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MWMWKPOOBPABOTKA
MATEPUAJIOB

NMMKOCEKYHAHbIMU JIASEPAMU

®.baxmaHH, 1. Mwoiep, b.Knumr, P.Kuarre,
LUMERA Laser CmbH, 'epmanusi, www.lumera-laser.com

NMukocekyHAHbIe Na3epbl rOTOBbl U3MEHUTb MUP MUKPOO6paboTku. bnarogaps ceoemy
HenpeB3OMAEHHOMY KayecTBy NMKOCeKyHAHble (PS) nasepbl NO3BONSAKT BbINTH
Ha HOBbIA YpPOBE€Hb TOYHOCTU MUKPOO6PABOTKM B Pas3/INYHbIX MNPOMbILLIEHHbIX
NPUNOXKEHUSAX — MUKPOIIEKTPOHMUKE, NOJIYyNPOBOAHUKOBON N (POTOINEKTPUYECKOMN
uHAaycTpun. Camble MoOWHbie PS-nasepbl komMnaHMu LUMERA Laser cemenctBa
RAPID B 3aBMCMMOCTM OT KOHKPETHOro npumMeHeHUs UMeloT pas3Hble 3Ha4vyeHus
MOLLLHOCTU U 4YacTOTbl c/iefoBaHUA UMnyabcoB. MMmnynbcbl nasepos LUMERA RAPID
AJINTENbHOCTbIO MeHee 15 NC NO3BOASAKOT M3bexaTb HeXesnaTeNbHbIX TenJ0BbIX
3dpPekToB. C NOMOLLbIO 3TUX /1a3epoB 3a OA4HY MUHYTY MOXHO yaanutb 10 Mm3 no6oro
TBEepAoOro TpyaHoobpabaTbiBaeMoro martepuana. A CKOpocTb abnauumu crekna npu
06paboTke PS-MMMynbcaMmu npeBbiwaeT 50 MM3 B MUHYTY.

PS-1asepoB ¢ MaTepuaJaMM oOTIH4aeTcs  TaKue HeskeslaTe/lbHble T06OUHBIE TeIIOBbIE 3QPEKTHI,
OT TIIPHUBBIYHOIO JIMHEMHOIO 3aKOHa IIOIJI0-  KaK 3ayCeHIIbl, MepeKpHUCTa/UIM3allud U MHKPOTpe-
meHUsI. MylTsTHQOTOHHBIN IIpolecc obecriedrBaeT  IMUHBEL, IPH 06paboTKe MaTepHUasoB YIBTPAKOPOT-
KHMH MMIYJIbCaMH IHKOCeKYHIHOU [JIUTENb-
HOCTH OTCYTCTBYIOT. OTJIHMYHBIe XapaKTepUCTHUKU

M eXaHHu3M B3aI/IMOILeI‘;ICTBI/IH H3J1ydeHHus CHJIbHOE IIOIVIOIeHHKEe [a’ke B IIPO3PavYHBbIX Cpeldax.

Puc.1. A6asuug moHkoli (4 mkm) Cr-naeHKu Ha pomoaumozpa- Puc.2. CpasHeHue nogepxHocmeli, 06pa6omanHbix NS- (a-8)
¢uueckoli macke HaHocekyHAHbIM (NS-) Aa3epom (8epmuKanb- u PS-nazepom (2-€) c mouKu 3peHus 8biN0AHEHUS KOHMYPHO20
Hble AUHUU) U PS-Aa3epom (20pU30HMAnbHble AUHUL) pucyHka (a,2), mouHocmu (6,0) u Ka4ecmaa nosepxHocmu (8,e)
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Puc.3. TunuyHas ycmaHoska 0as docmasku usay4eHust PS-aasepa 6 30Hy obpabomku demanu

PS-nma3epoB - BBICOKAsI YacTOTa (1 MI1 u BbllIe)
C/1eIOBaHUSI HMIIYJIbCOB CO CpPeJHeM MOIIHOCThIO
B HECKOJIBKO [eCATKOB BAaTT U OTIMYHOE KaudecTBO
nmyuyka - obeclleYMBAIOT HUX IIMPOKOe HCIIONIb30Ba-
HUe B IIPOMBIIIJIEHHBIX MaciuTabax. CaMble MOIIHbIe
PS-na3zepel mpousBoacTBa LUMERA Laser BbIpabaThl-
BAlOT MOIIHOCTH 6ojiee 75 BT IpHU 4YacToTe IIOBTOpe-
Hug 1 MITI.

BBEAEHWE

BriepBele "xonmomHas abnanusa’ 6b1a OTKPBITA U OMH-
caHa rpynmnoun P.CpuHHBacaHa okono 30 jeT Hasaf
B pabote (1], rme oH CTPYKTypHUpPOBaJ IOIHITHIIEH-
TepedTaiar (II2T®) ¢ IIOMOIIBIO Y®-usnyuyeHUs
M HAHOMMIIYJIbCHOIO ArF-3KCHMMepHOro Jasepa.
MexaHu3M abISLUM pacCMATpPUBAJICI KaK CHIIb-
HOe IIOIJIOLeHHe H3JIyYeHHUs BHYTPH TOHKOIO CJIOs
Matepuanaa 3a KOPOTKHMM IIPOMEXYTOK BpeMeHH

