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WO 2009/075650PCT/SG2008/0010 1 A Method of Doping and
Apparatus for Doping Technical Field This invention relates to a method of

doping and apparatus for doping and refers 5particularly, though not
HERER Yo a method of doping at least one element in anP&F&F /000319

elements on a substrate and apparatus for doping at least one element in

an array of elements on a substrate. Background 10Current commercial
sensing systerAdviethgdsd Dopmgaorb Apaisaseaterdmslsing elements.

These sensing elements typically use ceramic based metal oxides which
limit their sensitivity and other performance characteristics.

SubchtiggaprRigr scale materials generally have very high
surface-to-volume ratios. Surface events such as adsorption of gaseous
sgbEdveioremlaasdarmetbesringeing etdctrakteridudtity, ditbresby

a ' ensing 15capability. Use of discrete sub-micrometer scale metal
o Bl 5 S o &SRB SRS gement nan oy

tremmmei:msrmeé& sanskpAaRite m@@ﬁ@&h&&%@&%@ﬂﬂ%@ Srray of
relative to the micrometer scale sensing element. For applications in food

aREBAVE SAMEvREFHfonitoring, for example, arrays of sensing 20elements

are required to collate data. Each sensing element in an array should

have a unique response and sensitivity to a particular chemical species

sehiggeugas Individual sensing elements thus need to be modified

differently. , _
Current commercial sensing systems for gases use micrometer scale sensing .elements.
These sensing elements typically use ceramic based metal oxides which limit their
sensitivity and other performance characteristics. Sub-micrometer scale materials generally
have very high surface-to-volume ratios. Surface events such as adsorption of gaseous
species can cause a drastic change in electrical conductivity, thereby affecting sensing
capability. Use of discrete sub-micrometer scale metal oxides such as tin oxide nanotubes

and nanowires results in a tremendous increase in sensitivity to gases such as carbon

monoxide relative to the micrometer scale sensing element.

For applications in food and environmental monitoring, for example, arrays of sensing
elements are required to collate data. Each sensing element in an array should have a
unique response and sensitivity to a particutar chemical species such as a gas. individual

sensing elements thus need to be modified differently.

To dope individual elements in a sensor array, currently, combinatorial techniques have to
be used where dopants are selectively deposited into the metal oxides in high vacuum
using magnetic and or electrical means. Using combinatorial techniques requires highly
specialized equipment and materials, giving rise to significant costs. Also, these techniques

are usually serial in nature, meaning that dopants can only be incorporated into one
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To dope individual elements in a sensor array, currently, combinatorial
techniques have to 25be used where dopants are selectively deposited

into the metal oxides in high vacuum using magnetic and or electrical
ML ¥y combinatorial techniques requires highly speci&iiZag2008/000319

equipment and materials, giving rise toSignificant costs. Also, these

techniques are usually serial in nature, meaning that dopants can only be

irRigmgoratedmdonEo\Wea0/0M3856RE TiReGRR0BID0OB LB & eiment

at a time. o%n#so;u%% grra will therefore take time. For manufacturing
JFIsT

environmen . .
environments, thig i§dt optimal. Summary 5 According to an exemplary

aspect there is provided a method of doping at least one element in an
array of elements on a substrate, the method comprising: ‘
pRWAAY at least one microfluidic channel passing from a first location

L R R T bR S et e

communication wit t?]% %ﬁﬁeast one é’ement; an

fleiehiériDgh sheyadrlersicpreomicsaiitigie. eRanaebipdhispatigast one
element for doping the at least one element. There may be a first plurality
of elements aREPYUREBHEH AT BPIHidFoHEHE! (arRe KoM el Bastosrio o f

(e RO OLUGLO B RIS A0k R IRE PRGLBL USRI Bluity e
15elements of the plurality of elements. There may be a mask formed on
thee Isedisivatderidre; antbast one element may be formed on the substrate or

the mask. The mask may be inte%:al with the substrate. The at least one

microfluidic crRETREPALMEEAYAITRLEKIBT thisatinas Microfidinepmg! to the at
mayferbeE femRisRiratincGieaURaskARe  element when

