INTEGRATED OPTICAL WAVEGUIDE INTERFEROMETER The present invention relates to an
integrated optical waveguide interferometer for evanescent sensing of chemical and/or physical
guantities, comprising a substrate carrying a waveguide layer structure provided. with 10- a first
waveguide &?ﬁ?é%g}g%dwiched between two first claddings layers forrh&d’ W%{’.‘W@Fﬁfwer and a first
upper cladding layer, of a lower refractive index than the first waveguide core layer, a second
waveguide core layer sandwiched between two 15second claddings layers formed by a second lower
and a second upper cladding layer, of a lower refractive index than the second waveguide core layer,
a spl tter and a combiner for optically coupling said first and second waveguide core layers at first and
20second junctions, res ectiveg/%guch an inte%ratedﬁgi)lg#jcal waveguide interferometer is known from

United Stat&§$§ﬁ§‘ﬁ iRBES .%358 LIS EGNES s, Inc.). The integrated optical

waveguide 25 interferometer described therein is of the Mach-Zehnder type. This known
Mach-Zehnder interferometer includes a first waveguide care . channel and a second waveguide core

1L

channel, both brgurg%stecrfgsel together at a first cﬁrec‘fi%n%?coupl%?]é% “a'second directional coupler. The
first 20 waveguicleicore charmef i suoanddd at alf sidessRottinscontasowith thé substate by a first

cladding and,the aec%ﬂg_ﬂ%\é%gt&qgm% is;surraunded at all sides pat.in.gontagt with the substrate, by
a second cladding. The first WO 2010/089209PCT/EP2010/050743

a waveguide layer structure provided with

10 - a first wavegulide core layer sandwiched between two
first claddings layvers formed by a first lower and a
first upper cladding layer, of a lower refractive index
than the first waveguide core layer,

- a second wavegulde core layer sandwiched between two

15 second claddings lavers formed by a.second iower and a
second upper cladding layer, of a lower refractive
index than the second wavegulde core laver,

- a splitter and & combiner Ior optically coupling said
first and second waveguide core layers at first and

20 second juncitions, respectively.

Such an integrated optical waveguide interfercmeter is known
from United States patent publication no. 6,240,22¢ (Lucent

Technologies, Inc.). The integrated optical waveguide

b
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interferometer described therein is of the Mach-Zehnder
type. This known Mach-Zehnder interferometer includes a
firet wavegulde core channel and a second waveguide core
channel, both brought close together at a first directional
coupler and a second directional coupler. The first

30 waveguide core channel ig surrounded at z2l]l sides not in
contact with the substrate by a first cladding and the
second waveguide core is surrounded at all sides not in

contact with the substrate, by a second cladding. The first



2 cladding includes a section of a polymer cladding in contact, at all sides not in contact with the
substrate, with the first waveguide core channel between the first and the second directional couplers.
Outside the polymer (section, the first waveguide core channel is surrou EL% cladding
material. Tﬁg (ggﬁa)ﬁ?gveguide core is similar to the first waveguide C:}%&Q}%@ﬁ :é?égstandard
cladding material is employed throughout its lengtk. The polymer cladding has an index of refraction
that varies with 10 temperature. The temperature of the section of polymer cladding is adjusted to
cause a cofrédpendifig chahigesin the tasesr light HoWing Wu@ﬁa{ﬁéjfﬁgt waveguide core bounded
by the polymer, €ladding to effect asdesired switching-eromodutatiorref thedight.zk= It is noted that the
present invention is not limited to a Mach-Zehnder i(%terfer meter, but also extends tg other
interferometers’ sich as'd §5-cANEd Michalson ntétférometer or 4 so-calleéd Young interferometer.
However, 20ithegpresent iaveation particularly telates to-a so<calleteplanaroptical waveguide
interferometer, haotnlf a%gtq{e;$@%§5 consisting of a thin. transparent cote, film sandwiched between
transparent dla ding’layers with lower refractive indices that confine the propagating light in the 25
core film suehahadeadargeee\arnssdent optieal-séising figlkiis pregentinthe ctadding layers, wherein
such a waveguide.stack is peeferably depesited @n a flatsmpeth.substsate-fog the: purppse of
mechanical stability. Further, in the framework of the presewgt‘iﬁrlverltionlthe %itte;lgnd the 30 combiner
do not only FéfeF €3 afirdt-aRd Fdedond UReCHGHTAl Colipist 88 destiibed i s4id United States patent
publication pe16:240,226,dutralse seferto, forexample s fisstmicro-dptic beam splittingtcube and a 3

10 temperature. The temperature of the section of polymer
cladding is adjusted to cause a correspcnding change in the
phase of light flowing through the first waveguide core
bounded by the pelymer cladding to effect a desired

switching or modulation of the light.

foerd
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T is noted that the present invention is not limited to a
Mach-Zehnder interferometer, but also extends to otherxr
interferometers, such as a so-called Michelson
interferometér or a sco-called Young interfercometer. ﬂbwever,

20 the present invention particularly relates to a so-called
planar optical waveguide interferometer, that is an
interferometar consisting of & thin transparent core fllm
sandwiched between transparent cladding layers with lower
refractive indices that confine the propagating light in the