(UTo O06BACHSJIIO NPUUUHY HeoOXOLHMOIO COBMe-
meHHUss Y®-cBeTa M HAHOCEKYHIHBIX HMIIYIbCOB).
CornacHo IIpefIoNoskKeHUIM, 3TO BBI3bIBAJIO HapyIle-
HUe CBs3ell M HeMeJJIeHHOe "'B3pBIBHOE HCIIapeHHUe"
MaTepuana. M3BecTHO OBIIO, UTO TaKHe IIPOLIECCHI
MIMPOKO NMPHUMEHSIOT AJIsl yAa/JeHUs] OpraHUuUYeCcKUX
TKaHeMt, 0CoOeHHO [/ KOPpeKIHH OIH30PyKOCTH
B 0pTa/NbMONIOTUU [2], CTPYKTypUpOBaHHUS doTope-
3ucTa (3] 1 abNsILMY IO MePOB B ITeYaTHBIX I1JIaTaX
[4]. OnHaKo mofObHBIN IIpoLiecC faeT He OUYeHb XOpo-
IIHe pPe3y/IbTaThl IIPH 06paboTKe APYrUX MaTepHaJIOB,
KaK, HaIpuMep, CTeKJI0, KepaMHKa HJIH MeTasll.
K cuacTelo, MOsIB/IeHUE YIbTPAKOPOTKOMMIIYIbCHBIX
(YKH) J1a3epoB C AJHUTENIBHOCTBI0O MMIIyIbca OT 10
10 15 IIC II03BOJIMIJIO IIPeofoeTh IT006HbIe OTpaHUYe-
HUsI, Be[lb 5TH Jia3epbl MOI/IK 06ecIiedrTh HaCTOIBKO
BBICOKYIO ITMKOBYI0 MOIIHOCTb, YTO IIOSIBJISITIOCH MHO-
rooToHHOe IorioleHue. IPPeKT OT ero MosIBJIeHU I
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Transient amplifier:
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energy up to ~200 pJ

Puc.4. MpuHuun pabomei Aa3epos cepuu RAPID

IIPAaKTUYeCKH HCKJIIYaeT JIMHEMHYI 3aBHCHMOCTb
OT MHTEHCHBHOCTH ITPOLlecca IOIJIOLIeHUSI MaTepH-
aza W BIMSHHUE Ha Hero JJIMHBI BOJHbBI U3Ty4YeHHUs.
KpomMe TOro, BBICOKas HAIIPSKEHHOCTh 3JIeKTpHUUe-
CKOTO IO CBETOBOM BOJIHBI PS-ma3sepa, IPeBOCXO-
OsLasi HANPSSKeHHOCTb KYJIOHOBCKOTO IOJS, yOep-
SKUBAIOIIEro 3JIeKTPOH B aTOMe, 3aCTaBIIsIeT JIETKHe
37IeKTPOHBl IIOKMHYTHh aTOMBI. JIeKTPOH IIpHobpe-
TaeT [JBUKEHHE BJOb PACIIPOCTPAHEHHS CBETOBOM
BOJIHBI, M HOBBIM PEXXKHM B3aUMOIEHUCTBHUS CBeTa
C BeIeCTBOM IIPUBOAMT K TOMY, YTO B MaTepHaje
IIOYTH HEe COXPAHSETCS OCTATOUHOEe TeIio. TakKuM
0obpa3oM, MmpaKTH4YeCKU 1I060M MaTepHal MOXKHO
obpaborarp mouTH 6e3 IMOOOYHBIX TEIIOBBIX IdPex-
TOB. ITo 3Ton mpuuuHe YKU-ma3epsl oueHb XOPOIIO
IIOAXOMST [JIS1 BBICOKOTOUHOM 06paboTKH TepMOdyB-
CTBUTEIBHBIX MATEPHAJIOB, BrieuaT/sionias pa3sHULa
Mexay o06paboTKoM HAHO- M ITHKOCeKYHIHBIMH

MMIIyJIbCAaMHU IIPOAEMOHCTPUPOBAHA Ha IIpUMepe

Puc.5. CsepxckopocmHoli (Hyper RAPID) 75-Bm na3sep (cAega) 2eHepupyem PS- umnyAbc-
Hoe U3Ay4eHUe cpedHell MouiHocmu 6onee 75 Bm (8aumenbHocmb umnyabca 10 nc,
MAKCUMAAbHAS Yacmoma cAed08dHUS uMnyAbcos 12 MIy) u obecnevusaem udedabHoe
Ka4ecmao Ayud: kaycmuka (8 ueHmpe) u npoduab Ay4d (cnpasa), usmepeHus Ha dAuHe

80/HbI A=532 HM
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abnsiLMK TOHKOIIJIEHOYHOTO MaTepuasna (puc.l).
A pHUC.2 UJITIOCTPUPYeT pPasruyuue B KauecTBe I10BepX-
HOCTH TBepAbIX MaTepHasoB, CTPYKTYPHPOBAaHHBIX
3THMH Ke HHCTPYMeHTaMH.

