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Temperature Insensitive Refractometer Using Core
and Cladding Modes 1in Open-Top Ridge Waveguide

Xiaoli Dai, Robert B. Walker, Stephen J. Mihailov, Chengkun Chen, Chantal Blancheti¢re,
Claire L. Callender, and Jacques Albert

Abstract—In order to overcome the well-known limitation of
temperature instability in Bragg grating waveguide sensors, a
temperature insensitive open-top ridge waveguide refractometer
is developed by using a cladding mode resonance as a temperature
reference. The relative shift of the core mode resonance to cladding
mode resonance is used to measure the refractive index of sub-
stances under test. Specifically, the device fabricated here produces
a relative resonance shift of 1 pm for every 5 x 10~* of measured
index change, with a temperature sensitivity ~ 0.5 pm/°C.

Index Terms—Bragg grating, cladding mode, core mode, refrac-
tive index sensor, ridge waveguide, temperature insensitive.

I. INTRODUCTION

ITH THEIR miniature size, noninvasive and rapid detec-
Wtion, Bragg grating refractometric sensors are becoming
useful tools for chemical analysis and biomedical testing. Mea-
surements from Bragg grating-based refractometers, however,
often can be distorted by fluctuations in the ambient tempera-
ture. For temperature insensitive sensors based on fiber Bragg
gratings, several techniques have been proposed to discrimi-
nate between Bragg resonance spectral shifts associated with re-
fractive index measurements and those induced by fluctuations
in temperature. These techniques are implemented by using: a
second Bragg grating in a side-polished fiber Bragg grating re-
fractometer [1], [2], higher order modes in an etched-core of
a fiber Bragg grating sensor [3], [4], and higher order modes
in a tilted fiber Bragg grating sensor [5]-[9]. In our previous
work [10], a highly sensitive waveguide Bragg grating (WBG)
sensor for measuring small changes in the refractive index of a
surrounding liquid was developed. By using an open-top ridge
waveguide with a small core, the evanescent field interaction
of the guided mode with the liquid analyte was enhanced. The
sensitivity measured via a shift in the resonance wavelength of
the Bragg grating was as high as 1 pm of wavelength shift for a
change of 4 x 1075 in the liquid refractive index on the top layer.
However, the device was sensitive to temperature change as the
Bragg wavelength shifted with temperature (~ 11 pm/°C in
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Fig. 1. The structure of open-top ridge waveguide without top cladding.

silica waveguides). In this work, we propose a technique for cre-
ating a temperature insensitive refractometer that utilizes core
and cladding modes in an open-top ridge waveguide architec-
ture in order to discriminate between changes in temperature
and refractive index.

The structure of the open-top ridge waveguide is as shown
in Fig. 1. In Fig. 1, the center ridge waveguide with the Bragg
grating is tested as a refractometer by coupling the light source
into the end of the waveguide. The function of the two adja-
cent waveguides is to act as a barrier and to partially prevent the
liquid from flowing away from the waveguide with the grating.
The adjacent waveguides do not contribute to the device per-
formance. The guided light of the center waveguide couples
evanescently into the surrounding liquid through the top and
sides of the waveguide. The three waveguides shown in Fig. 1
have the same dimension and are separated by 75 pum. Three
different sets of waveguide dimensions were used in the experi-
ments: 7.7 pmx 5.6 ym, 6.6 pmx 5.6 pm, and 5.7 pm x 5.6 pm.
As an open-top ridge waveguide exposes three sides of the core
(~ 270°) to a surrounding liquid, the core modes associated
with these structures exhibit higher sensitivity to the index of the
analyte liquid than is present in side-etched waveguide designs.
When a Bragg grating is induced in the core of an open-top ridge
waveguide, core and cladding resonances are observed when the
light modes guided by the core and undercladding are phase
matched by the grating structure. Both the core and cladding
resonances are sensitive to the liquid refractive index on the
top layer of the open-top ridge waveguide. However, because
modes of the undercladding have a different degree of exposure
and are somewhat shielded by the waveguide itself, the sensi-
tivity of the cladding modes to the refractive index of the an-
alyte liquid is different from the sensitivity of the core mode.
The core and cladding mode sensitivities to temperature fluctu-
ations, however, are more closely matched as the thermo-optic
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coefficients of the silica waveguide core and cladding materials
are similar to each other. These characteristics can be used to
decouple fluctuations of the Bragg resonance of the core mode
due to temperature from those changes that are due to variation
in the refractive index of the analyte liquid.

