; <=>?e3evnnoLrrF v6WTv DI ELECTRI C FI LM HAVI NG HI GH REFRACTI VE | NDEX AND
METHOD FOR PREPARATI ON THEREOF 5 Technical Field The present invention
‘relates to a high refractive dielectric filmconstructin opti cal
multi-layer filminterference filter suitable for optic E’wmm&wﬁm -
frequently 10 used in the optical comunications fleld for
produci ng the sane. Background Art In the field of opt|callywmgplying a
dielectric film 15 anti-reflection filnms and infrared reflection filns
used in the formof a single layer film and further, anti-reflection
films, reflection-increasing filns and senl-perneable filnms all ow ng
specific wavel engths to be reflected or perneate selectleWMHWMﬂmmm din
the formof a multi-layer filmof 20 approximtely 10 | a i ke
are used. Recently, w th enl ar gePESCRAPAIDAVel opment of i ndusdodoes in the
optical comunications field, optical filters capable of precisely

sel ecting a specific wavelength are desired. For 1 exanpl e, anong opti cal
filters used i n denultlplexer and nultlglexer whi ch are essential parts as

a nodul e HHLESPRIGIF TdehihYiidst HIF BEFRAGIVEe AYPEXAND ¥ESHORDHORar e a
narrOM/bgﬂg%%géﬁﬁﬁa? d e filter, and dielectric mufti-layer filnms 5
realizin Iy constructed of a nufti-layer filmcontaining
fromgens to several hundreds or nore layers, and the spectral property
thereof is optically designed using the refractive index (n) and film
thlcknes%é@hﬁﬁggllﬁgg¥ as paraneters. 10 The above-nentioned opti cal
mufti-| ayer mi1s manufactured by alternately |am nating a transparent

thin f'|”‘haV'@Hea?fgééﬁtvﬁh¥eﬂkggnrfgﬁggggvgo awgéggngegI%F%g%garent thin

filmhaving a relatively low refractive in erence in
refracti v dlrdaxief fiven kit RictBIEdrRlchbtical multi-layer film

interference filter suitable for optical elements frequently
10 used in the optical communications field, and a method for

producing the same.

Background Art
In the field of optically applying a dielectric film,
15 anti-reflection films and infrared reflection films used in
the form of a single layer film, and further, anti-reflection
films, reflection-increasing films and semi-permeable films
allowing specific wavelengths to be reflected or permeate
selectively, designed in the form of a multi-layer film of
20 approximately 10 layers, and the like are used.
Recently, with enlargement and development of industries
in the optical communications field, optical filters capable

of precisely selecting a specific wavelength are desired. For



15 lam nated alternately is |l arge, design of an optical nufti-layer filmis
nor e advant ageous, since a desired optical property can be realized with a
smal | er nunber of layers. In general, as for the range of a high refractive
i ndex of the above-nentioned optical nmufti-layer film a range from20 1.9
to 2.5 is exenplified, and as a range of a |low refractive index thereof, a
range from1l.3 to 1.6 is exenplified, conventionally. As the transparent
material of a high refractive index, titaniumoxide (n -2.4: n represents 2
refractive index), zinc sulfide (n -2.3), zirconiumoxide (n T2 .2 ) ,

ni obiumoxide (n~2 .2 ) , tantalumoxide (n=2 . 1) , ceriumoxide (n -2.2),
haf ni um oxide (n @.2), neodymumoxide (n 2 . 1) , tungsten oxide (n-2 .
O) , tinoxide (n=2 . 0) , tin-doped 5 indiumoxide (n-1. 9 ) , yttrium
oxi de (nekamPlp,aafiohbeobitkeaar €iknews. vhedt ha deandpdpeeiketrabed al of a

|l ow refractive index, silicon oxide (n=1.46) , magnesiumfluoride (n-1.38)
and t he hukeipiexkrowhicHhere efssacitivad padex ansm wadellenfoh aeperalency, and
the 10 above-nentioned refractive index is a value in the near infrared
wavel engthmmangeatAonspf earaveil engtlaped tiplexusdde arkes sarrawspardnt
material s is formed on a substrate by vacuum filmform ng nmethods such as
a vacuuntévsapsr andosdget Rédtespuendr daglreethad andtihndaysr| fRdmsThin

filn}fornin%,nethods are appropriately sel ected dependi ng_on use,. necessary
propet t | €821 pZHRACHISAR §T RPN Y IO hr pRkeE e’ M1 Laf faY Tyt 1
filmformng over a.wide range area wi.th uni farmthickness, of effecting
filmfor iPRGRAPIE926PBI BETT &1 S8XF: | O4ngobf f?ﬁ":éf‘?‘lg Tdse
adherence,with a supstrate,, a utterin th i dvant . t he
i gh 1 of FRE TR ET ST RCERERPE L AN o HE e S S j®
rEfraCt'¥8f%gg%§vgnQngg§'R%)agﬂ5|?9hﬁ EEQ@%E@%SBOE each layer as
parameters.
10 The above-mentioned optical multi-layer film is

manufactured by alternately laminating a transparent thin film
having a relatively high refractive index and a transparent
thin £ilm having a relatively low refractive index. When the
difference in refractive index of two kinds of materials
15 laminatedalternatelyislarge, designofanopticalmulti-layer
film is more advantageous, since a desired optical property
can be realized with a smaller number of layers.
In general, as for the range of a high refractive index
of the above-mentioned optical multi-layer f£ilm, a range from
20 1.9 to 2.5 is exemplified, and as a range of a low refractive
index thereof, a range from 1.3 to 1.6 is exemplified,
conventionally. As the transparent material of a high

refractive index, titanium oxide (n=2.4: n represents



standpoi nt of cost is wdely used anong the above-exenplified conmpounds.
However, it is known that a thin filmof titanium oxide generally has the
foll owing problens. (1) Variation in thin filmformation conditions (for 5
exanpl e, degree of vacuum oxygen partial pressure and the like in an
evaporation nethod) tends to change the refractive index of the titanium
oxi de obt ai ned, and reproducibility of the properties of an optical
multi-layer filmis dif f icult to obtain . The reason for this is that
even if the degree x of oxidation 10 of TiOx varies, stoichionetrically
stable Ti02 is not necessarily obtained. Asa result, an
opticalmulti-layerfilmhaving a designed optical property nmay not be
obtained in sone cases. (2) Afilmformng speed in formng a dielectric
film1l5 befxaspitiedindgxiet bbdci suekidentel2s30w. zArradiamf oefjdentty ( RF)
sputtering nmethod has been recently used as a general technology for a
target neE¥2r2hl Makingn srhfle (e1®et 2i) ¢ dlardondue ki dey(rafaf.ill) mder inmgspeed
has beeni nproved, however, the RF sputtering nethod is still in an

i ndust ri exigepdndr3adyanhafesus eshdet (BF2 (D), THROGPLI Wal opidpeities of a
titaniumoxide thin film particularly, refractive index change over tine
during stofage: itingsterpeierofe™3 P thEleaReide @ 8pficafinifer®dusing 4
titanium.oxide as,a high refractive material, there occurs roblemin

that 1 he lR@dePeptiet G5 96l e¥EFTerd ISl To - Bér"?’%%ttéleaﬁélgﬁealf%f | ect ed
hifts f it i ition. (4) Fil t i |atively |

Sbout 1 EBRVE -( ot EEaRFPAT Rt MRESH TR Hafchot RETFPEReder Bo%r o1 | con
d i del . . . _

o ce LBt G U oE SRR S 3] B ens

and peeIHQ%eogr@ lypat the interface of a multi-layer film 10 The

probl ens of the above-nentioned ( 1 ) has been attenpted to be sol ved by

desi gns of equiREBMF BRY JARER AA Y GhhFS] dPF 0 \RARIMAdrk AN agBP@Rat us of
controlling an atnospheric gas introduced into a vacuum | ayer, inprovenent

of oper abibRRyeCaReitl bPRY, r SEF£EE 1 V8 1 BBl ekal AR iledd 15 thaMbarhen fr&eed Hovnever,
15 these are only intrinsic inprovenents in facilities and nethods, and not
accept edwavetleahnl egnegs.capabl e of sol ving the above-nenti oned problem
Regarding the problemin the above-nent Toned ( 2 ) , Japanese Unexam ned
Pat ent No. Hei -An 2334H0alimel otebayer Ekampheinghthel2® framsparenng speed
can be inproved by a DC sputtering nmethod in which an oxide sintered body

t ar get ofMmaTiediails id foweed po arikes Wi alkee by valc usavfdudat fanmingnehodgdi ti on
of other oxides for increasing filmformng speed i s disclosed.. Further, 5
Japanese SUFExAFih BEACPHICRTARRY 2 HepD ierdogh5sai s EPHSBY NeHatod AR 2 ni ng
speed can .be i oved, sing a target having a snall er_ degree of
oxid%ﬁioﬁlgﬁanHE%éF ?P%ﬁ o¥R ?%h?%ﬁg?éFc%fec 5%???%Ee%%dgﬁf%ﬁ5?§ing an
oxygen gas_intr.oduced. 5 However, these tqghnolo i es ne.%nlg rel.ated to
Fi1mfor FERG SPEEdCT ARRT t i 'BHAT 17 T % IRCR St 165 /BT 8PS (B8R e *Par gat i s
used, thgn%eis anot her problemin that coincidence of the conposition of a
t ar get and t He conposition of the resulting oxide thin filmis difficult.

10 Regarding the dyyL,bLeRE Of e(ff%c)tiei{bdfg.lﬂl—)formiiﬂétgégrq wh b3k A oxi de

having a high refractive index, there have been no solution nmeans for
perform pgesuifiicei @Rt reiheehsckaupd, YeE. eAtetBifigconV@nEbenahgt £€hwol ogi cal

| evel, there are actually often used ni obi um oxi de and tantal um oxi de
havig 1ZTedatdkicdetloe tengexasarewhsaid boweridihanclbae adhdrianae wihtloxi de,
a substrate, a sputtering method is advantageous.

