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Abstract: We present the theoretical and the experimental implementation 
of an all-optical phase modulation system in integrated Mach-Zehnder 
Interferometers to solve the drawbacks related to the periodic nature of the 
interferometric signal. Sensor phase is tuned by modulating the emission 
wavelength of low-cost commercial laser diodes by changing their output 
power. FFT deconvolution of the signal allows for direct phase readout, 
immune to sensitivity variations and to light intensity fluctuations. This 
simple phase modulation scheme increases the signal-to-noise ratio of the 
measurements in one order of magnitude, rendering in a sensor with a 
detection limit of 1.9·10−7 RIU. The viability of the all-optical modulation 
approach is demonstrated with an immunoassay detection as a biosensing 
proof of concept. 
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1. Introduction 

Integrated optical sensors have emerged during the last decades as one of the most promising 
candidates for Lab-on-Chip implementation. These sensors have the required properties of 
high sensitivity, miniaturized size, multiplexed format for array implementation and CMOS 
compatible fabrication processes for such application. Among the different integrated optical 
transducers, the interferometric sensors are one of the most sensitive configurations, with 
detection limits in the range 10−6-10−8 RIU [1,2]. Several successful implementations have 
been published as Young [3,4], Mach-Zehnder [5,6], Hartman [7], Back-Scattering [8] or 
more recently Bimodal waveguide [9] interferometers. 

But despite their high sensitivity, their label-free and real-time scheme of detection and 
the innate advantages offered by an interferometric configuration, there is still no successful 
commercial biosensor based on Mach-Zehnder (MZI) principle. One of the main reasons is 
related to the complex read-out of the interferometric response and to its high dependence on 
variables as the input source fluctuations or temperature variations, which can give false 
positive signals. 

We present here a new phase modulation system based on an all-optical approach able to 
solve the limitations of the interferometric detections. The required phase change is 
introduced by tuning the input wavelength of a commercial Fabry-Perot laser diode and taking 
advantage of the asymmetric interferometric configuration imposed by the sensing area in one 
of the arms of the interferometer. In section 2 we first review the working principle of the 
standard MZI biosensor, describing the problems arising from its periodic output nature and 
the state-of-the-art in phase modulation techniques to control its output. In section 3 the 
theoretical analysis of the all-optical wavelength modulation working principle is provided, 
while in section 4 the experimental verification of the method is shown. Finally, in section 5, 
we present the calibration curve of the modulated sensor to refractive index changes, the 
comparison with a standard MZI detection scheme (without modulation) and a biosensing 
proof of concept with the detection of the human Growth Hormone (hGH) by an 
immunoassay. 

2. Standard Mach-Zehnder Interferometer 

In an integrated MZI, the light traveling in a rib waveguide is split into two arms, the sensing 
and the reference arms, by a Y-junction. The two beams are recombined again, after a certain 
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distance, in a second Y-junction, producing their interference. A scheme of the sensor is 
shown in Fig. 1. 

 

Fig. 1. MZI scheme. A rib waveguide is split into two arms (reference and sensing) which 
recombine again into a single output waveguide. 

For biosensing applications, the protective cladding is removed from a portion of the 
sensing arm, the so-called sensing area, where the evanescent field of the propagating mode 
can probe the external medium, thus providing an asymmetric interferometric configuration. 
A change of the refractive index in the sensing area, as the one generated by biochemical 
interactions, will change the effective refractive index of the guided mode, inducing a phase 
difference between the light beams travelling in both arms. Such phase difference will result 
in an intensity variation at the output of the device that can be expressed as: 

 ( )2 cosT S R S R SI I I I I tϕ= + + ∆    (1) 

where IS and IR are the intensities of the light in the sensor and reference arms, respectively. 
The term ∆φS is the phase difference between the light beams travelling in both arms, and is 
given by: 

 ( ) ( )( )2
S S R

L
t N t Nϕ π

λ
∆ = −  (2) 

where NS and NR are the effective refractive indexes of the guided modes in the sensor and 
reference arms, respectively, λ is the wavelength of light and L is the length of the sensing 
area. As it can be deduced from Eq. (1), the output intensity of the interferometric device is 
periodic with respect to the phase changes induced in the sensing area. 

Because of the periodic nature of the output signal, the MZI response can give rise to 
wrong or ambiguous interpretations. There are three main issues related to this type of signal: 
ambiguity, sensitivity fading and intensity fluctuations leading to false positives [5,10]. Signal 
ambiguity prevents the discrimination between two values differing of an integer multiple of 
2π and impedes the prediction of the phase evolution direction when the phase difference 
between the two arms is an integer multiple of π. At the same time, sensitivity suffers the 
same periodicity of phase evolution, i.e. is not constant but maximum at quadrature point and 
minimum at curve extremes. Furthermore, input light or temperature fluctuations can give rise 
to false positive signals which can constitute a serious issue for having reliable sensor devices 
and must be carefully handled. 

All these drawbacks can be solved by tuning the phase difference between the arms of the 
interferometer device. Various solutions have been suggested in the last years, the most 
common are based on electro-optical [5,11], acousto-optical [12], thermo-optical [13,14] or 
magneto-optical [10] working principles. A different approach, recently described in [15], 
consists in depositing a light-sensitive adlayer on the reference arm and controlling its 
refractive index upon light intensity variations. The disadvantages of all the above techniques 
rely in the need of complex fabrication processes, often requiring not standard CMOS 
compatible materials, in the need of electrodes and electrical connections, conflicting with 
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microfluidics, and in the complex electronic equipment required for the read-out, seriously 
hindering the miniaturization of the interferometric devices for Lab-on-Chip implementation. 

