; pqe3eYOVI 46T0: B+H'S  METHOD AND APPARATUS FOR FORM NG PERI ODI C ST URES
FIELD OF THE INVENTION s This invention relates to a method and appaf & us

for form ng periodic structures on a substrate. | [m it relates
to a method and apparatus for _. _ formng di fframlllmmm llm Im"m;s by | aser
irradiati on. BACKGROUND OF THE I NVENTION io Periodic gifjyyctures are a

nunber of parallel, closely spaced ri-dges and/ or grooves forned on a
substrate. It is desirable to formperiodic structures in certain

i ndustri al MEPHODRANDYAPPARATYSFOR FORMING PERIODIE STRUCTURES f orned on
gl ass substrates woul d be useful to produce optical gratings such as

diffractd i i reflective gratings, which is a | arge nunber of
par al | eﬁlggpoégﬁ'%ﬁﬂggapépﬁs formed on a substrate. An optical grating
may be used to separate light of different wavel engths with high
resolution. Biffr | |N or ectiV. I.N : .
conventi onal IE?;;"% 6’?%’3%%9%%%& & mn%tﬁﬁ!lj n%ﬁ%{gﬁgﬁgy%ip@%g%elqet”ﬁg& aphy.

For exampueturéSohad enbshate? 3in3partidulze) vselates Rhatmethodustd appatdtag fom
oxynitride glass, in which a target is exposed under actinic radiation that

i s~ medulfindiag siffragtiom geatingsdnclaseriEedialion. t o form a pattern of refractive
I ndex variations that functions as a reflective grating. 25 In European
Pat ent Application EP 077475A1, a nmethod for producing a diffraction

gr at i ng BACKGROGUNDOFOPHE! INMENTIONd. According to this nmethod) a | aser
beamis irradiated onto a glass filmwhich is deposited on a silicon
crifstal substrate to formridges by causing the light irradiation portion

of the gl ass Herollid StrGtarsKlard BSRRYer OF PardlleR cfbdely 8phédd riagas iaMaor30 The
above nethods formgratings on an additional nmaterial or strlcture on a

subst r ageQovesefarmedeoar @ sudistrate.t atblie desirabte o rfgrrii péniedic i siruaturasi ings
directl %eﬂginainaﬁlsjtsnlai %E)Slication-s.z Iﬁucg\%a‘ Iggp%%ti-lc_)ﬁl,zal 6\'6\:4%\(5{(': %\llfucture formed on
glass substrates would be useful to produce optical gratings such as diffraction
15 gratings or reflective gratings, which is a large number of parallel, closely spaced
slits formed on a substrate. An optical grating may be used to separate light of

different wavelengths with high resolution.

Diffraction gratings or reflective gratings may be conventionally formed by

20 either machine work or by optical lithography. For example, US Patent 6,223,381
discloses a photo induced grating in oxynitride glass, in which a target is exposed

under actinic radiation that is modulated by an interference technique to form a

pattern of refractive index variations that functions as a reflective grating.

25 In European Patent Application EP 077475A1, a method for producing a
diffraction grating of a spectroscope is provided. According to this method, a laser
beam is irradiated onto a glass film which is deposited on a silicon crystal
substrate to form ridges by causing the light irradiation portion of the glass film to
expand, thereby forming a diffraction grating.

30

The above methods form gratings on an additional material or structure on
a substrate, therefore are not suitable for forming diffraction gratings directly on a
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substrate.



According to the present invention, a nethod for directly formng
periodical structures on a substrate is provided. The nethod conprises
directing a linearly s polarized | aser beamonto a first |ocation of the
substrate; irradiating the substrate __ _ for a sustained duration using
the linearly polarized | aser beamfor nelting the substrate at the first

| ocation to induce a surface wave themeon; the nelted substrate having a
plurality of ridges corresponding to the wavel engths of the surface wave.
The lin ARV Zr?ﬂs m scans the substrate along a first to path
to propgggkglthqutr acg@ggygﬂgﬁ the substrate; and thereafter, substrate
is cooled down follow ng scanning of the linearly polarized | aser for
solidifying the plurality of ridges . to forma first oup of per.iodic
Structure on AdkeRUBd? 8 sfesdnt Stianse Torter dob Blre el BeRATERE i odi ¢
St 1 uct Usfrisclued Bhsa GABLRte IsProdBHS Fife Fiethd LbRiprsas Tikcihh ! Ay ©

mar ki ngs, ridges and/or grooves, for exanple, substrate™w th aregul ar
peri od potarizedMaser bearhremts adirsilbcatiguof theosutistiaterdtradiatiogrthe tsoibstrateeast a
couple of mllinmeter ich . may be suitable fqr,_use ,as ap optical, qgrating
cuch st fi3usaBed gl Uit hexlingsi. Bplerized abeh peant forpBel i
"sust ai RePsHsteabt QRe first 8bGation & lihdBcd & istffalé elave eetdth;| e mdlieam