Asthehighrefractivedielectricmaterial, titaniumoxide

having a high refractive index and easily available from the



as a high refractive material in an optical nulti-layer film In this case,
an optical design for obtaining necessary optical properties is difficult
since the refractive index is smaller than that of titanium oxide. 20 In
optical elenments required to mani fest desired properties only in an
extrenely precisely restricted wavel ength range, such as an optical filter
used in denultiplexer and nmultiplexer which are essential parts as a nodul e
for optical 6 comuni cations of a wavel ength multiplex node, the fact

t hat the above-nentioned probl ens have not been solved is an extrenely

i nportant problemindustrially. 5 Disclosure of Invention An object of the
present invention is to provide the above-nentioned high refractive
dielectric filmwhich can be used stably as a constituent nmaterial of an
opti cal mitlhdpodyer ofidagt Hanwlijle lyhiodd dorsigneheCaibiSee sexdappet Dy@r ti ne
in optical 10 properties and has small filmstress. The high refractive

di el ect r icompiolumdsf. t Hewevesentt iy &nbiwonthatcharteiat diilmedfi i tdratumt i s
made of an anorphous material having no col ummar structure, obtained by
addi ng t exideaneneratilie heF Che Followingamahdemset al oxi de (MOow M 15
represents a netal, 1~ w). Titaniumoxide is a material which tends to have
a crystal struttur@eianler imetlhp ckhbastormati e nserdihians ahfioss

doscr bed L qeboLl S| RYgel] gaLi ng,and sLuCyl 1g Lhe Slveluto of 2o thi
oLyt S UM e 0L Bl OLUTS (FL0e o (B YeorBR 8eSPREE, 1 W
E:?;e/stcg%/%%l 86210 BRYAHAY 1 aENSREEREN, LRI A4S 185002 &det he
propertiesofanopticalmulti-layer filmisdifficult toobtain.
The reason for this is that even if the degree x of oxidation
10 of TiOx varies, stoichiometrically stable TiO; is not
necessarily obtained. Asaresult, anopticalmulti-layer film
having a designed optical property may not be obtained in some
cases.
(2) A film-forming speed in forming a dielectric film
15 by a sputtering method is extremely slow. A radio frequency
(RF) sputtering method has been recently used as a general
technology for a target material having small electrical
conductivity and film-forming speed has been improved, however,
the RF sputtering method is still in an industrially
20 disadvantageous condition.
(3) The optical properties of a titanium oxide thin film,
particularly, refractive index change over time during storage

in air. Therefore, in the case of an optical filter using



structure in the formof colums of titaniumoxide and inferred that the
above- nenti oned changes in optical properties over tine of a titanium oxide
thin filmare mainly based on water nol ecul es and gas nol ecul es adsor bed
and desorbed at the crystal 5 grain boundary, and succeeded in inhibiting
grow h of a crystal of titanium oxide by addi ng other netal oxides and
obtaining a titanium oxide causing little change in optical properties over
time by nmaking the obtained fil manorphous. Nanely, since the high
refractive dielectric filmof the 10 present invention is anorphous and
accordingly has no crystal grain boundary, water nolecul es and gas

nol ecul es are not adsorbed and desorbed at the crystal grain boundary, and
resultantly, changes over tinme in optical properties based on water

nol ecul egsiaadigasoxdiecad es dah befsuppiessadtetbalEyethéne asc@nms phous thin
film there may occur three enbodi nents, aporous columar structure (Fig. 4
(b) ) , probhpheir ahatptibeswatelehatle (dilge Kbggtivelamldgyeayated
structure of anorphous fine particles (Fig. 4(d)). Because of the

above- neperoaater andohe refilecpedf eshafte tham ihe gawephpasizdonhin fil m of
the present invention has a conplete anorphous structure or an aggregated
structure of alfor gHods FHaREDare 79 aeladiiitel Nt R T TRl i]v(-,GgEiﬂ electric

filmof the present s i nvention is amprphous,,.a thin filmhaving a snooth
surfate (SOBBEEFRLAN) Narfdl FhSwRéERSE ]H?’@‘ﬂ'r@?? AtV ECFRPM Q &&%C&%

f tive,fil | am pat ed t I bst rat t.he i f
{her cof PEROBLAC YT ERorS, 2 ot rEFTHREBIVE | BTES5 5 The THter dhe does
t . Terore. rmgTor . pdce
flter canenitater SREadr L fn il id: Ol BRETOAGEE R | 1 o
as mich 8a0ReUPHrded Ay ety JdUiSRf Lach Es1RxGECHRL idQiBEdabl g Here.
ed above, a nign re

as descri active index neans a refractive 10 1 ndex in
the rangg fnomabgubr1£9140 2.5, and a low refractive index neans a
refractive index 1n the range fromabout 1.3 to 1.6. The high refractive

di eljgetric filrtRobrbBEeht @FetHe hB¥OBLNAALE SnERAACKLS beed ditdmited he ratio
of the other netal 15 conponent to the total anpunt of titanium and the

ot her netal beosponieat by( 8e6Tond) bfi eqidfpabals aad BpeeatWbanstubid eati o of

t he above-nenti oned ot her netal conponent is |ess than 30 atom a col ummar
crystal s$mpuovementsid emmedperathe oficomomidrier ahi 4 emesmphexideasand t he
anor phous 20 structure which is characteristic in the present invention is
not obt ainedodwhed theor at vecohmt hayast almpsapenent PhAcppasasioan action by
the other netal conmponent to inhibit growmh of a crystal of titanium oxide
i ncr easeSONghHIRREN SHED LorpphFanifat s otets r aPPFhSl Bt at IRV Hore, a
dielectric filmnmade of a, mxtyre of titaniun%oxl e and other netal oxides

can bt ahBPPRGFE OPFY HRKEIRRALC ABRF OV toEYT aF Lf LEL £F APFTISH 'phous,

and not accepted as technologles capable of solving the
above-mentioned problem.
Regarding theprobleminthe above-mentioned (2), Japanese
Unexamined Patent No. Hei-7-233469 discloses, for example, that
20 film-forming speed can be improved by a DC sputtering method
in which an oxide sintered body target of TiOx is allowed to
have electrical conductivity. Also, addition of other oxides

for increasing film-forming speed is disclosed. Further,



5 the ratio of the other netal conponent may advantageously be 30 atons or
nore, and the upper Ilimt is not particularly defined. Even if the ratio of
the other netal conponent is 30 atons or nore, when the thickness of a high
refractive dielectric filmis at nost about 320 nmas in the case of use in
an optical 10 nmulti-layer film the netal oxide itself does not manifest
gromh of a crystal, or gromh of a crystal of titanium oxide is not
advanced, nai ntaining an anorphous structure which is characteristic in the
present invention. In this case, however, the conposition ratio of the

ot her 15 metal conponent increases over 30 atons and the refractive index
decreases sequentially, fromthe refractive index of titanium oxide (about
2.4) to the refractive index of the other netal conponent itself. Even a

hi gh refyaphh¥eenshexhnlinbavipageat! moer HegfBacBBYe52Aicadexekhahathat of
titani um oxide, can be used if the conposition ratio of the other netal
conponenfilm-appmbdpgi apekyl sehebéeimpnoved angeusnin@(r dtaorgetorhamitey so t hat
the refractive index in a range capabl e of designing an optical multi-Iayer
filmio a Sntaldtﬂlaﬁﬁgaee'ﬁfeoxégaéépnvféﬁmébitcﬁf shaigjie rdtiranatinicatat eri al

of a dielectric nmulti-layer filmis desirably 2.25 or nore. Such a

refl acti ¢empagékieBnapd RanANARARE, afheX¥IEReIBENPBSIPAEReS ratio is 80
atons_ or | ess when the qther netal conponent is niobiun1%£d t he conposition

rati @ is 60 attiNEVRT | deShPHe RFSS Rfal Cbhpoiehited st ant al um to
mai nt ai n tt'fi s.refractive | pple af .2.n2c_310r’ more. éAr?Oth%eaggvsederexnitéeoned
ot her mefalMzERFBARHSRRRY: | é?ﬂglo y

target is used, there is another problem in that coincidence

of the composition of a target and the composition of the

resulting oxide thin film is difficult.

10 Regarding the problems of (3) and (4), instead of titanium
oxidehavingahighrefractive index, there have beenno solution
means for performing sufficient effects found vyet.

At this conventional technological level, there are
actually often used niobium oxide and tantalum oxide having

15 a refractive index somewhat lower than that of titanium oxide,
as a high refractive material in an optical multi-layer £ilm.

In this case, an optical design for obtaining necessary optical
properties is difficult since the refractive index is smaller
than that of titanium oxide.

20 In optical elements required to manifest desired
propertiesonly inanextremelypreciselyrestrictedwavelength

range, such as an optical filter used in demultiplexer and

multiplexer which are essential parts as a module for optical



10 high refractive dielectric filmof the present invention, niobiumoxide
(NbOQy: 1~y ®/2), tantalumoxide (TaOy: 1~y c5/2) and the like are

| i sted. N obium oxi de and tantal um oxi de are, as described above, materials
whi ch can al so be used alone as a high refractive 15 material constructing
an optical multi-layer film Even in the formof a thin film when m xed
with titaniumoxide tending to have a crystal structure, there occurs an
action to inhibit growth of a crystal of titanium oxide. Further, niobium
oxi de and tantal um oxi de do not crystallize easily thenselves in a 20 thin
filmcondition, and the conpounding ratio wth titani um oxide can be

sel ected freely. The above-nentioned other netal oxide for obtaining a high
refractive dielectric filmwhich is an anorphous material 11 havi ng no

col ummar cghhuatl BREi8hst BE HrRsATendMEMUIYI Plex RGdE, €6hbof AdY eclaathi gh
refractive index, to inhibit growth of a crystal of titaniumoxide and to

make it dhbfdooild-ricdrt itdiedwt sl ahs hasehbtiediesoneed i shinestitemelystal . 5
As such netal oxides , neodymiumoxide (NdG : 1 ~i ~5/2 ) , cerium
oxi de (Céffportaoj pZpblem nodmstmiedilge (Zr Ok: | ck~ 2 ) and hafni um oxi de
(HHOm 1 cm-2 ) and the like are listed, in addition to said niobium oxide
and tantal um oxi de. The above-nentioned various netal oxides preferably
have 10 a stoichionetric conposition ( for exanple, in the case of niobium
oxi d&& NB2g5)osuee Cfhdnveptd@bci bility of the properties of an optical
el ement produced is, secured easil however, there i s necessari

%ﬁ?ﬂ%ﬁ %@e

nplinitapion.tQPtQFQ i AR tRY j%ﬁﬁwﬁﬁﬁ?ﬁ?ﬁﬁ?Tﬁ% e P T %c?
O oL eIl L he PEERE 42 LSRN o ool 2t s 2, LLISL s o
o0 Lo LR Rk PHRLULALLY A0y 2 OLYED B LochBed et ol 1o (
film, namely, which does not cause a change over time in optical
10 properties and has small film stress.

The high refractive dielectric film of the present
invention is characterized in that it is made of an amorphous
material having no columnar structure, obtained by adding to
titanium oxide (TiOx: 1=x=2) another metal oxide (MOw: M

15 represents a metal, 1=w).

Titanium oxide is a material which tends to have a crystal
structureevenif the thicknessofafilmisthin, andasdescribed
in reports investigating and studying the structure of a thin
film of titanium oxide, the crystal thereof tends to have a

20 columnar structure grown in the form of columns (Fig. 4(a)),
and a space in which water molecules and gas molecules are

adsorbed and desorbed is present at the crystal grain boundary.

The present inventors have recognized the crystal



deficiency), incorporation of an atomother than atons to be 20 present
into a lattice (for exanple, presence of Argon in a sputteringgas) , and
strain of acrystal lattice with anisotropy. Though conpression stress is

di fferent depending on the nethod for producing a high refractive
dielectric filmof the 12 present invention, a conpression stress of
about 1 GPa is generated in a titaniumoxide thin film The conpression
stress of a silicon oxide filmand magnesium fluoride filmoften used as a
| ow refractive material in an optical multi-layer film5 is about 0.2 GPa.
When a thin filmof titaniumoxide and a thin filmof silicon oxide are

| am nated alternately, a tensile force is acted on a thin filmof silicon
oxide due to a difference in filmstress, and there may occur cracks in the
silicon pxrdetiPefid phantbfmbtthes]lumesldfngiaant tre dxitder fadeimferded film | n
actuality, this causes a deterioration in reliability when used as an

opti cal ehetrebhhe &bove-méethogbdrelhangesvin dhet beal imrdpem iofs tdweepr esent
invention is produced so that it becomes anorphous, the 15 above-nenti oned
strain i bimeceysa diitaniuneiglndthipr §4dm argndasnéy Pasederre Watatefi ci ency
or excess of atons in an anorphous thin film_ the influence of this is

li mi ted ModarnyesEmst grorelerilesadsrdrdangdaraehaset trBiial Wen

the filmstress is 0.3 GPa or less,_even.if aj&g?h refgac ive dlelectrlc
fil m20 gFaap kpmdany nané.sq%%ﬁe% 9F L4 3o e GEOWFRIPT RS YSERTDl €, a

I f di el I f
cracks | A5 ERERCHIRTEE FBLAR " CEREY RELPous: OF R H TG  The
fil t : the hi f t I I it ti
o ouri B eherg ot e Gl (e ERhaE 1h Bl of TRRdies (VR0 O

necessit%;g; gong ggrﬁmgggghghsbkgmd' et by éﬁs&g%uft ne lower 1imt is

preferab rom a (conpression). Sinc ow refractive

material of tepsgf Qaﬁc%,omaé@ﬁ%}rpﬁeﬂaeéivbrag@m@lctﬂq&rﬁof&ﬁp probl em
if a high refractive material is allowed to generate a tensile filmstress

of alyput pPekBn inderkPeon ik bRbawyhble Shdesscidiit ywhelsenotyEdal
multi-layer 10 film

grain boundary, water molecules and gas molecules are not
adsorbed and desorbed at the crystal grain boundary, and
resultantly, changes over time in optical properties based on
water molecules and gas molecules can be suppressed.

