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A Composite Optical Waveguide-Based Polarimetric
Interferometer for Chemical and Biological Sensing
Applications

Zhi-mei Qi, Kiminori Itoh, Member, OSAMasayuki Murabayashi, and Hiroyuki Yanagi

Abstract—A new polarimetric interferometer has been de- with the ability to respond to changes in refractive index and/or
veloped on the basis of the phase difference between transversethickness of the sensing layer; they do so by manipulating the
electric (TE)o and transverse magnetic (TM) modes in a com- afact of evanescent field on the effective index of the guided
posite optical waveguide (OWG). The composite OWG consists . . .
of a single-mode potassium ion-exchanged planar Waveguidem_ode. Almost_all of the_ sur_face mteractlon_s are accompanied
overlaid with a high-index thin film that has two tapered ends and  With changes in refractive index and/or thickness. Therefore,
supports only the TE, mode. Applying tapered velocity coupling OWG interferometers can be applied to a variety of chemical or

theory, we found that the TE, and TMo modes coexisting in  bjological sensors by immobilizing different molecule-recogni-
the potassium ion-exchanged layer were separated in the thin tion materials on their surfaces

film region of the composite OWG: the TE, mode was coupled ) . ] .
into the thin film while the TM , mode was confined in the It is more difficult to design and fabricate an OWG

potassium ion-exchanged layer. Interference occurs between TE- interferometer than an evanescent-absorption or a fluores-
and TM-polarized output components when a single output beam cence-quenching OWG sensor. An OWG interferometer
is passed through a 45-polarized analyzer. The phase difference oqyjires two beams: one beam is used for sensing and the other
¢ between both orthogonal output components is very sensitive to .
the superstrate indexn.. in the thin film region. Our experimental is used as a reference.. Mor_eover, both beams should be as close
results indicate that a slight change ofAn. = 3.71 x 10—¢ !0 each other as possible in order to negate the effect of tem-
results in the phase-difference variation of A¢p = 1° for a perature on the device. If the sensing and reference beams of
5-mm-long TiO,/K* composite OWG with a 34-nm-thick TiO>  an OWG interferometer are produced by both incident beams,
gLrg.mSigglhO?lj)sil(;?(?l?Cgloéaerrllr:(?rt:g 'nraegg‘?;;?e:ﬁ;ia” gffi?rgpslher?a?e then the device will be difficult to operate. As a matter of fact,

9 y 9 Pp both sensing and reference beams of OWG interferometers

of the composite OWG with a chemically or biologically active . o . e
substance. usually arise from the power splitting of a single incident

Index Terms—Chemical and biological sensors, composite beam through a Y-junction splitter or via a dual-channel

optical waveguide (OWG), polarimetric interferometer, tapered directional coupler. This produces three-dimensional (3-D)
velocity coupler, transverse electric (TE)j—transverse magnetic OWGs with strict fabrication tolerance. Thus, in contrast to

(TM) o modes splitting and recombination. evanescent-absorption or fluorescence-quenching OWG sen-
sors, OWG interferometers rely more heavily on guided-wave
theory. A typical OWG interferometer is the Mach—-Zehnder
device. Although the Mach-Zehnder interferometers (MZIs)
A S POWERFUL tools for surface monitoring, optical wavegzre compact, stable, and convenient to use, it is difficult to
guide (OWG) devices are attracting more and more attefyepare such devices and therefore their widespread application
tion; this is especially the case in light of rapid biotechnology syrface monitoring is inhibited. From the point of view of
ical developments and the aggravation caused by environme{gface monitoring technology, it is advantageous to exploit
pollution [1]-[4]. The use of light and the extension of interacoye| OWG interferometers with a low cost, a high sensitivity,
tion path render OWG devices highly sensitive, safe, and rgnq simplicities of fabrication and use.
sistant to electromagnetic disturbances. Optical principles ap-this paper describes a composite OWG-based polarimetric
plied to OWG surface monitoring include evanescent absolipierferometer. The composite OWG is a dual-layer planar
ti_on, fluorescence quenching, and inter_ferometery. These PrWG based on tapered velocity coupling theory and has
ciples can convert changes in the physical or chemical propgraviously been applied to both evanescent absorption-based
ties of OWG surfaces due to the interaction with analytes inggq surface scattering-based OWG devices [5], [6]. Recently,
a measurable intensity signal. Evanescent-absorption and {li4s discovered transverse electric (FByansverse magnetic
orescence-quenching OWG sensors have a limited number(-g(,l)o mode segregation inside a composite OWGs. Applying
applications because of the limited availability of sensing mgxig phenomenon, we fabricated an OWG polarimetric in-
terials. OWG interferometers are phase-modulated transduggk$erometer [7]. This new interferometer is very sensitive
to various surface changes and could potentially enhance
Manuscript received February 22, 2000. the commercialization of OWG surface monitoring. The
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coupler facilitates the manufacture of composite OWGs. Single Index of the wave-guiding layer
incident and output beams make the operation of this new