irradi ates across every space point of the substrate. In order to propagate
t he i ndsubstrater havagwapiurality: pt ridges teaitesponting tas éhe tyeavalengtbs mfr el ed to

| ocati oncHtes KiNEnel de ety PRiRal b PSR A B Bl Aip A Bt eq by
t he subghitficprdpaRiatsl thed Satfacs wiave B EHeABIbAIALY; M tisareRftes subgtratdier
| ocations. Result of which generates a surface wave with uni que wavel ength

and anplrelgdedenfatowingssganning ghihe fiaeaily patasizedlasek farasqlidifyingythene

| aser b . L , a

pl ural i ﬁ %?‘@38‘9@%55@?‘5%@% t&c@ﬁ%%ﬂé@é@é%@%@&?& ﬁo?'rrele“{l‘ﬁ)resﬂgt%st rate al ong
subsequent paths to form correspondi ng subsequent groups of periodic
structures. -3 Preferabl t he ‘%L rality of subsequent paths are

substanti al | {t PRpuld ke unge ‘é<Pf’ Shtetnealimarrerodiqstracturg” fhdhisi ¢atteat h. 5
Prgf er ablpis ftbrs?tfuc%r%'épfd?ﬁbeaeWitﬂdg?ra‘ﬂéf %ﬁéd&fn‘és?‘!‘rﬁirg%geaﬁ& e@t‘éﬁ%s gfgups of
u Wt

periodi c structures are substantially aligne each ot her and nore
pr ef er aekampldyeon adgdsstrate with airegtlagpeviodadng ar overalt dimeasionr ef aboltt hat  of

the sub uent groups of periodic struciures respectively over, i th each
ot her . AB0ICHrBe@ARGE 2Rl leashs cople phitufinets Hublcmay e Sitatle fhry
dur ati o} &fasaq 0} C ; I iNg is
ef f ect egsgl%cs)?\égng Ir gf’é} Eﬁsel%thl %n,é%mggﬁ%O’réﬁjst@Bz‘?a‘"YnﬁﬁEPﬁ&éB@E’@Edi cular to
the polarization direction of the linearly polarized 15 | aser beam

20 The term “sustained duration” refers to a time period used when the laser

beam irradiates across every space point of the substrate.

in order to propagate the induced surface wave on the substrate, the laser
beam is controlled to irradiate the substrate for the same sustained duration at
25 any given location during the scanning process, so that the laser energy absorbed
by the substrate at said location is substantially the same as any other locations.
Result of which generates a surface wave with unique wavelength and amplitude
on the substrate, and the surface wave is carried by the laser beam along the first
path on the substrate.
30
Preferably, a plurality of subsequent laser scannings are effected on the
substrate along subsequent paths to form corresponding subsequent groups of

periodic structures.



Alternatively, the scanning is effected along a first direction, which is
substantially parallel to the polarization direction of the linearly

pol ari zed | aser beam 20 Preferably, the nmethod further conprises, during
t he scanning process, airblow ng the substrate for cooling the substrate.
BRI EF DESCRI PTI ON OF THE DRAWNGS 25 Fig. 1 is a schematic drawing of a
systemfor formng diffraction grati R§s onto a substrate according to a
first enmbodi nent of the present invention; Fig. 2 is an enlarged view of a
| aser spot of the | aser beam formed onto the 30 substrate; -4 Figs. 3A -
3D are enlarged partially cross sectional views shomﬁn? t he process of

form ng peri Gdeferahlyutheupbsality of supsaquent paihs ase rsubstandially irataliel cer di ng
to a fir i LWovention; s Figs. 4A and 4B are
enl ar ge&gégﬁﬁ)‘%ﬁ%r&%ﬁ%ﬁ&%ﬁﬁ%\ﬁf# a m‘subst rate with periodic structures
formed thereon according to the process of Figs. 3A - 3D; Fig. 5A and 5B
are enl argedgpartiall top views show ng a substrate with periodic

r

st Buct ures f brefemblvetied ey of ergdicostiuatde, ARd dhe cubseaver: groNes &f