25 core film such that a large evanescent optical sensing field
is present in the cladding layexs, wherein such a waveguids
stack is preferably deposited on a flat smcoth substrate for
the purpose of mechanical stability. Further, in the

framework of the present invention the splitter and the

o8]
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combiner do not only refer to a first and a second
directional coupler, as described in said United States
patent publication no. 6,240,226, but alsc refer to, for

example, a first micro-optic beam splitting cube and a



second micro-optic beam splitting cube, or a first Y-branch splitter and a second Y-branch splitter,
respectively. Finally, the term "evanescent sensing" as used above is a term well-known in the art, that
is applying a chemically 5 sensitive material as a cladding layer within a window obtained by locally
removing the originally applied cladding layer. A disddvantage of an integrated optical waveguide 10
interferometer known from said United States patent publication no. 6,240,226 is that, dependent on
the technicaf fiefbfuser treosfidieney ahdartiFaciia sehbing @pplicadernedo hobrettoday's

wishes. Fog sensing applisationsea lge-evangseant fighdiis sequired which 15Jgrces the core to be
thin and predominantly planar with no or only shallow ridge structuring: A polymer cladding section will
therefore chvBFRIY thé UPpEFFart Of e RavegFide Tofe. TohseyueRty, thefT6-opticanodulation will

not be as efficigntfor 2 palymar ¢ladding surounding the2Q gore atall sides,patinLcontact with the
substrate. SUMMARY Therefore, it is an objection of the invention to improve the priorartandto -
acconplisi¥ #12E bbiethvEihere Rl25 Brivided It aRhshREE an1htdygtated dptrdPWaveguide

interferometet sensQl farevanescept seasing 9f chemicst-agdios physisalauaniities scRMAESing a
substrate cj?éryﬁieng a waveguide layer structure provided with 3a
ver.

A disadvantage of an integrated optical waveguide

10 interferometer known from said United States patent
publication no. 6,240,226 is that, dependent on the
technical field of use, the efficiency and accuracy in
sensing applications do not meet today’ s wishes. For sensing
applications a large evanescent field is required, which

15 forces the core to be thin and predominantly planar with no
or only shallow ridge structuring. A polymer cladding
section will therefore cover only the upper part of the
waveguide core. Consequently, thermo-optic modulation will
not be as efficient for a polymer cladding surrounding the

20 core at all sides not in contact with the substrate.

SUMMARY
Therefore, it is an objection of the invention to improve
the prior art and to accomplish that okjective, there is

25 provided, in an aspect, an integrated optical waveguide
interferometer sensor for evanescent sensing of chemical
and/or physical quantities, comprising a substrate carrving

a waveguide layer structure provided with



a first waveguide core layer sandwiched between two first cladding layers formed in this sequence
starting from the substrate by a first lower and a first upper cladding layer, of a lower refractive index
than the first waveguide core layer, 5- a second waveguide core layer sandwiched between two
second claddings layers formed in this sequence s&#ting from the substrate by a second lower and a
second upper cladding layer, of a lower refractive index than the second waveguide core layer, a
splitter and a cdmbitietFor BpRgaty-eotiphifg Said Firseaay Aot opritwasegtite Edretayers at first and
second junctiensaaespectively.s arseetion of apalymergladdingsmateriabinchegded iz one of the first

upper cladding layers an(gor inc udeghi one of the second upper cladding layers, the polymer
cladding matcse%ll%gﬁg%%el Xpﬁnefl Wit i?]oa‘{v \?vjiﬁné%ivig t?et\%Nlezé%tth%ﬁres]f a(# gé%oﬁd jl‘j1 (‘:etfgnsg yafocally
removing thel6Figinaly Eiptietvené ei e thstclaldirfg klersairioi 8neshihelseond cladding

layersg characteyisesh-isnthat seidposemes eladdingmaterial nasandadex of refractienheiween 1.46
and 2.5 that v%ri%%with tefn%eratu%e, an%in thachOthe sensor com riges means f%raising and
lowering the f:en@lpe%erft%?e ot said po?yrr%n%r cfa mésmg?e%ﬁ,nﬁ]ee [S)o ylfné"rrlgladro‘ijﬁﬂg material thereby
forming a moditatior sechion adzteddolcheyethk phasewfdadiation plegagating #yeughegaid first

and second wavegdide-corelayers 254 another aspeck there i@@@gﬁﬂ%@ the use gk an integrated

optical waveguide inie,rferometer sensor_as defined above in_a dipstick. ) )
- a splitter and a combiner for cptically coupling said first and

10 second waveguide core lavers at first and second fJjunctions,
respectively,
- a section of a polymer c¢ladding material included in one of the
first upper cladding layers and/cr included in one of the second
upper cladding layers, the polymer cladding material being

15 applied within a window between the first and second junctiecns by
locally removing the originally applied one of the first cladding
lavers and/or one of the second cladding layers, characterised in
that sald polymer cladding material has an index of refraction
between 1.46 and 2.5 that varieg with temperature, and in that

20 the sensor comprises meang for railsing and lowering the
temperature of said polymer cladding material, the polymer
cladding material thereby forming s modulation section adapted to
change the phase of radiation propagating through ssaid first and
gsecond waveguide core layers,

25

In another aspect, there is provided the use of an

integrated optical waveguide interferometer sensor as

defined above in a dipstick.



3b DETAILED DESCRIPTION An interferometer of the type mentioned in the preamble according to
the invention is characterized by 5- a modulation section of a polymer cladding material included in
one of the first upper cladding layers and/or included in one of the second upper cladding layers, the
polymer cladding material covering an identifiable Sfea of said first waveguide core layer 10and/or said
second waveguide core layer between the first and second junctions, said polymer cladding WO
2010/0892PFIPE FiiP 2RVFEHFUZN material having an index of refraction between 1.46 and 2.5 that

varies withAgmperatie, (Bereby.changing.the phase-ofradialign propagatingdhrguah said first and

second waveguide core layers, 5- means for raising and lowering the temperature of said polymer
cladding nAE&EPHCARIMPBriaREfehitifens #% that SHAcRIaEsH 86&tidfYis obtained by means of an
asymmetric layer structure equipped 10 with said section of polymer cladding material having a higher

refractive index than the lower cladding layer,
5 - a modulation section of a polymer cladding material

