| NTEGRATED OPTI CAL WAVECUI DE | NTERFEROVETER 5 The present invention rel ates
to an integrated optical waveguide interferoneter for evanescent sensing of
chem cal woabovospieysi cal quantities, conprising a substPaETEPCEONFITAY a
wavegui de | ayer structure provided with 10- a first wavegui de core | ayer
sandwi ched between two first claddings |ayers fornmed by a first | ower and
a first upper cladding |layer, of a |lower refractive index than the first
wavegui de core |ayer, a second wavegui de core |ayer sandw ched between two
15second cl addings | ayers fornmed by a second | ower and a second upper
cladding | ayer, of a |ower refractive index than the second wavegui de core
| ayer, INTEGRHATEDR O&PTIRIa WAYREUIDE fINTERMEROMETER oupl i ng said first and
second wavegui de core layers at first and 20second junctions, respectively.
Such an integrated optical waveguide interferometer is known from United

St at es patento qadlrtcatnvem tien 6,::240,e226 o lascenitcbechnel egites,all nc. ). The
integrated optical wavequide 25 interferoneter described therein is of the
Mach- Zeh@ereIyipE rﬂﬁ%ﬁ%@ﬁ%@?%ﬁiHEZéﬁ%ﬁﬁeQQﬁQQf%%ﬁﬁéﬁbpﬁ|ﬁﬂqmﬂ%9%ifirst

wavegui de, corg channelsjand 2 Secend wayeguide £or & .ghanngle Lotk brought
cl ose together at "a first directional coupler "and a second directional

coupl er. arhevidausitde30 ayave guinde tooree rolvariesld iwsitdur rounded at al | si des not
in contact wwth the substrate by a first cladding and the second wavegui de
core is surrounded at all sides not in contact with the substrate, by a

second cl addi Rg.riThe fidhelguidecladd ng jacludes iansectiancel awol yner
cladding in first claddings layers formed by a first lower 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
15 second 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 splitter and a combiner for optically coupling said

first and second waveguide core layers at first and

20 second junctions, respectively.

Such an integrated optical waveguide interferometer is known
from United States patent publication no. 6,240,226 (Lucent
Technologies, Inc.). The integrated optical waveguide

25 interferometer described therein is of the Mach-Zehnder
type. This known Mach-Zehnder interferometer includes a
first waveguide 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 is surrounded at all 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



contact, at all sides not in contact with the substrate, with the first
wavegui de core channel between the first and the second directional

coupl er s.woebrvmde20bhe pol ymer 5 section, the first wavegairg®2eonso7ehannel
is surrounded by a standard cladding ngterial. The second wavegui de core is
simlar to the first wavegui de core except that a standard cl addi ng

material is enpl oyed .t hroughout its |ength. The polyner. cl addi ng has an
i ndex of 9 o THar Y |S§sctvhorrh O]£%t @r?ﬁé’ﬁ‘?ﬂﬁrcel.a%gt efperature of the
section ofpelatercladdingdss rrdj ust ed 1@ Gauser R rgspandiag change in

the phase of light flow ng through the first wavegui de core bounded by the
pol yrmer c¢ligdditig tfo reftf ectveudesi raed eswiteehieng ket wesdultaxe on- 1oft tainel | i ght .

15 1t is noted that dhehresent dayention d.s ot Lil ted £@,2 Mach- Zehnder
interferoneter, but al'so extends to other 1T nterferoneters, such as a

so- cabl edddtchel,samd Mtierdenoereieridy o r:0-talnred Yeung dmterdeer oyeter .
However, 20 the present. invention particularly relates to a so-called

pl anar optiddsle Waveqided medrFerdmet & 91T YaFR IS S Gnetser

consi sting0f A th nHd anspar enty Lored idypsanduighed, hetween {4-anspar ent
cladding layers with |Iower refractive indices that confine the propagating

| i ght inalkeldZBiocore driilam susclenhatyeal |tdryeicivartesidgentl eopttibcalThsensi ng

field is _present in e cl.adding .l ayers,. wherein .such.a wavegui de .stack is
bt of er abiP Gapdsit Eai DS P c TS R Slbet v ol B paraads grih
mechani calenflcakidurtey. THY thefpe datdlke I amewyrdetdfort b paserir i nventi on
the splitter and the 30 conbiner do not only refer to a first and a second
di recti ofH2EGEH €15 388 UdESEr iteFAWP S a@  WiSaP IStae ShFateNn t IS cat i on

no. 6, 240,228 Y R0 RN Gn S RIGEXHP! @y TidRlo iR Gt ¢ beam
splitting cube and a 3 second mcro-optic beamsplitting cube, or a first
Y- br anch spindddeyvartdhea edoord: Ysladancty spl idfiferct reesiedtiadel y. Final |y,

the term "evanescent sensi.ng". as abave is a termwell-known in the
art, that""i's APy ity Hb?%ﬂ@%ilc% I%%q?eﬁﬁiq?ﬁtve material as a cladding |ayer
wi thig a wi ndow obtained by locally renoving the originally applied

cl addi ng | ayer.