present | t Bl ; ; S NOWM nﬂeﬁ[‘ rm ng
---peri odi 859{@&0% @r&éusrgg%cr%%éﬂlb ntga%[t%hf‘ggﬁﬁ;%gé@té’%ﬂ\jgtnr{e{?%n; @P‘%Pg%“ﬁ&’?%nd 7B
are m cthesridgss phihedysibgros pdi pariodicstidataet archthat of theosubiseoedt groups
substratre‘| accor di ng to the first ana t he sec%l;d enbodi nents of the present
i nvent | ShPeR9gjc sPurtures respestivelyPVeHaP Mth-8aFs e\’ ng a diffraction grating
with a | ager Zo dinension formed according the nethod shown in Fig. 4B.
Fig. 9 1s a schematic drawing of a systemfor testing the diffraction
griati ng f or mbuone embbdient thesubstratanis glaseanddhe eBtaned ducation is at
phot ogr aph,t ake the systemof Fig. 9 showing the diffraction grating
patter n@oﬁagoqi@% S&"R’P‘ir oscopy photograph showing a diffraction grating
formed on a substrate according to a third enbodi nent of the present

invention; 30 Fig. 12 is a schenmatic_draw nP showi ng a diffraction grating
formed on a Preferably, the scanning is effected along a first direction, which is

substantially perpendicular to the polarization direction of the linearly polarized
15 laser beam.

Alternatively, the scanning is effected along a first direction, which is

substantially parallel to the polarization direction of the linearly polarized laser

beam.
20
Preferably, the method further comprises, during the scanning process, air-
blowing the substrate for cooling the substrate.
BRIEF DESCRIPTION OF THE DRAWINGS
25

Fig. 1 is a schematic drawing of a system for forming diffraction gratings

onto a substrate according to a first embodiment of the present invention;

Fig. 2 is an enlarged view of a laser spot of the laser beam formed onto the
30 substrate;



substrate according to a forth enbodi rent of the present invention; and

-5 Fig. 13 is a chart showing the experinental results of the normalized
peri od change agai nst the | aser scanni ng speed. DETAI LED DESCRI PTI ON OF THE
PREFERRED EMBODI MENTS 5 As shown in Fig. 1, a systemfor form ng periodic
structures on a substrate according to one enbodi nent of the present

i nvention conprises a | aser source 114 -a | aser beam pol ari zer 12, a beam
expander 13, a beam attenuator 14, a sanpler 15, a reflecting mrror 16, a
| aser power gpise@m_ 38 afe f eAgpatfiblly kfoss seetiGHHIPHERS éﬁbwiﬁg theY state
110 and an air nozzle 112. The [aser beam polarizer 12 is rotatable for

adj ust i ppaese afiferayng periedictsiaigiyesanzasubsiratedunkeser iradiaiipncagaardingby t he
X-Y stage i . te j. the periodic structure is to be

f or med. a@@\%@%@'ﬁ%ﬁﬁq\ﬁp%éégﬁﬁyéﬂi"? 'omthe | aser source 11 is directed
into the polarizer 12 to forma linearly polarized | aser beam 114, which is

subsequently directed through the attenuator 14, the sanpler 15, the mrror
165 the focuEigsg4dnand #B are enlarged; padialiyitep views shewingasubstiatel withs nade

of optigalk ' ' ' r r SH: i sifkl e |ight
and absgfgﬁos&?tﬁgrht:?sf%?@@ﬁ th%he %C%gglrjrpﬁbeﬂpstgé p?giée% (gr%%%rg‘?ﬁ\/n;s eam 115
into the power detector 18 for neasuring and nonitoring the | aser power

| evel together with t conmputer 19. A conpressed air, flow s directed
t hrough the gl%%?ﬁﬂg@fﬁﬁﬁﬁﬂgﬁéé@%‘i)ﬂ Mieys) shQying @ suRgtrateeWdlipst r at e
111. Th eﬁ@cﬁ{fa%thf&mr% fd?ﬁ\ehaﬁge’reéﬁ%&%r&iﬁ?e@ﬁéfﬁé{é&i{]f%@ﬂbﬁj rﬁggt okape 110,

adj ustnent o e pol ari zer and the at (Ia centrally
cant r ol prsebyinviestiemnput er 19. When directed and focused onto the substrate
111, the polarized | aser beam 114 will induce a surface wave thereon.
Details of the formation of the surface wave will be discussed bel ow. For

ease of il upig & iso8.flow IchBASshbifing 4R Aetriidfo? Z6rmRig pesdtic tshtichaes peaks
of the induced surface wave under the coverage of a l'aser spot 214 as shown

in Fi g. accordingdndhe presendpranticdt ed t hat subject to the wavel ength and the
focusi ng adjustnent of the |aser beam the size -6 of the spot 214 may
vary and it may cover either |esser or greater nunbers of wave peaks. In

thbs enbodi nEigt ,7A Bad| 2B elre usiRFoscopy pmgwswmgcaiﬁrémﬁrgﬂaﬂnggg a
wavel ength ~, of about 10.6 ~, mand a _power output of about 0.2W and the
| aser formed on a substrate according to the first and the second embodiments of the

present invention.