There may be a first plurality of elements and a second piurality of microfluidic channels. At
least one of the blura!ity of microfiuidic channels may be for each of the piurality of
elements of the plurality of elements. There may be a mask formed on the substrate. The at
least one element may be formed on the substrate or the mask. The mask may be integral
with the substrate. The at least one microfiuidic channel may be in the mask or the
substrate. The method may further comprise heating the at least one element when
passing the dopant fluid through the at least one microfluidic channe! to the at least one
element for doping the at least one element. The heating may be by at least one heating
element formed in at least one of the substrate and the mask. The at ieast one heating
element may be adjacent the at least one element. There may be at least two microfluidic
channets for each of the at least one elements. Each of the at least two microfluidic
channels may be for supplying a different dopant fluid. The different dopant fluids may be
supplied simultaneously and/or consecutively. The at least one microfluidic channel may be
branched for supply of the dopant fiuid to more than one location for each of the at least

one elements,
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passing the dopant fluid through the at least one microfluidic channel to

the at least one 20element for doping the at least one element. The

heatlmlg may be by at least one heating element formed in at least one of
ik (@and the mask. The at least one heating elemerRh&aFHEs/000319

adjacent the at least one element. Thergd may be at least two microfluidic

channels for each of the at least one elements. Each of the at least two

niesetinait Eﬁa'i'?ﬁb?é‘?ﬂ‘&iﬁﬁé%?%‘b?f@/iﬁ@favéﬁﬁémmqt flerithg Ehésast one
different .ﬂ%ﬂ%%g%'ﬁe%?m@%?&% %‘m”'é%i‘ﬁt?s“?é%‘g”d’ 9"

consecutively. The at least one mlcro UIdIC AR BAIRATRRY Pae

soppbfieditheatopaiorfluidicaanssitg peedecaiondai@amiur el lsasing
one elements WO 2009/075650P CT/SG 2008/000319 3 According to

2 STha Prak BRRE R S PRI the i 1St URIBlamp APt ae crad densling it Meigist
ORSRIEMERbINAR AL aYIGlelemERts AR a&gﬁ%ﬁ%‘%&%@

comprising at least one microfluidic channel formed n the sugstra e ?hbe"fg
|sastigmedriviorsiui diepehtivitbinpassinbefao reaat st incationiextarnal ©f et
alt Ie§st one elemené]to a second location in fluidic 5 communication with

the at1easPBRa! L AR fA A iseE RV ofluidic channel being

configured to pass a dopant fluid through the at least one microfluidic
channel to the at least one element for doping the at least one element.
Forrife effiee Pé@@#ﬁa}a?ypasﬁoém atinerapsavapfsrinenciuntines soisastiseeaizating
Ieff\st Q‘?oheaé'm h %ement formed in the substrate and being

cORMigUred Tor heafing he St 18 8P BRSWIHE  /isAtpades Lﬁ?é"d’ﬁﬁ&'ﬁme“t
flwickiyausag the RipeasuRNRrEH eflidie LhRORlILAINRIALIEASLADRhe at least

element for doping the at least one element. According to a further
eSanaRIHspeeritisehe i isrstriedigpisatatus for doping at least one
15element in an array of element on a substrate, the apparatus
comprising at least one

According to a further exemplary aspect there is provided apparatus for doping at least one
element in an array of elements on a substrate, the apparatus comprising at least one
heating element formed in the substrate and being configured for heating the at least one

elernent when doping the at least one element.

For the further exemplary aspect the substrate may further comprise at least one
microfluidic channel formed in the substrate, the at least one microfividic channel passing
from a first location external of the at least one element to a second location fn fluidic
communication with the at ieast one element; the at least one microfiuidic channel being
configured to pass a dopant fluid through the at least one microfluidic channel to the at

least one element for doping the at least one element.

For the other and further exemplary aspects, there may be at least two microfiuidic
channels for each of the at least one elements. Each of the at least two microfluidic

channels may be for supplying a different dopant fluid. The different dopant fiuids may be
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heating element formed in the substrate and being configured for heating

the at least one element when doping the at least one element. For the

further exemplary aspect the substrate may further comprise at least one

m&%ﬂlﬁﬁﬁg channel formed in the substrate, the at least oR&T/SG2008/000319

microfiuidic channel passing from a firstdocation external of the at least

one element to a second location in fluidic communication with the at least

onbiele rresHprlied sirutistenve nscdtielisechiiveis| Theiay ezt figareidreduidic

pass a clopant fluid through the at least one microfluidic channel to the at
B R L R R R Pt b aniy o=

least One etement 16

fusthies spiesapiaseRIREISTHBRY hEpa): bairt Iashing suickfividic sbadnels
for each of the at least one elements. Each of the at least two microfluidic

cRERABYChRIGT ot SRBPRInG deaniens it duprrondielueie diffeeenividic
d t flui e t supplied. simultaneously andior
o e e B S BB oo, T

supplyoh hesd epmst fin théameraithanneclatatior pneratphtherabiessthe
one elements. There may be a first plurality of elements and a second

pITEsHit) SFhSieReaifait erRatierey Re e éththp s staied Piaaiikgshpne
migrofiyidic achannels mavhedareach ohihs dirstpiualityof elements of

the plurality of elements. There may be a mask formed on the substrate.
Thesatitesstomayaiem eatsmayHeeaftrasechomibre fuidslciosriie 1w st ehe mask.
The mask may be integral with the substrate The at least one heating

elEHTEHtSRR Y ISR SIRTAR AL BR YR LIR A &S AR e dhsrfdrRtataRa e

legsiene elements may be a sensor. The at least one microfluidic channel
may be in the mask. 10The at least one heating element may be formed in
at least one of the substrate and the mask. Brief Description of the