15 Even in an amorphous thin film, there may occur three
embodiments, aporous columnar structure (Fig. 4 (b)), acomplete
amorphous structure (Fig. 4(c)), or an aggregated structure
of amorphous fine particles (Fig. 4(d)). Because of the
above-mentioned reason, it 1s preferable that the amorphous

20 thin film of the present invention has a complete amorphous
structure or an aggregated structure of amorphous fine
particles.

Since the high refractive dielectric film of the present



The high refractive dielectric filmof the present invention can be
produced by a reactive neutralization sputtering method in which
alternating voltage is applied to a pair of cathodes so as to change
polarities alternately and 15 oxygen is used as a reactive gas. Since the
above-nentioned sputtering nethod has a characteristic in that a

non-el ectrical conductive thin filmin particular can be forned w thout
causing variation in properties over a long period of tine, a high
refractive 20 dielectric filmhaving optical properties as precisely
designed can be forned. Brief Description of Drawi ngs 14 Fig. 1is a
schematic view of a sputtering apparatus used advantageously to forma high
refractive dielectric filmof the present invention. Fig. 2 shows

wavel engthAvehtibs (8 Aambepnroasand ehierf PGT Mawing iaesnddrds sofrfedge filters

of a dielectric filmnade of a mxture of titanium oxi de and ni obi um oxi de.
Fig. 3 shewsbwravekdngtMamdlyt swi{erd 9 Hieflormes arat wfterf PG add fa Veowki nds of
edge filters of a dielectric filmmade of a mxture of titanium oxide and
t ant al unrefirdetive Film reshemsnatedyal petiaeetylampasulbstuatar hsf
titaniumoxide ( Fig . 4 (,a ) ) , an anorphous porous columar, structure (
Fig. 4 eb;?rfaceoﬁgﬁé@@fahﬁr@rn@%hsttﬁlm@f% @re Figcaureying e Hiehdggr egat ed
structure of_ anprphous fine particles éFig.,4 (CQ 3 ) ,
5 at the interface does not occur edsily, and scattering loss
of incident light on an optical filter can be decreased.
Particularly, in the case of a multi-layer film of as much as
one hundred layers, thiseffect is extremely remarkable. Here,
as described above, a high refractive index means a refractive
10 index in the range from about 1.9 to 2.5, and a low refractive
index means a refractive index in the range from about 1.3 to
1.6.
The high refractive dielectric film of the present
invention is characterized in that the ratio of the other metal
15 component to the total amount of titanium and the other metal
components (M/(Ti+M)) is 30 atom% or more.
When the ratio of the above-mentioned other metal
component is less than 30 atom%, a columnar crystal structure
is formed in themain component titaniumoxide, and the amorphous
20 structure which is characteristic in the present invention is
not obtained. When the ratio of the metal component increases,

an action by the other metal component to inhibit growth of

a crystal of titanium oxide increases, and when the



Fig. 5 shows an X-ray diffraction chart of a dielectric 15 film made of a

m xture of titanium oxide and ni obium oxide. Fig. 6 shows an X-ray
diffraction chart of a dielectric filmnade of a m xture of titanium oxide
and tantalumoxide. Fig . 7 shows a relation between the refractive index
of a dielectric filmnmade of a m xture of titanium oxide and ni obi um 20

oxi de, and the conposition ratio of niobiumoxide (Fig. 7 (a) ) , and a

rel ati on between the refractive index of a dielectric filmmade of a

m xture of titanium oxide and tantal um oxide, and the conposition ratio of
tantalumoxide (Fig. 7(b)). 15 Fig. 8 shows a relation between the film
stress of a dielectric filmmde of a m xture of titanium oxide and ni obi um
oxi de, and the conposition ratio of niobiumoxide (Fig. 8 (a) ) , and a

rel ati onabetaerant henédl nasis eiss 30f azothtebechotre, fa ldi &l exaotel off idmm xt ure
of titanium oxide and tantal um oxide, and the conposition ratio of tantal um
oxi de (Fngde8{bk)miktgred il islamimmoxogei aad cstremetcalwxtdes dan t er of

an optical multi-layer filmof the present invention is formed on the edge
surface be¢ ameybhadeical formmnicro lens (collimator) , 10 and Fig. 9(b)
shows an optical systemin which a collimtor and an_ optical nulti-Iayer
filmfilter el eatBepphere-Bephtanefydioheehric &l Fommanahmd. exanpl e.

Best Mbde for Carrying Qut _the |Invention 15 Enbodi nents of the present
Cnverk | ORI FATHR T REBToBEERLT CHFPRAIERE BRY\ATERcageously be

30 atom% ormore, andtheupper limit isnotparticularlydefined.
Even if the ratio of the other metal component is 30 atom% or
more, when the thickness of a high refractive dielectric film
is at most about 320 nm as in the case of use in an optical
10 multi-layer film, themetaloxideitself doesnotmanifestgrowth
of a crystal, or growth of a crystal of titanium oxide is not
advanced, maintaining an amorphous structure which is
characteristic in the present invention.
In this case, however, the composition ratio of the other
15 metal component increases over 30 atom% and the refractive index
decreases sequentially, from the refractive index of titanium
oxide (about 2.4) to the refractive index of the other metal
component itself.
Even a high refractive material having a lower refractive
20 index than that of titaniumoxide, can beused if the composition
ratio of the other metal component i1s appropriately selected
in a range of 30 atom% or more, so that the refractive index

in a range capable of designing an optical multi-layer f£ilm

10



Fig. 1 is a schematic view of a sputtering apparatus used advantageously to
forma high refractive dielectric filmof the present invention. 20 A pair
of cathodes 2, 2' are placed adjacently in parallel in a vacuum chanber 1,
and targets 3, 3' nmade of the sane conpositions are nounted on the cathodes
2, 2' , respectively. Alternating voltage is applied froman alternating
current 16 source 5 to the pair of cathodes 2 , 2 ' so as to nutually
change the polarities thereof alternately. Nanely, when a plus voltage is
applied to the cathode 2, a mnus voltage is applied to the other cathode

2" , while, when a mnus voltage is applied 5 to the cathode 2, a plus
voltage is applied to the other cathode 2'. Here, "cathode" does not nean
"negative electrode” literallybutmeans "part of supplying power force to

the targes"obt&inefier, a substrate 6 (in this exanple, a glass plate is
used) on which surface a high refractive dielectric film10 is fornmed is

pl aced at a | ddw irafraspoista eindex e taarygals BiRuctive mataemipIimahanber 1.
When a high refractive dielectric filmnmade of TiOx and NbOy is produced in
the presériielreriiomuldddaver fida &% 493N CTid° QRI@FdbiSHERY Nb) in a
gi ven conpoundingératio 15 or a m xture pf(ihese metals is used as the

mat er i al 2ofefhactiygetndex @=n be R3dRfYHEGF WHeoh S CHRPDHEFEh () is
d . . T bove- ti d i s introduced

Lhr odgh 52538 Rt POCREPTBrOROFTSS WHER of S Hir i Heomh & tidlgd Sort o

20 Nanel f ' the high.ref tive dielectri il f t

Tnvent oft R BN i E8FPPE TR PR Edtho da o8 SRtk Sha RBG R T o

formed 0gctBe I BEENBhrRLEUAS LaAke 18nhYe S RIRIIN0: hig (LA ddfdets 3

3 ' with plasma genera ed 1L by alternating voltage ile causing a

reacti oni Mgkl gxygensoh Preeess gasses, according to a so-called reactive
neutralization sputtering nmethod. In the present invention, it is

preferabl e to xpkaetaBove dadn PRdhddlo iHeaSREER ] C@dhsshdtlisedei Arde: i N which
the ratio of OZ is increased against the total anobunt of process gasses

(Ar402) highf recaattveesqiutleccrgcneinndsf the peasentf ahveAtsohs that in
filmformation by the reactive node, a thin filmto be fornmed is an oxi de,
t her ef oreiobhemcorpdsi tiNbayof L&y B8/ ,1Gartalun laritdendraQy haveya
stoichionetric conposition in the reactive node, and resultantly, the
optical Bropertind diethike are listed.

Niobium oxide and tantalum oxide are, as described above,

materials which can also be used alone as a high refractive

15 material constructing an optical multi-layer film. Even in

the form of a thin film, when mixed with titanium oxide tending

to have a crystal structure, there occurs an action to inhibit

growth of a crystal of titanium oxide. Further, niobium oxide

and tantalum oxide do not crystallize easily themselves in a

20 thin film condition, and the compounding ratio with titanium
oxide can be selected freely.

The above-mentioned other metal oxide for obtaining a

high refractive dielectric film which is an amorphous material

11



oxide thin filmare obtained with good reproducibility. Further, it has
been confirnmed by experinents of the inventors that in an oxide thin film
formed by a reactive node 15 in which the ratio of OZ is high, the netal
conposition of the target and the netal conmposition in the thin film

coi nci des al nost conpletely. For exanple, when alloy targets 3 , 3 ' nade
of Ti and Nb in which the ratios of Nb (No/ (Ti+Nb) ) are 30.0 atons and
40. 0 20 atons are used, the ratios of Nb in the resulting oxide thin film
are 29.5 atons and 39.8 atom, respectively. Since the conposition of a
thin filmexerts a direct influence on optical properties in the

t echnol ogi es of producing an optical 18 multi-layer film it is a great
nerit to be able to obtain the intended conposition by controlling the
conposi t hattiag nd ddliuinddt srribtsrepdnhd pwds eotrpanent sonhd stheydiareget s 3, 3
have reacted wth necessary and sufficient oxygen to give an oxide 5 thin
film havtotave anpogh tiediratesivet hedekoi tohiombiiccgconpbsift agrkysual her, the
reactive node is advantageous for production of an optical nulti-layer film
i n whi chof tiganfiwapxidevand o madke it |defdieulanfomttére waterigleci sely
controlling the 10 filmthickness of each thin film because of a feature of
st abi | i zakEF8ALoEot Recpmendf ShanngidpeegystRdugh the reactive node has a

1 1me or ned byA RECHUBRER ) HARS | ASARVER SEhaxi e BVGTL op F4 24 mani f eat s
Used | n BEEFUE SESRRUNTERS  onesd Fob oS B ey Y O W engeer o
2) and hafnium oxide (HfOm: 1=m=2) and the like are listed,
in addition to said niobium oxide and tantalum oxide.

The above-mentioned various metal oxides preferably have
10 astoichiometriccomposition (forexample, inthecaseofniocbium
oxide, Nb205) since the reproducibility of the properties of
an optical element produced is secured easily, however, there
isnecessarilynolimitationtothe stoichiometric composition.