Fig. 8 is a microscopy photograph showing a diffraction grating with a lager
20 dimension formed according the method shown in Fig. 4B.

Fig. 9 is a schematic drawing of a system for testing the diffraction grating

formed according to the present invention;

25 Fig. 10 is a photograph taken by the system of Fig. 9 showing the
diffraction grating pattern;

Fig. 11 is a microscopy photograph showing a diffraction grating formed on
a substrate according to a third embodiment of the present invention;
30
Fig. 12 is a schematic drawing showing a diffraction grating formed on a
substrate according to a forth embodiment of the present invention; and



beam 114 is focused onto the substrate with a spot having a di'aneter ~ of
about 30 pm As illustrated in Figs. 3A - 3D, the linearly polarized |aser
beam 114 to irradi ates the substrate 111 at a first location (Fig. 3A) for
a sustained duration until the |l aser energy absorbed by the first |ocation
of the substrate 111 reaches the nelting threshold of the substrate. In
this enbodi nent, the sustained durati-dn-is about 0.1 second before the
substrate at the first location starts to nelt. 15 Induced by the linearly
pol ari zed | asdy. 1&m thdrt shoaing thecexpargnérstal mysuitd ofthe hermalizezidpevidcer i al
with a wavel ength corresponding to that of the |aser beam 114, which
gener at €9apge @gainst the (asee seanning SPedfee ri dges 301 a, 302a and 303a
corresponding to the wave peaks 224, 225 and 226, respectively. 2 o The
substrate 111 is now noved by the X-Y stage 110 relative to the | aser beam
114, whiDETAREDR DESCRIPHOMN &M THEPREEERREDEMBODIMENTSate 111 al ong a
first path 402a (Fig. 4A) substantially perpendicul ar ("perpendicul ar
pol®ri zation") to the polarization direction of the | aser beam 114.
Subsequent | QGASAGIAS irP Rid. NE 2S8Rt haAbE foTHihG pRribaic! Micisrel th TRBERAT are
melted by 25 absorbing the | aser energy, and the surface wave Is

cont i nu@gsordinghtose embodimeant«af the prasentadspventirneompisas engseheofiraest pat h
402a. In,this reqgard, the.surface wave is_prLo ated follow ng ¢

roverrent! 1 ohFEHT SR R 516 PERNS ehRaPieh 195 Bar) aluilel 0% a0y The
new y f @affpfer 15l apfeflddting Initroe 1B! 898s5sT poweer ddteétord st 8 fotudihg aInftoIm, @xt  as
“leading ridges" with respect to their position relative 30 to the |aser
bedm  computer H arXnYistete 1Heandran airinggele3dl2: Theslaser beamveglarizesm t he

| aser ir i Akl e .2 i : u er y, yth the
cool 1 ng o okt aPie, FICAGLSER, th BHRGBE Snkibordfiratdtt “EERden Jit
first ricdgiedbytie XsY stadeli i) éslacsubstrates dih$ tonawvkichuthé gpetiodidhstrestlireisf | ed
ri dges afher the laser irradiation are 5 referred to in this context as
"trailifYPRIOERRA. with respect to their position relative to the |aser
beam Wth further novenent of the substrate 111, the leading ridges are
continuously formed with the nelting of the substrate surface and the
prispagat i on #olaser beans dl 8 gemenated, freamdheHasen sodrcad 1 isddjescted dénto the

continuously sql.idified after, the | as i rradi ati.gn. ce the | aser, beam
174 1 oaBRECEER A2 oS arBhadINFary ARTAPY ST BRRPT e WHIGL SHPSEAURTN and
the oV gifefedahROugh theftcPiatdi 14, the s8R 15 thé hifroB G}Jﬂhe%c&ﬁn{) iyghgtes 301
a, 302a, 303a, etc. have been forned on the substrate surface. Since the

| aser bdZranta thengubsiraiei tile Wae subsigate tiidis ingde of ppticali meterlabsuam@sscans

