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Abstract—Integrated biochemical sensors based on Mach-
Zehnder interferometers (MZIs) rely on the evanescent field
detection principle to monitor the phase shift induced by a re-
fractive index change on the surface of the sensing arm, providing
a high sensitivity thanks to the long interaction length with the
analyte. This paper presents an integrated refractive index and
biochemical sensor based on a pair of balanced MZIs realized on
silicon-on-insulator. The device includes a thermal phase modula-
tor in one of the branches of each MZI to extract univocally the
induced phase change by applying active phase detection based on
the phase generated carrier technique. The direct modulation of the
MZI results in a simple configuration of the sensor, only requiring
a fixed wavelength laser and a photodetector, enabling the possi-
bility of full monolithic integration. The results of refractive index
measurements show a detection limit down to 4.88 × 10–7 RIU.
Additionally, an immunoassay reports the binding of anti-bovine
serum albumin (BSA) to BSA, with anti-BSA concentrations down
to 33.33 nM.

Index Terms—Optical sensors, chemical and biological sensors,
photonic integrated circuits, interferometry, phase modulation.

I. INTRODUCTION

IN THE past decades, there has been a growing interest in
integrated photonic biochemical sensors for a wide range of

applications, such as clinical diagnosis, food safety and chemical
and biological warfare surveillance [1]. In particular, silicon
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photonics is a technology platform with a complete toolbox
of integrated components, like couplers, filters, modulators and
detectors [2], which allows monolithic fabrication of optical
systems such as integrated biochemical sensors. Although there
are still challenges to be addressed in the integration of the light
source, limiting the number of fully integrated devices currently
available [3], [4], this platform allows to achieve high production
volumes at a very low cost per chip, making it affordable to
dispose the devices after one or a few measurements, enabling
a variety of lab-on-chip (LOC) point-of-care applications.

Integrated-optic biochemical sensors are commonly based on
the evanescent field detection principle, characterized by a high
sensitivity and label-free detection capabilities [1]. This basic
physical mechanism, allows one to detect changes in the effec-
tive refractive index nef f of a waveguide, enabling the device to
act as a refractometer when the refractive index of the medium
n� surrounding the waveguide changes, or as a biochemical
sensor when a layer of adsorbed or bound molecules is formed
on the surface of the waveguide [5]. Different photonic circuit
configurations based on evanescent field detection have been
proposed relying on different readout techniques to determine
the refractive index change. Devices including ring resonators
[6], [7], and photonic crystals [8], [9], provide very high sensi-
tivities and small footprint, but rely on detection of changes in
the transmission spectrum, requiring expensive and bulky spec-
trum analyzers for signal processing, whereas devices based
on Mach Zehnder interferometers (MZI) rely on measuring the
phase change induced by a refractive index variation in one of
the two arms [10]. MZIs are particularly attractive thanks to
the high sensitivity provided by their long interaction length
with the analyte; however, there is a trade-off between the size
of the device and the sensitivity, since the latter is proportional to
the sensing arm length. Including photonic crystals in one of the
arms of the MZI can provide a fivefold increase in the sensitivity
and 400 times reduction in footprint of a common MZI [11], but
there is still the limitation of relying on spectrometry for accu-
rate interrogation. Conventional MZIs can be interrogated using
simpler interrogation schemes. The most straight forward tech-
nique would be through direct output intensity measurement;
however, there are potential issues related to power or wave-
length fluctuations of the source as well as to the ambiguity in
the phase estimation and sensitivity fading close to the max-
ima and minima, due to the sinusoidal response of the MZI. A
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Fig. 1. Schematic for active phase demodulation using the phase generated
carrier (PGC) technique for biochemical sensing applications. PIC: Photonic
Integrated Circuit; PM: Phase Modulator; PD: Photodetector; ADC: Analog-to-
Digital Converter; LPF: Low-Pass Filter; PC: Personal Computer.