It is noted that the present invention is not limited to a
Mach-Zehnder interferometer, but also extends to other
interferometers, such as a so-called Michelson
interferometer or a so-called Young interferometer. However,

20 the present invention particularly relates to a so-called
planar optical waveguide interferometer, that is an
interferometer consisting of a thin transparent core film
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 layers, wherein such a waveguide
stack is preferably deposited on a flat smooth substrate for
the purpose of mechanical stability. Further, in the
framework of the present invention the splitter and the

30 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 also refer to, for

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



A di sadvantage of an integrated optical waveguide 10 interferoneter known
fromsaid United States patent publication no. 6,240,226 is that, dependent
on the t exbreowaAisofovel d of use, the efficiency and accur CY/EPR019ONEFiIHNQ
applications do not neet today's w shes, For sensing applications a |arge
evanescent field is required, which 15 forces the core to be thin and
predoninantlycglanar with n onl.y shall ow ridge st | ymer

or ructuring. A po
cl addi ng §&cti ﬁu\ﬂrlq_C{%Fef%@raé“ SRS MY FHRE rupPert MSton_?bﬁ@ egui de
core. Congaquent! Yund herdm-opt ivc ymdwatdan mid., nelsheas,afficient for a

pol ymer cl addi ng surrounding the 20 core at all sides not in contact with
t he substiiiared.l yTherhef dregm i tevieemreold) ectnisomf ashelsatyedven itso & nprove

the prior_art to accanplish that .gbj.ective _an.interfer ter, of the
type msnti—’leorrrﬁneéiq%lrlﬁi tkﬁleowﬁlr elaqprrb hee dcctglrécﬁ nlgS tac})optejﬁeml \?en%legﬁeclagly

char abt erdezed tiye e tgdullatadom sactddimofl a8 qpolwirerirclaaddinagwrat er i al

i ncluded in one of the first upper cladding |ayers and/ar, included in one
of the s@%ﬁ&“@&p&y &%Wg r:?@loéﬁié}gs,t%é)rﬁ&%lycla%ilﬁ& oL SRR
coveringjand.dentifiable area of said first wavegui de core | ayer and/or
sai d second wavegui de core | ayer between the first and second junctions,
said polyner cladding 4 material having an index of refraction between
1.46 and er %teu e, .t.hereby changj ng the phase of

radi at i or%%zﬁflo%ggftn&%gete%rfgé%h i:[sngcir% Bid élcg%/?dfgﬁélvlegeui de core layers,
5- neans ifrafe rfair$ing candkdameridigh the d enperat Wwietefs saitdrol ymer cl addi ng
rraterlal'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.

Therefore, it is an objection of the invention to improve
the prior art and to accomplish that objective an
interferometer of the type mentioned in the preamble

25 according to the invention is characterized by

- 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

30 layers, the polymer cladding material covering an
identifiable area of said first waveguide core layer
and/or said second waveguide core layer between the

first and second junctions, said polymer cladding



An inmportant feature is thus that a nodul ation section is obtained by nmeans
of an asymetric |ayer structure equi pped 10 with said section of polyner
cl addi ng watero/mb20havi ng a hi gher refractive i ndex thanPChEP2@w®s07¢3 addi ng
| ayer, selected such that the evanescent field is close to "cutoff'. This
means that the evanescent field is pulled into said section of polyner

cl adding material, whereas thermal 15 changes in . its refractive index wll
have a strongH@ﬁﬁéﬁgqoﬁaWHQQé@Peép@@g ° F% iAre R & T Sthd st re.

Particularly, ssai drant efraremetien acediang A0 the daventi-on isat itsfd es the
equations in said nodulation section: 20 (1) nc > ns (2) V = 27c(hA) (nf 2-
n2)1/2 (3) r ®hask2 ofng2difatiwi2 prer2dp 25w tthrovghbeiadg tihie stefanalt i ve

i ndex of the firstCyQ%%r CL%kaQQIJQ%%%I_nd/or t he second upper cl addi ng

| ayer; Sﬁgoﬁelng e Tef racti veindéx of the first |ower 30cl addi ng

| ayersand/ o tRernsecond dawehCladdiingdayer it henfc hglena the ref rsagtd ve
index of the first core |layer and/or the second core |ayer; h being the
t hi ckness of e WietstC Nayertedrid/lor the second core layer; 5

An important feature is thus that a modulation section is
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,
selected 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
15 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 equations in said modulation section:
20
(1) Ne > nNg
(2)  V=2nh/))(ne- n2)v2

(3) r = (ne- n)/ (n'- nS)
25 with

- n. being the refractive index of the first upper
cladding layer and/or the second upper cladding layer;
- ns being the refractive index of the first lower
30 cladding layer and/or the second lower cladding layer;
- nr 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;



X being the optical wavelength; V varying between 0.1 and 4 for r > 1. 1.
An inportant feature of a preferred enbodi mnent of the 5 present

i nt er f er owoOR2010/68%200Nn Oopti m zati on of the thernooptic ef PCcTiEPacy/oft7azui r ed
power for a given effective index change) by a choice of the refractive

i ndex of the polyner cladding, nc, such that the optical node has a | arge

evanescent fiﬁgg in that cladding. The conditions for that 10are as
fol lows: 1) THePF&RP attFvePthdek BFVeEhe Polymer cladding, nc, is close to

that of the cer&difinfhiredaduces it hecut offr of the jnode with strong field
expansi on out of 15the core. A nmeasure for this condition is the val ue of

the so-called V-paraneter: V=2mhO,)(fl12-ne2)1/2 For a symmetric wavegui de

havi ng a . dentical refractive index f t he, pal r__upper. cl.addi ng and the
over cl 4001 20 ¥He “CH-6H Rortitior Tor. thE T atatental fode s at V =
0. The figreseordem gmde reak e Sts simrdddighifasamov » Angied e Hdraio-t he

wavegui de shoul d stay nononodal). For a highly asymetric wavegui de, havi ng
a large @@f@%ﬁ%%qcﬁ’de(%edﬁqﬁr@rdelﬁ?é”%t%é%ﬁ tHe o 18RS HitiSp e 8%addi ng

and the |9uefs5l addingndled R Gife ofde Qlcdife fiupdament aéhegﬁ%ﬁy%ecﬁurs at Vv