Cni quo SR E 8 e BE Vhle) i dhg RO ik NERET BBE: FDRS: Ons
ofzot he sampis 18 takedgesadPling bedfi?a15 IitdaheqioweradetestobIBaror nsddsuringi que.
20 It can be seen that this group of ridges forma periodic structure 400a

on the 30€sioxtitering1 the,dagaopower tevgl tegethare withofae pempeyterndy. peA
repeate r : rm
Corr espoaPrerkortiar fouTe retheoP RN tRTbitDozpist PF2 gl i altifreh i
subsequortcanding thd @Rbstrd@e2t11.eThe opeyation pbthel lasér saureadi, ovdveamentdbf
further) t di st ances therebet n .be adj ust ed ch that the

cor r eepbiifey Stdss A303aualash OEHe bz, B0 2nd 59 Atesor L ro8e. 30ab,
3G3c mayeRiAl GhtfdlieBast theddompuitbp1gach other so that to forma periodic
structure wth a larger 3o dinension. According to another enbodi nent of

the present invention) the direction of polarization of the |aser beam 514

I's adj usted (/\?]nebne d?r%gtsetda%idaljolcxs&?ro%lté %e(ﬁﬂ{s akee |111, the polarized laser

beam 114 will induce a surface wave thereon. Details of the formation of the
surface wave will be discussed below. For ease of illustration, stripes 224, 225
30 and 226 represent the wave peaks of the induced surface wave under the
coverage of a laser spot 214 as shown in Fig. 2. It should be appreciated that
subject to the wavelength and the focusing adjustment of the laser beam, the size



_g_ polarization) to the novenent direction of the substrate 111. In a
first travelling path, a first group of three ridges 501 a, 501 b and 501 c
may be formed parallel to the novenent direction of the substrate 511, as
shown in Fig. 5A. Wien the desired Ilength of the ridges are fornmed al ong
the first path, the |laser beam 514 5 may be shifted fromthe first path
500a to the next path 500b and scan t-¥eough the substrate al ong the second
path 500b to forma second group of three ridges 502a, 502b and 502c next
to the fofrthé gpotPddomaynvary andlitemayiover ethier hesvet drldreaterauibers sfanni ng
may be perforned in the above manner along a third path 500c to forma
third gMaMe B3ksree ridges 503a, 503b and 503c. Following the to mechani sm
illustrated above, it can be seen that periodic structures with a desired
di mensi on may be forned on the substrate 511, which are substantially

paral | el to tlh¢hiscerabedimetity thetlaser uvéed iea cobtihueusewaze GOovasearmavirgg 5B. A

nmet hod 60 of form ng _a perjiodic structure onto a_subst according to i 5
t heb pre§eWPV¢'ﬁvamgﬁaH§w L%gmm Godrpewer puipug of egowrﬁéwi and the lgser 61, a
i nearl j r i W : i he
substr B A1 TERRRE oS 3a B SrAGIME 2ot hafird & HorhB8EF(d OF aBut 1E
the subgprahe for a sustained duration for nelting the substrate at the

first location to i nduce a surface wave thereon. The nelted substrate is
now formed with a plurality of ridges 20 corresponding to the wavel ength of

2long = 11 rstepausBdndEt: A ReBarhb B EbaRiZR ERRE seah bl ook
6710 t he ipadistasatte sebstanbert 1sat bhfrst IdtatibhdFap 3ANfdrea sobtaidd edrationt he
substrate surface to forma EerIOdIC structure. 25 Figs. 7A and 7B are

| 5
ni cr osc il teolasgr epREDYABSArREd thyethgdirsb lncatian f dhe substratent ! spaches ass
substra g i C | . i: .
~ber pendi s G RaSeIEer e blFsEEr Tadnk ertbbdfient 30 Lhslhibe duretion,
t hese péds aboutd).$tsecond before thbsubsiBate, atithaficsttibeationdstarts o atsdtit 30 - 50
~, m which corresponds to the dinension of the |aser spot focused on the
substrate surface. 30 Fig.8 is a mcroscopy photograph showi ng a sanple
W {n peri odi ¢ndi£éé605#lfr€e€5ﬁéarfyffbléﬂﬂ£éoe@@eﬁsé%d1 19 d SurkdtR Waldls fffRfedl ment
of the present 1nvention) w multiple | aser scannings. It can be seen
t hat i ndinvthduaelteg maierialfwith agvawtendgthviattdspondingstodhat of/thel lapeebeamd

tivel |, i d f i qdi t : i f th
over| appdd MriLEETerati of B 8ubdrite| s PEics dhiee, GG pIR 208 et e |
scans ngyria8pShdiR§ e the walepdaks 224 296 andta26s rékpgecivély. ot her desired
di mensi ons. % Fig. 9 is a schematic draw ng of ‘a system for testing the
periodic structure forned according to the present invention. A Helium Neon
-Ne) L [ t
ot i mac or o3 Meiale 198758 ngPel B e ¥ 80 OTUAREGS RO, 2.

