WD 2011/ 071451PCT/ S&2009/ 000471 METHOD FOR I N-SI TU DOPI NG OF TI TANI UM
DIOXIDE FILM Field of the Invention 5 This invention relates to
titani umwoaesiggissibre particularly, this invention rel ategsckamomodszt ani um
di oxide filmdispersed with a dopant and a nethod of preparing the film
Still nore particularly, the nethod of preparing a doped titanium dioxide
filmin accor dandMERHOD FORIN:SITUNOBING OF JITVANIULM BIOXIDEBRILM a desired
dopant, concurrently or sequentially, 10with titani um before oxidation of
the titanium and formation of a titanium dioxide gel |ayer with dopant
incorporated within the |layer. Background of the Invention 15Titani um

di oxi de, al so known as titania, Fnﬁoﬁth‘ﬂlqgeﬁtwge of uses including a
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t o nodi f withidephnt incppaptediwitken thedayeras el ectrical conductivity, optical
properties, chemcal stability, thermal stability, etc. For exanple, carbon
is added into titanium di oxi de as a dopant to enhance the photocatal ytic
property of titanium di oxi de.Bdakground obtihiedrventidte t ype of dopant used and
the distribution profile of the dopant in the titanium30 dioxide filmare

i nportant as both affect the properties of the film It is a known problem
to ohbain a tiTitaniumdidiidei disof kriownwas titarisp dvassa widd eangeyoldisgseinsiuging a
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35conventORr dbp AgeRertBHRp At SHL 4E Sl BhyofbdsrpBoRRRL, DVING
dope tin dx&a)lom mpiracess, the titanium layer is oxidised to form an amorphous gel, called a
20 titanium dioxide gel layer. Figure 1 illustrates a diagram of a prior art method to deposit a
layer of titanium 101 on a substrate 103 in a sputtering chamber 100. The layer of
titanium can be obtained by various deposition techniques, such as physical vapour

deposition, chemical vapour deposition, etc.

25 In some applications, a doping agent (or dopant / additive) is added into a titanium
dioxide film to modify the film properties, such as electrical conductivity, optical properties,
chemical stability, thermal stability, etc. For example, carbon is added into titanium
dioxide as a dopant to enhance the photocatalytic property of titanium dioxide. In this
context, the type of dopant used and the distribution profile of the dopant in the titanium

30 dioxide film are important as both affect the properties of the film. It is a known problem
to obtain a titanium dioxide film with dopants uniformly dispersed throughout the entirety
of the film. Typically, prior art methods only allow a dopant to disperse into a small area
proximate a contact surface of the film during a doping process. This is because prior art
methods immerse the titanium dioxide gel layer in a medium containing the dopant. This

35  conventional doping method is illustrated in Figure 2. For example, to dope tin (Sn) into
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| ayer 201 is immersed in a dopant solution containing tin ions 203, such as
aqgueous two 0harviigse. The dopant ions diffuse into the tiptasicasogbexi de gel

| ayer with a higher concentration of dopant proximate the contact surface
205. After the immersion, t_heec?el_ | ayer is annealed at an el evated
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in accordance with this invention. Afirst advantage of
accor dandee wrapertiesiof theyfiteptiumbdioxisletfimt  Anethep disatdvantiagss isdbatathe amaund of

titani umqhgx @@inéi &b dordt Oiﬂ'%&ghéttﬁgr';ibmo‘afdﬂo% WITdifeyI0%b d&dr@n £ thd1e
film ("oxidation teP ). Therefore, unlike conventional nethods, the doping
and dRi dgonesntiation Rbthel dapantim tha seldion paermatg tha coplast syrasataf dhe Blepiym

concur r enfidyyae ?(Iﬂilavet‘ Wrebifced sVePUng. STHER; 1eDPoFRRUoBLR if BRI SutRhEP diffisél

i mrersing the min a dopant solution) iIs required in this invention.
Hence, t hetodbpigrblaner evsa tige. t Thesefors, dneseoskilled igjthg perare icanstariinaRinG il

et hods. fRqSAsHBAWEH APPSRt inf 3 BtalRih@@xib8 fiRgcor dance with this .
invention is that incorporation of a desired dopant into a titani um di oxide