YCTPOWCTBO PABOYEN YCTAHOBKM

B COOTBETCTBUHU C ONMHCAHHBIM MEXaHU3MOM [I€H-
CTBUSA U3N1ydYeHUs YKH-a3epoB Ha MaTepHabl pakK-
TUYeCKH BCe MaTepHaabl MOTLYT ObITh 06paboTaHEI
IIOABHKHBIM PS-/1a3epHBIM M3/Iy4eHKHeM Ha BHICOKOM
KaueCTBeHHOM ypoBHe! EC/IM IVIOTHOCTD SHEPrUM Ha
MIOBEPXHOCTH MHUIIEHHU IIpeBbIIIAeT OIlpele/leHHbIN
IIOPOT, TO Ka’KABIH MMITYAbC, KaK IIPaBUJIO, yAAJsieT
cJIoN ToawmuHOM oT 10 mo 100 HM. ITOT IIOpPOT MaJIo
MeHseTCsl B MHTepBaJle INIOTHOCTeH oT 0,1 10 2 Tk /cm?
B 3aBUCMMOCTH OT THIIA MaTepHasa, IJIMHBI BOJIHBI
Y UIXTEIBHOCTY UMITYJIbCa J1a3epa. Mmes naTHo gua-
MeTpoM 25 MKM C SHepruer B ummyibce 10 MKJK,
MOKHO JIETKO JOOHTBHCS TAKOHM IUIOTHOCTH 3HEpruu,
YTO OHA IIPeBBICUT Iopor abnsimuu. IIpu B3risige
Ha BeJIMYMHY abNsIIUM, IPUXOASINYIOCS Ha ONHMH
MMIIYJIbC, MOXKeT CO3[JaThCS BIIeYAT/IIeHHEe, YTO yha-
JleHHe MaTepuana HAeT o4YeHb MenieHHo. OLHAaKo,
HCIIONIB3YS JIa3ep C MerarepleBoM 4acTOTOM IIOBTOpe-
HU S UMITYJIBCOB U CpefiHer MOIIHOCTBI0 50 BT, MOSKHO
33 OJHY MMHYTY YAaIuTh OT 6 go 60 mm3! Takas
BBICOKAsl 4YaCTOTa CJIeJOBAHUS HMIIYJIbCOB U BBICO-
Kasi CPefHsIs MOIIHOCTb, C OLHON CTOPOHBI, TPebyIoT
6BICTpOro IepeMellleHUs yda, CIOCO6HOro obecrie-
YUTb BBICOKYIO CKOPOCTb 06paboTKHU, a C IPYyTOH — 3TOrO
ske TpebyeT HeobXooMMOCTh H30erarb HaKOIUIEHHUS
OCTATOYHOIO TeIula. TaKMM 06pa3oM, KOHCTPYKIHS
JIa3epPHOM YCTAHOBKH MOJIKHA 0becrieduTh OBICTpOE
CKaHUPOBAHUE TOJIOBKHU C TeJeleHTPUYECKHUM 00B-
eKTHBOM B KOMOMHAIIMU C KOOPAUHATHBIM CTOJIOM,
nepeMematomuMcs B XY(-Z)-HampasieHHUsx (puc.3).
CoBpeMeHHBle CKaHUPYIOIIHe TOJIOBKU II03BOJISIOT
IepeMelaTh GOKYC CO CKOPOCTHIO 10 20 M/C.

JNIA3EPHbI UCTOYHUK

KOHCTPYKLMS THUIIOBOIO BBICOKO-
MoInHoro PS-na3epa (puc.4) pemeHa
B CTaHJApTHOHM KOHOQUTYpalUU
MOPA: 3apamoIiu# reHepaTop
HMIIy/lIbCa — TeHepaTop IocJIeno-
BaTeJIbHOCTH MMIIY/IbCOB ~ KAaCKaJl
ONTHYeCKHUX YCHJIHUTeJern MOII-
HocTtu (Master-Oscillator Power-
Amplifier). LUMERA BslIlycKaeT
CepHI0 TBEPAOTENbHBIX J1a3epoB
C AHUOJHOM HAaKAauyKOM MU CHHXPO-
HU3anuen moxn - LUMERA RAPID
Series. TBepAOTeIbHBIH J1a3ep STOH
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Puc.6. Mpumepbl c8epaeHus omeepcmull 8 pasAuyHbix mamepuanax (A=1064 Hm, P=50 Bm): a) — omeepcmus duamempom 100 MKm

8 kepamuke Al,O; (moAwuHa 1mm, ckopocms: omaepcmue/c); 6) — omsepcmue duamempom 150 MKM 8 KpemHuu (MoAuuHa 200 MKM,
cKopocmb: nimb omeepcmuli/c); 8) — omaepcmus duamempom 250 MKM 8 8 Hepxkasetouleli cmaau (moawuHa 300 MKm, 00HO0 omeep-
cmue 3d 5 ¢); 2) - omaepcmus duamempom 3 Mm 8 60pocuAuKamHom cmekne (moAlwuHa 0,5 mMm, 0koAo 10 ¢ Ha 0dHO omaepcmLue)

cepuu (DPSSL) reHepupyeT IOC/Ief0BaTelbHOCTb 60
HJ>K-MMIIY/IbCOB IJINTEIBbHOCTBIO 7 IIC C 4acTOTOH 50
MTI1. C ImoMOIIBIO 3/IeKTPOOIITHYECKOT0 MOAYJISATOPA
(EOM) M3 mocIefoBaTelbHOCTH HMIIYJIbCOB BBIOHpa-
€TCS OTAeNTBHBIN HMITYJIbC. DTOT "MHIAUBUAYATBHBIN
MIMIIYJIbC 3aTe€M YCHJIMBAETCS B MHOTOXOOBOM YCHJIH-
TeJjie, IIPU 3TOM €ro MOIIHOCTh MOXKET HOCTHUIATh 250
MKJK. BBIOOpOM HMMITy/lIbCa MOKHO IIOTYYHUTh K TaK
Ha3plBaeMBbIH IaKeTHBIH PeXKHM HMMIIYIbCOB, — 3TO
HebosIbIIIast TPYIIIIa UMITY/IbCOB C PACCTOSTHHEM MEKAY
KOKIBIM HMMITYIbcOM Bcero 20 Hc. Torga eMHHYHBIN
HMIIyAbC (B JaHHOM ciydae 250 MKJIK MOIIHOCTH)
JeIHUTCS, HallpuMep, Ha JeCATh KUMIIY/TbCOB C COOTBET-
CTBEeHHO MeHbIIIell MOIIHOCTBIO B HMIIyabce. PaboTa
C H3/lydeHHEM Ha BBICIIMX TapMoOHHKax (532 u 355
HM) JIeTKO JIOCTYIIHa I0/Ib30BaTensiM nprbopa - mpo-
rpamMMma obecreunBaeT IepeK/IIOYeHHe H3/TydaTens

Ha HY)XHYIO UIMHY BOJIHBI C IIOMOILBIO IIPOCTOrO
Ha>KaTHS KHOIIKH.