possible interrogation method that solves these issues consists
of applying a pseudoheterodyne phase modulation in one of the
arms of the MZI [12], tracking then the phase variations at the
output with respect to a reference trigger. This technique can
provide an acceptable performance but requires the use of ex-
pensive equipment like a lock-in amplifier, and it is also affected
by a discontinuity in the applied modulation profile. A different
method that also effectively addresses these issues consists of
applying phase modulation to the source [13], which does not
require electrical probes. However, the specific optical source
control requirements could complicate even more the integration
of all the components in order to obtain a LOC device; moreover,
the unbalanced characteristic of the MZI would make the de-
vice sensitive to thermal fluctuations and wavelength variations
of the source.

In this paper we present an integrated photonic circuit for re-
fractive index measurement and biochemical sensing consisting
of a balanced Mach-Zehnder interferometer and an active phase
detection technique based on phase generated carrier (PGC)
demodulation. This method allows univocal determination of
the phase variations without sensitivity fading, requiring only
a fixed laser and a photodetector, which could potentially be
integrated on chip [2], resulting in a low-cost, robust inter-
rogation system for point-of-care applications. This paper is
a more in-depth work with respect to the recent conference
publication [14].

II. CONCEPT

The phase generated carrier (PGC) technique was first pro-
posed for fiber-optic based interferometers [15] and consists of
applying an external sinusoidal phase modulation on one of the
branches of an MZI, as shown in Fig. 1, with a frequency f much

higher than the response frequency of the sensing interactions,
and amplitude C, yielding the following signal at the output of
the MZI:

I = A + Bcos [C cos (2πft) + Δϕ(t)] , (1)

where A is the DC component, B depends on the mixing effi-
ciency of the MZI and Δϕ(t) is the phase change induced by
a refractive index variation in the area surrounding the sensing
arm of the MZI. Expanding this expression in terms of Bessel
functions, results in:

I = A + B

{[
J0(C) + 2

∞∑
k=1

(−1)kJ2k (C) cos 2kω0t

]

× cos Δϕ(t)

−
[
2

∞∑
k=0

(−1)kJ2k+1(C) cos(2k + 1)ω0t

]
× sin Δϕ(t)

}
.

(2)

Mixing (2) at odd (f) and even (2f) multiples of the modu-
lating frequency f and applying a low-pass filter to remove the
spectral components above the band of interest results in the sig-
nals S1 = J1(C) sin Δϕ(t) and S2 = J2(C) cos Δϕ(t), where
J1(C) and J2(C) are the Bessel functions of first and second
order respectively, evaluated in C. By choosing the amplitude
of the modulation such that C = 0.84π, the condition J1(C) =
J2(C) is satisfied, making it possible to univocally extract Δϕ(t)
through the arctangent method as:

Δϕ(t) = arctan
(

S1

S2

)
, (3)

solving the sensitivity fading and source intensity fluctuation
issues of the standard MZI. Finally, a refractive index change
Δn� of a liquid covering the sensing window in one of the
branches of the MZI can be determined from the measured
phase change Δϕ(t) through the relation:

Δϕ =
2π

λ
LΔnef f =

2π

λ
L

∂nef f

∂n�
Δn�, (4)

where L is the interaction length or length of the MZI arm
exposed to the liquid, λ is the wavelength of the optical source
and Δnef f is the change in effective refractive index of the
sensing arm of the MZI.

Considering an initially balanced MZI, removing the cladding
from one of the branches would result in a very unbalanced
device, due to the difference in the refractive index between the
claddings (silica and the liquid analyte). The free spectral range
(FSR) of this device is given by:

λF SR =
λ2

Lsens × ng,sens − Lref × ng,ref
, (5)

where Lsens and Lref are the lengths of the sensing and ref-
erence arms, and ng,sens and ng,ref are the group indices of
the waveguides of the sensing and reference arms respectively.
The cladding difference between the arms would yield a small
FSR, making the device susceptible to temperature and source
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Fig. 2. (a) Optical photograph of the device. Total size: 5.8 mm × 900 μm.
(b) Optical photograph of the sensing area. The upper spiral corresponds to
the fine circuit, whereas the lower spiral corresponds to the coarse circuit. SM:
Single-mode; MM: Multi-mode.

wavelength fluctuations. One solution to this issue is to satisfy
the condition:

Lsens × ng,sens = Lref × ng,ref , (6)

by properly selecting the arm lengths, resulting in an MZI with
ideally no fringes in the spectrum, however fabrication errors
could cause the appearance of a few fringes.