In the experiments presented here, the variation of the
cladding and core resonances are investigated as a function
of temperature and the external refractive index n:. In the
analysis, simulations of the field distributions of the core and
cladding resonances as a function of n, are performed and are
consistent with the measurement results. A theoretical model
is developed to investigate the performance of some potential
waveguide structures. Relationships between the waveguide
core size, refractive index distribution, as well as the relative
evanescent sensitivity of the core and cladding modes are
examined. As a result, we find that decreasing the waveguide
core size, especially when the effective index of the waveguide
is close to the expected refractive index of the analyte, can
enhance the sensitivity of the refractometer.

II. EXPERIMENTAL RESULTS

As shown in Fig. 1, ridge waveguides were fabricated in a 6 £
0.5 pm thick Ge-doped SiO; layer grown by flame hydrolysis
deposition (FHD) on a 7 um layer of thermal silicon dioxide on
silicon. The ridges were produced using standard photolithog-
raphy and reactive ion etching (RIE) using a CHF3/0y gas
mixture. The core layer index n, was measured before etching
by prism coupling at 1537 nm to be 1.4545 £ 0.0004. The
bottom cladding index ns was 1.4436, which was 0.75 £ 0.07%
less than n,. The dimensions of the waveguides, as measured
using scanning electron microscopy were 7.7 pym X 5.6 pm,
6.6 um X 5.6 um, and 5.7 pm X 5.6 pum, respectively. The dis-
tance between two adjacent ridges was 75 pm. On a wafer pat-
terned with different core size ridge waveguides, Bragg gratings
were written using a single zero-order nulled phase mask and
an ArF excimer laser with an emission wavelength of 193 nm.
With a UV cylindrical lens, the laser beam was focused to a spot
size of 5 mm x 300 pum onto the wafer surface. A strong Bragg
grating with index modulation An ~ 9 x 10~% was induced in
the hydrogen loaded 6.6 ym X 5.6 ym waveguide with 40 Hz,
100 mJ/cm? /pulse of polarized UV irradiation (oriented normal
to the waveguide axis). The laser beam was polarized to reduce
the birefringence of the device [10]. The total UV exposure for
the fabrication of the Bragg grating with —21 dB transmission
and 0.7 nm bandwidth is 1 kJ/cm?. The section of the waveguide
that contains the Bragg grating with the 5 mm length is cov-
ered with the analyte liquid entirely when the refractive index
changes of the liquid were measured. The experimental setup is
shown in Fig. 2. To monitor the changes of core and cladding
modes with the refractive index of the liquid analyte and temper-
ature, the broadband light from a 980 nm-pumped erbium-doped
fiber was coupled via a single-mode fiber into the core of the
open-top waveguide. The transmitted light was out-coupled to a
single-mode fiber and monitored by using an optical spectrum
analyzer.

First, the characterization of the device as a refractometer
was carried out. Cargille liquids were used to test the devices at
22 °C. Liquids with different refractive indices n; were dropped
onto the top surface of the waveguide. The transmission spectra
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Fig.3. The spectra of core and cladding Bragg resonance shifts with the change
of the refractive index of the analyte liquid.