Ha ¢upme LUMERA yske BBINYIIEHO 247 TaKUX
Na3epoB, MX HajleXkHas paboTa MO3BONHIA IIPH-
6opaM mepemlarHyTh IOpPOr 1a6OPaTOPHBIX HCIIBI-
TaHUH U BBIMTH Ha WHIYCTPHAJIbHBIE IIJIOIALKH.
JIazepsl 06ecrieYHBaIOT IPEBOCXOHOE KaUeCTBO JIyda
(8 TEM,, pe>khUMe KadecTBO jy4a M?<1,5), BBICOKYIO
IIOBTOPSIEMOCTb OT HUMIIY/IbCA K UMITY/IbCY K CTabHJIb-
HOCTb CpefiHell MOIIHOCTH (MHTeHCHBHOCTD IIyMOB,
BBIYMC/ISieMasl 4epe3 CpefHeKBAaJpPaTHYHOe 3Hade-
HUS CHEeKTPAJIbHOM IIJIOTHOCTH MOIIHOCTH - RMS -
Ha 4vacToTe 1 MIII cocTaBisgeT 3HauYeHHEe MeHbIIIe
1%). Jlasepbl IIOKa3bIBAIOT OTJIHMYHYIO IIPOCTPaH-
CTBeHHYI0 CTabH/IBPHOCTh Jyda (PacXogHMOCThb
nyda <50 mkpazn/°C) Bo BceM muamasoHe PRF (Pulse
repetition frequency), 4acToT crefoOBaHHUS HMIIYIb-
COB MJ/IM YHCJIO MMIIYJIbCOB B €QUHHUIY BPeMeHH.

®OTOHMKA N°1/37/2013 37



| mﬂly TEXHOJ/IOTMYECKOE OBOPYAOBAHUE U TEXHOJIOrMN

Puc.7. Bbipe3aHue CA0XKHbIX KOHMYpPO8: d) 06seMHas noAoca, 6) npope3b 15 MKM
8 nnacmuHe cepebpa moAuyuHoll 20 MKM, 8) KaHasKu 30 MKM 8 80AbGpame
monuwuHol 100 mkm

9TO Mepy HCIIONB3YIOT B PA3NIUYHBIX TeXHHUYECKHUX
YCTPOMCTBAaX BO H30eXaHHe IIyTAaHHULBI C eSUHU-
Llel YacTOThl B Teplax M/IM 'LIIUKJIOB B CeKYHAY'.
ITukocexkyHHBle na3epel LUMERA (puc.5) HMeOT
BBICOKYIO BRIXOAHYIO MOIIHOCTb, OCTUraoNyo 80 BT
Ha OCHOBHOM JJIMHEe BOJIHBI A=1064 HM.

NMPOMbDIWIEHHbBIE MPUMEHEHUS
OnucaHHBIe BBIIIe CBOKMCTBA PS-1a3epoB onpesesnsioT
Ty HHIIY B IIPOM3BOACTBE, [/IS KOTOPOM OHHU HaH-
6oree Bcero IOAXOOSIT - 3TO BBICOKOTOUHAs obpa-
6oTka HeGONBUIMX CTPYKTYP M3 TBEpHABIX, XPYIKHX
UM TepMHYeCKH YYBCTBHUTETBHBIX MaTepHaJIOB.
CnenyromMK psifi PUCYHKOB (PHC.6-9) HIIIIOCTPH-
pyeT HMHOYCTpHAIbHBle NPHMEHEHUS ITHKOCEKYHJ-
HBIX J1a3epoB. C IIOMOIIBIO TaKUX JIa3epoB IPaKTHU-
YecKH B /TI060M MaTepHasle MOXKHO IIPOCBEPIHTD
(unu nyd4ile BeIpe3aTh) OYeHb YHCTBIe M TOYHBIE
oTBepcTH (pHrC.6). KoHeuHo, ¢ moMoIbio PS-1a3epoB
MOSKHO IIOJIy4aTh He TOJBKO KPYIJIble OTBEepPCTHS,
HO U OTBEePCTHUS CJIOKHOM KOHQHUTYpPaIUH, KOTOPhIe
HEBO3MOXKHO CPOPMHUPOBATH C TAKOM BBICOKOK TOY-
HOCTBIO HHKAaKHMM HHBIMH TeXHOJIOTHYECKHUMH
MeTomaMHu (puc.7).

[IprMepoM IIPaKTHYeCKOTO IIPHUJIOKEHHUS CBepIIe-
HUSL PS-71a3epoM CTajao MPOM3BOACTBO HHKEKTOPOB
IS U3eNbHBIX ABUraTenen (puc.8). [lyis U3roToBe-
HUS HHKeKTOPa He0bX0M MO ITPOCBEPIUTh POPCYHKHU