panel wbehnpel4 ofhichsdéausetthedasdrdsedd 111d sdamhimoa tie® sdbsigateot 1healohigr st
enbodi nent _of the present aneqéion. An Qﬂbﬁut | aser beam,98 fornms a
di ffrac®i pﬁfsbatpﬁg? n 49¢aor(Fig.s ct )ensﬁé%s,taﬁm perrexgiqyiarg 9?@%‘&"‘%&'3& 96 and
as showBoldbizelign) 43 1112 pblatizbion MiBctiG lof g sk Bleahl 180T RsBqadrtict Ur es
formed according’to the present invention Is a diffraction grating. It

shoul d becatippseonathel supstratss esustace! fallawing hthearmovedraenta aref mettedv dygr at i ng
may al so,i 5 .be forned by faollow t he. above nethod..wi th an ropriate
mefcer | aPDSQYG the deser ¢rarys Al e SUAGeCWAYS s iRt dndited Fnd

i nvent i @BrflicSEy fHethseBESMNH 120albAg 3hé FiFdt path 20291 refar NhelsurfRat
invention, two cross scannings nay be effected on a substrate, which

gener at ¥ave ishproppgated following the mavementowhichs generates nevhridges 3¥at r at e,

vent: S R e 3059 4FRE AR TRl Touhed rbBes L, R brdbosS iRl rare

1211 mayefegredftbaaithid cirtde 5 tedingPidgest withl rasp@ctitb theiRpduition relativei ch may
generate circular 25 diffraction gratings, as shown in Fig. 12. In the
abdve etdHif ldsptBeamne of the factors affecting the periodic structures is
the laser irradiati on dose, which may differ fromdifferent substrate
materials. For exanple, the irradiation dose for a quartz substrate is
about 3 30 tinmes higher than that for a silicate glass substrate. For gl ass
material, the laser irradiation dose is controlled to be no nore than about
800 J/cnmR2. A dose with its




| evel exceeding this limt may result in overnelting the substrate and
destroying the ridges' structure therefore preventing anyno periodic
structures to be forned. -10 Another factor affecting the periodic
structures is the sustained duration of the laser irradiation on every
spatial point in the scanning path. For a glass substrate irradiated by a
0.2W (02 | aser, the sustained duration/+s about 0.1 5 second. A further
factor is the type of laser. A continuous wave | aser such as a C02 | aser
with | ow powdn, tHy medmtihe eénetfirti eidgeaBo1hareshifiedh alveiyo fiovh the diasak i on
and | ow peak power is preferred for use in the present invention. O her
sui t abl drradigéien; thesefore dcabserls pe furthenlaser epetdye YWethe enalingdtaywr of
har nmoni : J: , ol - { ng the
experi mcstﬂgjgﬁu\érsegu ?g{’o\&&? %%@%ngg %@\?vﬁgd%?fl{%ghdgg?%%@g é?l}%&@ ures'
gh?ngedagaithis?]tsublseratedasefrfaSﬁanmhegsda'W&m rmgesiéftmoghmllzwédilgmrdgm iaﬁel )
efined as the period of the perjodic structure A divide /.t he wavel engt
~, of t H@?qf%{%deto el eontext as p?&@'"l‘ﬂlfﬁ@@ﬁa%{ﬁ' fegPeryto heir RRSIQMK FRIANE speed
i ncr eas§g th E%e?%bﬁﬁ{ized peri od decreases. Since the |aser wavelength is a
constant, the pitch of the periodic structure decreases with the increase
of the laser scanning speed. 20 r -11 CLAIMS 1. A nethod for formng

periodic strygcturgs, on a substrat onpr,i Si jrecti .|linearly

pol ari zed | aﬁ&FH b eénm?_"sﬁﬁf? s9fe|t6%g$qtg%ragg ?He gh% [}gea&"& é',dg_P?r atfi at i ng
the subsioh@h@olisly farnset WithRE nkltiRg P tha!siibstrdt8 SutfaBe AndythePraphgstibr aser
beam nelting the substrate at the first location to induce a surface wave

t her eon;oftthe susfacedwavesandttae Heailing ridges aral sanjingpusly depdidified ater Hspondi ng

to the wavel.engt f the surface wave; scanning the linearly polarized
| aser b@%ﬁerdﬁggﬁgogubstrate along a first path to propagate the surface

wave on the substrate; and cooling the substrate to solidify the plurality
of ridges to forma first g periodic structure on the substrate. 15

roup . of )
2. The met hodnee thealases heﬁm;|1ﬁflrfﬁ@,ch%méﬁas%ﬁnﬂslpﬁ@tl%éﬁei P the
| i nearl l: 8L Hi I i Ll urald
subsequit LPHERED RF e FRTLAR ufe INRERAE LIS Rl el ol of
strauct uriglges&@913, 30Ra, 888a0etcahavd besrdormed loai theSubstrateesarface Singeal ity

of subsequent paths _ are substanti all rallel. to each other and are
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It can be seen that this group of ridges form a periodic structure 400a on

the substrate 111, as shown in Fig. 4A.

