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Abstract: We demonstrate the fabrication of a Vernier effect SU§/PMATRIFE polymer
optical biosensor with high homogeneous sensitivity using a standard photolithography
process. The sensor is based on one micro-resonator embedded on each arm of a Mach-
Zehnder interferometer. Measurements are based on the refractive index variation of the
optical waveguide superstrate with different concentrations of glucose solutions. The
sensitivity of the sensor has been measured as 17558 nm/RIU and the limit of detection has
been estimated to 1.1.107° RIU.
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1. Introduction

The increasing demand for ultra-sensitive and compact sensors for rapid and specific
detection of various biochemical analytes has induced a large development of integrated
optical waveguide-based label free sensors. Unlike optical fiber sensors, integrated optical
sensors can be easily miniaturized and thus have the potential to be integrated in large
numbers over a small area in order to implement laboratories-on-chip (LOC) [1]. Multi-
detection is possible since integrated optical sensor arrays for the detection of different
molecules from the same sample can be fabricated on the same chip [2].

Several configurations of integrated optical sensors using bulk materials have been
demonstrated with the objective of increasing the sensitivity as well as reducing the limit of
detection as in, for example, Mach-Zehnder (MZ) interferometers [3], surface Plasmon
sensors [4], grating couplers [5], photonic crystal [6] and micro-resonators (MR) [7]...

One solution for increasing the sensitivity of an integrated interferometer based on an
optical sensor such as the Mach-Zehnder is to increase the length interaction between the
target molecules and the light, but this however reduces the capacity for miniaturization. MR-
based sensors have been extensively researched the last few years to exploit their resonant
properties [8] which makes it possible to overcome the increase in the interaction length.

To further increase the sensitivity of such an integrated optical sensor, Vernier effect
configurations based on cascaded MRs or using both MZ and MR, are now widely recognized
in integrated optics applications not only for filtering applications [9] but also increasingly for
the detection of various substances [10]. Sensitivities are enhanced by a factor, up to several
hundred times that of a single MR, which can then reduce the sensor limit of detection or ease
the detection of low concentration analytes using simplified experimental setups. State of the
art Vernier effect devices and performances have been described in [11-12]. Various Vernier
effect configurations in silicon-on-insulator (SOI) or in silicon nitride (SiN) have been
proposed experimentally as, for example, the commonly used cascaded MR [11-14], a MR
cascaded with a MZ [15], two cascaded MZs [16] and very recently, three cascaded MRs
[17]. A structure with one MR embedded on each arm of a MZ has also been studied
theoretically [18].

In this work, the advantage of the last configuration is investigated theoretically and
experimentally using polymer materials as they offer both low cost mass production with
standard clean room setups and low propagation losses [19]. PMATRIFE (Poly(2,2,2
MethAcrylate of TRIFluoro-Ethyl)) polymer is used as optical confinement layer for both



Research Article Vol. 25, No. 24 | 27 Nov 2017 | OPTICS EXPRESS 30801

Optics EXPRESS

cladding and superstrate and SUS8 is used for the waveguide core. The novelty consists in
taking advantage of these low cost polymer materials to implement a Vernier effect biosensor,
based on MR embedded on each arm of a MZ, which achieves very high sensitivity in
agreement with a theoretical study. After the presentation of the design and the fabrication of
the Vernier effect sensor, theoretical and experimental results of sensing are presented and
discussed.

2. Design of Vernier effect polymer optical transducer

The MZ pass configuration sensor studied is represented in Fig. 1(a). It is made up of a sensor
MR on the sensing arm and a reference MR on the reference arm, both based on
SU8/PMATRIFE waveguides. The sensor MR is directly exposed to the solution to be
detected by means of a reservoir (white rectangle) etched in the PMATRIFE superstrate
covering the reference part of the sensor. The transmission function of this sensor is given by
the expression [18]:
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with E;, the amplitude of the incident field at the input of the Vernier effect transducer. L
and Ly noticed as Ly sens. in Eq. (2), are the length of the reference and sensor MR
respectively. Similarly, or and oy, noticed as Ouer sens. are the propagation losses in the
reference and sensor MR respectively. Likewise, Tyt and Teens, €xpressed as Tpef sens, are the
self-coupling coefficient of the reference and sensor MR respectively. In this study, lossless
coupling is considered, so the relation between self-coupling T and cross coupling coefficient

Kis 7. + K =1. The single pass phase shift is defined as ¢ =L, ., n, £ with

ref .,sens. ref .,sens.
B the propagation constant, n 7and n, are the respective effective indices of the

ff ey ffsen
reference MR and the sensor MR as calculated by P.Girault et.al. for SU8/PMATRIFE
waveguides [19-20].