e

B JeTandx CJIOXHOH QOpPMHI,
BBIIIOJIHEHHBIX M3 Hep)KaBelo-
el CTaad TONIIMHOM 1 MM. Tpu
KOHMYECKHMX OTBEPCTHS LOJIKHBI
OBITH BBIIIOJTHEHBI C OYeHb BBICO-
KOM TOYHOCTBIO, IIPH TOM YTO HX
OHUaMeTphl C INyOHMHOM MOJIKHBI
MeHSTbhCSI 0T 60 MKM 10 120 MKM
(cM. puc.7). 11 3TOM omepaliuu
KCIIONB3YIOT PS-masep ¢ ynBoeH-
HOM 4acToToH (A=532 HM) U BBIXOJ-
HOM MOILIHOCTBIO 25 BT. CBepreHHe
OJIHOrO OTBEpPCTHA 3aHHMMaeT 5 C,
Ha OJIMH UHXeKTop TpebyeTcs TpU
TaKUX OTBEPCTHS, TaK YTO OfHA JeTalb MOXKeT ObITh
3aBepiIeHa B TedyeHue 15 c¢. Miu BoT, mpumep Apy-
TUX NPUJIOKeHUM: CTPYKTYPHUPOBAHHE U CBepJIeHHe
IaHeJIel COMHEeUYHBIX OaTaper, CBep/ieHHe MeYaTHBIX
II7IaT, Hape3Ka MUKPOIeKTPOHHBIX IUTACTUH (wafers),
Pe3Ka 3aKa/ileHHOro CTeK/a M apMHPOBaHHBIX BOJIOK-
HOM I10/IMMePOB (yI/IeNIaCTHKOB).

PS-nma3eprl TaK>Ke MAeaJbHO IIOAXOAAT J1sI II0BePX-
HOCTHOTO CTPYKTYPUPOBAaHHUS U IJ1s1 2,5D 06paboTKH.
Ha pwuc.9 npexacrasieHbl pejbedHBIE I[IOBEPXHO-
CTH, CGOPMHPOBAHHBIE B PaslIMUYHBIX MaTepHanax
PS-nasepom.

BrlZlo OTMEYeHO, YTO HEeCKOJIbKO ITHKOCeKYH]-
HBIX HMIIY/IBCOB, IIOJAaBAeMBIX C HAHOCEKYHIHBIM
OTPBIBOM (IIaKeTHBIK PeXXHM) He TOJBKO IOBBHIIIAIOT
[I0 CyLIeCTBYy CKOPOCTb abMSALIMHM, HO M YIYYLIAIOT
KauyeCTBO MHKPOOO6PabOTKHU, HAIpUMep HIepOXOBa-
TOCTb [I0BEPXHOCTH INIyXHUX OTBEPCTHI. ITO BUAHO Ha
npumMepe (prc.10) 06paboTKM KpPeMHHMSI: HCII0/Ib30Ba-
HMe CepHH M3 IIeCTH I10C/IeJ0BaTeIbHBIX HMITY/IbCOB
BMECTO OJHOTO BBICOKOMOIIHOIO MMIIY/IbCA HE TOJIbKO
yBeTHUYMBaeT B 8 pa3 abmsiLuio, HO U 3HAYUTETbHO
ylIydIlaeT KauecTBO IIOBEPXHOCTH obpabaTbiBaeMOM
obnactu.

Kak 6pLy10 TIOKa3aHO BbIlIe, 15 PS-ma3zepoB yske
Co37aHO 60/IBIIIOe KOTHYECTBO IIPOMBINIIEHHBIX ITPH-
JIOKeHUH, W YUCI0 33ad, Ife yAaJeHHe TOHKHX
c/10eB MK HebonbIINX 06beMOB MaTepHasa CO3JaeT

Puc.8. /lazepHoe ceepaeHue du3eabHblix GopcyHok (pomo ExOne)
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BBICOKYIO LIeHHOCTb IIPOM3BOJHUMOIO IIPOAYKTA, CTpe-
MHTeJbHO pacTeT! B To >Xe BpeMsl 3a MOC/IefHHe
IIATH JIET CTOMMOCTDb OAHOro $pOoTOHA CHU3MIACh B 10
pas, 4To mpeBpaliaeT PS-a3epsl B 0OYeHb 3KOHOMUY-
HBIFI MHCTPYMEHT, KOTOPBHIM B OJMHOYKY CII0CO6eH
KOHKYPHPOBaTh B LieHe 3a BbI6Op MHCTPyMeHTa obpa-
60TKH CO MHOTMMH JIPYIrHMH. XOTSI IepBOHAdalb-
Hble MHBeCTHUIMHU [JI BHeLpPeHHs B IIPOM3BOACTBO
PS-1a3epoB [OCTAaTOYHOM MOIIHOCTH M KadecTBa
Iy4yKa BbIIIE, YeM [/ HaHOCeKYHIHBIX JIa3epoB,
OHAKO OHH COCTaB/ISIOT JIMIIb 0K0JIO 0,25 eBpo/MUH
B COBOKYITHOM CTOMMOCTH BJIafileHHs. PS-maszep CIoco-
OeH IIOYTH B TeUeHHe OJHOM MUHYTHI yAAIUTb 20 MM?
nioboro Marepuana, TPyLHO MOAAAIOLIETOCSI MAIIKH-
HOM 06paboTKe, HMMeIOIIEro IMPaKTHYeCKH J06yi0
>KeCTKOCTb, HAIpUMep, KybHdecKoro HUTpuzaa 6opa
WK aJiMasa, candupa, CTeK/1a UK KepaMUKH!

