHHON AeATEeNbHOCTY;

10 — pa3oBble MHBECTNULUN, OCyLLUeCTBNAEeMblE B HyN1IeBOM roay,

t — Homep wara pacyeta (t =0, 1,2...n);
N — rOPU3OHT pacyeTa;
I — cTaBka OMCKOHTMPOBAHWS (Kenaemblil YPOBEHb [OXOAHOCTU MHBECTUPYEMbIX
cpeacTs).
Unctas Tekyllas CTOMMOCTb siBMSieTCs abCOMOTHLIM MokasatenieM. YcroBuem
39KOHOMUYHOCTM MHBECTULIMOHHOTO MpOeKTa Mo [aHHOMY nokasaTemno  sBMsieTcs

BbINosnHeHue criegytowero HepaseHcTea: NPV > 0.
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Yem Gonbwe NPV, tem Gonblle BnNusHMEe WMHBECTULMOHHOIO MPOEKTa Ha
3KOHOMMYECKUIA NOTeHUMan npeanpusaTus, peanusylolero [AaHHbld MNpPOeKT, U Ha
9KOHOMMYECKYIO LIEHHOCTb 3TOro NpeanpuaTUs.

Takum 06pa3oM, MHBECTULMOHHBIN MPOEKT cunTaeTcs BbirogHbiM, ecnu NPV
AABNSAETCS NOMOXUTENbHOMN.

Tabnuua 4.19 - PacyeT 4YucTon TekyLwen CTOMMOCTU Mo NPOEKTY B LIENTOM

No HanmeHoBaHune LWar pacyeTta
B nokasarernew 0 1 2 3 4
1, B"'py”KaTilTCp;y%”ma”””’ 0 241,520 | 241,520 | 241,520 | 241,520
2. WToro nputok 0 241,520 | 241,520 | 241,520 | 241,520
3 MHBECTULIMOHHbIE U3LOEPXKKN, 193,216 0 0 0 0
ThiC.py0.
OnepaunoHHble 3aTpaThl,
4. TbIC. pyb 0 48,304 | 48,304 | 48,304 | 48,304
C+AmM+®0OT
4.1 | Hanoroo6 npubbinb=n.1-n.4 0 193,216 | 193,216 | 193,216 | 193,216
Hanorn
5. Bbip-onep=n0oHan.npu6*20% 0 38,643 | 38,643 | 38,643 | 38,643
6. Viroro oTTok -193,216 | 86,947 | 86,947 | 86,947 | 86,947
Onep.3atp+Hanoru
51| vcTas npubeine (4.1-5) 0 154,573 | 154,573 | 154,573 | 154,573
Wnn (1-6)
YUCTbIN AEHEXHbIN MOTOK
7. Yan=Muyuct+Am -193,216 | 154,573 | 154,573 | 154,573 | 154,573
MuuncT=MpgoHan.-Hanor
KoadhpmuymneHT
8. ANCKOHTMPOBaHUSA 1,0 0,83 0,69 0,58 0,48
(npusenenus npu i = 0,20)
9. | HVICKOHTMPOBAHHBIM WWCTLIA | 193 516 | 128 296 | 106,655 | 89,652 | 74,195
OEHEXHbI NOTOK (c7*c8)
To e HapacTalowmm UTOrom
10. (NPV = 206,932) -193,216 | -64,405 | 42,937 | 132,389 | 206,932

Taknum obpasom, Yynctas TekyLwasi CToMMOCTb MO NPOeKTy B uenom coctasndet 206

932 . en., 4TO NO3BOSISIET CYAUTL O €ro 3PPEKTUBHOCTM.

Kak

4.4.3 ONCKOHTUPOBAHHbLIN CPOK OKYNnaemMocTu

OoTMe4alrioCb paHee,

OAHUM

M3 HeagoCTaTKoB TMOKa3aTend

NPOCTOro  CpokKa
OKyMNaemocCTy SIBMSIETCA UTHOPUPOBaHME B NPOLIECCe ero pacyeta pas3Ho LEHHOCTU AeHer

BO BpeMEHMW.

OTOT HepgocTaTokK yCTpaHAeTCA nytemMm onpepnerneHna OAUCKOHTUPOBAHHOIO CpoOKa

OKyMaemocCTw.
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PaccuntbiBaeTca OaHHbIN nokasaTeslb NMPUMEPHO MO TOW Xe MeToAuKe, YTOo U
NPOCTOM CPOK OKYNaemocCTu, C TOM NNLLb pasHULIEN, YTO NOCNEeHUN He YyYUTbIBaeT (pakTop
BPEMEHM.