In order to design the Vernier effect transducer, the length of each MR must be carefully
calculated to achieve both high sensitivity and measurable envelope period in the range of
detection. Indeed, the Vernier sensitivity S, is defined as [13]:
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with S, the sensitivity of a single polymer MR and G, the amelioration factor between

are the free spectral

sens.

single MR sensor and Vernier sensor sensitivity. FSR, and FSR
range of the reference MR or of the sensor MR and are given by:
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the sensitivity of one MR (sensor MR) is then given by:
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with nggens, the refractive index of the superstrate (solution in the sensing reservoir) and

on,, /anx the variation of the effective index of the MR sensor waveguide with the

variation of the superstrate refractive index in the reservoir. The period of the Vernier
transmission function envelope is defined as [13]:
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The MR perimeter has been calculated as 5500 pm and 5559 pm for the sensor MR and
reference MR respectively to achieve both high sensitivity and measurable envelope period,
taking into account Eq. (1) and Eq. (4) and experimental tunable laser source range limitation
of 100 nm between 1500 nm and 1600 nm.

The overall losses for SU8/PMATRIFE polymer waveguides have been estimated
previously for the determination of a single MR characteristics as o,s = 2 dB/cm [19] for the
reference part of the MR and o4, = 6 dB/cm for the waveguide exposed to the analyte
solution (glucose solubilized in deionized water) [20]. A radius R = 100 pum is defined in Fig.
1(c) in all bend radii in the device to minimize curvature losses calculated with FIMMWAVE
commercial software and represented in Fig. 1(b). This radius limits the curvature losses for
both sensor and reference waveguides compared to the overall losses as polymer waveguide
mode confinement is low compared to SOI waveguides.

For these values of MR perimeters and propagation losses, evanescent coupling has been
calculated for MR critical symmetrical coupling conditions with a gap g = 0.6 pm between
the access waveguide and the MR waveguide and coupling lengths of L, = 17 um and L, = 34
um for the sensor MR and reference MR respectively. For these coupling conditions the self-
coupling coefficients has been calculated by the marcatili’s method [21] t0 Tgeps, = 0.6 and Tyt
=0.694 at 1500 nm with a positive slope of 0.09 on the range 1500-1625 nm for both MRs.

The structure has been designed to simplify the photomask fabrication, however, a folded
structure with spiral MRs presented in reference [22] could be considered to further reduce
the transducer footprint without reduction of the radius of curvature.
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Fig. 1. a) Representation of the Vernier effect MZ-pass configuration sensor, b) Dependence of
the curvature losses with the radius for the reference waveguides and the sensor waveguides, c)
Coupling region of the MR

From the refractive index of the material as defined in [19], the effective refractive index
of the SU8/PMATRIFE polymer waveguides have been calculated as a function of the
wavelength in [20] for a PMATRIFE superstrate and for a water superstrate using the
commercial FIMMWAVE software. Then, by calculating the effective refractive index
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variation (Anegrsens) induced by a small variation of refractive index superstrate (Ang ens) in the
reservoir, the sensor MR theoretical sensitivity has been estimated using the expression
defined in Eq. (5) as 70 nm/RIU.

From these geometrical parameters, and using the expressions given by Eq. (3) and Eq.
(6), a Vernier gain G, and T, the theoretical period of the transmission function has been
calculated respectively as 250 and 55 nm at 1550 nm. A very promising Vernier sensitivity S,
of 17500 nm/RIU has been deduced from the relation given by Eq. (3) with the sensor MR
theoretical sensitivity Syr of 70 nm/RIU calculated before.