TEMbl UCCNEAOBAHUN U LANBHEALLErO
PA3BUTUSA

Cerogusa 50-BT mpomblinieHHBIe PS-la3ephl CTanu
y>ke OOBIYHBIM [e/IOM K Ja’ke IPHUBBIUHBI Ja3ephl
66npLIeNT MOIIHOCTH, O 75 BT, a BCKOpe C HOsBIe-
HueM ya3epos cepur HYPER RAPID BO3MOXKHO I10SB-
neHue 100-BT ycTporcTB. TeM He MeHee, CYLIeCTBYIOT
IIpUJIOKeHHU 1, KOTOpble TpebyIoT ellle 6oJiee BEICOKOL
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Puc.9. 2,5 D u3obpaxkeHus (peabedbl) 8 pazAUYHbIX Mamepuanax

MOIIIHOCTH, HaIlpUMep 3aJauM CTPYKTYPUPOBAHUSA
6osBIIMX ITOBePXHOCTEM. [e MCIIONB3yI0TCS TaKHe
CTPYKTypHUpOBaHHBle II0BepxXxHOCTH! Hampumep,
B THCHEHUHU I[IOBEPXHOCTU LMJIUHOPOB [/ LIKPO-
KoQOpMaTHOM MedaTH HJIU THUCHEHHUH LIMJIHUHIAPOB,
CIY>KallUX [JIS1 U3TOTOBAEHUSI KOHCTPYKLHH IIOJ-
cBeTKHU JKK-aucCIIieeB, UIH O/ IIPOM3BOACTBA MU3/e-
MU U3 UCKYCCTBEHHOH KOXKH W T.H. TaKHe LHJIHH-
IOpbl, BBIIIOJIHEHHBIE H3 CTaJH, OOBIYHO HMEKT
JIHaMeTp B HECKOJIbKO LeCSATKOB CAHTHMETPOB, IJIH-
HOM OT OJHOIO O HeCKOJbKHX MeTPOB U BeCcoM
oT 7 1o 10 ToHH. [IoBepXHOCTH, IIpefHa3HaUYeHHas
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Puc.10. 2¢ppexm pexxkuma cepuliHoli 06pabomku KpemHus: pacnpedeneHue 3Hepauu
UMNYAbCa 8 NOCAeD08AMEAbHOCMU U3 LUeCmU UMNYAbCO8 ¢ 20-HC UHMep8aAoM yeeauyL-
8aem ckopocmb abaauuu (cAega) u yayduidem Kayecmao nogepxHocmu (cnpaea)

IJ1S1 CTPYKTYPHUPOBAHUS — HUKe/Ib, A/TIOMUHHH HUIH
CTanb. B QUHAHCHUPyeMBIX IMPaBUTEIbCTBOM R&D
npoekTax [5, 6, 7] HalMoHanbHOr0 HEMEIIKOI0 KOH-
copuHyMa Jia3epHBIX IIpou3BopuTener (LUMERA
Laser [8], EdgeWave [9]), cMCTeMHBIX HHTErpaTo-
poB (Schepers [10], Saueressig [11]) u HHCTHUTYyTa
(PpayHTrodepoBCKHUN HHCTHUTYT Jla3epHBIX TeXHO-
noruu [12]) 6bIIM HCC/IeLOBAHBI MPOLIECCHI, BIIHS-
IOlle Ha yBeJIMYeHHe TOUHOCTH M CKOPOCTH MJid
JIa3epHOT0 CTPYKTYPUPOBAHHS TaKHX PYIOHOB
PS-naszepHeIM THCHeHHMeM. Ha pwuc.1ll 1mokasaH
LMJIMHAP, Y KOTOPOro aJIlOMHUHHEBasl IIOBEPXHOCTh
6bLIa CTPYKTYPHPOBAHA C HEJOCTHKMMBIMH paHee
Ka4yeCTBOM M TOYHOCThIO 80-BT PS-1aszepom c 4acTo-
TOM IOBTOPeHHUSI UMIIYIbcoB 1 MIT. Bpems, 3aTpa-
YeHHOe Ha Bechb MPOM3BOJACTBEHHBIM LMKJ, COCTa-
BUJI0 0KoJI0 10 4acos [6].

Onsg  OOCTYHHBIX CErogHS
MOIIHBIX PS-7ma3epoB IO 3KOHO-
MHYeCKMM IMPUYHMHAM MaKCH-
MaJbHas [OJAKMHA LHIHHIDPOB
OTpaHHYeHa pa3MepoM OKOJO
1 m. TeM He MeHee, B IIPOeKTe
[6, 13] 6BIIM TaKXke HCCIemo-
BaHbl KOHLEIUMHU YCHUIeHHUSI
PS-nmazepa mo 6oyiee BBICOKOH
MOLIHOCTH. B nabopaTopHOM
3KcIiepuMeHTe [14] yke 6B IIpO-
JeMOHCTPHPOBAH Jia3ep CO Cpef-
Hel MOIIHOCTbIO, IIPEeBHINIAN0-
men gaxe 1 KBT.
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3AK/TKOYEHUE
PS-nmasepsl y>Ke [oKas3aJu CBOH
[IPOMBIIIJIEHHBIM  IOTeHIJHaJ

B JOCTHKEHHUU HEKOTOPhIX MPO-
M3BOACTBEHHBIX 3aJad, pellae-
MBIX B peskMe 24/7 (pabota 7 nHeN
B Hepgenwo 1o 24 4yaca B cyTKH).
CylrecTByeT IIMPOKHUM psifi KOH-
KpPeTHBIX  IPHJIOKEeHHH, TIfe
HebOoJIbIIHe CTPYKTYPbI MOTYT OBITH
cbOPMUPOBAHBI TOJIBKO C KCIIONB
30BaHueM PS-masepoB. Iloutu
KaKIBIM MaTepHal MOXKHO obpa-
6aThIBaTh C OYE€Hb BBICOKOHM TOYHO-
CTBIO M II0 Pa3yMHOH LieHe CO CKO-
POCTBIO OT 6 10 60 MM? B MHUHYTY
C TaKOM IIPOM3BOLUTEIBHOCTHIO,
KoTOopasi HeobxonuMa B OOIBIIMH-
CTBe CJly4yaeB. Jla3epHble 9KCIIEPTHI,
a TaKKe aHAJTHUTHUKH PBIHKA OKH-
OAIOT, YTOo PS-1a3sepbl CTaHYT
OOMHUHHUPYIOIE TeXHOJIOTHen
B 0671aCTH J1a3epHOM 06paboTKH MaTepPHaJIOB, A PHIHOK
TaKUX U3/1ydaresiell B 6/IKsKaMIILe rofgel 6ymet 6p1CTpo
pactu.
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Friedrich Bachmann, Dirk Miiller, Bernhard Klimt, Ralf Knappe,