The high refractive dielectric film of the present
15 invention desirably has a film stress of 0.30 GPa or less.
The above-mentioned film stress occurs by deficiency of
an atom to be positioned naturally in a given site in a crystal
lattice (for example, in the case of oxides, presence of oxygen
deficiency), incorporation of an atom other than atoms to be
20 present into a lattice (for example, presence of Argon in a
sputteringgas), andstrainofacrystal latticewithanisotropy.
Though compression stress is different depending on the

method for producing a high refractive dielectric film of the

12



1550 nmlowers, and resultantly, a nerit occurs in that perneation |oss of
a light signal can be decreased. Anpbng reactive sputtering nethods, in a
so-called netal 20 node in which the ratio of 02 is reduced against the
total anmount of process gases (Ar+ 02) , the filmformng speed is
relatively fast, however, the degree of oxidation of the resulting oxide
thin filmis not stabilized easily, resultantly, the 19 reproducibility
of the optical properties of the oxide thin filmtends to deteriorate.
Additionally, it is difficult to obtain an effect of use of the
above-nentioned reactive node by the netal node, in producing an optical
mufti-layer film 5 A sputtering nethod in which an oxi de sintered body
havi ng the sane conposition as that of a filmto be forned is used as the
mat eri al pekskakgehseldtion,  ai sombzesaiganetaksBeats abagai nstraheésr eacti ve

sputtering wth oxygen using the netal targets 3, 3 ' , however, the
conposi t genephtad ioxa détahinmfddirdeothim fiédml0 Bye tbmpressisnctmsgioes not
necessarily coincide with the conposition of the targets 3, 3 , and it is

di fficul bfta sdllliownt beidptfihh amdopegheesunffuahide filllm odtee umed f est ed
as designed. Next, the neutralization sputtering for formng the high 15
refracti ee di épecrefrachiviefhapenial hin preseritical amtl ol hayer el lm
illustrated. In the case of use of netal targets 3 , 3 ' and inclusion of
no 08 gehSi ALPEECBsS §B3es, nanely, when a netal filmis formed, the

argets . 3, e olseln) eal copauet iy, 20 hererors e g charge
Sputterigglkgogogggggegre laminated alternately, a tensile force is
acted on a thin film of silicon oxide due to a difference in
film stress, and there may occur cracks in the silicon oxide
10 film and further, peeling at the interface of the film. 1In
actuality, this causes a deterioration inreliability when used
as an optical element.
Since the high refractive dielectric film of the present
invention is produced so that i1t becomes amorphous, the
15 above-mentioned strain in a crystal lattice is not present,
andeven if there isdeficiency or excess of atoms in an amorphous
thin £ilm, the influence of this is limited locally, therefore,
film stress can be decreased extremely. When the film stress
is 0.3 GPa or less, even if a high refractive dielectric film
20 of an optical multi-layer film is laminated with, for example,
a low refractive dielectric film of silicon oxide, there is

nogenerationof cracks inathinfilmandpeelingat the interface

of a thin film.

13



In the present invention, reactive sputtering with Oz is conducted using
netal targets 3, 3' , therefore, in particular, 20 a non-erosion part on
the surface of the netal targets 3, 3' is oxidized to becone

non-el ectri cal conductive, consequently, when DC sputtering is effected, an
el ectric charge fromplasma is charged on the targets 3, 3' and arcing due
to insulation 5 breakage occurs. In the neutralization sputtering,
alternating voltage is applied to a pair of cathodes 2, 2' placed

adj acently so that the polarities thereof change alternately and respective
cathodes 2 and 2 ' performroles of a cathode (negative electrode) 10 and
an anode (positive electrode) alternately, consequently, the surface of the
targets 3, 3 ' is always maintained at a constant condition and a stable
di schar gi ng comngh tfiidm iss reept ofNahel ¥ighi hefraot evecdiéTectiat gefchar ged to
an oxide (non-electrical conductive substance) accunul ated on a non-erosion
part of thethd pargehs 3nyeBtionsimestiffliciedtiy €adhG®pcle dfsal ternating
current (AC), arcing as generated in DC sputtering does not_ occur.

Resul t antFpmpraeséomposing Urowdh fhebRilgana NeASHE LAY PErgasts MR gl QR process
of lamnnating a nultijlazer filmover a long period of tinme can be

nai nt ai n€8 EMdoHaT, 1 iR at}FﬁJfﬁpﬁeFF@c%PW@r%@%%IléCPF?E‘??PPﬁYiW%i ch the
refractive_index and filmthickness are controlled precisely can be

obt aihed?-¥nECplr F8& SFORPEEFAAPPAG vol tage applied is preferably 100 Hz or

nore, further preferagbly 1_kHz or nore. .l bﬂy case ééﬁ of | ess, than 100

Hz, neutrali za%)Jirb‘ﬁa 6130@%/%%‘:@?%“0%%?‘ éeFﬁaga? S YRR BRSSP RATE ¥t ays and
ffici lectrici | b i o i od.

i'ter nat PRESTS! ¢ RgBeherBr ot bhasry T Rpeb OBl ot XS B e Ry 100

kHz or L@?%ery\ggnié) " olvdd o 4ot & %O%B§59§t§if}n Preds® BEasim,does not

shift, 'om ng a change 1n polarity, a sufticient sputtering cannot be

conduct ed,+J @agling , 11 281 8% RIS YeSaBE It He id { 06BAG a3 ARG 1 -The d:ar get
material in the case of conducting 10 neutralization sputtering may be an

el ectgi caliigonductive naterial such as nmetal and the like or a
non-el ectrical conductive material such as oxides and the |ike.
The high refractive dielectric film of the present

invention can be produced by a reactive neutralization

sputtering method in which alternating voltage is applied to

a pair of cathodes so as to change polarities alternately and
15 oxygen is used as a reactlve gas.

Since the above-mentioned sputtering method has a
characteristic in that a non-electrical conductive thin film
in particular can be formed without causing variation in
properties over a long period of time, a high refractive

20 dielectric filmhavingoptical properties aspreciselydesigned

can be formed.

Brief Description of Drawings
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In the case of formation of a dielectric nmulti-layer filmon a substrate 6,
a high refractive dielectric filmand a ow 15 refractive dielectric film
are lam nated alternately, therefore, the other pair of targets not shown
in Fig. 1, and the other process gas introduction port and apparatus of
carrying the substrate 6 are placed in a vacuum apparatus. First, a high
refractive thin filmis forned on the 20 substrate 6 by the above-nentioned
reactive neutralization sputtering using a pair of targets 3 , 3 ' under

gi ven sputtering conditions (kind of process gas, pressure, electric power
and the like). 22 Then, the substrate 6 is transferred to a |ocation
opposite to the other pair of targets (not shown), the other given
sputtering conditions are made in the vacuum chanber 1, and a | ow
refractive thimdi llmiss soherdthy hew odas tapie temialy apbazatiuenusedit t eri ng
using the other pair of targets. This process is repeated a given nunber of
ti mes coedesponadenysily thefoumberhbdghl mefnatidne Atededinget bilheofiesi gn of
an optical multi-layer film to forma dielectric nufti-layer film 10 The
thin fil gheopiegehitr snventika . substrate 6 nay be a low refractive
dielectric filmw thout problens. A m xed dielectric body of TiOx

and NbOy was USEH- sthoﬂﬁdfﬁ‘f%]f?%@il\?@ldﬁté d8p) iReFPrenerérRartel, H
S & yﬁsogsglve kinds of edge filters of a dielectric film made of a

mixture of titanium oxide and niobium oxide.
Fig. 3 shows wavelength shifts (AA) before and after PCT
of five kinds of edge filters of a dielectric film made of a

nixture of titanium oxide and tantalum oxide.

10 Fig. 4 shows a crystalline columnar structure of titanium
oxide (Fig. 4(a)), an amorphous porous columnar structure (Fig.
4 (b)), a complete amorphous structure (Fig. 4(c)), and an

aggregated structure of amorphous fine particles (Fig. 4(d)).
Fig. 5 shows an X-ray diffraction chart of a dielectric

15 film made of a mixture of titanium oxide and niobium oxide.
Fig. 6 shows an X-ray diffraction chart of a dielectric

film made of a mixture of titanium oxide and tantalum oxide.
Fig. 7 shows a relation between the refractive index of
adielectric filmmade of amixture of titaniumoxide and niobium

20 oxide, and the compesition ratio of niobium oxide (Fig. 7(a)),
and a relation between the refractive index of a dielectric
film made of a mixture of titanium oxide and tantalum oxide,

and the composition ratio of tantalum oxide (Fig. 7(b)).

15



15 as a lowrefractive dielectric material (hereinafter, L) , and an edge
filter in which these are |am nated alternately was produced, a weat her

resi stance test agai nst high tenperature and high hum dity was carried out
on the resulting edge filter, and change in optical property before and
after the test 20 (wavel ength shift anmount) was eval uated. Five kinds of
edge filters were produced for obtaining a relation between the conposition
ratio of NbOy in the Ti Ox-NoOy m xed dielectric body and the weat her

resi stance of the resulting 23 edge filter. As the pair of targets 3, 3
for formng H a Ti-Nb alloy was used, and as the other pair of targets
(not illustrated) for formng L, a Si netal was used. 5 Five kinds of Ti-Nb
alloy targets were prepared, and the conposition ratios of Nb in the alloys
were 0~, 10~, By, SB8Ghowdl al0relepi@sandetedy @ionfLlm. s€héys one &ind of Si
metal was used as the target for formng L, for five-kinds of targets for
form ng fliegdekinds fOflmHmadie &f ki miexitgas off tatgohuARidmdndxygsm ym2) was
used as a process gas. Regarding the anounts, Ar was 25 cnB/mn and OZ was
40 cnB8/ nPrideeramd ide ¢omped]tiaod yatimef1siehBumnioxisged (B29wak(®0) cnB/ i n
when L was fornmed. The sputtering voltage was 7 kWwhen H was fornmed and 15
8 kW whednfl dekelafied. behvepnesBarbliln shuesereh véiseheor My fiolmarorr)
when H was formed and 0.93 Pa (7 nfforr) when L_was forned. The frequency of
the & t ePAIE ﬂE %LFPPéﬁ‘tlr%p‘bfi%Ht?%l‘ﬂlﬂeo’ﬁh‘ﬁ‘? %I?dt‘éff‘%"e?%uwjﬂ)ek@d

the composition ratio of tantalum oxide (Fig. 8(b)).

Fig. 9(a) shows an optical system in which a filter of
an optical multi-layer film of the present invention is formed
on the edge surfaceofacylindrical formmicro lens (collimator),

10 and Fig. 9(b) shows an optical system in which a collimator
and an optical multi-layer film filter element are placed

separately, which 1s a conventional example.

Best Mode for Carrying Out the Invention
15 Embodiments of the present invention will be explained
together with the drawings.

Fig. 1 is a schematic view of a sputtering apparatus used
advantageously to form a high refractive dielectric film of
the present invention.

20 Apair of cathodes 2, 2' are placed adjacently in parallel
in a vacuum chamber 1, and targets 3, 3' made of the same
compositions are mounted on the cathodes 2, 2', respectively.

