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Abstract: Based on attenuated total reflection ( ATR) and
thermo-optic effect, the polymeric thin film planar optical
waveguide is used as the temperature sensor, and the factors
influencing the sensitivity of the temperature sensor are
comprehensively analyzed. Combined with theoretical analysis
and experimental
temperature sensor is related to the thicknesses of the upper
cladding layer, the waveguide layer, the optical loss of the

investigation, the sensitivity of the

polymer material and the guided wave modes. The results
show that the slope value about reflectivity and temperature,
which stands for the sensitivity of the polymer thin film
temperature sensor, is associated with the waveguide film
thickness and the guided wave modes, and the slope value is
the highest in the zero reflectance of a certain transverse
electric (TE) mode. To improve the sensitivity of the
temperature sensor, the sensor’s working incident light exterior
angle « should be chosen under a certain TE mode with the
reflectivity to be zero. This temperature sensor is characterized
by high sensitivity and simple structure and it is easily
fabricated.
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ptical sensors have a potential application for tem-
perature measurement in areas such as scientific ex-
periments, chemistry, biochemistry, and
process control. Temperature sensing based on optical
techniques is promising and remains an area of continuing

industrial

. . . . 1-3 .
and intensive research interest in recent years'' . Fiber-
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optic temperature sensors constitute a major category of
the optical temperature sensors'*”'. Benefiting from the
development of planar optical integration technology, op-
tical sensors have been developed from using optical fiber
as platforms to using easy-integrated planar waveguides.
Currently, temperature sensors research based on optical
planar waveguides is focused on surface plasmon reso-

21 Howev-

nance ( SPR) sensors or other novel sensors
er, the studies in optical planar waveguide temperature
sensors using prism coupling waveguides are relatively
fewer. Especially, to the best of our knowledge, very
few people use the high-order guided modes to measure
temperature.

Polymers, owing to their high thermo-optic coeffi-
cients, have been considered for use in optical tempera-
3751 1In this paper we propose an optical sen-
sor to measure temperature using the guided mode of a

ture sensors

planar polymer optical waveguide. The principle of the
sensor is based on the attenuated total reflection and the
thermo-optic effects of polymer. Theoretical analysis and
the experimental setup of the method are introduced and
discussed in detail. We demonstrate the characteristics of
the TE, mode and the higher-order TE modes in optical
waveguide mode transmission using temperature sensing.
The experiments demonstrate that the measurement range
and ease of implementation are particular advantages of
this technique.

1 Theoretical Analysis and Simulation

The proposed configuration of the sensor is shown in
Fig. 1(a). The sensor consists of a high-index prism, an
upper cladding layer, a SU8-2005 polymer thin film and
a silica substrate. Under the substrate there is a heater
plate. A transverse electric ( TE) wave polarized laser
beam is incident onto these films from the prism side.

When a TE-polarized light beam is incident on the base
of the prism with an interior angle § greater than the criti-
cal angle between the prism medium and the air layer, the
incident light beam reflects at the interface of the prism
and the air layer, and creates an evanescent field inside
the air. At a synchronous incident interior angle 6, the
evanescent field is phase-matched to the guided wave in
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Schematic diagram. (a) Proposed waveguide temperature

the polymer layer; that is to say, the interior angle 6 of
the incident light at wavelength A satisfies the optical
waveguide mode transmission condition, and the energy
of incident light can be effectively coupled into the three-
layer ( air-polymer-fused silica) thin-film waveguide to
excite guided waves, and the corresponding ATR reso-
nance dips are shown on the reflection spectrum'® . Dis-
regarding the prism face and the refraction of the input
beam, the proposed sensor can be regarded as a four-layer
system as shown in Fig. 1(b). For waveguide modes in
this system to be excited, the following conditions must
be satisfied: n, <n, <n, <n,;. n,, n,, n, and n, are the
refractive indices of substrate, polymer, upper cladding
layer and prism, respectively. According to the boundary
condition of the electric field distribution, the reflectivity
of the system can be written as'"”
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B, is the eigen propagation constant of the ideal three-lay-
er waveguide in the absence of the prism; g =k n,sing is
the propagation constant; k, is the wave vector in vacu-

um. When we consider the three-layer waveguide losses,
we deduce the formula of B,, AB,, AB, and AB, as fol-

lows:
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where AB,, AB,, AB, are considered as the change of B,
with considering imaginary parts of n,, n,, n,; B, is the
eigen propagation constant of the ideal
waveguide when n,, n, and n, are real numbers.