LUMERA Laser GmbH, Kaiserslautern, Germany

Picosecond lasers are poised to change the world of micromachining. Picosecond lasers allow a new level of
precision micromachining through unparalleled quality in a variety of applications such as microelectronics,
semiconductor, and photovoltaic industries. Focused picosecond pulses of approximately <15ps and with
appropriate energy are well suited to avoid undesirable thermal side effects like burrs, re-crystallization and micro-
cracks. The material interaction is almost material unspecific because micromachining with ps-pulses does not
rely on the linear absorption process making ps-pulses a universal machining tool for all kinds of materials. The
multi-photon process utilized provides strong absorption even in transparent media. Economic industrial-scale
throughput is realized by applying the appropriate energy at a high repetition rate. Therefore, ps-lasers should
have an average power of several tens of watts, a pulse repetition frequency up to and higher than 1 MHz and
an excellent beam quality. The most powerful ps-lasers from LUMERA LASER provide more than 75 W with 1 MHz
repetition rate. The RAPID laser product family has for the particular application the right power at each up to MHz
repetition frequency. Within a minute 10 mm? or more of any hard or difficult to machine material can be removed.

Glass machining with ps pulses leads to ablation rates of >50mm?/min.

INTRODUCTION

"Cold ablation" has been discovered for the first time by
R.Srinivasan et.al. about 30 years ago [1], when he described
the structuring of poly(ethylene-terephthalate) using UV
radiation and ns-pulses of an ArF-excimer laser. The ablation
mechanism has been explained as a strong absorption within
a thin material layer within a very short time (that’s why UV
light and ns-pulses have been mandatory). This triggers a bond
breaking and immediate "explosive evaporation”. Such processes
have been widely used for ablation of organic tissue especially
for correction of myopia in the ophthalmology [2], structuring
of photo-resist [3] and ablation poly-mers in printed circuit
boards [4]. The process, however, did not work very well for other
materials like e.g. glass, ceramics or metals. Fortunately, the
emergence of ultra-short pulse lasers with pulse duration of 10
to 15 ps, ameliorates this limitation as these lasers can provide
such high peak power densities, that multi-photon absorption
takes place. This makes the process almost independent from
the wavelength and the linear absorption properties of the
material. Furthermore, the large electric field of a ps-laser
pulse strips the low mass electrons off the atoms and charged
atoms left behind undergo a Coulomb explosion so fast such
that almost no residual heat is deposited into the material and
thus, almost any material can be machined with almost no

thermal side effects. For this reason ultra-short (ps) pulse lasers
are very well suited for highly precise machining of thermally
sensitive materials. Fig. 1 (Ablation of thin (4 pm) Cr-film on a
photo-lithographic mask by ns- and ps-laser) shows impressively
the difference between ablation of material by ns- and ps-pulses
for a thin film application, whereas in Fig. 2 comparison
of machining of an embossing tool by ns- (top) and ps-laser
(bottom) in terms of contour precision (left), accuracy (middle)
and surface quality (right) the difference for structuring a solid
material of an embossing tool is depicted.

SETUP OF THE WORKSTATION

According to this process, practically all materials can be
machined with ps-laser radiation at a high quality level! If the
energy density at the target surface exceeds a certain threshold,
each pulse will typically ablate a layer of 10 to 100 nm thickness.
The threshold varies only slightly in the range from 0,1 to 2 J/
cm’, depending on the type of material, the wavelength and
the pulse length of the laser. The energy density of the above
mentioned ablation threshold can be easily reached in a 25
pm diameter spot and with pulse energy of 10 pJ. The ablation
volume per pulse may allow the impression that material
removal is very slow; however, utilizing a laser with a MHz
pulse repetition rate and an average power of 50 W can ablate
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6 to 60 mm*min! Such high repetition rates and high average
powers require a fast moving of the beam to provide high
machining speed on one hand, but also to avoid residual heat
accumulation on the other. Therefore, fast scanning heads with
a telecentric f-6-lens in combination with x-/y-/(z-) table are
typically used as shown in Fig.3 (typical set-up for the ps-laser
beam delivery the machining stage and to the sample). Modern
scanning heads allow movement of the focus at a speed as high
as 20 m/s.

THE LASER SOURCES

A scheme of a typical picosecond laser setup is presented in Fig.
4 (The principle of the RAPID-Series). In general, high power
picosecond lasers are designed in a Master-Oscillator Power-
Amplifier (MOPA) configuration. In the LUMERA RA-PID Series
a mode-locked diode pumped solid state laser (DPSSL) generates
60 nJ pulses with a duration of 7 ps at a repetition frequency of
50 MHz. An electro-optic modulator (EOM), called the "pulse-
picker", selects individual pulses at frequencies as high as1 MHz
from this pulse train. This "individual” pulse is then amplified
in a multi-pass amplifier and can be amplified to as high power
as 250 pJ. The pulse-picker can also select a so called pulse burst,
i.e. a small group of pulses with a distance of only 20 ns; in this
case, the 250 pJ of a "single pulse" are split to e.g. ten pulses
with a resp. lower power per pulse. Higher harmonics (532 nm
and 355 nm) are also easily available (and software switchable by
the push of a button).