= m2. The first order node can exists starting fromV = 3nf2. "302) The
refractivdadidew,dirf-f esenbetbetwebn pheipelymedeupper aclladdieng and t he

| ower cl adding, n, is l.arge (high as try)., This j.nduces the field
expanst on 5 apaas S Aeryiat SRR e g d (LS £01° i
20101 089209PCH ER2Q013/050743

1) The refractive index of the polymer cladding, n., is
close to that of the core ns. This induces the cut-
off of the mode with strong field expansion out of

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

of the so-called V-parameter: V=2n(h/L)(ne- n2)v2

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 = mw(note that

the waveguide should stay monomodal) .

For a highly asymmetric waveguide, having a large refractive
25 index difference between the polymer (upper)cladding and the

lower cladding, ng, the cut-off of the fundamental mode

occurs at V = w/2. The first order mode can exists starting

from V = 3n/2.

30 2) The refractive index difference between the
polymer upper cladding and the lower cladding, ng,
is large (high asymmetry). This induces the field

expansion to occur exclusively in the polymer



6 cladding. A quality neasure for this condition is the ratio of the
optical power at the boundaries of the core with the polyner cladding (Ps)
and wi t h wowero/sbamddi ng(Ps). For the TE nodes this rati @CTAPL01B05G783 : Pe /
Ps =r = (ni2- ns2)/ (nl2- ne2) Therefgre, a suitable choice for V would be
in the range between V = 0.1 and V=4 in conbination with a value for r in

the range of r > 1.1. 10 Preferably, said polyner claddin terial is at
| east substantiall fJ]T?éjéielnfgrnrﬁ SY9rdtd d1e éjlr&t%df o t%gwgftd&& cdonsi sting
of poly pentabromphenyl, iRl hacrplater ikely Rentabromrhenylnacdate, poly

pent abr onobenzyl 15 net hacryl ate, poly pentabronobenzyl acrylate, poly
2,4,6- tribronopherpy tiet lrcrey vettédy thel e lngleghenydddsiuld | de) poPywithapt hyl
met hacryl ate, poly  2-vinyl.thjophe pol - di chl.oro re .pol y

Novi nyl pht hal ani de. ‘SEsTy Czl-am%“%r@g?yrgﬁé ﬁﬁgpg Bldiet aﬁ#%rg%ﬁéﬁyl

met hasryl ate. In the/20 aldermath; ey = Sapthppyraiz)cl adding material is at

| east substantially made froma material selected fromthe group consisting
of a polymer based on aronatic benzene rings and a pol ynmer based on fused

aromat i € qid19s0,3HCh a3, a0l §1RAOY AMNGNRL, Ay ) arOMald G- pRlyi m de.
Preferably, high 25 refractive index particles have been added to the

mat er i al keftwsaind VYpal yver agldaddi-ng! nmet erdmddinat ignderi ttho a nerleasd arhe | ndex
of refracti nt her eof . J{:r ef>erat1I y said |l ower cladding |layer is made from
t her mal | y 730§t oSSt “dhénicdl’ ‘vapor deposited (CVD) silica, silica
contapni ng mul ti conponent gl asses, fluoride glasses, silicon containing
organi ¢ polyners or silica containing hybrid organiq-inor%gnic pol yners or
quorine]%Qﬁﬁ%ﬁQQlﬁg 6¥¥Egﬂgplymer cladding material is at least

substantially made from a material selected from the group
consisting of poly pentabromophenyl methacrylate, poly
pentabromophenyl acrylate, poly pentabromobenzyl

15 methacrylate, poly pentabromobenzyl acrylate, poly 2,4, 6-
tribromophenyl methacrylate, polyvinylphenyl sulfide, poly
l-napthyl methacrylate, poly 2-vinylthiophene, poly 2, 6-
dichlorostyrene, poly N-vinylphthalamide, poly 2-
chlorostyrene en poly pentachlorophenyl methacrylate. In the

20 alternative, said polymer cladding material is at least
substantially made from a material selected from the group
consisting of a polymer based on aromatic benzene rings and
a polymer based on fused aromatic rings, such as an SU-8
epoxy monomer or an aromatic polyimide. Preferably, high

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

index of refraction thereof.

Preferably said 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



pol ynmers or fluorine containing hybrid organic-inorganic polynmers. In one
preferred enbodi nent of an integrated optical 5 waveguide interferoneter in
accor danceowntonspive i nvention said nmeans for raising an#Crmpesiong7ahe
tenperature of said polyner cladding material conprises a heater and/or a
cool er adjacent to the section of said polyner cladding material. Said

heat er and/or cool er i.nclude electrical reS|st|ve 10 heater, stripes or
t her mo- eFECHHISE S 61 ﬁg%rféé{@i g e aelr?elﬁ]tgs%t arkd S posEP 1A Sai d

pol ymer seatji@¥s). In a further preferred enbodlnent of an integrated

opti cal maveQU|de interferoneter according to the invention said 15 first
wavegui de core | ayer and/or said second maveQU|de core Iayer is/are

prOVIdedfMt ﬁﬂ%&%ﬁre4'%$ for@ f.%_ %% AN en preferred
el

enbodi ment” o integra |ca maveQU| ter er néter i n accordance
wi t h §he viarnentiicen ﬁ&dﬁf@rroafert@crt live dowdexizefcesaiidif ivhst iwaneeguicge core

| ayer and/ or_said second wavegui de core |layer is selected in the range
bammnf%@ﬁ@@%f%m%%w%ﬂW@§ﬂ@$ﬂ%@ﬁﬁ&m%@%ﬁ%Q%ﬁW%mﬂm

sai d second pavegquide iGry &dayar 1 /RIS iale d easlesuhstantial ly smde,from a
mat eri al "sel’ected 25from the group consisting of Si3N4, Ti 2, Ta203 Zr 02,