The imaginary parts of 8, and AB are the intrinsic and
radiative losses, respectively. The former represents the
eigen loss in the ideal three-layer polymer waveguide,
and the latter represents the leakage loss of the guided
modes back into the prism. From Eq. (1), we can con-
clude that if Im(83,) = Im(AB), then R =0. That is to
say, when the intrinsic loss is equal to the radiative loss,

the minimal reflection R, of the ATR guided wave reso-
(17

three-layer

nance dip is zero

Heating the polymer can change the propagation con-
stant of the guided wave mode through the varying refrac-
tive index of the polymer due to the thermo-optic effect;
thus, the synchronous incident exterior angle « and the
minimal reflection R, of the ATR guided wave resonance
dip are varied. The effective refractive index of each
mode N,, is given by

172

N, =n,sinf = (n; —sin’a) ’sina - sinacosa  (2)

From Eq. (2), we can obtain that
a = arcsin(sina \/n; - N>, — N, cosa) (3)

The mode indices for integral values of N are given
by!"*!

2 2
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Substituting Eq. (4) into Eq. (3), we obtain

o= arcsin( sina }’li - n? + (I\ZT‘L) — cosa IZ? - (QZ)\ ) )
2 eff eff

where N is the number of modes, and N=1, 2, ...; A is
the laser wavelength; and d_; is the effective thickness of
the waveguide. The refractive index of the polymer layer
is determined by plotting N’ vs. N’. The polymer
waveguide layer index and d are then found by making a

straight line extrapolation of the first two modes to N =0
when such plots are made of the experimental data.
Through measuring the thermo-optic coefficient dn/dT
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of the SU8 polymer by the SPA-4000 prism coupler con-
taining a miniature heating device with an accuracy of
+0.1%C under the samples, we can obtain the relation-
ships about the refractive index of polymer and tempera-
ture: n, =1.573 07 -1.34 x107'T, d=1.33 pm; n, =
1.57239 -1.34 x10'T, d =2.84 um; n, =1.573 45
~1.38x107*'T, d=4.09 um; n, =1.572 57 —1.34 x
107*T, d=5.72 pm.

Substituting n, into Eq. (5), we can obtain the function
of the light incident exterior angle « and the measurement
temperature 7.

The performance of a temperature sensor is associated
with both the minimal reflection and the full width at half
maximum ( FWHM) of ATR resonance dip. The deep
and narrow resonance dip allows a greater degree of mod-
ulation for a given temperature. The theoretical simula-
tion results of Fig. 2 are the working base of the sensor
under the conditions of d =4.09 pum, n, =1.568 6 +
0.000 3i, n, = 1. 000 + 0.000 01i, n, = 1. 444 2 +
0.000 01, n; =1.9349, A =1550 nm, T=35 C. The
guided modes are determined by changing the thickness of
the coupling layer. It is known that the minimal reflection
and FWHM of ATR resonance dip increase with the in-
crease in the optical losses of the coupling layer and the
guiding layer"” ™. Once the materials of the coupling
layer and the polymer are selected, the match condition
illustrated by Eq. (1) can be reached by adjusting the
thickness of the coupling layer and the guiding layer to
make the intrinsic loss equal the radiative loss so that the
minimal reflection of the resonance dip approaches zero.
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Fig.2  Theoretical simulation resonance reflectivity dips TE

modes for several thicknesses of the coupling layer. (a) s =150
nm; (b) s=250 nm; (c) s=350 nm; (d) s =450 nm

Because the imaginary part of B, changes with the
thickness of the guiding layer, the minimal reflection of
the resonance dip changes not only with the thickness of
the coupling layer but also with the guiding layer. The
properties of ATR resonance dip using the gas coupling
layer can be optimized by choosing proper thicknesses of
both the coupling layer and the guiding layer.

Figs.3 and 4 are the theoretical plots from Eq. (1) of
the minimal reflection of the resonance dip TE, vs. the
thickness of the coupling layer and the guiding layer re-
spectively. It can be seen that the thickness of the cou-
pling layer and the guiding layer both contribute to the
minimal reflection. Fig. 3 also shows that the FWHM of
ATR resonance dip is relevant to the thickness of the cou-
pling layer. The dips in the reflection intensity are due to
the coupling of energy into the waveguide. The minimum
position corresponds to the synchronous angle of the exci-
tation mode and determines the working angle. The mini-
mum value gives the maximum energy coupling efficiency
and determines the sensitivity of the polymer thin film
temperature sensor. The width of the dip is a function of
the loss and determines the sensitivity of the temperature
sensor. The modes are broadened due to attenuation by
leakage both into the silica substrate and the prism. When
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Fig.3 Theoretical simulation resonance reflectivity dips TE,
for several thicknesses of the coupling layer (d =4.0 pm, n, =
1.576 9 +0.000 3i, n, =1.000 +0.000 017, n, =1.444 2 +
0.000 01i, ny =1.934 9, A =1550 nm, T=30C)
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the thickness of the coupling layer s =400 nm, the width
of the resonance dip is narrow. From Fig. 5, we know
that the reflectivity is a function of the angle of incidence
and the thickness of the guiding layer. The sensor’s work-
ing incident exterior angle can be chosen to be TE, in
lower thicknesses or higher-order TE modes in higher
thicknesses of the waveguide.
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Fig. 5 Theoretical and experimental ATR spectrums of the