polar!metrlc interferometer as convenient as the evanescent-g 2. Calculated cutoff thicknesses of TBnd TM, modes as a function of
sorption sensor. Furthermore, an enhanced evanescent fieddvave-guiding layer index\(= 633 nm,n, = 1.515,n, = 1.333).
on the upper film surface of the composite OWG renders it

approximately 70 times more sensitive than the conventior 1535
Mach—Zehnder device. The following sections present tl - ]
principle of TE,—TMy mode segregation that occurs insidi 55 TiO, taper
composite OWGSs; an experimental demonstration of the n 1:580 1 e W i
polarimetric interferometer is included in the report. y 2 g /
jﬁvé 1525 - == | i
[ [ 5 10 5 x ¢
Il. TEg—TMy MODE SEGREGATIONINSIDE A COMPOSITEOWG % 1 500 /,’
o . = YT —— ‘
The structure of the composite OWG is shown in Fig. 1. Iti E ™, — I
composed of a potassium ion-exchanged planar OWG overl 1515 —— ez ’
with a high-index thin film that has two tapered ends and su '
ports only the T, mode. The single-mode potassium ion-ex
changed OWG plays an important role in the composite OW 1.510
0 10 20 30

for the following reasons:

1) itis alow-loss OWG and allows the guided modes to yiel
an output light intensity that is enough to be detected afte:
being propagated internally over a long distance; Fig.3. Calculated effective indexes of TBnd TM, local modes as a function

2) itis a passive OWG and allows a flow cell to be mountedf the taper height for the TigK + composite OWGX = 633 nm,n, = 1.515

on its surface without disturbing the propagation gm andn. = 1.333). To the right of the dotted line, the TiJJilm region with
a uniform thickness of 34 nm can be seen. Insert shows the effective indexes of

guided modes; both TE, and TM, modes in the Ti@ taper region with a height below 20 nm.

3) it has a low index and allows a variety of higher index
materials to be used as the thin film of the composii@yer can be separated in the thin film region by the tapered
owe, - velocity coupler.

4) itis a polarization-insensitive OWG and allows bothyTE £ 5 guided mode exists inside a waveguiding layer, its effec-
and TM, modes to be excited simultaneously by a singiye index, IV, must be between the refractive indexes,and
beam with a linear polarization. ng, of the substrate and waveguiding layet (< N < ng).

For the same reason, a single output beam with two orthofecording to this requirement, we can judge whether thg TE
onal components corresponding to theyBBd TMy modes can mode is separated from the TMnode inside the composite
emerge from the potassium ion-exchanged layer. OWG. We calculated the effective indexé¥rrg and Ny,

As a waveguiding layer, the high-index thin films differof TE, and TM,, local modes inside the Ti®K+ composite
greatly from the potassium ion-exchanged layers in optic®WG. The fabrication and parameters of the JA#0t com-
properties. The high-index thin films have a large scatterimmpsite OWG were described in Section Ill-A. The calculation
loss and are highly polarization-sensitive because of a langebased on the guided-wave equations for a four-layer OWG
index difference at the superstrate-film and substrate-film intazemposed of a substrate, an ion-exchanged layer, a high-index
faces. Fig. 2 shows the calculated cutoff thicknesses of the TRyer, and a superstrate. As seen in FigV3g increases grad-
and TMy, modes, which are a function of the refractive indexally as the height of the tapered end rises, which is the result
of the waveguiding layer on the glass substrate. The cutaff tapered velocity coupling. In the uniform TiGilm region
thickness of the T mode is larger than that of Enode for (to the right of the dotted line)}Nrgo is equal to 1.536, which
an isotropic thin film. When the thickness of the upper film ofs larger than the index of the potassium ion-exchanged layer
the composite OWG is between the two cutoff values, thg TEL1.52). This finding shows that the fEnode is coupled into
and TM, modes coexisting inside the potassium ion-exchangtte TiO, thin film. Because a slight increase Mryo with a