Hanbonee npuemnemMbiM METOAOM YCTAHOBMEHUS AUCKOHTUPOBAHHOIO CpokKa
OKYNaemocCTN SBMSIETCA pacyeT KyMynsTMBHOMO (HapacTalwmMm WTOrOM) OEHEXHOro
notoka (cM. Tabn. 4.20).

Tabnuua 4.20 - INCKOHTUPOBAHHbIN CPOK OKYNaemMoCTn

Ne HanmeHoBaHue nokasaTtens Lar pacyeta

0 1 2 3 4

[NCKOHTMPOBAHHbIN YUCTbIN 128,29 | 106,65

AEHEeXHbIN NOTOK 193,216 6 5 89,652 | 74,195

2. To e HapacTalLWmnM UTOrom -193,216 | -64,405 | 42,937 |132,389|206,932
3. [ANCKOHTMPOBAHHBIN CPOK PP

ACK =1+64,405/106,655 = 0,60rona = 7

OKYNnaemocCTy
MecsiLeB

4.4.4 BHyTpeHHsAA cTaBka goxogHocTtu (IRR)

[na yctaHoBneHUsa nokasatens 4Yncton Tekywen ctoumoctn (NPV) Heobxoaumo
pacnonaratb uHOpMauMenln O CTaBke [AUCKOHTUPOBAHUA, OrnpeaeneHne KoTopown
aBnaeTca npobnemMon, MNOCKOSbKY 3aBUCUT OT OLEHKM 3KkcnepToB. [loaTomy, 4TOObI
YMEHbLUNTb CYyOBEKTMBU3M B OLeHKe 3PEKTUBHOCTU MHBECTULMI HA NMPaKTUKE LUMPOKOE
pacnpocTpaHeHne nosnyynsi MeTof, OCHOBaHHbIM Ha pacyeTe BHYTPEHHEW CTaBKu
poxogHoctu (IRR).

Mexay uucToit Tekywei ctoumocTeio (NPV) u craBkonm AuckoHTuposaHus (i)
cywiectsyet obpaTHad 3aBUCMMOCTb. JTa 3aBUCUMOCTb cnegyet u3 Tabnuubl 4.21 u
rpadovka, npeacTaBneHHoro Ha pucyHke 39.

Tabnuua 4.21 - 3asucumocts NPV 0T cTaBku ANCKOHTUPOBAHMS

Ne | HaumeHoBaHue 0 1 5 3 4 NPV
n/n nokasartens
Yuctble
-193 154
1 JEeHexXHble 216 154573 | 154573 | 154 573 573
NOTOKMN
Koa(ppuumneHT
2 AOUCKOHTUPOBaH
nsa
i=0,1 1 0,909 0,826 0,751 0,683
i=0,2 1 0,833 0,694 0,578 0,482
i=0,4 1 0,714 0,51 0,364 0,26
i=0,5 1 0,667 0,444 0,295 0,198
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i=0,6 1 0,625 0,390 0,244 | 0,095
i=0,7 1 0,588 0,335 0,203 | 0,070
[vcKoHTMpOBaH
HbI AEHEXHbIN
MOTOK
3 -193 105 206
1=0,1 216 140507 | 127677 | 116084 | 573 625
o -193 206
=0, 216 128 759 | 107274 | 89343 | 74504 | gpa
-193
I=0,4 216 110365 | 78832 | 56265 | 40189 | 92435
-193
i=0,5 216 103100 | 68630 | 45599 | 30605 | °4 718
-193
I=0,6 216 96608 | 60283 | 37716 | 14684 | 16075
-193
i=0,7 216 90889 | 51782 | 31378 | 10820 | 8337
350 000
300 000
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PucyHok 39 — 3aBucmmocTtb NPV OT cTaBku UCKOHTMPOBAHUS