included in one of the first upper cladding layers
and/or included in one of the second upper cladding
layers, the polymer cladding material covering an
identifiable area of said first waveguide core layer
10 and/or said second waveguide core layer between the

first and second junctions, said polymer cladding



selected such that the evanescent field is close to 'cutoff’. This means that the evanescent field is
pulled into said section of polymer cladding material, whereas thermal 15 changes in its refractive

index will have a s}{gon geffect on the effective refractive index of the str%gpﬁﬁggwggly, said
interferomeYer ACEOH ng to the invention satisfies the equations in said modulation section: 20 (1) n" >

n. (2) V= 27(hP,)(nf2- n2)1/2 (3) :14 = (nt2- n,2) / with n, being the refractive index of the first upper
cladding layer and/or the second upper cladding layer; n, being the refractive inldeﬁ<6of the first lower
30cladding laver BRA/F e seednd fovidr dadagtaysr T TBEihgthe'tefricive index &fthe first core

layer and/or the secandicore {ayer:h being.the-thiekressref the fisst=coredayersand/or tlke second core
layer; MK)20“yggg%g?a%ngg§%¥yggO£§%§%gating through said first and
second wavegulds core lavers,
5 - means for raising and lowering the temperature of said

pelymer cladding material.

An important feature is thus that a modulation section is
obhtained by means of an asymmetric layer structure equipped
10  with said section of polymer cladding materlal having a
nigher refractive index than the lower cladding layer,
seiected such that the evanescent field is close to “cut-
off!’ ., This means that the evanescent field is pulled into
said section of polymer cladding material, whereas thermal
i5 changes in its refractive index will have a strong effect on

-

+the effective refractive index of the structure.

Particularly, said interferometer according to the invention

satisfies the eguations in said modulation section:

20
(1} ne > ng
(2y  V=2rh/2)(nf- no)ve
(3) © = (ns- no)/ (ne- ng’)
25 with
- n. being the refractive index of the first upper
cladding layer and/or the second upper cladding layer;
- n, being the refractive index of the first lower
30 cladding layer and/or the second lower cladding layer;

- ne being the refractive index of the first core layer
and/or the second core layer;
- n being the thickness of the first core layer and/or

the second core layer:



Xbeina the optical wavelength; V varying between 0.1 and 4 for r > 1.1. An important feature of a
preferred embodiment of the 5 present interferometer is an optimization of the thermooptic efficiency

(required power for a given effective index change) by a choice of the re "\f@ liﬂﬂﬁﬁﬂg the polymer
cladding-, n‘f‘?tfcoﬁ{’fﬂtg??ﬁe optical mode has a large evanescent field in tggf(%aciding. The conditions

for that 10are as follows: 1) The refractive index of’the polymer cladding,is close to that of the core nf.

This induces the cutoff of the mode#with strong field expansion out of the core. A measure for this
condition is the valugeéf the stz calfidd VegaramisteP 2 (h1?..)(n?--ne2) 1/2 For a symmetric waveguide

having a identicalyefractive indexfor the polymerupper-claddingland the lower cladding 20 the cut-off
condition for the fundamental mode is at V = 0. The first order mode can exist starting from V = 7(note
that the waveguide should stay monomodal). For ay asymmetric wavegmide, having a large refractive
25 index differencecdetaeenthepolymer (appendladding and this lower cladding, n" the cut-off of the

fundamental mode occurs 8t¥.=.1/2, Ihe frst ordsrmade gan.exists stading.fom.) - 37/2. 302)The
refractive index différence between the polymer upper cladding and the lower cladding, n" is large

(high asymnvietryy. BAiS iRdGEES thesfisld Sqransioitto 66cUrextiiSielyin Thé pofymars®

change) by a choice of the refractive index of the polymer
cladding, n., such that the optical mode has a large
avanescent field in that cladding. The conditions for that

10 are as follows:

1} The refractive index of the peolymer cladding, ng, is
close to that of the core ny. This induces the cut-
off of the mode with strong field expansion out of

15 the core. A measure for this condition is the valuse

of the sc-called V-parameter: V= 2a(h/R)(nf- ns)?

For a symmetric waveguide having a identical refractive

index for the polymer upper cladding and the lower cladding
20 the cut-off condition for the fundamental mode is at V = 0.

The first order mode can exist starting from V = m(note that

the wavegulde should stay monomodal).

For a highly asyvmmebric waveguide, having a large refractive

25 index difference between the polymer (upper)cladding and the
lower cladding, ns, the cut-o0ff of the fundamental mode
occurs at V = w/2. The first order mode can existe starting
from V = 2n/2.

20 The refractive index difference between the

N

colymer upper cladding and the lower cladding, ns,
ig large (high asymmetry). This induces the field

expansion to occur exclusively In the polymer



WO 2010/089209PCT/EP2010/050743 6 cladding. A quality measure for this condition is the ratio of
the optical power at the boundaries of the core with the polymer cladding (Pa) and with lower
cladding(Ps). For the TE modes this ratio, 5Pc/P" is: PC/PS =r = Therefore, a suitable choice for V
would be inWf#4§& HEtween V = 0.1 and V = 4 in combination with a VAOERRE range of r >
1.1. 10 Preferably, said polymer cladding material fs at least substantially made from a material
selected from the group consisting of poly pentabromophenyl methacrylate, poly pentabromophenyl
acrylate, poly pentabromobehzyh 45 rietliagryiate, polf paftabrombbehzyCacryiate psly 2,4,6-
triboromophenyl methacrylate, polyvinylpheny sulfide; noly dzpapthyl methacrylate pely
2-vinylthiophene, poly 2,6- dichlorostyrene, poly N-vinylphthalamide, poly Z;iﬂlqrggtyrgne en poly
pentachlorophenyi meth&éryfite. it tie 76 alterztives S&RFpolynist HAddingaterialis 5t least
substantially made from aJmaterial selected from the grotp consistingsoftanpelymerizased on aromatic
benzene rings and a. pokymgr bqsegjz(glg sed :irctllrpgtzilcafi S, SU h as an 50-8 epoxy monomer or an
aromatic polyimide. Prefe?ébly, h*iﬁh feffactive index particies have been added to the material of
said polymer cladding material in order to increase the index of refraction thereof. Preferably said
lower cladding laver, is.made from. thetmally, 30.grewn er chemical vapar depositedi(CVD) silica, silica
containing multicomponent glasses, fluoride glasses, silicon ‘

between V = 0.1 and V = 4 in combination with a value for r

in the range of r > 1.1,

10
Preferably, said polymer cladding material ig at least
substantially made from a material selected from the group
consisting of poly pentabromophenyl methacrylate, poly
pentabromophenyl acrylate, poly pentabromobenzyl