Running reliably in 24/7 production ps-lasers have stepped
over the threshold into industrial manufacturing floors! They
provide excellent beam quality (TEM00 mode, M<1.5), high
pulse-to-pulse and average power stability (<1% RMS at 1 MHz
repetition rate), an excellent pointing stability (<50 prad/°C
in full PRF range) and a high output power (up to 80 W at
fundamental wavelength, 1064 nm), Fig. 5 (Hyper RAPID 75 W
laser (left) generates > 75 W average power with 10 ns pulses at
a maximum repetition rate of 2 MHz and with an ideal beam
quality. Caustics is shown in the middle and a beam profile
measurement at 532 nm is shown on the right).

APPLICATIONS

Because of the properties described above, picosecond lasers are
best suited for highly accurate machining of small structures on
hard, brittle or thermally sensitive materials. In the following
(Fig. 6 to 9) practical examples are given. With picosecond
lasers in almost any material very clean and accurate holes can
be drilled (or better cut) as shown in Fig.6 (Examples for hole
drilling in different materials (1064 nm, 50 W): a) 100 pm diam.
holes in 1 mm thick A1203-cermics; 1 hole / sec; b) 150 pm diam.
hole in 200 pm thick silicon, 5 holes / sec; ¢) 250 pm diam. holes
in 300 pm stainless steel, 5 sec/ hole; d) 3 mm diam. holesin 0.5
mm borosilicate glass, about 10 sec / hole).

Of course not only round holes can be cut by ps-lasers, but
also complex structures, which cannot be achieved by any other
process with such high accuracy (Fig. 7. Cutting of complex
contours: a) CuBe; b) 15 pm slots in 20 pm thick silver; c) 30
pm slots in 100 pm tungsten). A practical application for such
hole drilling application is the manufacturing of injection
nozzles for diesel engines: In fact, 3 tapered holes, 60 pm to
120 pm in diameter, must be drilled with a very high accuracy
in a 1 mm stainless steel part as shown in Fig. 8 (Laser drilling
of diesel injectors (Courtesy of ExOne)). A ps-laser, frequency
doubled to 532 nm with an output power of 25 W is employed
for this application. It takes 5 sec per hole and three such
holes are at one injector, so that one part can be finished
within 15 seconds. Other applications are e.g. structuring and
drilling of solar cells, via-hole drilling on printed circuit boards,
dicing of wafers, cutting of hardened glass and fiber enforced
polymers.

Picosecond lasers are also perfectly suited for the structuring
of surfaces and for 2,5D machining. This is shown in Fig. 9
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(2,5D contours in different materials: glass, mammoth tusk
and Tungsten Carbide), where surface contours, generated by
ps-laser in different materials are presented. It has been
observed that several picosecond pulses with a nanosecond
scale separation (burst mode) not only will improve the ablation
rate substantially, but also the micromachining quality, e.g.
the surface roughness of blind holes. This is shown in Fig.
10 (The effect of burst mode (machining of silicon): splitting
the energy of a pulse into a pulse train of 6 pulses with 20 ns
distance increases the ablation rate (left) and improves the
surface quality (right)), where such data for machining of
silicon are depicted: Using a burst with 6 pulses instead of one
pulse with high power increases the ablation rate by a factor
of 8 and improves the surface quality of the machined area
considerably.

As shown above, there is already a large number of
industrial applications for picosecond lasers, and the number of
applications where removal of thin, small volumes creates high
value in the product is rapidly increasing! At the same time the
cost per photon has dropped by a factor of 10 within the past 5
years, making the picosecond laser a very economical tool and
one capable of competing with many other machining choices
on a cost-per-part basis. Although the initial investment for a
picosecond laser of adequate power and beam quality is higher
than a nanosecond one the total cost of ownership is only about
0,25 €/min. Within a minute 20 mm?® or more of almost any hard
or difficult-to-machine material, such as cubic boron nitride or
diamond, sapphire, glass or ceramics can be removed!

RESEARCH TOPICS AND FUTURE DEVELOPMENT
Today 50 W industrial lasers have become routine and even
higher power up to 75 W (and soon 100 W) are possible with the
HYPER RAPID series. However, there are applications which
require an even higher power, e.g. applications where very large
surfaces must be structured. One example are large printing
or embossing cylinders, which are used among others for the
manufacturing of the backlight structures for LCD displays or
for generation of artificial leather structures etc. Such cylinders
are made from steel, typically have a diameter of several 10
cm, a length of one to several meters and a weight of 7 to 10
tons. A surface of Nickel, Aluminum or steel is provided for the
structuring. In a government funded national German R&D
project [5, 6, 7] a consortium of laser manufacturers (LUMERA
(8], EdgeWave [9]), System-Integrators (Schepers [10], Saueressig
(11]) and an Institute (Fraunhofer Institute for Laser Technology
(12]) have investigated the increase of precision and speed for
laser structuring of such embossing rolls by ps laser. Fig. 11
(embossing cylinder, structured with a ps-laser (left); Ni coated
surface (right) (by courtesy of Schepers)) shows a cylinder where
an Al-surface has been structured by an 80 W ps-laser at 1 MHz
repetition rate with an unprecedented quality and accuracy.
Manufacturing time was about 10 hours [6].

For the laser power available today, for economical reasons
the maximum length of the cylinders is limited to about 1 m.
However, amplifier concepts for higher power ps-laser have
also been investigated in the project [6; 13] and even more than
1 kW average power has already been demonstrated in the
laboratory [14].

CONCLUSION

Picosecond-lasers have already proven their industrial capability
in several applications in manufacturing environment in a
24/7 use. Many specific applications where small structures are
required can only be performed with ps-lasers. Almost every
material can be machined with very high precision and at
reasonable rates between 6 and 60 mm?®min, so that in most
cases the required throughput can be reached. Laser experts
as well as market analysts expect ps-lasers to be a dominating
technology in the laser materials processing field and a fast
growing market in the upcoming years.