Al 208, Y208 mm@o&hd nsea:trlum ey ariet @crlauheefnbﬂmd«tbmy ofa ta diait. egr at ed

opti cal ve |nt r onet accordln inventiaon a faam 30 is
oppl o G RATE Theng FU o AT 1rg I 1R TS ety e g st d

pol ymer clcad@dngdraield alr tirmo-electric cooling/heating elements

that are disposed near said polymer section(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 in accordance with the invention

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

25 from the group consisting of SisNy, TiO,, Tay03, Zr0,,
Al,05,Y,05 and Nb;Os.

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.

The present interferometer might be sensitive for air



t ur bul ences above the neans for raising and |l owering the tenperature of
said polyner cladding nmaterial, that is the heaters. These induce

i nt erferiwg 2eiogsedoof | uct uati ons. This can be avoi ded byPprapmPgéIgs5i7hs N

pol yuret hane (PUR) foam 5 | ayers as thermal isolators on top of the
heaters. PUR foamis an excellent thermal isolator. The foam | ayer can be

applied b ri.pping a diluted PUR pre-pol yner. solutjaon onto the heaters and
al | owi ng %%é’]ted“@%r éba?éfea t%@ar‘i‘ﬁaégﬁerfodfy oSt i & ipt ake T om i ent
at nospherenAltannat igeldsi 4 ke 1lthdeatiers ican rke Lsavar ed nait h 2 wgrverpl ate

of a nore dénse material, while leaving a narrow, thermally isolating air
gap bet we@Es teyes s dihfesce 1ofdudse Indatrares laved stilee adovidysltated. 1 ans -a THhurst her
preferred, _enmhodi nent. of .an i nt.egrat .Qpt i cal vegu interferoneter
in accorg:éaﬁlgte%evmatvr?]ﬂ%c{s blyn\?@%tlly%ﬁl ecglnls?pé)roglyﬁlrr(])e\%h\g%ﬁ f%ﬂrﬁgl efgjtar%l{ cal

nodul at i dmvefrsa o8 galrnefl Saidd amans drort deaicl nheand: dtewer. YR f®am
tenperature of said polynmer claddi n%ﬁmateri al . An advanced nodul ati on

princi pl &3 $6- &NA%Ed Lt rroRy e Inddniatioon, e e udéd o Gt & a 20

sensor response of, the Jyiesent dinterdermemetale Wik gh sensidd Wit
Serrodyne signal processing requires a sinusoidal "output signal in order to
per f or m Fdur itera taryal ysids afldrowgptd ddll phas e udet eramiendtdeon.l ablse feat er yi el ds
primarily a square _r.oaqt dul ation _i.n response to appl.i.ed .25 vol t age.
Ther of or 8558 AU TR Vol TagBLaptt m el SUeH T hdt & Lriiseldal ot i ca

modul at | oRdte ebtRimed Ak kel encoded doveadicakup it able randiadse a
di gi tal /anal ogue converter send to an electronic circuit. Using diodes, the

posi t i ve @@ edat i hroltedged darfe NEHER "o (hed Med 1S parcdtcd id1%ctiri cal 30

anpl 111 el 6 g2 phiGlt dody gehgfe!t%%tr'e%adeJE%k%f %‘heT@o%eW’akﬁézi, g a

si ngl e i nput nodul ati on signa erived froma single |loopup'ta
used to sequentially drive the heaters of the two therno-optic nodul ators

of the present., 9.interferonter in order to obtai.n the sinusoidal .optical
¢ esponse, 1Tt for ey SomREIAti G (O EHISN AT Alar NG tAgS Gt
behaygor wefvddhe dharmmnaptigalt af fiectacAsRinddhe vl lwance efedtamper at ure
on the resistance of the heaters 5 can be conpensated for by a correct

desi gn ofadie lagek iy avaslesl flafs edad teft aado lert igiremEntes sdlB@ lorsd heat er
g;)terggf Gan Pervided. i sa J urddhen Rnahes red ehodl Rt Of, An Jint egrat ed
polymer cladding material. An advanced modulation principle,
so-called serrodyne modulation, can be used to obtain a
20 sensor regponse of the present interferometer with high
sensitivity. Serrodyne signal processing requires a
sinusoidal output signal in order to perform Fourier
analysis for optical phase determination. The heater yields
primarily a square root modulation in response to an applied
25 voltage. Therefore, a modulation voltage optimized such that
a sinusoidal optical modulation is obtained, can be encoded
in a lookup table and via a digital/analogue converter send
to an electronic circuit. Using diodes, the positive and
negative voltages are then routed to separate electrical
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