thickness of 5.72 pm guiding layer waveguide

2 Experimental Results and Discussion

In our experiment the refractive index of the prism is n,
=1.965 4 at the wavelength of 1 550 nm. Selecting the
SU8-2005 polymer as the optical waveguide material is
due to the fact that the SU8 has a higher thermo-optic co-
efficient and a lower propagation loss and it also has the
ability of forming stable films. The polymer thin-films of
1.33, 2.84, 4.09 and 5.72 pm are spin-coated onto the
polished fused Silica substrate, pre-baked at 95 T for
120 s, then cured by UV-exposure for 2 s and finally
baked at 95 °C for 12 h in an oven to complete removal of
the solvent from the film. The SU8 polymer solution is
then filtered through a 0.22 pm filter before it is applied.

The ATR spectrums of the multilayer waveguide sys-
tem are generated as shown in Fig.5. Several resonance
dips that correspond different guided modes are shown in
the spectrum in choosing the sensor’s working interior an-
gle to be near the TE, resonance dip. The experimental
result of light reflectivity for TE, vs. the temperature in
different thicknesses of the guiding layer for the proposed
waveguide sensor is shown in Fig. 6. From Fig. 6 we
know that the reflectivity and temperature is in accord
with a good linear relationship at 36 to 43 C. The results
show that the slope which stands for the sensitivity of the
polymer thin film temperature sensor is associated with
the waveguide film thickness and the guided modes. Fig.
7 shows the theoretical results of the light reflectivity vs.
the temperature in different thicknesses of the guiding lay-
er for the waveguide temperature sensor. From Fig. 7 it
can be obtained that the theoretical result is consistent
with the experimental result in Fig. 6. The slope is rele-
vant to TE modes but not relevant to the thickness of the
guiding layer when the imaginary part of n, does not

change with the thickness of the guiding layer.
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Fig. 6 Experimental results of light reflectivity vs. measure-
ment temperature in different thicknesses of guiding layer for

proposed waveguide sensor (m =0)
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Fig.7 Theoretical results of light reflectivity vs. measurement
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Figs. 8 and 9 show the light reflectivity of TE, and TE,
vs. the temperature in different thicknesses of the guiding
layer for the proposed waveguide sensor. From Figs. 6, 8
and 9, we can obtain that for the same guiding layer
thickness, the slope decrease with the increase in the
guided modes when reflectivity is zero for TE,. For
instance, if the thickness of the guiding layer is 4. 09
pm, the slope values of TE;, TE,, TE, are 0. 146 38,
0.083 85, 0. 046 88, respectively. Nevertheless, for a
film thickness of 5 720 nm, the slope values of TE,, TE,,
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Fig. 8 Light reflectivity of TE, vs.

in different thicknesses of the guiding layer for proposed

measurement temperature

waveguide sensor (m =1)
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TE, and TE, are 0. 072 29, 0.105 72, 0.114 5, 0. 121
67, respectively. The slope value is the highest in TE,
where the reflectivity is zero in Fig. 5. Therefore, to im-
prove the sensitivity, the sensor’s working incident light
exterior angle o can be chosen to be in a certain TE mode
in which the reflectivity is zero. Fig. 10 shows the theo-
retical and experimental light incident exterior angle « of
TE vs.
waveguide sensor. The experimental results are in agree-
ment with the results derived from Eq. (5) and experi-
mental data n,.

the temperature of the guiding layer for the
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Fig. 9 Light reflectivity of TE, vs. measurement temperature

in different thicknesses of the guiding layer for proposed
waveguide sensor (m =2)
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Fig. 10 Theoretical and experimental light incident exterior an-

gle of TE vs. measurement temperature of the guiding layer for
proposed waveguide sensor

3 Conclusion

We demonstrate a polymer thin film waveguide temper-
ature sensor based on guided wave resonance with the
ATR structure. The property of the polymer thin film op-
tical waveguide temperature sensor is heavily dependent
on the planar optical guiding modes, the loss of the poly-
mer, the thickness of the guiding layer and the cladding
layer. The relationships among temperature, refractive in-
dex, reflectivity, TE modes and the incident light exterior
angle of the prism are systematically investigated. The
slope about reflectivity and temperature which stands for
the sensitivity of the polymer thin film temperature sensor
is associated with the waveguide film thickness and the
guided modes. The sensor’s working incident light exteri-
or angle « should be chosen under a certain TE mode with

the reflectivity to be zero, and, in this case, the tempera-
ture sensor has the highest sensitivity. This temperature
sensor is characterized by high sensitivity and simple
structure and it is easily fabricated.
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