The above process may be repeated along one or more subsequent paths

25 402b, 402c, etc to form corresponding groups of periodic structures 400b, 400c,
etc. These subsequent paths 402b, 402¢, etc. may be parallel to each other and
further, the distances therebetween may be adjusted such that the corresponding

ridges 301a, 301b, 301c; 302a, 302b, 302c; and 303a, 303b, 303c may overlap
respectively with each other so that to form a periodic structure with a larger

30 dimension.

According to another embodiment of the present invention, the direction of

polarization of the laser beam 514 is adjusted to be substantially parallel (parallel



30 respectively overlap with each other. 6. The nethod as clainmed in claim
1, wherein the substrate is transparent to visible |ight. -12 7. The

met hod as claimed in claim6) wherein the substrate is glass. 8. The nethod
as claimed in claim7, wherein the sustained duration is at 5 | east about
0.08 second. 9. The nethod as clained in claim1, wherein the linearly

pol ari zed | aser beamis a continuous v&ve |aser. |0 10. The nethod as
claimed in claim9, wherein the linearly polarized | aser beamirradi ates
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rel atlvethmwmmér&mﬁcmﬁ@ftﬁmsmﬁdtéaégsmnﬁmﬁd gger beamalong a first
pat h; propagating the surface wave on the substrate; and cooling the

substrate to solidify the plurality of ridges to forma first group of

periodic stryctilifodBot SEroPtiy b 3eriodic structure onto a substrate according to

15 the present invention may be illustrated in Fig. 6. In a first block 61, a linearly
polarized laser beam Is directed on to a first location of the substrate. In the next
block 63, the linearly polarized laser irradiates the substrate for a sustained
duration for melting the substrate at the first location to induce a surface wave
thereon. The melted substrate is now formed with a plurality of ridges

20 corresponding to the wavelength of the surface wave. In the next block 65, the
laser beam scans the substrate along a first path to propagate the surface wave
and in a subsequent block 67, the substrate is cooled so that the ridges can be
solidified on the substrate surface to form a periodic structure.

25 Figs. 7A and 7B are microscopy photographs showing the periodic
structures formed on a glass substrate, corresponding to the process illustrate
above with “perpendicular’ and “parallel” polarizations, respectively. The pitch of
these periodic structure is about 8 um, and the width is about 30 — 50 um, which
corresponds to the dimension of the laser spot focused on the substrate surface.

30

Fig.8 is a microscopy photograph showing a sample with periodic
structures formed thereon according to the first embodiment of the present
invention, with multiple laser scannings. It can be seen that individual groups of



19. The nmethod as clained in claim 18, wherein the substrate noves rel ative
to the |l aser beam 20. The nethod as clained in claim19, wherein the
substrate noves for a ao plurality of trips for formng a plurality of
groups of ridges. 21. The nethod as claimed in claim20, wherein the
plurality of trips offset fromeach other. 25 22. The nethod as clainmed in
claim 21, wherein the plurality of trigps are parallel to each other. 23.
The nethod as clainmed in claim?22, wherein the offset is |less than the
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departing from the basic principal of the present invention disclosed.

According to a further embodiment of the present invention, two cross
scannings may be effected on a substrate, which generates a checkboard pattern

20 of periodic structures on the substrate, as shown in Fig. 11.

According to another further embodiment of the present invention, the
relative movement between a laser beam 1214 and a substrate 1211 may be
effected along one or more circular paths. Results of which may generate circular

25 diffraction gratings, as shown in Fig. 12.

In the above embodiments, one of the factors affecting the periodic
structures is the laser irradiation dose, which may differ from different substrate
materials. For example, the irradiation dose for a quartz substrate is about 3

30 times higher than that for a silicate glass substrate. For glass material, the taser
irradiation dose is controlled to be no more than about 800 J/cm?. A dose with its
level exceeding this limit may result in overmelting the substrate and destroying

the ridges’ structure therefore preventing anyno periodic structures to be formed.
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A further factor is the type of laser. A continuous wave laser such as a CO,
laser with low power, or a high repetition rate laser with long pulse duration and
low peak power is preferred for use in the present invention. Other suitable types

10 of laser may be CO laser, Diode laser, high-order harmonic Nd:YAG Laser or

Excimer laser, etc.