15 methacryiate, poly pentabromobenzyl acrylate, poly 2Z,4,06-

tribromophenyl methacrylate, polyvinylphenyl sulfide, poly
l-napthyl methacrylate, pocly Z-vinylthiophene, poly 2,6~
dichlorostyrene, poly N-vinylphthalamide, poly 2-
chlorostyrene en poly pentachlorophe%yl methacrylate. In the

20 alternative, said polymer cladding material 1s at least
substantially made from & material selected from the group
consisting of a polymer based on aromatic benzene rings and
a polymer besed on fused aromatic rings, such as an 5U-8

epoxy monomer or an aromatic polyimide. Preferably, high

™)
93]

refractive index particles have been added to the material
of said polymer cladding material in order to increase the

index of refraction thereof.

Preferably sald lower cladding layer is made from thermally
30 grown or chemical vapor deposited (CVD) silica, silica

containing multicomponent glasses, fluoride glasses, silicon

containing organic polymers or silica containing hybrid

organic-inorganic polymers or fluorine containing Organic



containing organic polymers or silica containing hybrid organic-inorganic polymers or fluorine
containing organic WO 2010/089209PCT/EP2010/050743 7 polymers or fluorine containing hybrid
organic-inorganic polymers. In one preferred embodiment of an integrated optical wavequide
interferomef®PiA"EESR¥ance with the invention said means for raising aﬁ&%&?&%%’ﬁ%%emperature of
said polymer cladding material comprises a heater‘and/or a cooler adjacent to the section of said
polymer cladding material. Said heater and/or cooler may include electrical resistive 10 heater stripes
or thermo-electritcosling/hebting slenents that dte disposed Rearrsaill polymerseéction(s). In a further
preferred embodiment of an integrated optical waveguide interferometer according to the invention
said 15 first waveguide core layer and/or said second waveguide core layer is/are provided with a
profile in the form of a ridge. In a further preferred embodiment of an integrated optical waveguide
interferometer inagcprdancerwith dhe davention 2@ the: refractiyesindex of saickfirst waveguide core
layer apd/or said secgnd,wgvegtuide core layer is selected in the range between 1.5 and 2.5.
Particufarly,"Said first v?/a&gglﬁ%jéecro{?gefaYér and/or said second WaVeg“u”i(eieL ore layer is/are at least
substantially miadenfrens a material selerted 25fronethiengroupEcorsisting 6£SBNT, Fe29Ta203, Zr02,
/“2031720§5{§H§92g§adding material comprises a heater and/or a cooler

adjacent tc the section of said polymer cladding material.

Said heater and/or cooler may include electrical resistive

10 heater stripes or thermo-electric cooling/heating elements

that are disposed near said polymer secticn(s).

In a further preferred emboediment of an integrated optical
waveguide interferometer according to the invention saild

waveguide core layver and/or said second waveguide core

t

15 firs

layer is/are provided with a profile in the form of a ridge.

In a further preferred embodiment of an integrated coptical
waveguide intexfefom@tef in accordance with the invention

20  the refractive index of saild first wavegulde core layer
and/or said second wavecguide core layer is selected in the
range between 1.5 and 2.5. Particularly, saxd first
waveguide core layer and/or said second waveguide core layer
ig/are at least substantially made from a materizl selected

25 from the group consisting of SizN:, TiOs, TaxCs, Zr0s,

Al’zoff!YQOfi and Nbg@;}.

in a further preferred embodiment of an integrated optical
waveguide interferometer according to the invention & foam
30 ig applied on said means for ralsing and lowering the

temperature of salid volymer cladding material.

The present interferometer might be sensitive for air



In a further preferred embodiment of an integrated optical waveguide interferometer according to the
invention a foam 30 is applied on said means for raising and lowering the temperature of said polymer
cladding material. WO 2010/089209PCT/EP2010/050743 8 turbulencesP b e 3?{;610 eans for raising
and Iowerin\f%%@ﬁqﬁé’?ature of said polymer cladding material, that is the héhters, These induce
interfering signal fluctuations. This can be avoidedty applying thin polyurethane (PUR) foam layers as
thermal isolators on top of the heaters. FUR foam is an excellent thermal isolator. The foam layer can
be applied by trippiig-adilétsd EUR préxpoimdrdolifion bito g héaiérs and dlféwing this to cure as
a foam Iaye_ré%/p@ggsgu&eeue@kgafwnd@mpm atmesphere. ltesnatively the:10 beaters can be
covered with a coverplate of a more dense material, while leavin ?_narrovy,.thermaUX isolating air gap
between thBSUFAES of tHE TieateYS &itd tHe Goverpidts. ird ?L?r”fh%r preféirad embodirrent of an
integrated qpticabib waveguide-interferometer imaccardance withathis inkvéRtiodaaeans are provided
for electrical modulation of a signal .of said means for raisin lowering the p re of said
polymet clz;atlld%?r?grrsna?é’rié:ﬁliﬁma valnsc(ggﬂ%%ﬁﬁIa%réntﬁ)ﬁnc?glge?%%-(%g%gg&fodﬁﬁr{% r%%ﬁlation, can be
used to obtain a&20sersbi tasporiseroithelpresentinteféro el with'RighSehshfvity. Serrodyne
signal processing requires:a siusoidal outpytsignalsin erder to, performdzaurieranalysis for optical
phase determination. The heater yields primarily a square root modulation in response to an applied
25 voltage. Ter&foré ca inGdiflation Y8iage bpfimizéd SHCK that & sintdBidat Bpticalmodulation is
obtained, can beencodeg-inialookup taplei and viea digitatianalogue:converterisend:toan electronic
cireui, Psing diodes. the positive and neqatiye voltages are then routed o separgte.electrica
material, while leaving a narrow, thermally isolating air