of the device having waveguide core size of 6.6 um X 5.6 pm is
shown in Fig. 3. For gratings that were written with their planes
orthogonal to the waveguide axis, as presented here, much
stronger coupling to the core mode as opposed to the cladding
mode was observed. From the point-of-view of utilizing both
core and cladding modes resonances to decouple temperature
and index change information, it is desirable to increase the
strength of the cladding mode resonance making it more easily
detectable. This can be easily achieved by blazing or tilting the
grating slightly with respect to the optical axis of the waveguide
[9]. Both core and cladding mode resonances were sensitive
to changes of the analyte index n;. From 1 to 1.44, the core
mode wavelength shifted more than the cladding mode wave-
length resulting in a core-cladding mode wavelength difference
AMco—¢r- Unlike similar devices in optical fiber, the Bragg res-
onance of the core mode was more sensitive than the cladding
mode resonance to the refractive index change of the liquid on
top of the waveguide. Devices with waveguide core sizes of
7.7 pm X 5.6 ym, and 5.7 ym X 5.6 pm were also tested. The
results were plotted in Fig. 4. It is shown that the sensitivity to
the analyte increased with decreasing waveguide core width.
As the sensitivity S, is defined as A(Acore — Acladding )/ A1y, it
is dominated by the change of the core mode evanescent sensi-
tivity that increases with decreasing core width [10]. The small
core size 5.7 um X 5.6 pm device had the highest sensitivity.
The sensitivity increased slowly for low analyte indices, but
increased more rapidly as n; approached that of the waveguide
core ng4. The sensitivity measured via the variation of AX.,—_
with n; corresponded to a 1 pm increase of A\.,_o for a
change of n; of 5 x 1074
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Fig. 5. The simulation results of the field distributions of core mode and
cladding mode in TE polarization: (a) core mode and (b) cladding mode.

As a comparison, the field distributions of the core and
cladding modes of the waveguide having core dimensions of
6.6 pm X 5.6 pm, were simulated by a generic finite difference
method using the commercial software package OlymplOs of
C2V . The resultant field distributions of the core and cladding
modes for the device were shown in Fig. 5. It is clear that the
cladding mode is less sensitive to the external index changes
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Fig. 6. The test results of the difference of cladding and core mode resonances
varying with temperature for the device whose waveguide core is of 6.6 ppm X
5.6 pm.

than core mode, because the cladding mode field is less con-
fined in core layer than in cladding layer. The corresponding
Adco—c as a function of external index resulting from the
simulation was also plotted in Fig. 4.

To investigate the temperature stability of the device, the
waveguide was mounted on a metallic block in which liquid at
a constant temperature could be circulated. The temperature
of the device was varied in a stepwise fashion through a fluid
chiller-heater unit connected to the metallic circulating block and
the temperature was measured at the surface of the block. The
variation of A).,_; with temperature (22 °C-65 °C) was mea-
sured for adevice with a waveguide core size of 6.6 ym X 5.6 pm
using index-matching fluids with refractive indexes of 1 (air), 1.3,
1.33, and 1.4, respectively. The results were shown in Fig. 6. The
variation of A\ ,_.; with temperature was ~ 0.5 pm/°C. The
temperature dependence of the cladding mode Bragg resonance
was similar to that of the core mode Bragg resonance. With the
exception of n; = 1, the variation of A)\.,_.; decreased with
increasing temperature because of the thermal dependence of
the refractive index of the matching oils. For the liquids whose
refractive indices are 1.33, 1.39, and 1.40, their index variation
with temperature are —3.6 x 107%/°C, —4 x 10~*/°C, and
—4 x 107%/°C, respectively. For the liquid with the refractive
index of 1.40, the refractive index variation with temperature is
—4 x 107%/°C. By the sensitivity curve of Bragg wavelength
difference between core mode and cladding mode versus the
analyte n; in Fig. 4, we have d\/dn; = 2.900 nm for the re-
fractive index of 1.40. Thus, the change of Bragg wavelength
difference between the core mode and cladding mode with the
temperature change is about —1.1 pm/°C, which is partially
compensated by a positive shift resulting from the difference of
the thermo-optic and thermomechanical effects in the core and
the cladding. The Ge-doped SiO2 core has higher thermo-optic
and thermomechanical effects than the pure SiO» cladding. From
the experimental results of n; = 1 in Fig. 6, the positive shift
in the Bragg wavelength difference is about +0.6 pm/°C.
Therefore, the Bragg wavelength difference should change with
temperature by about —0.5 pm/°C.
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III. DISCUSSION