3. Fabrication of the transducer

The transducer is fabricated using SU8 2000 polymer as the core waveguide material and
PMATRIFE polymer as both cladding layer and superstrate for the reference part of the
sensor (Fig. 1(a)). Fabrication steps are detailed in Fig. 2. In step 1, the Si wafer is cleaned
and dehydrated. In step 2, a 5 um thick cladding layer is fabricated with PMATRIFE diluted
in THF (TetraHydroFuran) to 500 g/L concentration, is spin coated onto the wafer. Then, in
step 3, a 1.5 um thick SU8 2000 polymer layer is spin coated onto the cladding and
polymerized with thermal treatment and UV exposure. In step 4, a 50 nm thick layer of SiO,
is deposited by PECVD (Plasma Enhanced Chemical Vapor Deposition) and standard
photolithography is performed with SPR700 positive resin. In step 5, the waveguides are
etched in three steps: firstly, the SiO, is etched for 20 seconds with a SF¢ plasma treatment,
then the SU8 waveguides are etched for 10 minutes with 150 nm/min etching speed and the
remaining SiO, under the resin mask is etched with a SF6 plasma. In step 6, a 50 nm thick
layer of SiNx is deposited onto the waveguides by PECVD, to ease superstrate adherence. In
step 7, PMATRIFE with a concentration of 300g/L is deposited as a superstrate in order to
cover the waveguides. This superstrate has a maximum thickness of 2 pm in order to limit its
etching time in step 9. In step 8, a 50 nm thick layer of SiO, is deposited as etching stop layer.
After this, the reservoir of the sensor MR, which will be sensitive to the solution, is defined
using SUS negative resist photolithography. Finally in step 9, the reservoir is etched with the
same etching process as used for the SUS waveguides.

SiO2 etching

- PMATRIFE
selectivity layer

superstrate

T
y

" A e I e I
1) 4) = 7) ——
: SPR700 - .
Si wafer photoresist /ﬁz etching
selectivity layer
||
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Fig. 2. Fabrication steps of the sensor

The X5 magnification optical microscope image in Fig. 3(a) shows a top view of the
whole made up of MRs embedded on each arm of a MZ; the darker part corresponds to the
reference part of the MR sensor covered by the PMATRIFE polymer superstrate while in the
lighter part, the MR sensing part of the sensor in the reservoir is open to the air and will be
covered by glucose/water solutions. In Fig. 3(b), the gap opening is observed with X50 times
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optical magnification. Cross-section view of the cleaved surface with the SU8 and the
PMATRIFE cladding and superstrate can be seen in the Scanning Electronic Microscope
(SEM) image shown in Fig. 3(c). The dimensions of the SU8 waveguides are 1.5 pm” square
in cross section, with less than 0.1 pm variation in the size of the waveguide measured at
different wafer positions.

5 pum

9=0.6 um W
v = 1.5 BMpMATRIFE

- T PRI —

-

'-C,sens=34 pm PMATRIFE

Fig. 3. a) Optical microscope image of the polymer Vernier effect sensor with the reference
MR on the upper arm and the sensor MR in the reservoir in the lower arm. b) Optical
microscope image of the directional coupler of the sensor MR c¢) Scanning electronic
microscope (SEM) cross section of the optical waveguide at the input of the sensor

4. Experiment and results

The sensor is characterized with a fibered broadband 1500-1625nm tunable laser source
(Yenista Tunics T100S-HP). Its 10 mW output power is coupled into the SU8 waveguide
using a lensed fiber with a mode radius of 2.5 um mounted on micro-alignment bench
fabricated in the lab [23]. A second lensed single mode fiber is used to couple the output of
the waveguide to a power-meter. Piezo-controlled stages are used to position the input and
output fibers with the help of an infra-red camera. A polarization controller is placed between
the laser and the input micro-lensed single mode fiber to select the TE polarization mode. A
temperature controller is also used to maintain the sample at room temperature and to reduce
the impact of temperature fluctuation on the spectral responses. The spectral responses of the
structure, made up of one MR embedded on each arm of a MZ, was measured over the full
wavelength range of the laser in steps of 1 pm.