gap between the surface of the heaters and the coverplate.

In a further preferred embodiment of an integrated optical

wavegulde interfercmeter in accordance with this invention

joet
[G ]

means are provided for electrical mogulation of & signal of
said means for raising and lowering the temperature of said
polymer cladding material. An advanced modulation principle,
sc-called serrodyne modulation, can be used to obtain a

20 sensor response of the present interferometer with high
sensitivity. Serrcdyne signal processing requires a

sinusoidal output signal in order to perform Fourier

analysis for optical phase determination. The heater

orimarily a square root modulation in response to an

vields

applied

25  voltage. Therefore, & modulation voltage optimized such that

2 sinusoidal optical modulation is obtained, can be encoded

in a lockup table and via a digital/analogue converter send

ro an electronic circuit. Using diocdes, the positive

and

negative voltages are then routed to separate electrical

(a}
<o

amplifier cicuits which drive the electrical heaters

. This

way, using z single input meodulation signel, derivecd from a

single loopup table, can be used to sequentially drive the



30 amplifier cicuits which drive the electrical heaters. This way, using a single input modulation signal,
derived from a single loopup table, can be used to sequentially drive the heaters of the two
thermo-optic modulators( of the present WO 2010/089209PCT/EP2010/(})F%,}01r?é;’i(?1£§|m;%[}fﬁromter in
order to obtAiR HELHEEbidal optical response, thereby compensating for the non-linear voltage
dependent behavior of the thermo-optical effect. Alo, the influence of temperature on the resistance
of the heaters 5 can be compensated for by a correct design of the lookup table. Instead of two heater
elements alsoterid hsamkelerient E8R betprovided: 'In B farther préfetied Embbdfnent of an integrated
optical 10 waveguide interferameter ageording ta she inventionra polarizationwmetak strip is used as
said means for raising and lowering the temperature of said o}ymgr, c[%:ldi%%goateri%lé The present
interferometérGpétatds Wall With dné of the 1o Poteibi& lighf polarization states (TE and TM) only.
The optical fiber thatdaputs theninterferometerndeliers ooths patarizations hEhereforera polarization
stripper is preferred. This might be done by selecti orpfi f Qne of larizations (TM) in the
Si subs‘,Etraté: ?nnat%ﬁaﬁﬁr%ﬁg ?r%aar]t%%ért%éfct%%] gaf tﬁ%\{:giogiglier%r%%g]te%r.}?rr%fgg;%l%% §lalrﬁ}?jattenuation of <10
dB/cm. A mughlhighérnvaleed{shérterstrippebréar heTsbtainet 5y séfeetive Thode absorption in a
metal layer _Inthe nterferometer.this gap be the metal layer of the heater. The heater and stripper
funtionality can be decoupled by 25 applying multilayer metal structures (e.g. Cr/Au with Cr for
stripping and Au for heating) The present invention also relates to the use of an integrated optical
waveguide iteferametes aceekding te the30drvention infa elipstickegrated optical

10 waveguide interfercometer according te the inventlon &
polarization metal strip is used as sald means for ralsing
and lowering the temperature of said polymer cladding
material. The present interferometer operates well with one

of the two possible light polarization states (TE and TM)

[y
o

only. The optical fiber that inputs the interferometer
delivers both polarizations. Therefore a polarization
stripper is preferred. This might be done by selective
abscrption of one of the polarizations (TM) in the Si
substrate material in the transport secticn of the

20 interfercmeter. This vields an attenuation of < 10 cB/cm. A
much higher value (shorter stripper) can be obtained by
selective TM mode abscrption in a metal layer. In the
interferometer this can be the metal layer of the heater.

The heater and stripper funticnality can be decoupled by

2%  applying multilayer metal structures {(e.g. Cr/Au with Cr for
stripping and Au for heating).
The present invention azlso relates to the use of an
integrated optical waveguide interferometer according to the
30  invention in a dipstick.

The invention will further be elucidated with the help of a

drawing relating to a preferred embodiment of an integrated



WO 2010/089209PCT/EP2010/050743 10 optical interferometer in accordance with the invention,
wherein figure 1 is a schematic layout of a standard integrated optical interferorneter of the
Mach-Zehnder type; figure 2 is a schematic layout of the functioning of the standard interferometer of
figure 1 for PAVETS wﬂ%%é'ensing of chemical and/or physical quantities; Pﬁ& 1’314 Sehematic layout
of the interferometer 100f figure 2, but now adapted’in accordance with the invention;  figure 4
relates to a specific use of the interferometer of figure 3, that is as a dipstick. 15 The interferometer 1
of figure 1 corisists bf BntiApatEkaTie Wavediide 2ARAESplits tp intho idenficalrbranches 3, 4. After
a well-defingdlength, these two branches 3, 4 are combined again to form the output waveguide 5.
Light that enters the input waveguide 2 splits equally over the 20 two branches 3, 4 and combines
again at the output waveguide 5. The cross-section of the optical waveguide channel of the
interferometer 1 censjsts=-0f1a high-refractivedndex gore:tayer withsa sidgeprofile-that iscsandwiched
between low refractive index buffer layers. In case of buried 25 waveguides, the optical field is
completely contaif&d - the ¢ore and bufter layers ahd the pro‘paga[ftlon of ITgﬁt iS not affected by
environmental disttrtbanees. Withxeference ta figure/2pby usingetching-techniques; &

the standard interferometer of figure 1 for evanescent
sensing of chemlcal and/or phyvsical guantities;
- figure 3 1s a schematic layout of the interferometer
10 of figure 2, but now adapted in accordance with the
invention;
- figure 4 relates to a specific use ol the

interferometer of figure 3, that is as & dipstick.