Alternatingvoltageisappliedfromanalternatingcurrent

16



20 Opti cal

of each
noni t or
noni t or,
chamber

condi t i -088urt8 3 oStk il € oft Bethodlas cONI'i soerd & oohubudl By etiarige

mul ti-layerfiln(designed values)were controlled as described bel ow. 4 ass
substrat ehelpolaPfiPiés. BRBHEOLB82BLELONAL4HY 1. QV&Le Iy 1 1. & 131uf1. OH/ 1.0
L)23/1.0+40.728L/1.113H 1. 081L/ 0. 910H 0. 763L/ 0. 745H 0. 700L A nuneri cal

val ue beftoleageors eppeard padghe tatbadech agalmes vaid agsséstanwidasss of
each layer . The base Iength is (wavelength (~,)/4)/refractive index,

(~, =1300t@arjhe ofberhea 2desthibed Wheroamigys vl tagenss Rl 48%hnd L

each havi ng _a base thi ckness were used, as a paﬁ{tan 23 | ayers
(@]

5

10

15

20

tothe cathode 2, a plus voltage is applie the other cathode
2'. Here, “cathode” does not mean “negative electrode”
literallybutmeans “part of supplyingpower force tothe target”.

Further, a substrate 6 (in this example, a glass plate
is used) on which surface a high refractive dielectric film
is formed is placed at a location opposite to the targets 3,
3' in the vacuum chamber 1.

When a high refractive dielectric film made of TiOx and
NbOy is produced in the present invention, an alloy made of
titanium (Ti) and niobium (Nb) in a given compounding ratio
or a mixture of these metals is used as the material of the
targets 3, 3'. A mixed gas of argon (Ar) and oxygen (0;) is
used as a process gas. The above-mentioned process gas is
introduced through a gas introduction port 8 and discharged
from a discharge port 9.

Namely, for forming the high refractive dielectric film
of the present invention, a mixed dielectric film composed of
TiOx and NbOy mixed is formed on the surface of a substrate

6 by sputtering the metal targets 3, 3' with plasma generated

17

gl ass (BK7) having a dianeter of 30 nmand a thickness of 1 nm
was washed by an ul trasoni c washi ng machi ne using an al kal i ne detergent,
and directly, nounted in a vacuum chanber 1 which is the above-nentioned
reactive neutralization 24 sputtering apparatus. Filmthickness control
| ayer of H andLwas conducted by a direct visual type optical

so as to give the desired (as designed) filmthickness, in the
the perneability 5 of the substrate 6 attached to the vacuum

1 being able to be directly nmeasured al so during filmformation.
dielectric multi-layer filmconposed of 61 |ayers was | am nated on the
substrate 6 made of BK7 according to the above-nenti oned procedures for
lam nating Hand L alternately 10 using the above-nenti oned sputtering

A



of this pair were | am nated. Layers before and of ter the above-described (
1. o+ 1. O ) 25 23 were layers formed to suppress ripples (spectrumin
the formof ripple) in the perneable range. By the above-nentioned
procedures, five kinds of edge filters having nutually different

conposi tions of
Next, a weat her

Nb in a high 5 refractive dielectric filmwere obtained.
resi stance test against high tenperature and high humdity

by a pressure cooker test (PCT) was carried out on these five kinds of edge
filters, and change in optical property before and after the test

(wavel ength shift anmount) 10 was evaluated. PCT is a nethod for advancing
and eval uati ng weat her resistance of various materials and parts agai nst

hi gh tenperature and high hum dity, and a general nmethod in which the rea
time of yt&£bteisachngtenbtagadiiadivansaisind d hteadihi @xanpie oxyiter est
conditions included 150C, 90~ RH, 150 kPa (1.5 atnospheric pressure:

absol ut eopressoess, gasded) hovosdifiy tbeaf svechilhdd pkaedgeefilters,

wavel ength shifts (DA) before and after PCT are shown in Fig. 2. The

per neabi hetyrapezationwasuneasingdmbyhad.opti cal spectrum anal yzer using 20
an LED |light source. 26

5

10

15

20

In the present invention, it is preferable to select a
gas partial pressure called reactive mode in which the ratio
of 0, is increased against the total amount of process gasses
(Ar+ 03), of reactive sputtering methods. The reason for this
is that in film formation by the reactive mode, a thin film
to be formed is an oxide, therefore, the composition of an oxide
thin film tends to have a stoichiometric composition in the
reactive mode, and resultantly, the optical properties of the
oxide thin film are obtained with good reproducibility.

Further, it has been confirmed by experiments of the
inventors that in an oxide thin film formed by a reactive mode
in which the ratio of 0, is high, the metal composition of the
target and the metal composition in the thin film coincides
almost completely.

For example, when alloy targets 3, 3' made of Ti and Nb
in which the ratios of Nb (Nb/ (Ti+Nb)) are 30.0 atom% and 40.0
atom% are used, the ratios of Nb in the resulting oxide thin
film are 29.5 atom% and 39.8 atom%, respectively. Since the
composition of a thin film exerts a direct influence on optical

properties in the technologies of producing an optical

18



Table 1 Ti Ox- NbOyRefractive i ndexSi Ow refractive i ndex02.4001. 4605. Onm\b
conposi tionl02. 3901. 4604. 5rati 0202. 3851. 4604. O( at om

) 302. 3801. 4600. 2402. 3601. 4600.1 It is known fromFig. 2 and Table 1 that
when the Nb conposition ratio in a high refractive dielectric filmwas over
30 atom, the wavelength shift before and after PCT was 0.2 5 or less, in
the five kinds of edge filters. This result corresponds to that when the Nb
conposition ratio was over 30 atom the structure of a thin film changed
fromcrystal to anorphism in Fig. 5 described below. Nanmely, it was
confirmed that when the ratio of NbOy in 10 Ti Ox was i ncreased, the
structure of a thin filmwas changed, and resultantly, a nulti-layer film
excellent in weather resistance is obtained. Even in a high refractive

di el ect rinaltilmaiayi APlhhel vtienacgredt meafitNhoobe 43 e thheobehiactheve i ndex
thereof is larger by 15 about 2 .20 of the refractive index than that of
NbOy 100ifsended Qimposbuposildy contrNddgng, the awagpchicwipn lodt apriobl ens of
titani um oxide in weat her resistance against water and the |i ke were sol ved
and propéiiimes Bsisn meahs rdiatceoneontrtecinithe  targete Jmiht diakrl. 5
Example 2 A m xed dielectric body of TiOx and TaOy was used as a high
refract i veagtefedith 1gqesiqmesdichgREELCipNt oxy e Vils Jd¥edaRCB oW
refractive dielectric film(hereinafter, L), and an,e%ge filter in which

t hese weFBilahi ARt BEVARSenSPRPPSHEdOn near the stoichlometric

composition.

Further, the reactivemode is advantageous for production
of an optical multi-layer film in which a significant amount
of thin films are laminated while precisely controlling the

10 film thickness of each thin film because of a feature of
stabilization of the film-forming speed, though the reactive
mode has a demerit in relatively slow film-forming speed.

Furthermore, an oxide thin film formed by the reactive
mode in which the ratio of O; is high manifests decreased oxygen

15 deficiency inside, therefore, absorption of laser light used
in optical communications, for example having a wavelength of
1550 nm lowers, and resultantly, a merit occurs in that
permeation loss of a light signal can be decreased.

Among reactive sputtering methods, in a so-called metal

20 mode in which the ratio of 0; is reduced against the total amount
of process gases (Ar+ 0y), the film-forming speed is relatively
fast, however, the degree of oxidation of the resulting oxide

thin film is not stabilized easily, resultantly, the
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10 produced, a weather resistance test against high tenperature and high
hum dity was carried out on the resulting edge filter, and change in
optical property before and after the test (wavelength shift anmount) was
eval uated. Five kinds of edge filters were produced for obtaining 15 a
rel ati on between the conposition ratio of TaOy in the Ti Ox- TaOy m xed
dielectric body and the weather resistance of the resulting edge filter.
Nanely, five kinds of edge filters were produced in the same manner as in
Exanple 1 except that the Ti-Ta alloy target 20 was used instead of the
Ti-Nb alloy target used in Exanple 1, and the wavel ength shift before and
after PCT was neasured for each sanple. However, in this exanple, the film
constituents of a 28 dielectric multi-layer film (designed val ues) were
control | edpasddespiilbeg bé&l ee &baisaiupsbpetreles of the oxide thin

0.930L/0.879H 0. 835L/0.944H 1. 088L/ 1. 111H 0. 703L/ (1. 04 1.0 5
L) 23/ 1. CHAQm706hd4 . 1@ 3 tle OBt e Q4RI tASBIx10.689 Os68lEfThelresml ts are
shown in Fig. 3 and Table 2. Table 2 Ti Ox- TaoyRefractive
obtain an effect of use of the above-mentioned reactive mode
by the metal mode, in producing an optical multi-layer film.
5 A sputtering method in which an oxide sintered body having
the same composition as that of a film to be formed is used
as thematerial of targets 3, 3' is also a general means, against
the reactive sputtering with oxygen using the metal targets
3, 3', however, the composition of an oxide thin film cbtained
10 Dby this means often does not necessarily coincide with the
composition of the targets 3, 3', and it is difficult to allow
the optical properties of a thin film to be manifested as
designed.

Next, the neutralization sputtering for forming the high

15 refractive dielectric thin film of the present invention will
be illustrated.

In the case of use of metal targets 3, 3' and inclusion
of no oxygen in process gases, namely, when a metal film is
formed, the targets 3, 3' have electrical conductivity,

20 therefore, electric charge from plasma is not charged on the
targets 3, 3' even 1£DC (direct current) sputtering is conducted.

In the present invention, reactive sputtering with 0; is

conducted using metal targets 3, 3', therefore, in particular,

20



i ndexSi Ow refractive index DAO2.4001. 4605. 5nnTra

conposi tionl02. 3801. 4605. Orati 0202. 3751. 4604. 5(at onm) 302. 3701. 4600. 2402. 3301
.4600.1 It is known fromFig. 3 and Table 2 that when the Ta conposition
ratio in a high refractive dielectric filmwas over 10 30 atom, the

wavel ength shift before and after PCT was 0.2 or less, in the five kinds of
edge filters. This result corresponds to that when the Ta conposition ratio
was over 30 atom the structure of a thin filmchanged fromcrystal to
anorphism as in Fig. 6 described below. 15 Nanely, it was confirned that
when the ratio of TaOy in 29 Ti Ox was increased, the structure of a thin
fil mwas changed, and resultantly, a multi-layer filmexcellent in weather
resi stance was obtained. It could be confirmed that a thin film containing

TaQy 5 ia dbkXerdsidn gt red raed isve farieebifakheomstauctangets A elXctric
multi-layer filmused in an optical filter, can solve the problemof Ti Ox
on weat hes oxdsiilednce beabthef i -helgc e cd Bcbonbughiwvef ranidespuartdeyx. Exanpl e
3 10 Six kinds of sanples in which the conposition of the other netal
conponenvkendx” sputakbyndi f4$ erfdiec et eapreperted c chagiyeckrone rasdngt | on

bet ween the conposition ratio of the other netal conponent and ~1

cryst al | inichandedi @t adte itaxdgdtg 3+23r eindcaroeny ndlex od idissiledtiare film
and ~3 filmstress of 15 dielectric film in a high refractive dielectric
fi | maradererkagai REGEESef titani um oxi de and the other metal oxide.

In the neutralization sputtering, alternating voltage
is applied to a pair of cathodes 2, 2' placed adjacently so
that the polarities thereof change alternately and respective
cathodes 2 and2' performroles of a cathode (negative electrode)

10 and an anode (positive electrode} alternately, consequently,
thesurfaceof thetargets3, 3' isalwaysmaintainedat aconstant
condition and a stable discharging condition is kept. Namely,
since an electric charge charged to an oxide (non-electrical
conductive substance) accumulated on a non-erosion part of the

15 targets 3, 3' isneutralizedineachcycleof alternatingcurrent
(AC), arcing as generated in DC sputtering does not occur.