filmby way of deposition avoids incorporation of undesired anions fromthe
dopanp solution. A third advarggamapy oftHEhbastid accordance with this
invention is that the amount of dopant incorporated into a titanium dioxide
filmis controllable by varying the thickness and/ or nunber of dopant
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t hroughout the titaniumdioxide filmis myre uniformas nultiple |ayers of
dopar? m:iydoﬁé‘geﬁﬁ? (5)?@8“’? furing oxjdatiem of the film (‘oxidation step”). Therefore, unlike

conventional methods, the doping and oxidation of the titanium in accordance with this
invention occur concurrently (in-situ) in a single step. No separate doping step (e.g.
immersing the film in a dopant solution) is required in this invention. Hence, the doping
method of this invention is simpler than conventional methods. A second advantage of a
30 method in accordance with this invention is that incorporation of a desired dopant into a
titanium dioxide film by way of deposition avoids incorporation of undesired anions from
the dopant solution. A third advantage of a method in accordance with this invention is
that the amount of dopant incorporated into a titanium dioxide film is controllable by
varying the thickness and/or number of dopant layers deposited. For example, a thicker

35 layer of dopant or more layers of dopant may be employed if a higher concentration of



5The present invention provides a nethod for producing a titani um dioxide
fil mwhich contains an additive of at |east one doping agent (or dopant)
uni f or M ywoizepear7sesd t hroughout the entirety of the fil mpcThe2dopantr1i s
selected froma group including platinum palladium silver, tin,

al um nium copper and ot her dopants that are anenable to th| n film
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technique 1s sputterin such “as physi cal vapour deposition or chem cal
vapour d&gyess ofi dpantmay be employeqimta@d@\rqmn@e with one enbodi ment of this
invention, a |ayer of dopant is deposited and enbedded between two | ayers
of titanium by a sequential deposition 15 process. The nunber of |ayers of
titanfum and dbpapresens ineentiepesevidas dapethad fon praskicingsa fitaaiym elseddeyfilay t he
titaniu
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dopant uﬁpiﬁ%ﬁrrmysmhsqﬁenfyéﬁaltmp@wgiﬁmﬁltlmér ehpmicaliyapeyr dapesitipon.gtc.25] n
accordance with a second enbodi nent of this invention, dopant is deposited
together with titaniumon a substrate in a single dep05| tion process, such
as co-sput t er iimgaccPdages ovituppe rembrdipent PbhireinveMiopr GdiRYes o Jappet isof
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process, I rst enbodi nent as di scusséd above orma
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35i nventi on occurs before oxidation of titanium Forenost, the dopant
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additional doping step is elimnated rn this invention. The titanium
di oxi de mhrerﬁtwwa&@adq geldavesrisi firteannerled: ian elavalad itmperatredp Hangierd
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significantly overcones the di sadvantages as di scussed
throughout the entirety of the film.

25 In accordance with a second embodiment of this invention, dopant is deposited
together with titanium on a substrate in a single deposition process, such as co-sputtering.
This concurrent deposition method produces a layer of titanium intermixed with dopant.
The layer is then undergoes an oxidation process, similar to the first embodiment as
discussed above, to form a titanium dioxide gel layer with dopant incorporated within the
30 layer. This is followed by an annealing process at an elevated temperature to transform
the titanium dioxide gel layer into a titanium dioxide film with dopant uniformly dispersed

throughout the entirety of the film.

Unlike conventional methods, deposition of dopant in accordance with this

35 invention occurs before oxidation of titanium. Foremost, the dopant is more uniformly



5in the previous section. Brief Description of Draw ngs The above
and ot her features and advantages of a doped titaniumdioxide filmin
10accor dawoeow/d7iusihi s i nvention are described in the fecreeoyodetail ed
description and are shown in the follow ng drawings: Figure 1 ill ustrati ng
a diagramof a prior art nethod to deposit a_ layer of titaniumon

subst r at &comagated into; the tdanium; ¢igxide gehlpyamfving oxdation %[Pﬁeﬁﬁetaﬁédht’% thRpe a

titani umadRshal QopRlg Stéy &Y slinkih&tel 6 thid Inberftiohat THaGtanidinadi6ade Aim Brodliast ent
concentration of dopants in a titaniumdioxide filmaof a prior art nethod;