III. DESIGN AND FABRICATION OF THE DEVICE

The optical design consisted of two balanced MZIs, one with
a shorter interaction length, so-called coarse, and another with
a longer interaction length, so-called fine, as shown in Fig. 2(a),
which can be monitored simultaneously in order to maximize
the measuring range and sensitivity. The interaction length of
each MZI was wound in spirals to reduce the size of the sens-
ing area, as shown in Fig. 2(b). The cladding over these spirals
was removed to expose the waveguide to the analyte, while on
the other arm an almost identical spiral remained covered and
acted as a reference, so that a change in the refractive index
of the analyte would induce a phase difference at the output
of the MZIs. The lengths of the exposed spirals for the coarse
and fine interferometers were 2.5 mm and 22 mm respectively.
The length difference between the reference and sensing spirals
in the two MZIs was not identical to satisfy the condition
in (6); the reference branch of the coarse interferometer was
1.57% longer in order to compensate for the group index dif-
ference thus reducing the fringe density (see Fig. 3(a)) and
therefore the sensitivity to wavelength and temperature fluctu-
ations. For the fine interferometer the group index matching
condition in (6) was not met, with a reference spiral uninten-
tionally longer by 8.17%, which caused a higher fringe den-
sity, as shown in Fig. 3(b), and therefore higher instability to

Fig. 3. (a) Spectrum of the coarse MZI when the sensing spiral was exposed
to deionized water. (b) Spectrum of the fine MZI when the sensing spiral was
exposed to deionized water.

wavelength and thermal fluctuations. It should be noted that
the lower visibility for the fine circuit is due to the higher
total propagation loss (αtotal) of the longer spirals, given by
αtotal = αwg × L, where αwg is the waveguide losses in dB/cm
(mainly attributed to sidewall roughness), and L is the length
of the arm in cm. Although the spectrum for the fine MZI in
Fig. 3 shows a lower fringe contrast and higher noise than for
the coarse, both attributed to the higher spiral length, it was
possible to use the two devices to measure simultaneously.

The photonic integrated circuit, with a total size of 5.8 mm
× 900 μm, as shown in Fig. 2(a), was fabricated in-house at the
Integrated Photonic Technologies Center (INPHOTEC). The
structures were patterned on a silicon-on-insulator wafer, with
a 220-nm-thick silicon layer and 3-μm-thick buried oxide, and
later covered by a 1.5-μm-thick layer of SiO2 cladding layer. A
sensing region of ∼500 μm × 500 μm was defined by mask-
ing a part of the device and successively wet-etching the SiO2
cladding layer, in order to expose one spiral from each MZI, as
shown in Fig. 2(a). 480 nm-wide single-mode waveguides were
used for spirals, bends and waveguides at the inputs and outputs
of the multimode interferometers (MMIs) that split and combine
the signals propagating through the interferometer. The remain-
ing straight waveguides had a width of 1.5 μm with parabolic
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Fig. 4. Electric field (EX) profile of the propagating fundamental TE-mode of
a 220 nm × 480 nm waveguide. The evanescent field at the top and both sides
interact with the liquid.

tapers at the ends to guarantee a single-mode propagation. The
light was coupled in and out of the device using TE-optimized
focusing grating couplers with a coupling loss of ∼6 dB (mea-
sured from a reference sample). Finally, the internal branches
of both MZIs included a thermal phase modulator, which con-
sisted of a metal Ti heater track which was 100 μm long and
5.25 μm wide, with Ti/Au paths for the electric probing. This
modulator had a 1/e time-constant of ∼7μs and a V2π of 3.55 V.
The heaters and paths were placed far from the sensing window
in order to avoid contact between the electric probes and the
liquids under test.