Resultantly, the composition of an oxide thin £ilm formed
during a process of laminating a multi-layer film over a long
period of time can be maintained constant, and a high refractive

20 dielectric filminwhichthe refractive indexand filmthickness
are controlled precisely can be obtained.

The period of alternating voltage applied is preferably

100 Hz or more, further preferably 1 kHz or more. In the case
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Ni obi um oxi de and tantal um oxi de were used as the other netal oxide. Six
kinds of alloy targets were prepared in which the 20 conposition ratio
(atom) of Nb in a Ti-Nb alloy target was controlled to 0~, 10~, 20~, 30-,
40~ and 80~ so that the conposition ratio (atom) of niobium based on the
total anmount of nmetal conponents in a high refractive dielectric filmwere
30 0~, 10~, 20~, 30~, 40~ and 80~, respectively. Also regarding the Ti-Ta
alloy target, six kinds of alloy targets were prepared in which the
conposition ratio (atom) of Ta in a Ti-Ta alloy target was controlled to
0~, 10~, 20~, 30~, 40~ and 80~. 5 The targets in which the conposition
ratios of Nb and Ta are 0~, 10~, 20~, 30~, 40~ were the sane as used in
Exanples 1 and 2. A pair of targets 3, 3' nade of a Ti-Nb alloy in which

t he conpesilésy thain 00§ D Mhetltril iwas i0n verel gaumicaehbeglinatdrddes 2,
2', and two quartz glasses of a thickness 1.5 nmand a dianeter 30 nm and
one quar&ztgrassing aythecitabsgs Card smi Gindi entdi st teri Gl 7 nmanwereel nount ed
to a vacuum chanber 1 in parallel as substrates 6. Thereafter, three
sanpl es weneobbbei nadroadwhitth the high 15 refractive dielectric filmof a
single layer structure made of Ti 02 having a thickness of 250 nm was
formed, by redts memiad rd isddt9mn g (e g underrafem gy dodtiz i ons as
used for formation of a high refractive dielectric filmon the substrate 6
in BlanpPE hes Insthen RFeEesakpy es0 Qi abt teFRd IRSPYRTal At

of | 250, nAriEife Sforh SREEFe o 3 | 1AM AT e oM Cri ok i S U 1 or mad
th | trate 6. .31 i : d

Goscr bah GBBUES SRCBBLSFREY: « RATaBBGEEREAr CoRBH FaF JRRS CAERE T £81 aced by
scri | =¥ at ol "t EF €pl aced by

(atoms. ) SBRERREs: TerdPAE L o g e L B e e Thr e

each of the siphKinds, of amles i WHEh MO £ eddialdvamdli el ectric films
having nutual ly different conpositions made of a m xture of titani um oxide

and 1 ObhHt 8X1 §2a0€6H! spliBeeteay! hhPILE- KhndsX3treabmRlesonatetekassifi ed
into 10 three groups A, E and C. Nanely, six kinds of sanples having

nut ual | ymdtéfeaensuenmaesiktansanddthavihgeaothhckpaselettaisabst rate of
1.5 mmwas included in the A group, six kinds of other sanples having

nmut ual | ycdnfittet éne matnpoiaili snshaad bavdag antihcbknéskeof a substrate of 1.
5 mmwas included in the B group, 15 and six kinds of sanples having

nmut ual |y di f f drebhecongpooift f ormsa tieh ledva 0y ed edtindkney tbf layeunlfsitlmt e of
0.25 mmwas included in the C group. In the same manner as described above,
each three afsubrtmite @,nashwhsra&%%twe wHicdieatigle féflpgendva Ifivel ectric
films. 20 of a single. layer structure hayi ng nutuyall diffeient conposi tions

and Yravi A§ERRERTI¥RNELEIBFESEE AMMIRHE SAMANALR uFé¥8FnFFF ¥irum oxi de and

tantal um pxi de wer e {0 Bg 00, e QUALLZ OLass, SRSH 3LerSy . V! Gy oduced

theother processgas introductionport andapparatusof carrying
the substrate 6 are placed in a vacuum apparatus.
First, a high refractive thin film is formed on the
20 substrate 6 by the above-mentioned reactive neutralization
sputtering using a pair of targets 3, 3' under given sputtering
conditions (kind of process gas, pressure, electric power and

the like).

22



The resulting 6-kindsX3 sanples were classified into three groups A B and
Cjust like the sanples of high refractive dielectric filnms nmade of a

m xture of titanium oxide and tantalumoxide. 5 Fig. 5 and Fig. 6 show
X-ray diffraction charts of dielectric f filnms nmade of a m xture of
titani um oxi de and ni obi um oxi de and dielectric filnms made of a m xture of
titani um oxi de and tantal um oxi de. As the sanple used for neasuring x-ray
diffraction, the 10 high refractive dielectric filmof a single |ayer
structure produced in the above-nentioned procedures was used. Nanely, siXx
ki nds of sanples having nutually different conpositions nade of a m xture
of titanium oxi de and ni obi um oxi de and si x ki nds of sanpl es having
mutual ly different conpositions made 15 of a mixture of titanium oxide and

tant al um oxi der{drasehé sabsikatbes £ granpreeredused lobatkbd.odpaictdig. 6,
diffraction charts when the conposition ratio (atom of niobium and

t ant al untvash8% tRe% p30% afdr40&ease (dbospkhaywd) , okhehetheasyiedn
diffraction charts. 20 Wen ni obi um oxi de or tantal um oxide is not

cont ai nedpuntaringl echditibnbmara madgelin ntlemstaguypeakhamsodénund aatd a
diffraction angle characterizing the crystal of titanium oxide, however,
when t heacoaposefroantivei bhoh ALdbi im xruedobyt &heakgar8ldve oxi de

i ncreases, the_peak derived fromtitani umoxide |owers slightly, and when
the &t onflEUEHRLHZBF1ABL BPPFECRIDEI UMIBE FBEaPFRETt RALAI B g§r9§t§t-oms or

Tore, LML Pedl ol seply becores unccogn <20l o, ang peake spowing he
this region, a dielect[ic fL! MABOE Of AU, o 114 A0 UM oxide, and
design of an optical multi-layer f£ilm, to form a dielectric
multi-layer film.
10 The thin film formed first on the substrate 6 may be a
low refractive dielectric film without problems.
Example 1
A mixed dielectric body of TiOx and NbOy was used as a
highrefractivedielectric film (hereinafter, H), Si0z was used
15 as a low refractive dielectric material (hereinafter, L), and
an edge filter in which these are laminated alternately was
produced, a weather resistance test against high temperature
and high humidity was carried out on the resulting edge filter,
and change in optical property before and after the test
20 (wavelength shift amount) was evaluated.
Five kinds of edge filters were produced for obtaining
arelationbetween the compositionratio of NbOy in the Ti0x-NbOy

mixeddielectricbodyand theweather resistanceof theresulting
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oxi de or tantal um oxi de changed substantially to an anorphous structure.
The presence or absence of such crystallinity was 10 eval uated by an X-ray
di ffraction neasuring apparatus ( "RAD-rC ", nmanufactured by Ri gakusha

K. K) Fig. 7(a) and Fig. 7(b) show a relation between the refractive
indices of a dielectric filmnade of a mxture of titanium oxide and

ni obi um oxi de and a dielectric filmmade 15 of a m xture of titanium oxide
and tantal um oxi de, and the conposition ratio wi th niobium oxide or
tantal um oxi de. As the sanple used for neasuring the refractive index, the
high refractive dielectric filmof a single |ayer structure produced in the
above- nenti oned procedures was used. Nanely, 20 the sanple classified in

t he above-nentioned B group was used. The abscissa shows the ratio of the
ot her nekabeofideeadded to titanium oxide by the atom c anobunt ratio of
only netal conponents (M (Ti+M). The refractive index is a value 34

measur ed when zs dhel peiricf thlrgetrmd?, of' dom KoumengfH t ot @ntNmakKiale and

ni obi um oxi de or tantal um oxi de was produced. The neasured wavel ength for

t he refruaesi veedndexd s tisS0tiner Yhém ohetanwans Ofothibbiughmade® added to
titaniumoxide 5 is increased fromO, the refractive index of a m xed

di el ect r Eerf Eprmdner basasStrvatabowas2usedhi ch is a refractive i ndex of

titaniumoxide at a relatively small change rate, until the atom_c weight
rati o of metalf¥ee Hiopsupt Eadfed 130w CoweRtEHiere prepared, and the

composition ratios of Nb in the alloys were 0%, 10%, 20%, 30%
and 40% represented by atomic %.
Onlyone kind of Si metal was used as the target for forming
L, for five-kinds of targets for forming five kinds of H.
10 A mixed gas of argon (Ar) and oxygen (0;) was used as a
process gas. Regarding the amounts, Ar was 25 cm®/min and 0,
was 40 cm®*/min when H was formed, and Ar was 15 cm®/min and 0,
was 50 cm’/min when L was formed.
The sputtering voltage was 7 kW when H was formed and
15 8 kW when L was formed.
The pressure in sputtering was 1.20 Pa (9 mTorr) when
H was formed and 0.93 Pa (7 mTorr) when L was formed.
The frequency of the alternating current applied to the
pair of targets was 40 kHz.
20 Optical glass (BK7) having a diameter of 30 mm and a
thickness of 1 mm was washed by an ultrasonic washing machine
using an alkaline detergent, and directly, mounted in a vacuum

chamber 1 which is the above-mentioned reactive neutralization
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atomc ratio of nmetallic niobiumis over 30% the change rate 10 in the
refractive index of a mxed dielectric filmincreases, and the refractive

i ndex | ower sapproxinmately linearly,finally | eading to about 2.2 which is a
refractive index of niobiumoxide. Al so when tantalum oxide is added to
titaniumoxide, as 15 in the case of niobiumoxide, the refractive index of
a mxed dielectric filmdecreases when the added anobunt increases, and the
decreased rati o changes at an atom c anount ratio of metallic tantal um of
about 30~, finally becones about 2.1 which is a refractive index of
tant al um oxi de. 20 These phenonena indicate that even if niobium oxide or
tantal um oxi de is added to titanium oxide having high crystallinity to
render a high refractive dielectric film anorphous, the resulting m xed
diel ectrigputibmisli kbpBastashi gh 35 refractive index so as to provide
practical use as an optical multi-layer film until the atom c anount ratio
of netallic nimbdinuthbeknesakbnerbanifadanh L egehes adnod L wad-corddiec cairposi t i on
of a mxed dielectric filmwas nmeasured 5 by a sequential type plasna

em ssi onbarmaflysest apsaredt tgpé cptGrS 130001 tor rmnais ot ai-eel thye &rs et Corp.).
The refractive index of a mxed dielectric filmwas neasured by a spectral
el lipso reseteg Sl fi eyt cdereped ipythe moniyny | She DRipegpPilEFi g. 8
(a) and Fig. 8 (b) show a relation between the filmstresses of a

di el et r PE Fhe MukRdease § FikaeRed dro thea B G RRRETd InPBBRAfRYG de and a
dielectric filmmde_of a m xture_of titanium,Qxide and . tantal um oxi de, and
the conpbSi PPoRLIFSEFSYWRERSHFEHI BrSEx Y& 188 Eéﬂ@a|eﬁwé%ﬂ&@: 15 As the

I d f [ f, [ i nd h [ '
ol eat o 11 HrBE Lr ey BulBeioyeF et IF S RRRLh ALt e RbBVETrent | oned
procedur g ups used, NATELYp LD 3aRPLERaYBoRGNLAkRESS Of @ Sufistrate of
. red’in the a grou d 2

25 mcl assi ove-menti oned p was us he

absci SSaagtamé@m&la@iaa&iaop%c%@gr?; f}%» gﬁﬁ%ae{hgeﬁ adged 10 ditan4m oxide

by the atom ¢ anmount ratio o nl'y t conmponents (M (Ti +M) 1 n "percent
figures. uI*ﬂfﬁgg Eh@ abboeSmeftaomaluapiRasyied wWaediaidnel.ectric film made of

a mxture o titani um oxi de and the other netal oxide was produced.
In this example, the film constituents of a dielectric
multi-layer £film (designedvalues) were controlled as described
below.
Glass substrate/
15 1.0121,/0.883H/0.823L/0.944H/1.076L/1.112H/0.713L/(1.0H/1.0
L)23/1.0H/0.728L/1.113H/1.081L/0.910H/0.763L/0.745H/0.700L
AnumericalvaluebeforeHor Lmeansmagnificationagainst
thebase thickness of each layer. Thebaselengthis (wavelength
(A)/4)/refractive index, (A=1300 nm)).
20 The above-described (1.0H/1.0L) 23 means that H and L
each having a base thickness were used as a pair and 23 layers

of this pair were laminated.