N3 tabnuubl 1 rpacdmka cnegyeT, YTo Mo Mepe pocTa CTaBKU OUCKOHTUPOBaHUS

coctaBngeTt 0,67 > 0,2.
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YuCTaa Tekywad CTOMMOCTb YMEHbLLUaeTCA, CTaHOBACH 0Tpmu,aTean0|7|. 3HayeHne cTaBKku,

npu kotopont NPV o6pawaercs B Hymb, HOCUT HasBaHWe «BHYTPEHHEN CTaBKM

AOXOOHOCTM» WU «BHYTPEHHEN HOopMbl nNpubbinu». M3 rpaduka nonyyvaem, 4to IRR




4.4.5 NUnpekc poxogHocTu (peHtabenbHoctn) nusectuumi ( PI)
MHOoekc [OO0XOOHOCTUM MOKa3blBaeT, CKOJbKO MNPUXOAUTCH  AUCKOHTMPOBAHHbIX
AEHEXHbIX MNOCTynneHun Ha pybnb uHBecTUuMn. PacueT aToro nokasatens

ocyLiecTBngeTcsa no gpopmyrne

n
il
PI=Y 1o 0
=1 (d+1)
rae lo— nepBoHavasnbHble MHBECTULIUN.

[= 128 296 + 106 655 + 89 652 + 74 195
B 193 216

Pl =2.06>1, cnegosatenbHo, npoekT acbdekTmseH npm i = 0,2.

= 2,06

4.5 OueHkKa cpaBHUTENbHOW 3P hEeKTUBHOCTU UCCneaoBaHus

MHTerpanbHbIM nokasaTteslb pecypCHon 3apEKTUBHOCTU BapUaHTOB UCMNOSTHEHUS

obbekTa uccrnenoBaHns MOXHO onpeaenvTb creayoLwmm obpasom:
i =2a by, (11)

roe | pi — VIHTErparnbHbI MoKasatellb PecypcoaddeKkTMBHOCTM Ana i-ro BapuaHTa

NCNONHEHNSA pa3paboTKu;

aj — BECOBOM KO3 PULMNEHT I-ro BapmaHTa UCNONTHEHNSA pa3paboTku;

bi — GanbHas oueHka i-ro BapuMaHTa MCNONHEHMS pa3paboTku, yCTaHaBnMBaeTCA
9KCNEepPTHbIM NyTeM MO BbIGpaHHOW LLKane oueHNBaHUS;

N — 4YMCNo NapameTpoOB CPaABHEHMS.

B kayecTBe BO3MOXHbIX BapWaHTOB WCMOSNHEHUS BblibepemM peann3oBaHHbIN
cnocob, a Takke OBa anbTepHaTMBHbIX BapuvaHTa: BapuaHT 3aKa3OM Ha BbIMOSIHEHME
nccnegoBaTenbCkMx paboT y CTOPOHHEW opraHu3auunm Ha obopyaoBaHuM  OaHHOW
opraHusauumn, a Takke BapuaHT 3aka3oM Ha BbINOfHeHWe paboT cneuuanucTtamu ums
CTOPOHHEN oOpraHu3auun, HO Ha obopyaoBaHMM, MNpUHAZNEexawem opraHvsaumm rge
BblNosiHsieTca nccnegosaHme. OCHOBHLIM NMMUTUPYIOLMM (haKTOPOM B NpeacTaBEHHOM
HTW aBnsnacb ero ctommocTtb. 3aka3 Ha BblNofHeHMe paboT y CTOPOHHEN opraHusaumm
cokpatmun 6bl  paboyee BpemMsaA MCMOMHUTENEN TEMbl, OAHAKO, NpuBHEC Obl
AONOMHUTENbBHYK CTaTblo pacxoga B pasmepe 150000 py6. Tpetun npencraBfieHHbIV
BapuaHT SABNSIETCS TakKe HEeBbIrO4HbIM B OTHOLLEHMM CTOMMOCTU npoekTa. B 3aTpaTbl B
9TOM Ccrny4ae BOWAYT OCHOBHAss W [OnonHuMTenbHas 3apaboTHble nnatbl  Ang

BbICOKOKBaJ'II/Id)VILI,VIpOBaHHbIX MHXEHEPOB, CooTBEeTCTBYHOLLME OT4YUCNEHUA BO
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BHeOaKeTHble (bOoHAbI, a Takke 3aTpaTbl Ha opopMNeHne Ons HUX NPOM3BOACTBEHHbIX
koMaHaMpoBoK. CornacHo rpybor OLueHKe CTOMMOCTb BbllLeyKa3aHHbIX 3aTpaTt morna Obl
cocTaBnAaTb nopsgka 250 000 py6.

CpaBHUTENbHAA OLEHKa XapaKTepUCTMK BapuMaHTOB WCMOSIHEHUSI MpPOEKTa
npeacraesneHa B Tabnuue 4.22.