Fig. 4 shows the electric field (EX) profile of the propagat-
ing fundamental TE-mode of the sensing waveguides obtained
using a finite difference eigenmode (FDE) solver (MODE So-
lutions from Lumerical Inc.). The refractive index model for
the silicon waveguides was obtained from [16]. For the lower
cladding the refractive index was set to 1.444, corresponding
to SiO2 , whereas the refractive index of the top cladding was
set to 1.32, corresponding to deionize water (DIW) at 1550 nm.
Regarding the simulation area of the FDE, this was defined
normal to the propagation direction, with a width of 2.08 μm
and thickness of 1.22 μm. The mesh of the simulation area had
maximum step of 0.01 μm in dx and dy, and minimum step
of 1 × 10−6 μm. Finally, the boundary conditions were set to
perfectly matched layer (PML) in all directions. The results of
the simulation confirm that the evanescent field interacts with
the liquid (DIW) at the top and both sides of the waveguide. The
device characterization and sensing tests were performed by
placing the chip on a micropositioner station with a TEC fixed
at 20 °C. A polydimethylsiloxane (PDMS) cell with two outlets
was fixed on top of the sensing area using a piece of plexiglass
and screws to avoid liquid leakage. Teflon tubes were used to
connect the PDMS cell to a multi-port switch valve and to a
pump that pulled the liquid with a constant flux. The multi-port
switch was at the same time connected to Eppendorf containers
that stored the different liquids under test.

IV. EXPERIMENTS AND RESULTS

The experimental setup scheme is shown in Fig. 1. A tunable
external cavity laser was used as a light source, working at a
wavelength of 1560 nm, and with an optical power output of

10 mW. The input and outputs of the device were aligned on the
same side of the chip (see Fig. 2(a)), allowing to use a fiber array
to couple the light in and out of the device. At the output, two
InGaAs based photoreceivers with a trans-impedance amplifier
(one per MZI) were used to detect the phase modulated signals.
The bandwidth of the photoreceivers, limited by the amplifier
settings, was 320 kHz for the coarse port and 90 kHz for the
fine port; note that the lower bandwidth for the fine port is due
to the higher amplifier gain required to compensate for the ad-
ditional propagation losses. Finally, the electrical signals from
the photodetectors were coupled to an analog-to-digital con-
verter (ADC) operating at 100 kSamples/s for data acquisition
and the processing, including mixing, low-pass filtering, and
unwrapping of the arctangent signal, was performed in real time
via software on a standard PC. The PGC modulation frequency
was set to 6.4 kHz and the applied low-pass filter had a cut-off
frequency of 1 kHz.

A. Refractometry Experiment

The refractive index measurements were performed using
glycerol in deionized water (DIW) dilutions, with concentra-
tions in volume of 1%, 1.1%, 2% and 5%. Initially, the refractive
index of DIW was measured starting at t = 0 s to establish a base-
line, and then, the valve was switched to the first concentration
of glycerol, alternating later with DIW between the different
concentrations in intervals of ∼600 s. Fig. 5(a) and (b) show
that after introducing the diluted glycerol a fast phase variation
occurred, which stabilized after keeping a continuous flux of the
same concentration, resulting in a response time (time required
for reaching 95% of the final response) of ∼111.15 s for the fine
and ∼108.5 s for the coarse, and then returned to the baseline
level when switching back to DIW. The phase change measured
with the fine MZI (see Fig. 5(b)) was, as expected, higher than
the measured using the coarse MZI (see Fig. 5(a)). There is a
∼8.2 factor difference between the two measurements, not fully
consistent with the length ratio of the spirals in the coarse and
fine MZIs which is 8.8; the reason for this small discrepancy is
due to the short straight waveguide segment which was exposed
in the coarse interferometer, which had a width of 1.5 μm.