10 wavegui de interferoneter according to the invention a polarization netal
strip is used as said neans for raising and |lowering the tenperature of

sai d pol ywenoolmemwbng material. The present interferonerer/Erpanasegss wel |
with one of the two possible light polaization states (TE and TM 15 only.
The optical fiber that inputs the interferoneter delivers both

pol ari zat.i ons._ Therefore a pol ari zation stripper is preferred. This m ght
be done By'$HEHIRE Tal<orPtdTn [ Gié oF ttkﬁesdﬁuasﬂ]i{ft SHEICPY) in the Si

substrat e Jmigrdaal e Adhs, tcro%@%‘?@af[tﬁ"%ctﬂc@cn 19fe the 20 dnterfarenpt er. This
yi el ds an attenuati on of < 10 dB/cm much hi gher value (shorter stripper)
can be olsteaianstg iy bsdlestid @ fTNMheo dé cabsorgpttiior i e fd ant-alAiseyerthd n t he
interfera er _this e the tal .lL.ayer of_ .the he r. e .heater and
St 1 pper TUATICOIAl [ty (CAR e GeCounl ddithy 8 ARRIT Rg M Hyor et al
strucsur esir( &eg.c Gl adch fGr far astadRiotlg dand Au Sfortheatdaxg)e The
present invention also relates to the use of an _.integrated optical

wavegui dédHtCer ey didtderr faddsr disTg o ST SRS iR tdipstick. 10

optical iNtsidgr Bt ¢l it AGcYdance with the invention, wherein
figure 1 is a schematic | ayout of a standard integrated 5opti cal

interferometer of the Mach-Zehnder type; figure 2 is a schematic |ayout of
t he functf oni re}gﬁrgcfg]lthe st.andard inte .ferocmatfer of. figure 1 fortiecvelnescent

sensing of " ¢h STadd/or ph sieénéjlocglﬁnaeﬁ]ti Gl TNLEEERE £5% S schemat i ¢
| ayout ofwatvkeyinteerifrercameiremekof ddcga ng, deutcHeow radaptiedh ian accor dance
with the invention; figure 4 relates to a specific use of the
polarization metal strip is used as said means for raising
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)
15 only. The optical fiber that inputs the interferometer
delivers both polarizations. Therefore a polarization
stripper is preferred. This might be done by selective
absorption of one of the polarizations (TM) in the Si
substrate material in the transport section of the
20 interferometer. This yields an attenuation of < 10 dB/cm. A
much higher value (shorter stripper) can be obtained by
selective TM mode absorption in a metal layer. In the
interferometer this can 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 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



interferoneter of figure 3, that is as a dipstick. 15 The interferoneter 1
of figure 1 consists of an input channel waveguide 2 that splits up in two
i denti calwbnraraisex93, 4. After a well-defined | ength, tireTEPReW/IOM7aNChes 3,
4 are conmbined again to formthe outpui,waveguide 5. Light that enters the
i nput waveguide 2 splits equally over the 20 two branches 3, 4 and conbi nes
again at the output vegui de 5., The cross-sect.ion of the optical wavegui de
channel e Hf]é:refm%%r?&eéﬁerl oGSt Eaec % “ﬁtg“n t%g rActSVe 9 dex core

| ayer W thaJiigdge profile that is sandwi ched between |ow refractive index
buffer layers. In case of buried 25 wavegui des, the optical field is
conpletely contained in the core and buffer |ayers and the propagati on of
light is not fected by environnental disturbances. Wth reference to
ioure 3, by dUrg Sotching FouRTtdea L4 30 Con SIS Ag 6 6 aGeTery
removed above ddte cechanrele vvegitdes at el hMadef-izrech qeasittyigens in both
branches 3, 4 of the interferoneter 1. In these so-called wi ndows 7, 8, the
evanescent fi dliguafe t?he 9 iegistchehatt itor dwelositt lorfodidie tihectipnimdercdl ayi ng
channel maveg%%%e%ﬁ.e%%%%t%nk%&%e&%%e%n%j%&n%%n%r%pqv%bEh%v%%%%%%%&pnEter 1
and becones susceptlnle to "environment al changes.” "/An interface layer that

bi nds speci fi caldsy nwi T ahainttoe INeineyulre$hefs iidatieresin ts disgprovi ded on the
surface of the sensing window 7. To keep the interferometer 1 bal anced, the
reference wndéwWi8S s pridvicd e NRNER 1&n Liantcers ade Uhay én tEdr TORGWS ™o

speci fii ¢ bi nding.¢- sanp| rial,.s f:l.0 ver th.sensi and
refergnce w ndow %@Q%% ségg%gig%biﬁgaaféﬁ:%h£?§$%%ﬁ%$%E&Pés %6£%0 t he

i nterface | ayemviemttibbe ;sensi ng wi ndow 7 i s probed by the evanescent field
of the light travelling through the sensing branch Thi s causes a change

3.
of the propagdtidh Ssfed®Gitecheé A ifgFPeTds tiSrg 9t T Sphase difference

bet ween |ight jeemng fhmlhe Sensing braneh 3 jand o he yigfgrence 15 branch
4 at the output wavegui de 5. The induced phase difference is proportional
to the anount of analyte nol ecules binding to the interface |ayer and

gesgggs iT@lea i% reir eircomce aénrgel %ff t :L%ulrlegqt ciorglts%nsscist%fi rcl;mt r_]L%p%L{t put wavegui de

channel waveguide 2 that splits up in two identical branches
3, 4. After a well-defined length, 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 consists of a high refractive index core
layer with a ridge profile that is sandwiched between low
refractive index buffer layers. 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
30 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 so-called windows 7, 8,

the evanescent field of the light that travels through the



Wth reference to figure 3, by using etching techniques, a top cladding 6
is locally renoved above the wavegui de channels at well-defined positions
in both bweretresIBI4. These so-call ed nodul ati on secti omeTaPe00I0FI7esl Wi th a
high 25 refractive index polyner cladding material 9, that is having an
index of refraction been 1.46 and 2.5 that varies with tenperature. Onto