Drawir:sgﬁs)? In order that the invention may be fully understood and readily

pﬁrfﬁ{ SUpHS S R{é?g@gshall now be described by way of
NGRJigataM e XABRISARLYy BXRMPIABLRIBLPHNRRISIBE into practical effect there

shall now be described by way of non-limitative example only exemplary embodiments, the

deécription being with reference to the accompanying illustrative drawings.

in the drawings:

Fig. 1 is a front perspective view from above of an exemplary embodiment;

Fig. 2 is a schematic horizontal cross-sectiona! view along the lines and in the direction of
arrows 2-2 on Fig. 1; and

FFig. 3 is a schematic cloéeeup pian view of the embodiment of Fig. 1;

Fig. 4 is a schematic close-up plan view of an altemative exemplary embodiment.

Detailed Description of the Exemplary Embodiments
As shown in Figs. 1 to 4, there is a mask 10 for doping sensor elements 12 in an array of
sensor elements 12 on a substrate 14. The mask 10 has & series of microfiuidic channels

16 formed therein. Alternatively or additionally, the microfiuidic channeis 16 may be formed
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description being with reference to the accompanying illustrative drawings.

In the drawings: Fig. 1 is a front perspective view from above of an

%xg%g(la})%g{pbodiment; 20Fig. 2 is a schematic horizontal cross-sectional

VI idHg e fineS and in the direction of arrows 2-2 on Figt AT/SfY #0319

3 is a schematic close-up plan view of tge embodiment of Fig. 1; Fig. 4 is

a schematic close-up plan view of an alternative exemplary embodiment.

n|Diaies Dis tigtiam ofithd lie hptargt EnpbssksfentsaAissshoationn diggmal of

It%gfretggrﬁtiss a mask 1Otf?£ do%)ing serilsor,elements_lz in an array of
fements 120K 2T SRR TG Surauinisatin with the

sensor elements ona SUB)S

- mjerebiuitigsiiannglscha-ianmed - iRe eins AL ativel - o @%@QM}XWFQ%ource

microfiuidic channels 16 may be formed WO

290b/d 715850 PE DB CRU0BHDEIIYIgigthhensUtS tragensdr, diksodniriiz fofldngicg the
chgrglsrg)(?lam %)rﬂs&es from a first location 18 external of the relevant sensor
efement 1310 a second location 20 in fluidic communication with the

sensor element 12. A dopant fluid for the sensor element 12 can be

passed from a source of fluid (not shown) through the microfluidic channel
16%5MsedBistlehibsie EoofeR Y BYASENERS SemsoisclembntelRayesing\writiple or

Flaadr B3I Sl paasaRL lmRRIS Le. dhere may e ay suighle.
or required number of sensor elements 12 i the array. Each sensor
eleaseniclRiowihdiverantenst aneonmetolisidictob@mnr] 1L/ dfe than one dopant fiuid

communication therewith. If more than one dopant fluid 10is required for a

p S RMET N3 SRURIARRNES! HRIE Iy B Mt PR YRS RIvidic

channels 16a, 16b for that sensor element 12 as shown in Figs. 2 and 3. Thé different

dopant fluids may be supplied simultaneously and/or consecutively.

Depending on the material of the sensor element 12 and/or the required performance
characteristics of the sensor element 12, the microfluidic channel 16 may be branched
adjacent the sensor element 12 to provide the dopant fiuid to more than one location of the
sensor element 12, as shown in Fig. 4. The dopant supplied to the sensor elements 12 in
the array may vary for individual, or groups of, sensor elements 12. If the same, the
microfiuidic channels 16 may be supplied from a common source, through common feed

channels (not shown).