In order to study the linearity of the MZIs, we plotted the
phase variation normalized to the maximum phase shift of each
trace as shown in Fig. 6(a). Fig. 6(b) reports a plot represent-
ing phase variation versus concentration for several repetitions
showing a good linear dependence (in dashed lines).

The refractive indices for DIW and a glycerol aqueous solu-
tion with 2% volume concentration at 25 °C are n(0%) = 1.3165
and n(2%) = 1.3193 respectively [17]. From these values it is
possible to estimate the effective index change of the sensing
waveguide when the liquid surrounding it changes from water
to a 2% dilution of glycerol in DIW, calculated using a finite
difference eigenmode solver (MODE Solutions from Lumer-
ical). The parameters of the simulation were the same as in
Section III, but in this case, we changed the refractive index
of the upper cladding to the one corresponding to a 2% glyc-
erol aqueous solution. The results showed that a variation in the
refractive index of the liquid causes a change in the effective
index of the waveguide (∂nef f /∂n�) of 16.46% for the 480 nm-
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Fig. 5. Phase shift versus time for different glycerol concentrations in water
measured using (a) the coarse MZI and (b) the fine MZI.

wide spiral and 4.56% for the 1.5 μm-wide straight waveguide
inside the sensing window. From these values, we estimated
the expected phase variations for a change in concentration of
glycerol from 0% to 2% of 279.69° for the coarse MZI, and
2358.56° for the fine MZI. The actual phase variation measured
with the device was 431.8° for the coarse MZI and 3549.675°
for the fine MZI, which are higher than estimated. These ex-
perimental values result in a ∂nef f /∂n� coefficient of 25.82%
for the 480nm-wide waveguide, which is higher than the esti-
mated value. We attribute this discrepancy to the depth of the
upper-cladding etching, which in the simulation was considered
to be precisely aligned to the bottom of the waveguide, while in
the real case there might have been some cladding over-etching
combined with a partial etching of the waveguide core, leading
to a higher sensitivity.

The performance of the device was evaluated in terms of sen-
sitivity, detection limit and temperature stability. The sensitivity
of the device S = Δφ/Δn� represents the phase shift per re-
fractive index unit (RIU) of the liquid; for the coarse MZI we
obtained a sensitivity of S = 1.565 × 105 deg/RIU, equivalent to
S = 2.731 × 103 rad/RIU, and for the fine MZI we obtained S =
1.315 × 106 deg/RIU, equivalent to S = 2.295 × 104 rad/RIU.
Regarding the detection limit, which is the minimum refractive
index variation that can be measured by the device and can be
expressed as DL = 3σ/S, where σ is the noise level, we found

Fig. 6. Phase shift versus time for different glycerol concentrations in water
measured using the (a) coarse MZI and (b) fine MZI.

values of 3σ = 0.276 deg (see Fig. 7(a)), and DL = 1.763× 10−6

RIU for the coarse MZI, and 3σ = 0.6417 deg (see Fig. 7(b)) and
DL = 4.882 × 10−7 RIU for the fine. It should be noted that the
noise was calculated over an interval that includes thermal drift,
and as seen in Fig. 7, both traces present proportional variations
that might be due to real refractive index variations in the analyte
or other factors that need to be studied in more detail in future
work, so the noise is not strictly Gaussian and it is probably
overestimated. Finally, we found that the phase variation with
respect to a change of temperature on the chip was 12.72 deg/°C
for the coarse MZI and 163.79 deg/°C for the fine MZI, which
is due to the coarse circuit being better balanced, as evidenced
in Fig. 3(a) and (b). Even though these values of thermal sen-
sitivity allowed us to acquire clean phase profiles, the device
performance can be improved by designing an athermal inter-
ferometer able to cancel out the temperature-dependent phase
shift induced by the different thermo-optic coefficients of the
three materials involved: silicon, silica and water. The athermal
interferometer design is however beyond the scope of this work
and will be the subject of a future work.