The characterization of the sensor is performed with glucose solutions of 2.5 g/L, 5 g/L
and 7.5 g/L with an accuracy of 0.25g/L and the reference transmission spectra is registered
with deionized water after each measurement with the glucose/water solution. The
experimental spectra are shown near the peak of the envelope in the range 1530-1565nm in
Fig. 4(a). The envelope spectra characteristic of the Vernier effect appears at the output with
up to 20 dB contrast, which eases the sensor characterizations and the envelope is extracted
by peak detection of the maximum values of the spectra.
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Fig. 4. a) Shift of the envelope function with different concentrations of the glucose solution
spectra of glucose water solutions ; the envelopes are translated by 20dB for representation b)
Lorentzian fit of the envelope function maximum values with glucose solution refractive index
variation c) Linear fit of the resonant wavelength shift with the refractive index variation of the
solution d) Comparison between theoretical and experimental transmission spectra; the
envelopes are translated for representation e) fit of the experimental spectra with the
theoretical spectra

A shift of the envelope appears when glucose concentrations vary. A linear fit can be
applied on the Lorentzian fit of the envelope function of the resonance peaks of the
transmission spectra represented in Fig. 4.b. and then, the sensitivity can be calculated from
the slope of the linear fit of the maximum position of the fitted Lorentzian peaks and the
variation of the solution refractive index as represented in Fig. 4(c). The dependence of the
solution refractive index variation on the concentration of glucose has been calculated to
1.189.10™ RIU/(g/L) by Ciminelli.et.al [7]. The experimental sensitivity obtained here is
17558 nm/RIU with a standard error on the slope of less than 5%. The period of the
experimental envelope is 55 nm which corresponds to a maximum variation of refractive
index of 3.1 107 or a glucose concentration of 27 g/I.

The theoretical transmission function of the Vernier MZ pass sensor calculated with Eq.
(1) can be simulated according to the geometry defined in part 2 and from the optical
parameters defined in [19-20]. The experimental spectra is compared to theoretical spectra for
the fundamental mode TE polarization over the full wavelength range of measurement in Fig.
4(d), and the superposition of the resonant peaks is represented over the range 1540-1544 nm
in Fig. 4(e). The sensitivity and the Vernier envelope period of the theoretical and
experimental spectra compare well. The slight difference to the theoretical sensitivity can be
attributed to fabrication tolerances on the size of the polymer waveguides and polarization
dependence of the tunable laser source. The difference in contrast between the theoretical and
experimental spectra can be explained by coupling coefficient and loss variations with the
wavelength. Taking into account the minimum detectable wavelength shift value of 0.02 nm
of our experimental setup, the transducer limit of detection is calculated as 1.1.107° which
corresponds to a glucose concentration of 9.10~ g/L.
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5. Discussion and conclusion

A new optical transducer based on the Vernier effect has been developed for glucose
detection. The transducer is based on one MR embedded on each arm of a MZ interferometer
and has been fabricated with polymer materials using standard photolithography process. This
work demonstrates the ability to develop a highly sensitive and low cost polymer optical
transducer for biological detection with several interferometers. The sensitivity of the
transducer developed in this work is more than 250 times higher than that of a single
SUS/PMATRIFE polymer MR with similar fabrication process which demonstrates the
advantage of Vernier effect sensor over to a single MR in achieving high sensitivity [20].

The obtained experimental transducer sensitivity of 17558 nm/RIU in the RIU range of
[1.1.10° - 3.1 107] is greatly increased compared to 5866 nm/RIU and 6317 nm/RIU
sensitivity obtained with other Vernier effect transducers based on cascaded MRs developed
by Y.Liu.et.al [17]. using SOI materials or by V.Zamora.et.al [11] using SiN material. The
advantage of the use of polymers in this work is their low cost and the ease standard
technological process compared to e-beam technology. Additionally, the 20dB contrast of the
envelope function of the transducer eases detection and longer interferometers could be
developed to surpass the extremely high sensitivity of 21500 nm/RIU reached by Jiang.et.al.
with SOI MR cascaded with a MZ [15].
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