In Bragg grating waveguide structures, the resonant wave-
lengths of fundamental harmonic backward and forward propa-
gating modes may be written as

AResBkwd = (Teff,In + Meff,Bkwd )/ (D

)\ResBkwd = (neﬁ,In - neﬂ',Fwd)A (2)

where A is the grating period, n.g,1, is the effective refractive
index of the incident mode, n.g Biwa is the effective refractive
index of the backward propagating coupled mode, g Fwa iS
the effective refractive index of the forward propagating coupled
mode. The core mode Bragg wavelength is produced when the
effective refractive indices of the incident mode and the back-
ward propagating coupled mode are equal to the core effective
refractive index of the waveguide. With (1), we have

/\core = 2neff,coreA- (3)

Cladding mode resonances are produced when the light prop-
agating in the forward direction along the core is coupled into
the cladding by the Bragg grating. From (1) for backwards scat-
tering, we have

)\cladding = (neff,core + neﬂ,cladding)A- (4)

With this in mind, for scattered core and cladding modes, co-di-

rectionally propagating in either the forward or backward di-

rection, the difference in wavelength shift as a function of the

analyte index variation An; can be expressed as

A(/\core - Acladding)/Ant :[]- - (Aneff,cladding/Aneff,core>]
X(Anoﬂ,corc/Ant)A- (5)

We have the relative evanescent sensitivity

S = [1 - (Aneff,cladding/Aneff,core)] (Aneff,core/Ant)- (6)

By increasing the values of [1 — (Aneg cladding / ATteft,core )]s
and Aneg core/Any, S can be made more sensitive to the
change of the analyte n;. The value of 7ef core can be ob-
tained by a simple numerical method [12]. The relationship of
Neff, cladding aNd Neff core Can be obtained from the experimental
results.

Several approaches can be used to analyze ridge waveguide
structures [12]-[15] to calculate the effective index ncf,core-
In particular, we make use of a simple numerical method [16]
previously developed to analyze the dispersion characteristics
of guided modes within a strip waveguide. According to this
method, the effective index nry; of the guided TM core mode
is given by

nQTM = ﬁ"er - 777b27r2/4a2k2 [1 —2/ak (nz - ntz)l/z} @)

while the effective index nrg of the guided TE core mode is
given by

nAgp = Hap — m2n? /4a’k? [1 —2/ak (n§ - n?)l/2

+2 (nz - ntz)l/z /aknﬂ (8)
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where k = 2w /) is a frequency’s free-space wave number.
nrg and 1y are the effective indices of TE and TM modes
associated with the three-layer slab prior to waveguide forma-
tion/etching, a is the width of the ridge waveguide, and ng,
ng, n; are refractive indices of the core, substrate, and the sur-
rounding regions. Consider how to increase Aneg core/An: by
optimizing the waveguide structure. As outlined in [3], (6) and
(7) yield the following expressions for the TM and TE mode:

Anpa/Ang =Soa (ferat /nea) + (ne /nea) (m2 72 /40 EP)
x [1/ (n2—n2)*/ 2] ©)
Anrg/An, =Stg(hre/ntE)+ (ne /nre) (m?r? /46> k)
x [1/ (n2=n2)*+1/n2 (n2=n?)"*] (10)

where St = Onrg/0n; and Srvm = Oniry /Ony. Srg and
STM are the sensitivities of TE and TM modes for the three-
layer slab prior to waveguide formation/etching. As it = nrtg
and nyv & nrwm, the first terms in (9) and (10) are dominated
by STE and AS,’TM. By the normalized analysis of a slab wave-
guide evanescent-wave sensor, the expressions of S’TE and STM
are given in [10], and optimization results for all slab waveguide
sensors are achieved. However, these results cannot be applied
directly to ridge waveguides due to the structural difference of
the three layer slab waveguides and the ridge waveguides. The
structural characteristic of ridge waveguides have a much more
significant impact on the second terms of (9) and (10) as is re-
flected by the presence of parameters a, ng, and n;.