B. Biosensing Experiment

1) Sample Functionalization and Biomolecule Attachment:
The photonic devices were modified to achieve the covalent im-
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Fig. 7. Zoom of the phase variation response showing the rms noise measured
for 1% glycerol using the (a) coarse MZI and (b) fine MZI.

mobilization of a biological recognition element at their surface.
The immobilization protocol consisted basically in the linking
of a standard reference protein, i.e., Bovine Serum Albumin
(BSA), on one of the two sensing windows present on a chip
with two replicas of the device. The other one was treated as
a control surface and therefore it underwent all the modifica-
tion treatment, excluding the final BSA addition. This assured
the real-time subtraction of possible unspecific signal due to
the interaction of the analyte, anti-BSA antibody (polyclonal
anti-BSA, Sigma-Aldrich), with the transducer surface. Due to
the strong hydrophobic nature of the silicon wafer, the first
step involved the surface oxidation by piranha solution (3:1
H2SO4:30% H2O2, 10 min). Afterward, the devices were thor-
oughly washed with MilliQ water (ultrapure water at 18.2 MΩ×
cm at 25 °C). Finally, the chips were dried under a nitrogen
stream and promptly used for further modification to avoid the
loss of hydrophilicity achieved during the oxidation process. The
chips were then organically modified using standard silaniza-
tion chemistry. The entire chip was exposed to a 5% solution
of 3-aminopropyltriethoxysilane (APTES) in 95% ethanol for
60 min, followed by the removal of residual siloxane by rinsing
in 95% ethanol.

Fig. 8. Phase shift versus time caused by the antigen/antibody a-BSA/BSA
immunoreaction at 5 μg/mL and 15 μg/mL concentrations.

The covalent immobilization of Bovine Serum Albumin
(BSA) to the sensor surface was achieved in two steps using
amino-coupling reaction. The freshly silanized surfaces were
exposed to a 2.5% solution of glutaraldehyde in phosphate
buffered solution (PBS) for 1 h. After washing with PBS buffer
(0.1 M phosphate buffered solution, pH 7.4) and MilliQ water,
the reactive aldehyde moiety exposed was conjugated to the
BSA (200 mg/L). After reacting for 1 h at room temperature
to maximize the amount of covalently immobilized antibody, a
PBS buffer rinse was then carried out to remove noncovalently
bound protein. After drying, the photonic devices were tested in
biosensing experiments by assaying their refractive index sus-
ceptibility upon the specific binding of the target analyte on the
receptor moiety. As negative control, a nonspecific antibody,
anti-goat IgG was also tested.

2) Biochemical Sensing Results: For the demonstration of
the biosensing capabilities of the device we immobilized Bovine
Serum Albumin (BSA) protein on the fine MZI, and observed
the specific interaction with the relative anti-BSA antibody.
Through this approach, the monitoring of the immunoreaction
can be performed in real time and without the use of any label.
The fine MZI was selected as substrate for its higher sensitivity.
As a proof of concept, the immunosensor was assayed with two
different concentrations of anti-BSA, 5 μg/mL (33.3 nM) and
15 μg/mL (99.9 nM) respectively, in a buffer solution (0.1 M
phosphate buffered solution, pH 7.4). The flow rate was fixed
at 10 μL/min and the running buffer was the same PBS solu-
tion used for anti-BSA dilutions. The immunosensor behavior
is shown in Fig. 8. At t = 0 s the buffer flows, providing a stable
base line, followed at t = 1440 s by a 15 μg/mL anti-BSA injec-
tion (for ∼15 min) producing at first a fast change in the phase,
due to the refractive index difference between the buffer and the
anti-BSA solution. The binding of anti-BSA on the BSA antigen
is displayed and recognized as a constant increase in the sensor
signal up to the washing phase, where a decrease in the signal can
be observed, corresponding to the washing off of the anti-BSA
excess. Then, a second and third injection of 15 μg/mL anti-BSA
was applied, with washing steps in between, followed by the re-
generating solution (HCl, 10 mM for ∼2 min) to dissociate the
surface immunocomplex (BSA/aBSA), and finally by PBS to re-
cover the system baseline. As evidenced in Fig. 8, the photonic
immunosensor can be used for repeated measurement cycles
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Fig. 9. Zoom of the phase shift versus time caused by the antigen/antibody
anti-BSA/BSA immunoreaction at (a) 5 μg/mL and (b) 15 μg/mL concen-
trations. (c) Dose response plot showing the linear correlation obtained with
anti-BSA up to 15 μg/mL.