MpoBeaem pacyeT WHTerpanbHOro mnokasartens pecypcoaddeKkTMBHOCTM Ans

Kaxgoro BapunaHTta UCNoJIHEHUA:

| P =5x0,3+4x0,1+5x0,15+5x0,15+4x0,1+5x0,2=4,8
;' =2x0,3+3x0,1+5%0,15+3x0,15+3x0,1+4x0,2=3,2
I;' =3%0,3+3x0,1+4x0,15+2x0,15+3x0,1+4x0,2=3,2

Kak BugHoO u3 pacCHUTaHHbIX 3HA4YEeHUHN, BapunaHT WUCNOJIHEeHWA, KOTOprI7I Obin

peanu3oBaH B aHHOW paboTe, siBnsieTca Hanbonee pecypcoadHeKTUBHBIM.

Tabnuua 4.22 — CpaBHUTENbHAs OLIEHKA XapaKTePUCTUK BapMaHTOB MCMNOSNTHEHWUSI NpOeKTa

Becoson Texywmn AHanor 1 AHanor 2
Kputepum Koa(ppuumneHT NpoeKT
napametpa

1. Ypo6cTBO B aKCcnnyatauum
(cooTBeTCTBYET TPEOOBAHUAM 0,3 5 2 3
notpeburtenen)
2. [lomexoycTon4mBOCTb 0,1 4 3 3
3. OHEpProaKoOHOMUYHOCTb 0,15 5 5 4
4. HapexHocTb 0,15 5 3 2
5. YpoBeHb Wwyma 0,1 4 3 3
6. PyHKUMOHaNbHas MOLLHOCTb
(npenoctaBnsieMble 0,2 5 4 4
BO3MOXXHOCTHW)

WNtoro 1 28 20 19

4.6 BbiBOAbI NO rnaee

M3 npogenaHHbIX pacyeToB cnenyeTt, 4YTo Hambonblune 3aTtpaTbl Ha Hay4HO-
TexHunyeckoe uccrnegoBaHune (bonee 45% ot obLen cymmbl) NpUxogaTca Ha onnaTy Tpyaa
ncnonHutenen Tembl (90 134,9 pybnen) n nopsaka 40% 3atpaT NpUXoguTCs Ha Cbipbe U
cneunanbHoe obopygoBaHue. 3TO CBA3aHO C TeM, YTO B AaHHOM paboTe npomssBoanTcH

HayKoeMKad npoaykuunad, rotoead K UCrnosib30BaHUIO 1 npodaxe, crneaoBaTtesyibHO BaXXHO He
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TONbKO NpOBeAEeHME Hay4dHbIX pa3paboTok, HO M CbipbeBble 3aTpaTbl. B cymme e Becb
GrooKeT Hay4YHO-TEXHUYECKOro nccnefoBaHua coctasnseTt 193 216,2 pybns.

B xome npoBegeHus aHanusa nokasatenen 3deKTMBHOCTM MHBECTMUMI Obina
nonyyeHa yucraga tekywasa ctommoctb (NPV) — 206,932 py6. Takum obpas3om, AaHHbIN
WHBECTULIMOHHLIM MPOEKT MOXHO cuyuTaTb BbIrogHbIM, NPV gaBnsetca nonoxuTenbHOW
BENUYNHON. [JUCKOHTUPOBAHHBLIA CPOK OKYynaemMoCcTu npoekTa cocTaBnseTr 7 Mecsiues.
BHyTpeHHss cTtaBka poxogHocTtu (IRR) — 0,67, 4To no3BonsieT npusHaTb UHBECTULIMOHHBLIN
NPOEKT 9KOHOMUYECKN ONnpaBAaHHbLIM, TaK Kak BbINOMHAETCA ycrnoBue HepaBeHcTBa IRR>i.
Nupekc poxogHoctn (Pl) — 2,06 n, OCHOBbIBasicbHa TOM, 4YTOA4AHHAs Benn4MHa
npeBbllLaeT eanHULY, MOXHO yTBepXaaTb, YTO AaHHAA NHBECTULMNA NpuemMnema.

N3 pacyeta pecypcoapeKkTMBHOCTM Takke cnegyet, 4YTO pearnin3oBaHHbLIN
BapuaHT MCCnegoBaHus SBNSIETCA HaMMeHee 3aTpaTHbIM. [JaHHas OLeHKa KOMMEpPYECKOM
LEeHHOCTN Heobxoauma, Ans nNpeacTaBfieHUMs COCTOSHMS U NEePCneKTMBbI NPOBOAUMOIO

Hay4YHOro nccriegoBaHu4.
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