Height of the tapered end (nm)
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Container 1 Pump 1 Container 2 recorder connected to the detector. A polarizer located in front
(Glycerol) ﬁ (Aqueous glycerol solution) of the input prism coupler was used to adjust the intensity ratio

1 / between two incident orthogonal components, so as to yield two

_/ ] + L equal-intensity orthogonal components of the output beam.
Pump 2 C. Theoretical Analysis of the Phase Differenge,

RM N Stirrer RM When the TE-polarized output component has the same inten-
Polarizer Analyzer sity, Iy, as the TM-polarized output component, the output in-

Prism Chamber tensity of the new polarimetric interferometer can be expressed

Detector S

I = 1Iy(1 + cos ¢).
TiO,/K* composite OWG o(1 + cos ¢)

Laser

Recorder The phase differencg between both orthogonal output compo-
nents is composed of two termg:= ¢ + A¢. ¢g is the initial
phase difference just before measuremgwt.is the phase-dif-

Fig. 4. Experimental set-up of the composite OWG-based polarimetg .oy change caused by the interaction of the evanescent field
interferometer used to measure the refractive index of the aqueous glycergl : L
solution with the analyte during measurement. In case of a known inci-
dent wavelength\ and lengthL of the thin film excluding the
two sloping endsA¢ is a linear function of the difference be-
tween the effective index shiftd\ Ntgo and A N1y, Of the
TEy and TMy modes in the composite OWG:

rise in the height of the tapered emdyyg is below 1.52 in the
uniform TiOs film region, indicating that TN\ mode is confined
in the potassium ion-exchanged layer. The, TEode entering
the TiG; thin film has a much stronger evanescent interaction A¢ = (21/N) L(ANTEo — ANrpo).

with the analyte than the TMmode. Thus, in contrast to the

TM, mode, the Tk mode can serves as the sensing beam fohis is an approximate expression because the effect of the ta-

the new polarimetric interferometer. pered ends or\¢ is neglected. In principle, we can derive sur-
face information about the composite OWG at any time. For
[1l. EXPERIMENTAL DEMONSTRATION OF THENEW example, the superstrate index or the thickness and coverage of
POLARIMETRIC INTERFEROMETER the adsorbed layer, can be derived from the recorded signal uti-

A. Fabrication of a TiQ/Kt* Composite OWG lizing the guided-wave equation.

Single-mode potassium ion-exchanged planar OWGs wdbe Performance Measurement of the New Polarimetric
prepared by dipping soda-lime glass into molten K@t Interferometer
400°C for 30 min, TiC; thin film was then deposited onto the \ye jnvestigated the refractive index-sensing performance of
waveguide by RF sputtering. The prevacuum Wasx 107°  yhe Tio,/K+ composite OWG-based polarimetric interferom-
Pa. The flow ratio of Arto @ was 1:1 and the sputteringeter by changing the glycerol concentration of the agueous so-
vacuum was kept at~1.1 Pa. The sputtering power and durayytion in the flow chamber (see Fig. 4). Before the experiment,
tion was 300 _W and 5 min, respectively. During sputterl_ng, &Y 44 g pure water was cycled by pump 2 at a rate of 8 ml/min
Al20; ceramic mask with a narrow gap mounted at a distanggyeen container 2 and the flow chamber. After a stable output
of 2 mm under the substrate gave the thin film of TiDpattern gjgna| with both equal-intensity orthogonal components was ob-
of 5 mm-wide stripe with two 1-mm-long tapered ends. Theaped, pure glycerol in container 1 was injected into container
ellipsometry measurements showed that the thickness and eraS, pump 1 at a rate of 0.1168 g/min. The glycerol was then
of the thi_n film of TiO,, were 34 nm and 2.27, _respectively. Thénixed with water by stirring. As shown in Fig. 5, this flow
surface index and exchanged depth of the iin-exchanged system made the refractive indexof the aqueous glycerol so-
OWG was approximately 1.52 ai2dum, respectively. lution in container 2 increase linearly with time from 1.333 to