Fig. 13 is a chart showing the experimental results of the normalized period
of the periodic structures’ change against the laser scanning speed. The
15 normalized period is defined as the period of the periodic structure A divided by
the wavelength A of the laser beam (A /A). As illustrated in Fig. 13, as scanning
speed increases, the normalized period decreases. Since the laser wavelength is
a constant, the pitch of the periodic structure decreases with the increase of the
laser scanning speed. '

20
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4 ! @ 1094 () ltmg the sugstrateoat the f' rst location to induce a surface wave
thereon; the melted substrate having a plurality of ridges
10 corresponding to the wavelength of the surface wave;
scanning the linearly polarized laser beam on the substrate along a first
path to propagate the surface wave on the substrate; and
cooling the substrate to solidify the plurality of ridges to form a first
group of periodic structure on the substrate.
15
2. The method as claimed in claim 1, further comprising scanning the linearly
polarized laser beam on the substrate along a plurality of subsequent paths

to form a corresponding subsequent groups of periodic structures.

20 3. The method as claimed in claim 2, wherein the plurality of subsequent
paths are substantially parallel to each other and are parallel to the first

path.

4, The method as claimed in claim 3, wherein the first group of periodic
25 structure and the subsequent groups of periodic structures are substantially

aligned with each other.

5. The method as claimed in claim 4, wherein the ridges of the first group of
periodic structure and the subsequent groups of periodic structures

30 respectively overlap with each other.

6. The method as claimed in claim 1, wherein the substrate is transparent to

visible light.
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10 10. The method as claimed in claim 9, wherein the linearly polarized laser
beam irradiates the substrate at an irradiation dose of no more than about
800 J/cm?.

11.  The method as claims in claim 1, wherein the linearly polarized laser beam

15 is an Infrared (IR) laser.

12. The method as claims in claim 11, wherein the linearly polarized laser

beam is a CO; laser.

20 13.  The method as claimed in claim 1, wherein the scanning is effected along a
first direction, which is substantially perpendicular to the polarization

direction of the linearly polarized laser beam.

14. The method as claimed in claim 1, wherein the scanning is effected along a
25 first direction which is substantially parallel to the polarization direction of

the linearly polarized laser beam.

15. The method as claimed in claim 1, wherein the first path is a rectilinear
track.
30
16. The method as claimed in claim 1, wherein the first path is a curvilinear

track.



10HH 10HH 10HH! >5nPA0%HH&' () - 5SnPA0%VE () - 3% 10%v&' () -0

1090V () -!>" mAd0%We' () - TTQUUUW{Y7N@ ' 10'4 md0%& ()-! nPAdO%& ()-!
nMA0YR&E ()- C mAOW & ()-!7?,3"10%& () - AOUE' () - VEWNKXXzZX6N@R !
115*3"10% ! & () -f! 4F%9%d0%WE' ()-!H nd09®9¢& ()- nmd0%vB" & () -

MA0%& ()-'h nPA0%HE () - XOYYzX6N@ ! 1!15*%3"10% ! & ()-f! 4AF%940%We&' ()-!H
n?/ci00/<99&' O)- n?/&O%\/B" &' (-!, 33" 10% !&13)--! : F0/<10%>>&' ()-y Normal" " Headi ng
13] c' "Headi ng 23] c" "Heading 33]c" "Heading 43]c" "Heading 53]c" "Heading
63] ¢" " Hgadi Mhe/ Phéthod HagdélBENS3he clanHeqdl fO&h@B]d‘orﬁpn% agit-bldvangathanh

Font &&!' ) 0% BGVIQVZ\ ~° bdf hj | npr O(*=JQUY: ; <=>?@\% K&3r;

(Ut$1&() , 03948bsisaiedipy kap m@»@@a@m JKLMNOPQRSTUWKYZ[ \ ] ~_* abcdef ghi j k
| 6Ti mes New RomanAri al Couri er New'h Root EntryWrdDocunent O

" #B9R () *+,-./0123456789: ;

<=>? GABYBEF G fSUGIRDRSTIVMYISEDUC stradiarsel @mhpriding 0
5 irradiating a substrate for a sustained duration using a linearly polarized
laser beam; .
melting the substrate at a first location to induce a surface wave
thereon; the melted substrate having a plurality of ridges
corresponding to the wavelength of the surface wave;
10 effecting relative movements between the substrate and the laser beam
along a first path;
propagating the surface wave on the substrate; and
cooling the substrate to solidify the plurality of ridges to form a first

group of periodic structure on the substrate.

15
19. The method as claimed in claim 18, wherein the substrate moves relative to
the laser beam.
20. The method as claimed in claim 19, wherein the substrate moves for a
20 plurality of trips for forming a plurality of groups of ridges.
21. The method as claimed in claim 20, wherein the plurality of trips offset from
each other.
25 22. The method as claimed in claim 21, wherein the plurality of trips are parallel

to each other.

23. The method as claimed in claim 22, wherein the offset is less than the

length of the ridges.