Fi gure 47 peeesdangeiwith tisipeention haxipgrasmere 'emioaﬁquﬁﬁeaﬁw albgrrant thioughost dance
Wi th one yerBQ iR thfind, fyna thtﬁ‘é’@igﬁlhéﬁhﬂy overcomies e BisadvantddesRldistdisged
titanium filmincorporated opant "in accordance wi th one 25enbodi nent
of thPs |"hU’@rR'?‘6W9d%qCHQ"OX| dised; Figure 6 illustrating a titani um di oxide
filmw th dopant uniformy di spersed throughout the entirety of the filmin
accordance with one enbodi ment of this invention, 30Figure 7 illustrating a
f1 ow di agram of a nethod for BslebBgecrigtiop of PeaWings di oxi de filmwith dopant
uni formy dispersed throughout the entirety of the filmin accordance wth
one enbodi nent_of this invention; and WD 2011/071451PCT/ SG2009/ 000471
Figure 8 il udheaabong aadothsy femtuiss andAdvaniages et deped Higniye digxidefir ihi um
di oxiqge fdcb%&%ééhﬂ?ﬂﬁé‘tnvéﬁ“&n%r@dﬁés&ib‘éﬂﬁﬁ wﬂfo1|$w.ﬁ§%taaéd dBScrphbh bRl ardf the

filmin accordance with anot her enbodi ment of this invention.
shown in the following drawings:

Figure 1 illustrating a diagram of a prior art method to deposit a layer of titanium on a

substrate;

15
Figure 2 illustrating a diagram of a prior art method to dope a titanium dioxide gel layer;
Figure 3 illustrating a diagram of a gradient concentration of dopants in a titanium dioxide
film of a prior art method;

20

Figure 4 illustrating deposited layers of titanium and dopant in accordance with one

embodiment of this invention:

Figure 5 illustrating a titanium film incorporated with dopant in accordance with one

25 embodiment of this invention being oxidised;

Figure 6 illustrating a titanium dioxide film with dopant uniformly dispersed throughout the

entirety of the film in accordance with one embodiment of this invention;

30 Figure 7 illustrating a flow diagram of a method for producing a titanium dioxide fitm with
dopant uniformly dispersed throughout the entirety of the film in accordance with one

embodiment of this invention; and



5Det ai | ed Description of Invention This invention relates to titanium
di oxi de. More particularly, this invention relates to a titanium di oxide
filmincowpaoatedisei th a dopant and a net hod of prepari rgTisieeodojobewrr Stil |
nore particularly, the method of preparing a doped titaniumdioxide filmin
10accordance with this invention involves deposition of the desired dopant,
concur r erfigure @rillstrgtimna iflawl djagraimt ¢f & nethoidfor bretlusieg exitatiurn skpxiste filfmewith
titani um y
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al t hough etrﬂt@dmdwﬂthminMIom bed for adding a dopant to titani um di oxide,
the nmethod nay be used with ot her conpounds w thout departing fromthis

i nvention. For 15 clarity same conponents shown in nore than one figure are
gi venst he sane ref erence nuBRetailediDesgrigtiontof ihiestidgascri pti on.

Figures 4-5 illustrate a nethod of producing a titaniumdioxide filmwth
dopant uniformy dispersed throughout the entirety of the filmin

accor dance wi tThisineerfioe néjates ne titannim dibkide | Mpempfar@ﬂulaw ¢hisp nveatian rgltes f or
exanpl e l i Fi gure
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t b ani ot fidkide b 35S0 R hagfa%g ifor Sﬁdr&eawmnﬁﬂz 1dy3r. I8RO Skiliefin@fle BHGA opant

| ayer 40 uent Ia rocess creates a structure 409 with
a |layer créccommnhatémtﬁomfbtbddwh@@tw@@nnbawor a%mgadppantttqhtauwm@gx'da07 One
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titaniumin ayers opant can ained Wt
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titani um rglqgl%ghhm%%ggscggg&{ of the layers of titanium and dopant are

left as a desrgn choice se skilled in the art. One way of controlling
t he desired anount of dopant present in the titaniumdioxide filmis by

varying the tmé@@ga.%- o o RS %@Ir Lﬁ%gdé)mananlaxﬁaénmmﬁhemle a

hi gher concentration o eved by depositing a thicker
dopant | ayéornaly dispersa throdasah thel enfiesty of thediirg |'%@C°954P@F3§ with one