this polynme claddkﬁg naterlal 9, a.netallic heaterstrleilo is disposed to
change t H& Sfe MiavESR IFEAtS ' 0d1Ng. This will

change B%ﬁﬂero@ﬂ@& Qfp dieghtn & ioWng dhnrugh tlh%r@wmetso ef f ect

nmodul ation of the light in the interferoneter. Using an advanced nodul ati on
princi pl @L{%ﬂtddwﬁe trm(ﬁHVaimocm)erit@lcmms -ornwilth e aeheravstopt i ¢
active sett J.on |nr2]1 Ié ok Cr}jt elrfer lyt nqnoq |u at| e%fel GLIoni i.cs, the
output in enS|t the i nt rone FEnstored 4 nto & sensor

respopse isd gn@lvﬂd‘eai drs temJaiurtf@dehe)ﬂ nﬂm&céms;e derifcfcﬁd‘ encacaused by
specific blndlng of anal yte nDIecuIes 5to the interface |ayer in the

sensi ng WilYrd oW SR ISirgiied o4 1s e ne Sshe &t (ifetfseere@fcec e 51086 éntt s

interferyeLarnShowty i S BicdNaAMRIN 3%ha dRsEd ¢k koMl ther mo-optic
nodul ators 11, 12. This interferoneter is based on a Mach- 10 Zehnder

|ntmﬁer@mmhmquMm1WW@@ﬁd@@@hﬁlaﬁymmmewwﬂcbwmw$%mumwwmwge(ﬁ
the chip b usi ng a. g rror %% result, the

fe Wi c V%gugda_ n of%c e
present im ef%%}oneté} |s Very oA 5?‘§h5hﬁf U2 i psti ck

appl L ¢at iton.tHen ieftert auey Qsa,yetrheins&m@orseeMr@mb@o% ﬂllmp@ﬁdbaco 18y
container 14 filled with a (small) quantity of a substance 15 to be

anal yzed.tPE Qi@ ey eshiows Sdid érfndtisy & idigs tireR SStliaeét heuapo thap
2010/089%Q§P9Ikﬁ@%%&§ﬁ9§Q7ﬁ§u%3causes 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 to the amount of analyte
molecules binding to the interface layer and results in a
periodic change of the light intensity in the output
waveguide 5.

20
With reference to figure 3, by using etching techniques, a
top cladding 6 is locally removed above the waveguide
channels at well-defined positions in both branches 3,4.
These so-called modulation sections are filled 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
temperature. Onto this polymer cladding material 9, 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 effect
modulation of the light in the interferometer. Using an
advanced modulation principle (serrodyne modulation) in

combination with the thermo-optic active section in the



CLAIM5S 1. Integrated optical waveguide interferonmeter for evanescent
sensi ng of chem cal and/or physical 5quantities, conprising a substrate
carryi ng wowawagedode | ayer structure provided with a fPCIIEPMEVASTHEE coOre
| ayer sandw ched between two first clagding layers fornmed by a first |ower
and a 10first upper cladding layer, of a |lower refractive index than the
first wavegquide core |ayer, ~a second wavegui de core | ayer sandw ched

bet ween t _%ﬁﬁﬁﬁﬂ?qﬂgﬁﬂﬁrﬁﬂgIQ§ﬂ%%?q%9wﬁ$?Q£f%¥%ﬁ§unﬁTq SePnd a second
upper cl addingil@ayers @fe adruere dgfdact ive s1aindesdhan the second
wavegui de core layer, a splitter and a conbiner for optically coupling
sai d firsermwd secmrdsgaviaguiede tderte Ysaypsrus latt of ithst 1asdhosst gigigeunct i ons,
respectively, characteri by : ul at i section-of a I r_cl addi ng
mat eri al |ﬁ%ﬁ%}e§iQ%¥%%£qﬁ?E%ﬁ%ugﬁgépﬁﬂﬁiggcgiéﬁgﬂﬁmfhﬁgﬁégﬁiﬁﬂn

i ncl uded don wore ieftdrfe cedend upperchel agdigighd ayierdsw tthe pol ynmer cl addi ng
material covering an identifiable area of said first wavegui de core | ayer
and/ or said second wavegui de core |ayer between the 25first and second
juncti on%igsdaaed ROIARI ¢ adding materd s hay ngan Jindex Ofr At on
between 1.46 and 2.5 that varies with tenperature, thereby changing the
phase of shadiratirorf iprnopagat imegietliy eugle shics tfliakstl and hs édenthonvanregui de core

layers, 304 JEBAMS 91,7345 19,30 Jusrd g Lhe temperatyng of (Bahd

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, in a
dipstick application. In other words, the sensor end may be

15 dipped into a container 14 filled with a (small) quantity of
a substance 15 to be analyzed. Figure 4b shows alternative

dipstick structures.

20



pol ynmer cladding material. 14 2.Integrated optical wavegui de

I nterferoneter according to claiml1, wherein said interferoneter in said
nodul at i onoxenrasew9sati fi es the equations: 5(1)nc > ns ERY/E¥26102FCENA) ( nf 2-
n2)1/ 2 (3) r = (nf2_ns2) / (nf2_ nc2)swith 10 nc being the refractive

I ndex of the first upper cladding |ayer and/or the second upper cladding

| ayer; Higﬁeing the refractive index of the first | ower 15cl addi ng

| ayer an e second | ower cladding layer; nf being the refractive

i ndex of the first core |ayer and/or the second core | ayer; h

being the thickness of the first core |ayer
1. Integrated optical waveguide interferometer for

evanescent sensing of chemical and/or physical
5 quantities, comprising a substrate carrying a waveguide

layer structure provided with

- a first waveguide core layer sandwiched between two

first cladding layers formed by a first lower and a
10 first upper cladding layer, of a lower refractive
index than the first waveguide core layer,

- a second waveguide core layer sandwiched between two
second claddings layers formed by a second lower and a
second upper cladding layer, of a lower refractive

15 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, characterized by

- a modulation section of a polymer cladding material

20 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
and/or said second waveguide core layer between the

25 first and second junctions, said polymer cladding
material having an index of refraction between 1.46
and 2.5 that varies with temperature, thereby changing
the phase of radiation propagating through said first
and second waveguide core layers,

30 - means for raising and lowering the temperature of said

polymer cladding material.