The width of the microfluidic channels 16 may range from about 500 micrometers to 5
micrometers. Delivery rates depend on the type of dopants and concentrations used.
Dopants may be any elements that increase gas sensitivity, for exampie, europium, tin,
calcium. Dopant concentration is typically in the millimolar to micromolar levels, depending

on the amount of dopant to be incorporated which in turn is dependent on the application.
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channels 16a, 16b for that sensor element 12 as shown in Figs. 2 and 3.
The different dopant fluids may be supplied simultaneously and/or
consecutive%. Depending on the material of the sensor element 12 and/or

HE AR EEFherformance 15characteristics of the sensor eleRfeHEG204{g0319

microfluidic channel 16 may be branchegl adjacent the sensor element 12

to provide the dopant fluid to more than one location of the sensor

elEREMST 20 dsferertpriEiguisties! 4 opaasubspplict! torefreabarsmnprises an
eleneis kodn %e array may.vary for individual, or groups of, sensor
elementzg %g if't 'éassgﬁne?t' f ' ﬁ%réﬁ%‘i %V&?}'ar%née'l‘%a 51 HS%Q%D}?B[%&’““ the

frewbsaratermTNe SeHs6ee thengh CrayBRAdaRe 30eRannsls P LSh O -te 14

idth of the microfluidic channels 16 may range from about 500

miFOMHRIERE e SRH O AR R S EIRfE PP BN d apierisionehestgpsobilicon, and
ARBANL A SR NA0S R PRI MAY be a1, lements 1ha

hat
increase gas sensitivity, for example, europiu oA mum.%%%&ﬁf"e' for
cermepitration isitypicatijingtenmilimabzhimusicsosn alasdryels. ISRPEREIRG, or
on the amount of dopant to be incorporated which in turn is dependent on
tHRECESIIRAIIBRM™ WO 2009/075650PCUSG2008/000319 6 The mask 10 is
formed on the substrate-14. The substrate 14 preferably comprises an
insulating layer 15, as shown in Fig. 2. Alternatively, the mask 10 may be

infégralnvayibefesinystiete id 27 hensansothelemenis: 12 misy Heatioy RIed:aR 22
the mask 10 or the substrate 14. The substrate 14 ma?f/ be any suitable

nBRCHIGRRA MG ERUPEIRINES tridnetinsivatents- 8 rbwalepeismests 22 are
filgihektiey m@%%rﬂs‘ar@@%gﬁsfqmgn@’aééwgwgWtﬂmmgrg%n'?fi\% SeiHuidic

example, laser micromachining or build-up techniques such as selective
|benaptdfingtor seareodithgtdBliy. dimneteapizetwatiagselements@ Assists
f%mgd onth substrqlte 14. The h?e\tqinrg‘elements 22 .
€ doping acfion as well as detection of chemicals during sensor operation. The heating
elements 22 are below each sensor element 12 and have external contact pads 24 for

electrical connections to the heating elements 22.

Heating is preferably confined to each sensor element 12. The heating elements 22 are
preferably made of materials amenable tq resistive heating, such as tungsten or silicides.
Preferably, the heating elements 22 and heating contact pads 24 are placed as close as
possible to reduce real estate and thereby cost. The power required as well as the heating
temperature are dependent on the type of dopant used as well as the concentration of

dopants dissolved in the fluid passing through the microfiuidic channels 16.

Each sensor element 12 may be made of at ieast one semiconducting metal oxide, such
as, for example, TiO, or other suitable metal oxides. The sensor elements 12 are preferably
three-dimensionally interconnected nanostructures or three dimensionally nanoporous

materials such as, for example, nanosponges.



10 may be located in the insulating layer 15 of the substrate 14. The

heating elements 22 are for heating the sensor elements 12 when passing

the dopant fluid through the microfluidic channels 16 to the sensor
B,Yé’rﬁ%ﬁ{“i??%r doping the sensor elements 12. Heating assidtS ¥#r&H8HHE31°
action as well as detection of chemicalsyduring sensor operation. The

heating elements 22 are below each sensor element 12 and have external
cdﬁh&%it‘twwa,w@@n %@témmﬂmhmmmnmheadmgxmemmrﬁms, it will
alln erabl flne to e ensor element 12. The heating o
elemen §§E fros qu teg}\ SRS MR iR Yo gealRns 1 details

pre era y ma eo
heatisgsushsasctisngsobr opsititidenaPrelasabiitae: heatnaiement$dent
and heating contact pads 24 are placed as close as 20possible to reduce
rdBrRERRasHEPRPE eIV SIBFISer required as well as the heating
temperature are dependent on the type of dopant used as well as the
concentration of dopants dissolved in the fluid passing through the
microfluidic channels 16. Each sensor element 12 may be made of at

least one semiconducting metal oxide, such as, for example, 1102 or

other suitable metal oxides. The sensor elements 12 are preferably
three-dimensionally interconnected nanostructures or three dimensionally
nanoporous materials such as, for example, nanosponges. WO
2009/075650PCT/SG2008/000319 7 Whilst there has been described in