20 embodiment of this invention. A substrate 401, for example made of silicon, is placed in a
cavity 400 as illustrated in Figure 1. The cavity 400 can be any deposition system such
as a physical vapour deposition sputtering chamber. The exact deposition technique is
not important to this invention and is left as a design choice to those skilled in the art. A
first layer of titanium 403 is deposited on the substrate 401. A layer of dopant 405 is then

25 deposited on the first layer of titanium 403. A second layer of titanium 407 is deposited
on the dopant layer 405. This sequential deposition process creates a structure 409 with
a layer of dopant 405 embedded between two layers of titanium 403, 407. One skilled in
the art will recognize that a structure with multiple layers of titanium interleaved with
layers of dopant can be obtained with the deposition process as described above. The

30 exact number of layers of titanium and dopant and the order of the layers of titanium and
dopant are left as a design choice to those skilled in the art. One way of controlling the
desired amount of dopant present in the titanium dioxide film is by varying the thickness
and/or number of the dopant layers. For example, a higher concentration of dopant can
be achieved by depositing a thicker dopant layer and/or more dopant layers, and vice

35 versa.



WO 2011/ 071451PCT/ SG009/ 000471 Figure 5 illustrates an oxidation
process of the multiple-layered structure 409. The multiple-layered

struct ur ewdQ91i/g14smmersed in a |liquid oxidation agent 5@tT(ScRO@And1 A
typi cal oxidant is hydrogen peroxide although any other suitable oxidant
may be used. 5 During an oxidation process, titaniuminteracts with the
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30 formed in step 707 during the oxidation process. The titanium dioxide gel layer is cleaned
with de-ionized water in step 709 to remove unwanted residues. The cleaned titanium
dioxide gel layer is then annealed at an elevated temperature in the range between 300
°C to 700 °C in step 711 and a doped titanium dioxide film is obtained. The annealing
step creates a uniform concentration gradient of dopant throughout the titanium dioxide

35 film.



10 step 803 to forma titaniumdi oxide gel layer. Since the dopant has been
interm xed with the titaniumduring deposition step 801, the dopant is

uni f or M ywoneowpoersat ed i nto the titani um di oxi de gel | aper/sdasdongosrhe

oxi dation step 803. The titaniumdioxide gel layer is then cleaned with
de-ionized water in step 805 to renove unwanted residues. The titanium

di oxi de gel layer is annealed at an el evated tenperature in the range
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gel to fendndopant atopetbstratanithe IQVQfx¢fdéaﬁlﬂﬂnnﬂtefleQd WmhedQ?@DhﬁdOm'ZQ,q BWmil
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di oxi de ge aryi ng t e thickness of said lurality of
| ayer s othepatldankshwith de-ionized water in step 805 to remove unwanted re5|dues The

titanium dioxide gel layer is annealed at an elevated temperature in the range between
15 300 °C to 700 °C in step 807 and a doped titanium dioxide film is obtained.

The above embodiments provide a description of features and advantages of this
invention. It is envisioned those skilled in the art can and will design alternative method
that infringe on this invention as set forth in the following claims.

20



4. The nmethod of claim 2 wherein the concentration of said dopant dispersed
t hroughout said titaniumdi oxide gel is controll able by varying the nunber
of said pioralidryssof | ayers of said dopant. 25 5. ThecmsGhad/ooé47cl ai m 1
wherein said depositing step conprises: depositing a first |ayer of
titaniumon said substrate; depositing a |ayer of dopant on said first

| ayer of Glpimsii um and depositing a second |layer of titaniumon said |ayer
of dopant. 30 6. The nethod of claim 1 wherein said depositing step
conprises: depositing a first |layer of dopant on said substrate; depositing
a layer of fi tAmethed®f pspabng pdoped ditasiunp dioyigp Ailm cormprisintbibestensmy: a second
| ayer of dopant on said |ayer of titanium 35 WD

2011/ 071451PCT/ SG2009/ 000471 7. The nethod of claim 1l wherein the
conceftration of salegositnmattitaniypeansea dopan pghd subsiraielta formard lawedelosaidie gel

I's control |l abl e by t?{él{idﬁwﬂﬂem%dﬁ‘\ﬁﬂvgéid%fopéﬁi d dopant during said depositing
st ep. ’

oxidising said layer of said titanium intermixed with said dopant in an
oxidant to form a titanium dioxide gel having said dopant dispersed

10 throughout said titanium dioxide gel; and
annealing said titanium dioxide gel to form said doped titanium dioxide film;

2. The method of claim 1 wherein said depositing step is a sequential deposition of
15 said titanium and said dopant to form a plurality of layers of said titanium

interleaved with a plurality of layers of said dopant.