20and/ or the second core |ayer; X being the optical wavel ength; V varying
between 0.1 and 4 for r > 1.1. 3.Integrated optical wavegui de

i nt er f er owot2ero/@ewor di ng 25to0 claim 1l or 2, wherein sai @gCpaPgomwnswhaddi ng
material is at |least substantially made,froma material selected fromthe
group consi sting of poly pentabronophenyl nethacrylate, poly

pent abr onophenyl acryl ate, poly pentabronobenzyl_ nethacryl ate, pol

pent abr o%benfﬂteﬁﬁéﬁﬁ &1 55 Waﬂe@%-%oi%t&m%ter%t%ﬁl&

pol yvi nyl phenyl, sulfiide, Relafckmaptibyli nmihaciylats, Roldaia

2-vi nyl t hi ophene, poly é,6-d|chlorostyrene, poly N-vinyl pht hal am de, poly
2- chl or ost yr em@den agolop peEftachl eredpiamd thet fsoaiignes: 15 4. | nt egr at ed
opti cal waveguide interferoneter according to claim1 or 2, wherein said
pol ynmer cladding nmaterial is at |east substantially nade froma materi al
sel ecbed 5fromithengroup,consisting of a polyner based on aromatic benzene
rings and a pol yner based on fused aromatic rings, such as an SU- 8 epoxy
nononer or an @ondtT "B Nmdringe”* 10 5. Integrated optical wavegui de
interferonetersgccardi ng to glkaym3 ar A7) wherein high refractive index
particles have been added to the material of said pol ymer cl addi ng nmateri al
in order to increase the index of refraction thereof. 15

with
10
- 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
15 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;
- h being the thickness of the first core layer
20 and/or the second core layer;
- A being the optical wavelength;

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

3. Integrated optical waveguide interferometer according

25 to claim lor 2, wherein said polymer cladding material
is at least substantially made from a material selected
from the group consisting of poly pentabromophenyl
methacrylate, poly pentabromophenyl acrylate, poly
pentabromobenzyl methacrylate, poly pentabromobenzyl

30 acrylate, poly 2,4,6-tribromophenyl methacrylate,
polyvinylphenyl sulfide, poly l-napthyl methacrylate,
poly 2-vinylthiophene, poly 2,6-dichlorostyrene, poly
N-vinylphthalamide, poly 2-chlorostyrene en poly
pentachlorophenyl methacrylate.



6. Integrated optical waveguide interferoneter according to any of the
preceding clainms 1 through 5, wherein said neans for raising and | owering

t he t enpeweatarodsefoosai d pol yner cl addi ng naterial conpripseg£pPaolossi’es and/ or
a 20cool er adjacent to the section of said polyner cladding material. 7.

I ntegrated optical waveguide interferoneter according to any of the
preceding clainms 1 through 6, wherein said 25first wavegui de core | ayer
and/ or said second wavegui de core |ayer is/are provided with a profile in

the formgof aidge.at8q lptragrat edeRliicRl jwavegu dadterfeieneter
according to 30any of the preceding clains 1 through 7, wherein the
refractive i ndex cdfaigaildf i2r s wheapeguisde oc crog vimaye c landiog gritersedond
wavegui de corg | ayen i.s sel %%tt%[%t'i 1hhe range bet g?%%tje-rﬁa%“%eﬁ-eE’-te]dﬁ 9

I nt egrated optical waveguidéeinter eroneter. accor ing toany o the

precedi ng cl aiff®nl thiar eughn8 consarseiimgsaifd f ipestymaay eguiede ogor e | ayer

and/ or said second 5wavegui de core |layer is/are at |east substantially made
froma materi &TOFEIEEG EFTFENR tHEIGr Gt ComsSilstisig Peres o fUufied, Ta20s,

Zr2, A23, Y2@Rand M2k 0.4 niegrated 80%%40‘5531/] aveey de on
interferoneter according I0to any of the preceding clains 1 through 9,
wher ei n aromatic polyimide.

10 5. Integrated optical waveguide interferometer according to
claim 3 or 4, wherein high refractive index particles
have been added to the material of said polymer cladding
material in order to increase the index of refraction
thereof.

15

6. Integrated optical waveguide interferometer according to
any of the preceding claims 1 through 5, wherein said
means for raising and lowering the temperature of said
polymer cladding material comprises a heater and/or a

20 cooler adjacent to the section of said polymer cladding

material.

7. Integrated optical waveguide interferometer according to
any of the preceding claims 1 through 6, wherein said
25 first waveguide core layer and/or said second waveguide
core layer is/are provided with a profile in the form of

a ridge.