Second, let us consider how to obtain the detailed informa-
tion on the effective index nefr cladding. With the experimental
results, we note that a relationship exists between the ratio of
the cladding/core wavelength shifts and the waveguide width a,
as illustrated in Fig. 7. This data has been fitted to the quadratic
expression provided in (11)

A iaa/A)core = 0.019193a2 — 0.169547a + 1.000000 (11)

where 5.7 ym < a < 7.7 pm. With (3) and (4), we have the
eXpreSSiOH for Aneff,r,ladding/Aneff,core

Aneﬁ',cladding/AneH,core = 2AAclad/A/\core -1
=0.038386a

—0.339094a + 1. (12)

Substituting (9), (10), and (12) into (6) yields the expression of
the relative evanescent sensitivity S

St = (0.339094a —0.03838642)
X {S'TNH-(nt/nTM)(m27r2/4a3k3)
3/2
X [1/ (ng—n?) / }}

= S101(0.3390940 —0.0383860a)
+ (0.339094a—0.038386a>)

x [(ne/nrag) (m2n” /4a3k-3)[1 / (n2—=n2)" 2] (13)
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Stg = (0.339094a — 0.03838642)
X {S'TE+(nt Jnrg)(m2p?/4a®k?)

3/2 1/2
X [1/ (ng—n?) —l—l/ng (nz—nf) ]}
— $r(0.339094a —0.03838642)
+ (0.339094a —0.03838642)

X [(nt/nTE)(m2p2/4a3k3)

x [1/ (n2=n2)*41/m2 (n2-n3)' ] a9
S’TE and S”TM are the sensitivities for the three-layer slab prior
to waveguide formation/etching [16]. Their change is related to
the thickness variation of the core layer and not to the width vari-
ation of the ridge waveguide. To explain how the width variation
of the ridge waveguides impacts on the sensitivity, the second
terms in (13) and (14) are considered. The results are plotted
in Fig. 7 with the analyte index n; changing from 1 to 1.454
for waveguides with core size are 5.7 um X 5.7 pm, 6.6 pm x
5.7 pm, and 7.7 pym x 5.7 pm, respectively. Fig. 7 shows that
the sensor response increases slowly in the low refractive index
region, but increases rapidly as the index of the surrounding
medium approaches that of the waveguide. For the range of
waveguide widths investigated, the sensitivity also increases as
the core width decreases. More specifically, we observe that as
the analyte index n; approaches the core index ng, = 1.4545,
the relative evanescent sensitivity is maximized. The simulation
results in Fig. 7 show the core and cladding mode effective in-
dexes, and their difference shift with the change of the refractive
index of the analyte liquid, respectively, they are agreement with
the experimental results.

IV. CONCLUSION

To overcome the temperature instability in a high sensitivity
open-top ridge waveguide refractometer that incorporates a
Bragg grating, a temperature insensitive refractometer is de-
veloped that uses the grating cladding mode resonance as a

temperature reference and the relative shift of the grating core
mode resonance to measure the refractive index change of a
top layer of liquid. As the core and cladding Bragg modes
propagate in different locations within the open-top ridge wave-
guide structure, the core and cladding resonances have similar
sensitivities to the temperature but different sensitivities to the
external refractive index above the top layer. The shifting of the
difference of the core and cladding resonances to the external
refractive index change is 1 pm of wavelength shift for 5 x 10~4
change of the external refractive index at a probe wavelength of
1550 nm. The shifting of the difference of the core and cladding
resonances to the temperature change is about 0.5 pm/°C.
Using the cladding mode resonance as a temperature reference,
the relative shift of the core mode resonance is used to measure
the refractive index change of the liquid on the top only.
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