3. The method of claim 2 wherein the concentration of said dopant dispersed
throughout said titanium dioxide gel is controllable by varying the thickness of said

20 plurality of layers of said dopant.

4. The method of claim 2 wherein the concentration of said dopant dispersed
throughout said titanium dioxide gel is controllable by varying the number of said
plurality of layers of said dopant.

25

5. The method of claim 1 wherein said depositing step comprises:

depositing a first layer of titanium on said substrate;

depositing a layer of dopant on said first layer of titanium; and

depositing a second layer of titanium on said layer of dopant.
30

6. The method of claim 1 wherein said depositing step comprises:

depositing a first layer of dopant on said substrate;

depositing a layer of titanium on said first layer of dopant; and

depositing a second layer of dopant on said layer of titanium.
35



58. The nethod of claim1 wherein said depositing step is a sputtering
process. 9. The nethod of claim 1 wherein said oxidising step creates a
uni f orm dvepergi7ess1of sai d dopant throughout said titanipemsdizaereiodes7gel .
1010. The nmethod of claim 1l wherein said annealing step creates a uniform
concentration gradi ent of said dopant throughout said titani um di oxide
film 11. TheThetmethodf ofctlainm 11 whieesiei the seingentogiont of saidneonant «lisnersdsi n
filmdepositi 5 . . of gl.ai L% SAl tafleS

sel ected from(ﬂglrou &jﬂjgsac';d)rgl‘s??r[s% %(') %@éﬁ%ﬁ‘alﬁ@?‘f@ﬁﬂﬁ?"% ?@ggﬁ} 0tfis%',d

al um ni um andopagplering $8d dépesitingdtep] of claim 1 wherein said oxidant is
hydr ogen peroxi de. 2014. The nmethod of clainml wherein said annealing is at
a tenperature between about 300 C to about 700C. 15. A titanium di oxi de gel
conpr$ si ng: 8.a Thayesathad oftdlais wherdinoseiididepasitiig Bt:zp id @puttertigspesessd

t hroughout said | ayer of titaniumdioxide. 16. The titanium dioxide gel of
claim15 wherein said dopant is uniformally dispersed throughout said | ayer
of titani un9.diTbrinketho@6fidaimTheheicimsrdid oxidising step gesatesfa yhitarm disper#ien ef n

sai d dopant h%gidado'ﬂ%tf tRFoWghout said titanium dioxide gel.

10 10. The method of claim 1 wherein said annealing step creates a uniform

concentration gradient of said dopant throughout said titanium dioxide film.
11. The method of claim 1 wherein said dopant is amenable to thin film deposition.

15 12. The method of claim 11 wherein said dopant is selected from a group consisting

of platinum, palladium, silver, tin, aluminium, and copper.
13. The method of claim 1 wherein said oxidant is hydrogen peroxide.

20 14. The method of claim1 wherein said annealing is at a temperature between about
300 °C to about 700°C.

15. A titanium dioxide gel comprising:
a layer of titanium dioxide; and

25 a dopant dispersed throughout said layer of titanium dioxide.

16. The titanium dioxide gel of claim 15 wherein said dopant is uniformally dispersed

throughout said layer of titanium dioxide.

30 17. The titanium dioxide gel of claim 15 wherein said dopant has a uniform

concentration gradient throughout said layer of titanium dioxide.

18. The titanium dioxide ge! of claim 15 wherein said dopant is amenable to thin film
deposition.
35



concentration gradi ent throughout said |ayer of titaniumdioxide. 18. The
titani um di oxi de gel of claim 15 wherein said dopant is anenable to thin
fil mdeposotzoom7143% WO 2011/ 071451PCT/ SG2009/ 000471 19 pCTIse20d091080%7UM

di oxi de gel of claim 18 wherein said dopant is a material selected froma
group consistiing of platinum palladium silver, tin, alumnium and
copper 20. Thdhejtitaniumndioxidsiogeolgepimfi8 wheretn ssidfiepast is aanatesy wptasted s

hydrogen per 0X¥ioffa group consistiing of platinum, palladium, silver, tin, aluminium, and copper

20. The titanium dioxide gel of claim 15 wherein said oxidant is hydrogen peroxide.
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