8. Integrated optical waveguide interferometer according to
30 any of the preceding claims 1 through 7, wherein the
refractive index of said first waveguide core layer

and/or said second waveguide core layer is selected 1in

the range between 1.5 and 2.5.



said first |ower cladding |ayer and/or said second | ower cladding |ayer
is/are at | east substantially made fromthermally grown or chem cal vapor
deposi t edwQQVIy08310bi ca, silica containing mnulticonmponenPCYIERIGIOH50743

15f l uori de gl asses, silicon containing,grganic polyners or silica
cont ai ni ng hybrid organi c-inorganic po}yners or fluorine containing organic
polymers or fluorine containing hybrid organic-inorganic polyners. 20 11.

I ntegrated optical wavegui de interferonmeter according to any of the

precedi ng cl aimg b Ul t10a IWheRRIgh ;& Paldld ZHNG miBtal StddRiing used as
said neans for raising and | owering the tenperature of said pol yner

cl addi ng mat erticalany2%f12he mregegtiod opeiionl lwaveguiode 8, ntdcfirerionet er
according to . of .t precedi. cl ai 1 thro 11, . rei foami s
appl | ed o sardiedns Tl seiing GH3d arrng LRe T Shser acarahr af ¢

pol yner cl addivagammtielrd alore3Qal@.r lint/egeated leptsitc alubsaveguiade v made
interferonmeter according to_any of the preceding clainms 1 through 11,
wher ei n cover pi&fe 3 £33581k%dd 561 e§4icd reds H6r FaVS weTand TP 1°%dwer i ng
the tenperaturse Qf spi@l, palyser £l@ddinngomet.eyialy @hé.Wherein an airgap is
mai nt ai ned between sai d coverplate and said neans for raising and | owering
the tenperature of said polyner cladding nmaterial. 5 14. Integrated opti cal
wavegui de i nterferonmeter according to any of the preceding claijys 1 through
3 Caher it EAC e G SOded f G SR GRS o S ok gl | of

sai dipeans foro airsi ng amd loweiddigd he Jidisenpematotice. of, saled-cpel ynmer
cladding material. 15. Method for electrical nodulating a signal of a
heater el enentsafi6r Hidissi A@ aid Alaweliingg 1ee 1t empeicat $ee ofsesaind pol yner

cl addi ng nateﬁ%%eﬂ %fy&&iQBEQ%%%%di%g%E%aEt least substantially made

from thermally grown or chemical vapor deposited (CVD)
silica, silica containing multicomponent glasses,

15 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.

20 11. Integrated optical waveguide interferometer according
to any of the preceding claims 1 through 10, wherein a
polarizing metal strip is used as said means for
raising and lowering the temperature of said polymer

cladding material.

25
12. Integrated optical waveguide interferometer according
to any of the preceding claims 1 through 11, wherein a
foam is applied on said means for raising and lowering
the temperature of said polymer cladding material.
30

13. 1Integrated optical waveguide interferometer according
to any of the preceding claims 1 through 11, wherein

coverplate is applied on said means for raising and



15wavegui de interferonmeter according to any of the preceding clains 1

t hrough 14, wherein the heater is powered with voltages that yield a

si nusoi dawozergsp2oesponse of said interferonmeter for secTaPgoe/si7ghal
processing, thereby conpensating for the non-linear 20rel ation between
applied voltage and therno-optic nodul ation. 16. Method according to claim

15, wherein t separate heater elenents are provided, and wherein the
heater 25el ement"$%dd & eﬁﬁﬂﬂﬁ?ftﬁﬁﬁbfgdSﬁ%phFV§ﬂW§6é§ﬁPﬁ§Hn@ieId a

si nusoi dal sersel A1@3PONSR AheSAiG Il el RLMBLE ik Seldo g signal
processing. 17. Method according to claim16 wherein a |ookup table and
30an el ectri calaisclveme rarle tigs@dd wieerceimeang the rhelag sghds aing! dloestriingal

schene, positi egative vol tages are rout f.rom a.sinal-e i nput
signal to sai ¥§%ég%h§%§%§ﬂ§ehgg?éﬁlgféﬁgﬁﬁ?F‘g%%%'l@%éﬁ%t§§ﬁ lI'ookup tabl e
18 is5optimzed in order to obtain a sinusoidal sensor response of said

interferoneter for serrodyne signal praocessing, thereby conpensating for

the non- ifrear FEIHEGH between dispiaced ol e tEre e o ng

modul ation. 18, ls{%?/ Ofr amd Rhegalied QRLIGR! wWaveguigde 1int §fferanet er

according to any of the preceding clains 1 through I4 in a dipstick.
means are provided for electrical modulation of a
signal of said means for raising and lowering the

10 temperature of said polymer cladding material.

15. Method for electrical modulating a signal of a heater
element for raising and lowering the temperature of
said polymer cladding material in an integrated optical

15 waveguide interferometer according to any of the
preceding claims 1 through 14, wherein the heater is
powered with voltages that yield a sinusoidal sensor
response of said interferometer for serrodyne signal
processing, thereby compensating for the non-linear

20 relation between applied voltage and thermo-optic

modulation.

16. Method according to claim 15, wherein two separate
heater elements are provided, and wherein the heater
25 elements are alternately powered with voltages that
yield a sinusoidal sensor response of said

interferometer for serrodyne signal processing.

17. Method according to claim 16 wherein a lookup table and
30 an electrical scheme are used, wherein, with help of
said electrical scheme, positive and negative voltages
are routed from a single input signal to said two

separate heater elements, and wherein said lookup table
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is optimized in order to obtain a sinusoidal sensor
response of said interferometer for serrodyne signal
processing, thereby compensating for the non-linear
relation between applied voltage and thermo-optic

modulation.

18. Use of an integrated optical waveguide interferometer
according to any of the preceding claims 1 through 14

in a dipstick.