[
[

The interferometer 1 of figure 1 consists of an input
channel waveguide 2 that splits up in twoe identical branches
3, 4. After a well-defined length, these two branches 3, 4

are combined again t¢e form the cutput waveguide 5. Light
that enters the input waveguide Z splits egually over the
20 two branches 3, 4 and combines again at the output waveguide
5. The cross-section of the optical waveguide channel of the
interferometer 1 conslsts of a high refractive index core
layer with & ridge profile that is sandwiched bhetwsen low
refractive index puffer lavers. In case of buried
25 waveguides, the optical field is completely contained in the
core and buffer layers and the propagation of light is not

affected by environmental disturbances,

With reference to figure 2, by using etching techniques, a

L
e

top cladding 6 is locally removed above the channel
waveguides at well-defined positions in both branches 3, 4
of the interferometer 1. In these gso-callied windows 7, 8,

the evanescent field of the light that travels through the



30 top cladding 6 is locally removed above the channel waveguides at well-defined positions in both
branches 3, 4 of the interferometer I. In these so-called windows 7, 8, the evanescent field of the light
that travels through the under-laving channel waveguides, extents into the environment above the
interferomet®P 2AHEEB¥Eomes susceptible to environmental changes. AX (ATTACE [Ryar that binds
specifically with analyte molecules of interest is provided on the surface of the sensing window 7. To
keep the interferometer 1 balanced, the reference window 8 is provided with an interface layer that
shows no spegific-birdings Whemsample niate Haris flRwt 8VEEboth-SertsSifig and reference window 7,

8, specific hipding.of.analytemolecules 10 te the interface layerin the sensing window 7 is probed by
the evanescent field of the light travelling through the sensing branch 3. This causes a change of the

propagatior? 8pE&8 bt & light, ‘i?&éfdlﬁﬁélrﬂ?ﬁ?ﬁha%%l’?ﬁé?r‘cénc%%emégﬁ 1ight corrg from the sensing
branch 3 and:the referencederapchat the.autput waveguides5 <The induced phase difference is
proportional to the amount of analyte molecules binding to the interfac Iaye; a%r Lg in a periodic
change of thé Ii@ﬁ??ﬁ“té)ﬁgtyolrﬁ tﬁ%“oustlﬁf] ﬁv%%ealjjti)dteqf 50 With reference to figure_S,Séby%§ using etching
techniques,ta top. clagdig 61is tovally removedtabove therwaveguide charhels at well-defined
positions in hoth. branches;3,4,.These. so-called.modulatiop sectigns are filed with-a high 25 refractive

index polymer cladding. material 9, that is having an index of refraction been 1.46 and 2.5 that varies
with temperatiél Ghto TR polydvet eldtfidiig hiatefidl 9,18 FetalitheXterstip 10 8 Wigpbsed to
change the pohaner refractivedndex uppnhieatingior eqeling, J his wilhehange 301thephase of light
flowin t_hrough the channel to effect deuIat_iojn of the ligt in the int%rferropeteg.o%%i&gban ad\_/anped
modu%%on bFintipie (Serfodyhe moalifation) it Conibinatiorn with the thermo-optic active section in the
WO 2010/089209RET¢ERP2010105043 f the light travelling througn the
sensing branch 3. This causes a change of the propagation
speed of the light, resulting in a phase difference between
light coming from the sensing branch 3 and the reference
15 branch 4 at the output waveguide 5. The induced phase
difference is proportional te the amount of analvie
molecules binding to the interface layer and results in a
periodic change of the light intensity in the output
waveguide b, "
26
Wwith reference to figure 3, by using etching technigues, a
top cladding 6 is locally removed above the waveguildse
shannels at well-defined positicons in both branches 3,4.
These so-called modulation sections are fiiled with a high
25 refractiive index polymer cladding material 9, that is having
an index of refraction been 1.46 and 2.5 that varies with
temperature. Onto this polymer cladding material 2, a
metallic heaterstrip 10 is disposed to change the polymer
refractive index upon heating or cooling. This will change
30 the phase of light flowing through the channel to elfect
modulation of the light in the interferometer. Using an
advanced modulation principle (serrodyne modulation) in

combination with the thermo-optic active sectiocon in the



12 interferometer 1 and dedicated electronics, the output intensity of the interferometer 1 is
transformed into a sensor response signal that is equal to the induced phase difference caused by
specific binding of analyte molecules 5 to the interface layer in the sensin% window 7. Figure 4a shows
a specific u%)o?"ﬂ‘?@ﬂf?ﬁg%ent interferometer shown in figure 3, namely as'a &%Ps%?éfy?%ﬁ% thermo-optic
modulators 11, 12. This interferometer is based oa<a Mach- 10 Zehnder interferometer having
waveguides that are routed back to the input edge of the chip by using a folding mirror 13 or a
waveguide behdr Asaresult: the preseiftinterferometeris ety edmpatt and'istised, as shown, in a

dipstick applicatign. in other words,.the sensqrend-may:he 15dipped inta a gentainer 14 filled with a
(small) quantity of a substance 15 to be analyzed. Figure 4b show,- alternative dipstick structures. 20