Layers before and after the above-described (1.0H/1.0L)
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The filmstress of a thin filmmde only of titaniumoxide is about 1 GPa.
When an additional anount of niobiumoxide is increased, and the atomc
anount ratio of netallic niobium5 is over 20~, the filmstress of the
dielectric filmdecreases steeply, and when the atom c anount ratio of
metallic niobiumis 30~ or nore, the filmstress decreases to about 1/10 of
the filmstress of a filmnmade only of titanium oxide. Al so when tantal um
oxide is added to titanium oxide, the 10 sane tendency as in the case of

ni obi um oxi de i s shown. These phenonena show that the addition of niobium
oxi de and tantal um oxide to titani um oxide brings about the phenonena

equi val ent to anorphous state of a dielectric filmin which two kinds of

oxi des are mxed. 15 The filmstress was neasured by a nmethod in which a

di el ect r2® viddan agetoritathean ta Sudtds Yrdppleubsépat erand i bre VI Ng
anount generated by filmstress is neasured by a Newon' s ring. An optical
mul ti-| ayérripphefi ihethaspagmeéablai gangé.refractive dielectric film
according to the above-nentioned enbodi mrent of the present invention can be
directly forméy dine edone-merd ishmegh romdeshiras erfinte kioseqfertdge t he
nunber of parts can be reduced, fabrication works can be decreased 37 and
a necesshiytepad@vigy putradeyYsihf fereme commasitigne pf|NRAN 8 @t ageous
for designing ap optical communications system _Since an optica
mﬂtiila&%ﬁrﬁ?FhV?i@%%FGFEr¥6rﬁé§mbWere obtained. P

Next, a weather resistance test against high temperature
and high humidity by a pressure cooker test (PCT) was carried
out on these five kinds of edge filters, and change in optical
property before and after the test (wavelength shift amount)

10 was evaluated.

PCT is a method for advancing and evaluating weather
resistance of various materials and parts against high
temperature and high humidity, and a general method in which
the real time of a test is shortened and advanced. In this

15 example, the test conditions included 150°C, 90% RH, 150 kPa
(1.5 atmospheric pressure: absolute pressure), and 10 hours.

On the five kinds of edge filters, wavelength shifts (AA)
before and after PCT are shown in Fig. 2. The permeability
spectrum was measured by an optical spectrum analyzer using

20 an LED light source.
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| am nating a dielectric film it is advantageous that the surface 5 of an
optical elenent which is used as a substrate is a flat surface. As the
above-nentioned optical elenent having a flat surface through which the
above-nmenti oned beam perneates, cylindrical mcro |lenses and a |ight guide
having the 10 distribution of a refractive index along the radius
direction, and the like are exenplified. Fig. 9 shows an enbodi nent in
which a cylindrical type mcro lens is used as a collinmeter, and an optical
multi-layer filmfilter is formed on the edge surface of the colliner

t hrough 15 which |ight perneates. Fig. 9(a) shows an optical systemin

whi ch an optical multi-layer filmfilter is formed at the edge surface of a
cylindrical type micro lens (collineter) , and Fig. 9(b) shows an opti cal
system egpventii onal exanple, in which a collinmeter and an opti cal
multi-lgyer tiTmiirter [efemenf 20 are placed separately. T the
above-nentioned mcro | enNsioxs- MBeftredtdyvea Silost natferadtivehe
above-nentioned reactive neutralization sputtering apparatug, &ad an
optical| nulti-layer film~NbDyer isifdexed 38 orindex edge surface.| then,

it is possible to produge a | afge anmount of mcro | enses wtlh an oprical
filter pt a tinme. Industrid Appliced®Pity| 5 Accdrdi¥y to thedpPeBeint
inventipn, a high refragtive dielectric fi| mcausing no change over|tinme in
opti cal | e operpoesthe havilfg smal%-399m stress dard® obtailnedi: St hler ef ore,
if an optical nulti-laygr filmfilter is pyfoduced using thig materijal, an
opti cal [ e#ehent manifestlingOhigh rei3&pility for 148D [ong pertoall time
can be pbtained. Such an optical elenent can performa partijcularly||arge
ef fect WherCh%bd as a miduPB ffr n%f?’&%l comuni datd®hs of wavBténat h

multiple node. 40 2.360 1.460 0.1

It is known from Fig. 2 and Table 1 that when the Nb
composition ratio in a high refractive dielectric filmwas over
30 atom%, the wavelength shift before and after PCT was 0.2

5 or less, in the five kinds of edge filters.

This result corresponds to that when the Nb composition
ratio was over 30 atom%, the structure of a thin film changed
from crystal to amorphism, in Fig. 5 described below.

Namely, it was confirmed that when the ratio of NbOy in

10 TiOx was increased, the structure of a thin film was changed,
and resultantly, a multi-layer film excellent in weather
resistance is obtained.

Eveninahighrefractivedielectric filmhaving theatomic
ratio of Nb of 40%, the refractive index thereof is larger by

15 about 2.20 of the refractive index than that of NbOy 100% (single
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39 Wiat is clained is; 1. A high refractive dielectric filmconstructing
a dielectric multi-layer filmin which a high refractive dielectric film
having a relatively high refractive index and 5 a low refractive dielectric
filmhaving a relatively lowrefractive index are alternately | am nated on
a transparent substrate, wherein the high refractive dielectric filmis
made of an anorphous nmaterial having no columar structure, obtained 10 by
adding to titaniumoxide (Ti Ox: |cx~2) another netal oxide (Mow M
represents a nmetal, 1c w. 2 . The high refractive dielectric film
according to Caim1 wherein the ratio of the other netal conponent to the
total anmount of netal conponents (M(Ti+M) is 30 atonms or nore. 15 3 . The
high refractive dielectric filmaccording to Claim21 wherein said other

met al oxtdgpbsiatonxi deNasd kgl dd vasnshowen giteip peohdiesisi of toftariiolm um oxi de
(NbOy: 1 ~y~51/2 ) , tantalum oxide (TaOy: |[sy~5/2) , neodym um oxi de
(NdQ : loki8f2)in, weethem oasietdnCeChgaiidst yate? Ind tZhe chrkeiwere de (
Zrck : 1 ~ k 20 2) and hafniumoxide (HHOn 1s m~2). 4. The high

refracti seluedlaasd preperkiracooadiigh refeharave direkes trsaifd lnivgre
refractive dielectric filmhas a filmstress of 0.30 GPa or less. 40 5. A
net hod fBR1IPEBHAEENRg a high refractive dielectric filmin which a pair of
cat hades_f or gnetron sputtering, a pair of targets placed on the pair of
cat h&jesEéﬁﬂpggsgbst rate, which is a filmformng object, placed at a

| ocation oppos! b8 .2d 4Rl BAY wlay' FIRELLEPREBY G' fada RO WM

high refractive dielectric film (hereinafter, H), SiOz was used
as a low refractive dielectric film (hereinafter, L), and an
edge filter in which these were laminated alternately was
10 produced, a weather resistance test against high temperature
and high humidity was carried out on the resulting edge filter,
and change in optical property before and after the test
(wavelength shift amount) was evaluated.
Five kinds of edge filters were produced for obtaining
15 arelationbetween the compositionratioof TaOy in the TiOx-TaOy
mixeddielectricbody and theweatherresistanceof theresulting
edge filter.
Namely, five kinds of edge filters were produced in the
same manner as in Example 1 except that the Ti-Ta alloy target
20 was used instead of the Ti-Nb alloy target used in Example 1,
and the wavelength shift before and after PCT was measured for
each sample.

However, in this example, the film constituents of a
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of producing a reduced atnosphere,

and a filmis forned on the surface of

said substrate by a reactive neutralization sputtering method using oxygen
as a reactive gas while applying alternating voltage so as to change the

pol ari ti

es of said pair

10 of cathodes alternately,
cat hodes made of an alloy of titanium (Ti) and ot her

of titanium (Ti) and said other

positions in parallel,

nmet al

net al

wherein a pair of

(M or a mxture
(M are placed at nutual ly adjacent
and alternating voltage is applied so as to change

15 the polarities of said pair of cathodes alternately using as a process
gas an oxygen-containing gas of a first given concentration,
surface of the substrate a high refractive dielectric filmwhich is an

anor phous nmateri al

(Ti Ox:
w. 6 .

accor di ngst de€taiivel bképe.n sai d ot her
fromthe group consisting of niobiumoxide 41
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Isy#10% u& () -f!sy#10%u& ()-f!'@"10% u-u& ()-f!l"10%u& ()-f 10-u 10-u
10- u< 10% u&' () - dwxvB7 10-u 10-u
10-us< 10% u&' () -!y#10%uu& ()-f!y#10% u-u& ()-f!y#10%u& ()-f!y#10%u& ()-f
: YzZX6MB7! 3(y#10%uu& () -!sy#10% u-u& ()-!sy#10%uu& ()-!sy#10%u& ()-1"10% &
()-T11" 108 Was @D, YEOH, [40% Knd 80%@ s&RPebRiveiy. 1D eon&ditth& () -
10-u 10-u 10-u<s1l0% u& ()-!3(y#10%uu& ()- !'9lvill "dE~_@-10%& ()-s&
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"S'# #b#AE~_@ F(10%& () - S&10%& () -s$S 10%& ()- " 10%& () - 10%& () -
10%& ()imadide $SedEomEps3 tionhrat }osfatonbk qf Taakr0s4skt (Ja alﬂ.@%&' ()-s+
10%& () -s&*
10% &' ()t@me controkheds o uls () 1909#199%8us3PF- 1 40%1896uROF) - 10b 10b
0 1 0, 1 * A*
10b<, 10Ab& ()T e %é?%e s 1n[&&hé%.%%e Jﬁmp051tlon ratios of Nb and
Ta are 0%, 10%, 20%, 30%, 40% were the same as used in Examples
1 and 2.
A pair of targets 3, 3' made of a Ti-Nb alloy in which
the composition ratio (atom%) of Nb was 0% were mounted to
10 cathodes 2, 2', and two quartz glasses of a thickness 1.5 mm
and a diameter 30 mm and one quartz glass of a thickness 0.25
mm and a diameter 30 mm were mounted to a vacuum chamber 1 in
parallel as substrates 6.
Thereafter, three samples were obtained on which the high
15 refractive dielectric film of a single layer structure made
of Ti0; having a thickness of 250 nm was formed, by reactive
neutralization sputtering under the same conditions as used
for formation of a high refractive dielectric film on the
substrate 6 in Example 1.
20 Next, three samples were obtained on which a high
refractive dielectric film of a single layer structure having

a thickness of 250 nm made of a mixture of titanium oxide and

niobium oxide was formed on the quartz glass substrate 6,
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10%@& () -m 10%@& () -889: 9y9| 9} 9~99dYNC 10-u 10@ 10@ 10@ <10%@& () - L@
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1]"10% u&a(:}oL(q@o,{;l%'g-qg Nb waplQégpilpi s procedure was repeated, to

5 produce three each of the six kinds of samples in which high
refractive dielectric films having mutually different
compositions made of a mixture of titanium oxide and niobium
oxide occur.