) ) ) 1.365 in 180 min [8]. The chang&n. per minute wad.809 x

B. Experimental Setup of the New Polarimetric Interferometey,—4

As shown in Fig. 4, two glass prisms were mounted at the endsThe change im,. caused the output signal of the BB T
of the sample as input and output couplers. A flow chamber witbmposite OWG-based polarimetric interferometer to oscillate
avolume of 6.75 mLE x 1.5 x 1.5 cm?) attached to the middle 24 times in 180 min (Fig. 6). The recorded intensity-time curve
of the sample shielded the entire thin film of Tifor the mea- demonstrated that the phase-difference chasgewas alinear
surement of the device’s sensing performance. A linearly poldunction of time. Therefore, under the present experimental con-
ized He—Ne laser beam striking the input prism coupler excitelitions, A¢ was also a linear function of the refractive index
both the T and TMy modes simultaneously in the potassiunof the aqueous glycerol solution because of a linear dependence
ion-exchanged layer. A single output beam with two orthogonaf n.. on time (Fig. 7). Applying this conclusion, namely, that
components corresponding to thegldhd TM, modes passed a A¢ depends linearly on., we can see thahy = 2x and1°
45°-polarized analyzer and then reached a photomultiplier useafrespond ta\n,. = 1.336 x 10~2 and3.711 x 10—, respec-
as detector. The interference signal was recorded with a pgemly. For a typical MZI composed of the potassium ion-ex-
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Fig. 5. Changes in the refractive index of the aqueous glycerol solution as a

function of glycerol-injection time
Fig. 7. The phase-difference changesp of the TiO,/KT composite
OWG-based polarimetric interferometer as a function of the indexf the
aqueous glycerol solution.

' to changes in superstrate index or layer thickness. However, the

} W ‘ sensitivity decreases in such a case.
Output
Intensity ! IV. CONCLUSION
(Arb. unit) We have discovered a new phenomenon ofTBVl, mode

segregation inside Ti&KT composite OWGs. Applying this
new discovery, we designed and demonstrated a new polari-
metric interferometer. The novel polarimetric interferomter is
extremely inexpensive and yet is highly sensitive, and is easy
to manufacture and operate. Such an OWG can be used re-
Time (min) peatedly as a refractometer. When this type of OWG is ap-
plied to chemical and biological sensors by using the well-es-
Fig. 6. Oscillation of the output intensity of the TitK+ composite tablished surface-immobilization technique of specific recogni-
OWG-based polarimetric interferometer with the glycerol-injection time tion molecules, it fits scale production as a disposable detecting
head. Like the use of single-use syringes in hospitals, the single

changed channel waveguides reported in literaturd@~= »  USe of c.h.emical and bjological Sensors can negate poor repeata-
corresponded ta\n, = 0.023 in the case of a 10 mm-long b|.I|ty arising from pama]ly irreversible interaction qflpdlcators
active arm. Therefore the sensitivity of the Fi&+ composite With analytes. Composite OWG-based polarimetric interferom-
OWG-based polarimetric interferometer is 68 times greater th§ffy iS @ promising new method for monitoring OWG surface
that of a conventional MZI. When the same Fi&@+ com- changes and is superior to most OWG sensing principles in some
posite OWG was used as the polarimetric interferometer in §85€S- . _ N
analysis of various index-unknown solutions, the indexes couldFinally, it should be noted that by using physically sensitive
be deduced from the recorded interference pattern associdtejerials as the upper thin film of the composite OWG, such
with Fig. 7, which served as the standad—n. curve. More- @ pplanmetnc mterferome.ter' could also be designed for mea-
over, the results were more accurate than those calculated uSiHgng temperature, electric field strength, and pressure.
guided-wave equations because some parameters used for cal-
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