13 CLAIMS® 20 fritBgRatel Bptik aPwalieguidetinterferomiéter 58nddi ot evaReScéntsensing of chemical

and/or physical quiantities-5comprising assulistrate catrying a ivaveguide layerstrubture provided with
a first wave uideqcore layer.sandwiched betwef(lan two first cladglilré%kayfers formed in this sequence
) a

starting fromi the 10substrate by a firét lower and a first upper cladding layer, of a

Figure 4a shows a specific use of the present interferometer
shown in figure 3, namely as & dipstick 1 with thermo-optic
modulators 11, 12. This interferometer is based on a Mach-

10 Zehnder interferometer having waveguides that are routed
back to the input edge of the chip by using a folding mirror
13 or a waveguide bend. As a result, the present
interferometer is very compact and is used, as shown, 1n a
dipstick application. In other words, the sensor end may be

15 dipped intc a container 14 filled with a (smail) quantity of
a substance 1% to bhe analvzed. Figure 4b shows alternative

dipstick structures.

20



lower refractive index than the first waveguide core layer, a second waveguide core layer sandwiched
between two second claddings layers formed in this sequence starting from the substrate by a second
lower and a second upper cladding layer, of 15a lower refractive index than the second waveguide
core layer, a splitter and a combiner for optically coupling said first and second waveguide core layers
at first and second junctions, respectively, a sectioygof a polymer cladding material included in one of
the 20first upper cladding layers and/or included in one of the second upper cladding layers, the
polymer cladgirgtanaterial being applied within a window between the first and second junctions by
locally removing the originally applied one of the first cladding layers and/or one of the second
cladding layers, characterised in 25that said polymer cladding material has an index of refraction
between 1.46 drd 25ahat varieswith tenfseratare, rdmd e thaethe senser Eoiiprises means for raising

and lowering,the temperature; of;saidl palvmer cladding.matgrial:the pelymer cdadding material thereby
forming a modulation section a a{)tgg to BOCha%ge the‘phas%gf {%diatiosr\a%ocpa%aeting through said
t [ r

. cComQrising a, substtra cax ngoa wa 13 er
first and Secona Waveawde core layers. Ii%l | egratea%p”tlcal ngegw e Interferometer sensor

aCCOHﬂnthrOVided with

- a first waveguide core layer sandwiched between two first
cladding layers formed in this segquence starting from the
10 substrate by a first lower and a first upper cladding layer, of a
lower refractive index than the first waveguilide core layer,
- a second waveguide core layer sandwiched between two second
claddings lavers formed in this segquence starting from the
substrate by a second lower and a second upper cladding layver, of
I3 a lower refractive index than the second waveguide core layer,
- a sgplitter and a combiner for optically ccupling salid first and
second wavegulde core layers at first and second junctions,
respectively,
- a section of a polymer cladding material included in one of the
20 first upper cladding lavers and/or included in one of the second
upper cladding layers, the polymer cladding material being
applied within a window between the first and second junctieons by
locally removing the originally applied one of the first cladding
layers and/or one of the second cladding layers, characterised in
25 that said polymer cladding material has an index of refraction
between 1.46 and 2.5 that varies with temperature, and in that
the sensor comprises means for raising and lowering the
temperature of said peolymer cladding material, the polymer
cladding material thereby forming a modulation section adapted to
30 change the phase of radiation propagating through said first and

second wavegulde core layers.



claim 1, wherein said interferometer in said modulation section satif'es the equations: (1)ne > ns (2) V
= 2m (h/X) (nf2- n02)1/2 (3) r =(nf2- Swith n, being the refractive index of the first upper cladding layer
and/or the second upper cladding layer; n, being the refractive index of the first lower cladding layer
and/or the second lower cladding layer; 10- nc being the refractive index of the first core layer and/or
the second core layer; h being the thickness of theifirst core layer and/or the second core layer; X
being the optical wavelength; 15- V varying between 0.1 and 4 for r > 1.1. 3. Integrated optical

waveguide interfarometes sensaraccqrding to glaim -0k 2, wharein said polymer eladding material is
at least subsfantially made from a rg]aterital s€lected from the crgtulpQ 2dO fogsisting 01:: Eb)o][}/
pentabrom&pReny! methatryiate, poly Pertabromophenyl adiytate, poly pertabromobenzyl
methacrylate pdlygrertabremastianzy ;acrylate, poly 2,4,6-tribromophenyl methacrylate,
polyvinylphenyl sulfide, poly 1-napthyl methacrylate, poly 2- vinylthiophene, poly 2,6-dichlorostyrene,
poly N-vinylphthalamide, 25 poly 2-chlorostyrene @a polyrpentachlorophenyl methacrylate.

(21 V = 2n(h/A) (nef- no) e

(3)  r = (ng= nd)/ (ned- ngd)

5  with
- n. being the refractive index of the first upper cladding laver
and/or the second upper cladding laver:
- n. being the refractive index of the first lower cladding layer
and/or the second lower cladding laver;

10 - ns being the refractive index of the first core layer and/or the
second core layer;
- h being the thickness of the first core layer and/or the second
core layer;
- A being the optical wavelength;

15 - V varying between 0.1 and 4 for r > 1.1.

3. Integrated optical waveguide interferometer sensor according to
claim 1 or 2, wherein said polymer cladding material is at least
substantially made from a material selected from the group

20  consisting of poly pentabromophenyl methacrylate, poly
pentabromophenyl acrylate, poly pentabromobenzyl methacrylate, poly
pentabromobenzyl acrylate, poly Z,4,6-tribromophenyl methacrylate,
polyvinylphenyl sulfide, pcly l-napthyl methacrylate, poly 2-
vinylthiophene, poly 2, 6-dichlorostyrene, poly N-vinylphthalamide,

25 poly Z-chlorostyrene en poly pentachlorophenyl methacrylate.