the foregoing description exemplary embodiments, it will be understood by
those skilled in the technology concerned that many variations in details of
design, construction and/or operation may be made without departing

from the present invention as defined by the following claims. MCSLLP 8
The Claims:
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1. A doping apparatus to dope at least one element in an array of
elements on a substrate, the apparatus comprising at least one heating
element configured for heating the at least one element when doping the
at least one element. 52. Apparatus as claimed in claim 1 further
comprising at least one microfluidic charfhel, the at least one microfluidic
channel passing from a first location external 100f the at least one
diBmERIBE second location in fluidic communication with the at least one
element; the at least one microfluidic channel being configured to pass a
dopant fluid through the at least one microfluidic channel to the at least
one element for doping the at least one element. 153. Apparatus as
dafiveebincRipapaivRdecie Beept apstap Neiemenhicron ity chiagigaIs iy on a

%ﬁ.@éml@g@ @;fﬂ@%ﬁr%n@sai@msﬂﬁf?@@@hveg%mﬁ]a;ﬂ@aahy@éﬁi@mfmitelh‘gured for
anneils being ror su n erent dqQ ul p aratus as
e e e e R R T fiateart e e
supplied simultaneously. 5. Apparatus as claimed in claim 3 or claim 4,

vzhﬁ;%ar%sdgﬁwmmgwsf AR M BRSTHERHAE LREHHY R uidic

aratus as claimed in any one of claims 2 to' 5, wherein the at
|%%%%?Jetﬁﬁﬁbﬁﬁakoc?ﬁdﬁﬁé?ﬂyWarﬁ%ﬁé‘a%%ﬁﬁﬁ@féﬂhé‘ fepdeeating fgternal
reotiecthale ssteolocation dat Eﬁafseécblnd idatsh ondleldimeotsmunication with the
fg r@%%é%%%‘%‘?dt% S Sﬁac ﬂ'f&%@u Qi o‘P(Qﬁ 'J“ t&% %ﬁ?f@&@ to
P urallty of elemenits and a second plurality o mlcro nne

mppar@myvagfcﬁmMéarwaramﬁﬁtm&wamg@fbh@%pﬂ?@ @@bmme at least

RIHeadityr-eé mikrolujslisgcinrnaelsds: for earn@iithe first plurality of
elements. MCSLLP

MCSLLP

3. Apparatus as claimed in claim 2, wherein there are at least two microfliuidic
channels for each of the at least one elements, each of the at least two

microfluidic channels being for supplying a different dopant fluid.

4. Apparatus as claimed in claim 3, wherein the different dopant fluids are able to

be supplied simultaneously.

5. Apparatus as claimed in claim 3 or claim 4, wherein the different dopant fluids

are able to be supplied consecutively.

6. Apparatus as claimed in any one of claims 2 to 5, wherein the at least one
microfluidic channel is branched for supply of the dopant fiuid to more than one

location for each of the at least one elements.

7. Apparatus as claimed in any one of claims 2 to 6, wherein there are a first

plurality of elements and a second plurality of microfluidic channels.

8. Apparatus as claimed in claim 7, wherein at least one of the second plurality of

microfluidic channels is for each of the first plurality of elements.
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9 9. Apparatus as claimed in any one of claims 1 to 8, wherein a mask is
formed on a substrate, the at least one element being formed on one of

the mask and the substrate. 510 Apparatus as claimed in claim 9, wherein

the mask is integral with the substrate. 11. Apparatus as claimed in anyM(’SLLP
one of claims 1 to 10, wherein the at lea%t one heating element is adjacent

the at least one element. 10 12. Apparatus as claimed in any one of
Slafhearab's BSARireRf dac elenterh SRME dttedstiy dlemearrss i formed on

seNfftrate, 18e Appsiatun as Fristethéingniy enebelalesf tad hask and the
lerbegteriq the at least one 15microfluidic channel is in one of: the mask, and
e Elbstrate. 14. Apparatus as claimed in any one of claims 9 to 13,
wherein the at least one heating element is in at least one of the

SR AN B MRS in claim 9, wherein the mask is integral with the
substrate.

11. Apparatus as claimed in any one of claims 1 to 10, wherein the at least one

heating element is adjacent the at least one element.

12. Apparatus as claimed in any one of claims 1 to 11, wherein each element of

the at least one element is a sensor.

13. Apparatus as claimed in any one of claims 9 to 12, wherein the at least one

microfluidic channel is in one of: the mask, and the substrate.

14. Apparatus as claimed in any one of claims 9 to 13, wherein the at least one

heating element is in at least one of the substrate, and the mask.