since, after the HCl solution exposure and buffer surface wash-
ing, the baseline successfully returned to the initial one recorded
at t = 0 s, i.e., before the first anti-BSA solution injection.

Further measurements were performed with a lower anti-
BSA concentration (5 μg/mL), to demonstrate the ability of the
biosensor to provide a quantitative signal and discern among
the different anti-BSA concentrations. As in the previous mea-

Fig. 10. Phase shift versus time caused when applying the anti-Goat at
10 μg/mL on the BSA activated surface.

surements, 5 μg/mL anti-BSA was injected in series with a
washing step in between to remove the unbound antibody. As
expected, the phase change (refractive index change) shown in
Fig. 8 (zoomed in Fig. 9(a)), was smaller and proportional to the
concentration tested. By plotting the obtained phase shift ver-
sus concentration, a linear correlation was obtained as reported
in Fig. 9(c). The final step of our demonstration was to apply a
control anti-body (anti-Goat solution in PBS at 10 μg/mL) to the
device with immobilized BSA on the surface to determine if the
immunoreaction was indeed selective. The test was performed
after applying the regenerating solution following the binding
test of anti-BSA on the BSA. Initially a flow of the buffer so-
lution was applied for 10 min, to establish a stable baseline,
followed by an anti-Goat injection for 10 min, and finally by
the washing off phase with PBS, in order to remove any anti-
Goat excess. Fig. 10 shows the phase change curve, where it
can be observed that there is a small negative phase shift when
the anti-Goat solution gets in contact with the sensing area, but
after applying PBS again the baseline returns to the initial value,
indicating that no binding took place, hence demonstrating the
selectivity of the immunosensor. The negative sign of the phase
change is likely due to a difference in the buffer solutions used
for the baseline and for preparing the anti-Goat dilution.

V. CONCLUSION

In this paper we presented a refractive index and biochem-
ical sensor based on integrated silicon photonics. The cir-
cuit, consisting of a Mach Zehnder interferometer, exploits an
active demodulation technique based on phase generated carrier
(PGC) and the evanescent detection mechanism to measure re-
fractive index changes in the surface of the exposed waveguides.
We demonstrated a refractive index detection limit of 4.882 ×
10−7 RIU, and specific detection of BSA protein at concentra-
tions down to 5 μg/mL (33.3 nM). The possibility of integra-
tion of the source and detectors on-chip indicates its potential
of becoming a low-cost solution for a wide variety of sensing
applications.
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San Cristóbal de La Laguna, Spain, in 2005. Then, he spent 4 years with
the Optoelectronics Research Centre, Southampton, U.K., where he worked on
integrated optical amplifiers and lasers on silicon as a Marie Curie Post-Doctoral
Fellow. In 2009, he joined the Nanophotonics Technology Centre, Universidad
Politecnica de Valencia, Valencia, Spain, where he studied nonlinear silicon
photonic devices. Finally, since 2012, he has been an Assistant Professor with
TeCIP Institute, Scuola Superiore Sant’Anna, Pisa, Italy. He is the author of more
than 120 scientific papers and conference contributions. His current research
interests include optical fiber sensors and silicon photonic integrated devices.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