4. Integrated optical wavegulde interferometer sensor according te
claim 1 or 2, wherein said polymer cladding material i1is at least

gubstantially made from a material selected from the group



4. Integrated optical waveguide interferometer sensor according to claim 1 or 2, wherein said polymer
cladding material is at least substantially made from a material selected from the group 15 consisting
of a polymer based on aromatic benzene rings and a polymer based on fused aromatic rings. S.
Integrated optical waveguide interferometer sensor according to 5 claim 3 or 4, wherein high refractive
index particles have been added to the material of ggid polymer cladding material in order to increase
the index of refraction thereof. 6. Integrated optical waveguide interferometer sensor according to 10

any of the pregeding glaims 1 throygh 5, whereip,said means foL [aising and lowering the temperature

of said polymer cladding material comprises a heater and/or a cooler adjacent to the section of said
polymer clatftiig Materidi™ 1877 fint&gratedapticalwadéguide interferometer sensor according to any
of the preceding claims 1 through 6, wherein said first waveguide core layer and/or said second

waveguide gore layer is(are provided with.a profile;intheform.of a,ridge. 20 8. Integrated optical
wavegl,JJide inten;gr%meter sensor accaording to any of the preceding claims 1 through 7,"wherein the

refractive index of Safffirst WavE§ultie cre I&erand/ot saidSedond waveguidd tarédayer is selected
in the rangedétween I'5and25: 25 9fintegrated.opticalavaveguideninterfesdmeter seasotaccording

to any of thepreceding glaimsid.thseugh 8, wherginsaidfirst waveguide core layer and/or said second
waveguide core layer is/are at least substantially made from a material selected from the group

consisting of Si2N4, Ti05, Ta203, ZrO2, Al203, Y203 and Nb205. 30 10. Integrated optical waveguide
interferomefer séfseratedrdingitorany ofthie preceding Eainrse tahroegh & wivereid said first lower

cladding layer,and/ofsaig.second lower claddinglayeris/are @t deast-substantially made from thermally
grown or ehertical yapor 35 deposited (CYD) silia, slica contaiping multicompanent
material comprises a heater and/or a cooler adjacent to the secticn

cf said polymer cladding material.

15 7. Integrated optical waveguide interferometer sensor according to
any of the preceding claims 1 through 6, wherein said first
waveguide core layer and/or sald second waveguide core layer is/are

provided with a profile in the form of a ridge.

20 8. Integrated optical waveguide interferometer sensor according to
any of the preceding claims 1 through 7, wherein the refiractive
index of sald first wavegulde core laver and/or said second

waveguide core layer is selected Iin the range between 1.5 and 2.5.

25 9. Integrated optical waveguide interferometer sensor according to
any of the preceding claims 1 through 8, wherein said first
waveguide core layver and/or said second waveguide core layer is/are
at least substantially made from a material selected from the group
consisting of SisNy, Ti0;, Tay0s;, Zr0,, Al.0;, Y,03 and Nb,Os.

30
10. Integrated optical wavegulde interferometer sensor according to
any of the preceding claims 1 through 9, wherein said first lower
cladding layer and/or said second lower cladding layer is/are at
least substantially made from thermally grown or chemical vapor

35 deposited (CVD) silica, silica containing multicomponent



16 glasses, fluoride glasses, silicon containing organic polymers or silica containing hybrid
organic-inorganic polymers or fluorine containing organic polymers or fluorine containing hybrid
organic-inorganic polymers. 11. Integrated optical waveguide interferometer sensor according to
any of the preceding claims 1 through 10, wherein said means for raising and lowering the
temperature of said polymer cladding material is a pglarizing metal strip. 12. Integrated optical
waveguide interferometer sensor according to any of the preceding claims 1 through 11, further
comprising & fpam.applied onsaighmeans for.raising and, lowering thetemperature of said polymer
cladding material. 15 13. Integrated optical waveguide interferometer sensor accordijng to any of the
preceding dlaim§™ HobFh Lo rdHiverCompiising a'covéipiate Bpplash hid ?ﬁléjéﬁ'él%or raising and
lowering thedemperatyrecofisaid-pohires claddingimatérial, wirdrein arcahrgapis 20-sraintained
between said cayerplatg angd said means for raising and lowering the temperature of said polymer
cladding material. 14. Integrated optical waveguide interferometer sensor according to any of the
preceding claims 1 through 13, wherein means are 25 provided for electrical modulation of a signal to
be applied fo- saichireanis-for isSingrand dowerindethetemperatiré of sdidpolyaerceladding saterial.
15. Use of gnyjntegraied optical wayegui e interferometer senson3f-agcerdingte-any efthe preceding
da"ns:lthgé%ga%gigéﬁdﬂﬁﬁgiﬁng the temperature of saild polymer cladding

material is & pelarizing metal strip.

10
12. Integrated optical wavegulde interferometer sensor according to
any of the preceding claims 1 through 11, further comprising a foam
applied on said means for ralsing and lowering the temperature of
said polymer cladding material.

15

13. Integrated optical waveguide interferometer sensor accocrding to
any of the preceding claims 1 through 11, further comprising a
coverplate applied on said means Ior raising and lowering the
temperature of saild polymer cladding material, wherein an airgap 1is
200 mainteined between sald coverplate and said means for raising and

lowering the temperature of said polymer cladding material.

14. Integrated optical waveguide interferometer sensor according to
any cof the preceding claims 1 through 13, wherein means are

25  provided for electrical modulation of a signal to be applied to
said means for raising and lowering the temperature of said polymer

cladding material.

15. Use of an integrated optical waveguide interferometer sensor
30 according to any of the preceding claims 1 through 14 in a

dipstick.