The resulting 6-kindsX3 samples were classified into
10 three groups A, B and C. Namely, six kinds of samples having
mutually different compositions and having a thickness of a
substrate of 1.5 mm was included in the A group, six kinds of
other samples havingmutually different compositions and having
a thickness of a substrate of 1.5 mmwas included in the B group,
15 andsixkinds of samples havingmutually different compositions
and having a thickness of a substrate of 0.25 mm was included
in the C group.
In the same manner as described above, each three of the
six kinds of samples in which high refractive dielectric films
20 of a single layer structure having mutually different
compositions and having a thickness of 250 nm, made of a mixture
of titanium oxide and tantalum oxide were formed on the quartz

glass substrate 6, were produced.
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5 Fig. 5 and Fig. 6 show X-ray diffraction charts of
dielectric films made of amixture of titanium oxide and niobium
oxide and dielectric films made of a mixture of titanium oxide
and tantalum oxide.

As the sample used for measuring X-ray diffraction, the
10 high refractive dielectric film of a single layer structure
produced in the above-mentioned procedures was used. Namely,
six kinds of samples having mutually different compositions
made of a mixture of titanium oxide and niobium oxide and six
kinds of samples having mutually different compositions made
15 of a mixture of titanium oxide and tantalum oxide classified
in the A group were used.
In Fig. 5 and Fig. 6, diffraction charts when the
composition ratio (atom%) of niobium and tantalum was 0%, 20%,
30% and 40% are displayed, of the measured diffraction charts.
20 When niobium oxide or tantalum oxide is not contained
in a dielectric film, a large intensity peak is found at a
diffractionanglecharacterizing thecrystal of titaniumoxide,

however, when the compositionratioof niobiumoxide or tantalum
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metallic tantalum is 30 atom% or more, this peak steeply becomes
unrecognizable, and peaks showing the existence of other
5 crystalsalsodisappear. Namely, it is shownthat inthisregion,
adielectric filmmade of amixture of titaniumoxide and niobium
oxide or tantalum oxide changed substantially to an amorphous
structure.
The presence or absence of such crystallinity was
10 evaluatedbyan X-ray diffractionmeasuringapparatus ( “RAD-rC
“, manufactured by Rigakusha K.K.)

Fig. 7(a) and Fig. 7(b) show a relation between the
refractive indices of a dielectric film made of a mixture of
titanium oxide and niobium oxide and a dielectric film made

15 of a mixture of titanium oxide and tantalum oxide, and the
composition ratio with niobium oxide or tantalum oxide.

As the sample used for measuring the refractive index,
the high refractive dielectric film of a single layer structure
produced in the above-mentioned procedures was used. Namely,

20 the sample classified in the above-mentioned B group was used.

The abscissa shows the ratio of the other metal oxide

added to titanium oxide by the atomic amount ratio of only metal

components (M/(Ti+M)). The refractive index is a value
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When the amount of niobium oxide added to titanium oxide
5 1is increased from 0, the refractive index of a mixed dielectric
film decreases from about 2.4 which is a refractive index of
titanium oxide at a relatively small change rate, until the
atomic weight ratio of metallic niobium reaches 30%. When the
atomic ratio of metallic niobium is over 30%, the change rate
10 in the refractive index of a mixed dielectric film increases,
and the refractive index lowers approximately linearly, finally
leading to about 2.2 which is a refractive index of niobium
oxide.
Also when tantalum oxide is added to titanium oxide, as
15 in the case of niobium oxide, the refractive index of a mixed
dielectric film decreases when the added amount increases, and
the decreased ratiochanges at anatomic amount ratioofmetallic
tantalum of about 30%, finally becomes about 2.1 which is a
refractive index of tantalum oxide.
20 These phenomena indicate that even if niobium oxide or
tantalum oxide is added to titanium oxide having high
crystallinity to render a high refractive dielectric film

amorphous, the resulting mixed dielectric film still has a high
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multi-layer film, until the atomic amount ratio of metallic
niobium or metallic tantalum reaches about 30%.

The composition of a mixed dielectric f£ilm was measured

5 by a sequential type plasma emission analysis apparatus
( “IcPS-8000” , manufactured by Shimazu Corp.).

The refractive index of a mixed dielectric film was
measured by a spectral ellipso meter (WVASE32, manufactured
by J. A. Woollam, Japan).

10 Fig. 8(a) and Fig. 8(b) show a relation between the film
stresses of a dielectric film made of a mixture of titanium
oxide and niobium oxide and a dielectric film made of a mixture
of titanium oxide and tantalum oxide, and the composition ratio
with niobium oxide or tantalum oxide.

15 As the sample used for measuring a refractive index, the
high refractive dielectric film of a single layer structure
produced in the above-mentioned procedures was used. Namely,
the samplehavingathickness of asubstrateof 0.25mmclassified
in the above-mentioned C group was used.

20 The abscissa shows the ratio of the other metal oxide
added to titanium oxide by the atomic amount ratio of only metal
components (M/(Ti+M)) in percent figures. The film stress is

a value measured when a dielectric film made of a mixture of
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is about 1 GPa. When an additional amount of niobium oxide
is increased, and the atomic amount ratio of metallic niobium
5 is over 20%, the film stress of the dielectric film decreases
steeply, and when the atomic amount ratio of metallic niobium
is 30% or more, the film stress decreases to about 1/10 of the
film stress of a film made only of titanium oxide.
Also when tantalum oxide is added to titanium oxide, the

10 same tendency as in the case of niobium oxide is shown.

These phenomena show that the addition of niobium oxide
and tantalum oxide to titanium oxide brings about the phenomena
equivalent to amorphous state of a dielectric film in which
two kinds of oxides are mixed.

15 The film stress was measured by a method in which a
dielectric film is formed on a quartz glass substrate and the
warping amount generatedby filmstress ismeasured by a Newton's
ring.

An optical multi-layer film filter using the high

20 refractive dielectric film according to the above-mentioned

embodiment of the present invention can be directly formed on

the surface of an optical element, consequently, the number

of parts can be reduced, fabrication works can be decreased
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and a necessary space can be made small, therefore, this filter
is advantageous for designing anoptical communications system.

Since an optical multi-layer film filter is formed by
laminatingadielectricfilm, it isadvantageous that the surface

5 of an optical element which is used as a substrate is a flat
surface.

As the above-mentioned optical element having a flat
surface through which the above-mentioned beam permeates,
cylindrical micro lenses and a light guide having the

10 distribution of a refractive index along the radius direction,
and the like are exemplified.

Fig. 9 shows an embodiment in which a cylindrical type
micro lens is used as a collimeter, and an optical multi-layer
filmfilter is formed on the edge surface of the collimer through

15 which light permeates. Fig. 9(a) shows an optical system in
which an optical multi-layer £film filter is formed at the edge
surface of a cylindrical type micro lens (collimeter), and Fig.
9 (b) shows an optical system, conventional example, in which
a collimeter and an optical multi-layer film filter element

20 are placed separately.

If the above-mentionedmicro lens ismountedas a substrate,
in the above-mentioned reactive neutralization sputtering

apparatus, and an optical multi-layer film filter is formed
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on the edge surface, then, it is possible to produce a large

amount of micro lenses with an optical filter at a time.

Industrial Applicability

5 According to the present invention, a high refractive
dielectric filmcausingnochangeover time inoptical properties
and having small film stress can be obtained, therefore, if
an optical multi-layer film filter i1s produced using this
material, an optical element manifesting high reliability for

10 a long period of time can be obtained. Such an optical element
can perform a particularly large effect when used as a module

for optical communications of wavelength multiple mode.
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dielectric multi-layer film in which a high refractive
dielectric film having a relatively high refractive index and
5 a low refractive dielectric film having a relatively low
refractive index are alternately laminated on a transparent
substrate,
wherein the high refractive dielectric film is made of
an amorphous material having no columnar structure, obtained
10 by adding to titanium oxide (TiOx: 1=x=2) another metal oxide
(MOw: M represents a metal, 1=w).
2. The high refractive dielectric filmaccording to Claim
1 wherein the ratio of the other metal component to the total
amount of metal components (M/(Ti+M)) is 30 atom% or more.
15 3. The high refractive dielectric film according to Claim
1 wherein said other metal oxide is an oxide selected from the
group consisting of niobium oxide (NbOy: 1=y=5/2), tantalum
oxide (TaOy: 1=y=5/2), neodymium oxide (NdOi: 1=i=5/2),
cerium oxide (CeOj: 1=j=2), zirconium oxide (ZrOk: 1=k=
20 2) and hafnium oxide (HfOm: 1=m=2).
4. The high refractive dielectric filmaccording to Claim

1l wherein said high refractive dielectric filmhas a film stress

of 0.30 GPa or less.
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E| [: vU4 pakt @Bt&atyetbplaced on the pair of cathodes and a substrate,

10

15

20

which is a £ilm forming object, placed at a location opposite
to said pair of targets are prepared in a vacuum chamber capable
of producing a reduced atmosphere, and a £film is formed on the
surface of said substrate by a reactive neutralization
sputtering method using oxygen as a reactive gas while applying
alternating voltage so as to change the polarities of said pair
of cathodes altermnately,

wherein a pair of cathodes made of an alloy of titanium
(Ti) and other metal (M) or a mixture of titanium (Ti) and said
other metal (M) are placed at mutually adjacent positions in
parallel, and alternating voltage is applied so as to change
the polarities of said pair of cathodes alternately using as
a process gas an oxygen-containing gas of a first given
concentration, to form on the surface of the substrate a high
refractivedielectric filmwhich is anamorphousmaterial having
no columnar crystal, made of titanium oxide (TiOx: 1=x=2) and
the other metal oxide (MOw: M represents a metal, 1=w).

6. The method for producing a high refractive dielectric
film according to Claim 5 wherein said other metal oxide is

an oxide selected from the group consisting of niobium oxide
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is an amorphous material having no columnar crystal, made of
titanium oxide (TiOx: 1=x=2) and another metal oxide (MOw:

M represents a metal, 1=w) and
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a step in which a second pair of targets made of silicon
(Si) metal areplacedatmutuallyadjacentpositions inparallel,
apart from said first pair of targets, the substrate surface
on which said high refractive dielectric film is formed is
shifted to a location opposite to said second pair of targets
and alternating voltage is applied using as a process gas an
oxygen-containing gas of a second given concentration, to form
a relatively low refractive dielectric film on the substrate
surface carrying thereon said high refractive dielectric film
formed

are repeated a given number of times in the order as
described above or in the reverse order, to form on the surface
of the substrate an optical multi-layer film.

8. A high refractive dielectric film according to Claim
7 wherein said other metal oxide is an oxide selected from the
group consisting of niobium oxide (NbOy: 1=y=5/2), tantalum
oxide (TaOy: 1=y=<5/2), neodymium oxide (NdOi: 1=i=5/2),
cerium oxide (CeOj: 15j=2), zirconium oxide (ZrOk: 1=k=

2) and hafnium oxide (HfOm: 1=m=2).
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