3. Overview of the technique 

3.1 All-optical phase modulation principle 

In contrast to the above described technologically challenging phase modulation methods, we 
propose a straightforward and cost effective approach based on the power-dependent 
wavelength variations of commercial Fabry-Perot laser diodes [16] and on the asymmetry of 
the MZI sensors. This method permits to introduce a periodical phase change between the 
arms of the interferometer by applying a periodical driving current to the laser diode. The 
output signal is analyzed with Fourier transform. 

If we consider a sinusoidal phase modulation function, f(νM) = µM sin(ωMt), and we 
assume that the period of the modulation is much shorter than the response time of the 
biosensing interactions (which are typically in the order of seconds or minutes), the standard 
Mach-Zehnder output given by Eq. (1) is transformed into: 

 ( )2 cos sin( )T S R S R M M SI I I I I t tµ ω ϕ= + + + ∆    (3) 

Equation (3) can be expanded in a Fourier series [17,18], resulting in: 

 

( )( ) ( ) ( ) ( )
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 (4) 

where Jn is the Bessel function of order n. Therefore, the DC term and the first three 
harmonics are given by: 
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 (5) 

According to these expressions, phase information can in principle be extracted by 
considering the ratio of any pair of consecutive harmonics. The ratio of the generic pair of 
harmonics with indexes 2nω and (2n+1)ω is given by: 

 
( ) ( )
( ) ( )

(2 1) (2 1)

2 2

sin ( )

cos ( )
n S n M

n S n M

I t J

I t J

ω
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ϕ µ
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∆

 (6) 

Thus, by choosing a modulation amplitude µM that satisfies: 

 ( ) ( )2 (2 1)n M n M
J Jµ µ+=  (7) 

∆φ can be directly extracted from: 

 (2 1)

2

( ) arctan n

S

n

I
t

I

ω

ω

ϕ + 
∆ =  

 
 (8) 

According to Bessel functions’ theory, it is possible to find a value of µM satisfying Eq. (7) 
for each couple of consecutive harmonics. This value is 0.84π in the case J1(µM) = J2(µM), 
1.2π for J2(µM) = J3(µM) and 1.55π for J3(µM) = J4(µM). 
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During this study, harmonics I2ω and I3ω are employed to extract the phase information 
since in practice they demonstrated to be more stable and reliable than the pair I1ω-I2ω due to 
the different laser behavior in response to the applied modulation amplitude. 

In this modulation scheme the phase change is not deduced anymore from the variations 
of the intensity interference pattern but is directly extracted from the periodically modulated 
output, as shown by Eq. (8). Therefore, this phase modulation approach overcomes the three 
problems derived from the periodicity of the output signal described in section 2. 

3.2 Numerical study of the wavelength modulation 

According to Eq. (2) and to the fact that the effective refractive index depends on the 
propagating light wavelength, a phase change between the arms of the interferometer can be 
induced by a change in the laser wavelength. The introduction of a small change (few nm) in 
the wavelength of the guided light will produce a variation of the phase difference given by: 

 ( ) ( ) ( )2 1 S R

S S R

N N
N N L

π
δ ϕ δλ

λ λ λ

∂ − 
∆ = − − + 

∂ 
 (9) 

where the second term in the right side of Eq. (9) is much smaller than the first term and can 
be neglected. 

The wavelength modulation amplitude (δλ) necessary to induce a given phase change 
between the two interferometer arms can be numerically evaluated as a function of the core 
thickness of the MZI devices, using the simplified form of Eq. (9). For this purpose, we 
consider a waveguide structure similar to the one described in [6,19]. In this structure, a Si3N4 
core is embedded between two SiO2 cladding layers (2 µm thickness each), except in the 
sensing area, where the top cladding is the environment (water). In Fig. 2 we represent the 
results of this numerical simulation in the case of a phase change of 2π, for TE and TM 
polarizations, assuming L = 15 mm, λ0 = 660 nm, a rib of 1 nm (height) × 4 µm (width) as in 
our experimental devices and water as the external medium in the sensing area (n = 1.33). 

 

Fig. 2. Wavelength modulation amplitude needed to achieve a 2π phase modulation, as a 
function of core thickness and the light polarization. 

According to the results shown in Fig. 2, for a core thickness of 200 nm the required ∆λ 
inducing a 2π phase change is 1.1 nm in the case of TM polarization, enabling the use of 
common Fabry-Perot laser diodes. Even if the employment of laser diodes with respect to gas 
lasers is generally discouraged due to their worst performances in terms of temperature 
stability and signal-to-noise ratio (SNR) in standard conditions [5], the advantages coming 
from a direct phase read-out implementation, their lower cost, smaller size and facility of 
hybrid integration justify their use. 
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4. Implementation of the wavelength modulation system 

4.1Laser diode characterization 

The output light of a commercial laser diode (ML101J27, Mitsubishi: nominal wavelength λ0 
= 660 nm) is focused at the input of a MZI device. The light intensity is periodically 
modulated with a sinusoidal profile by a voltage input supplied through an acquisition card, 
controlled by a dedicated Labview software. Laser optical cavity temperature is kept constant 
by a temperature controller (ITC510, Thorlabs), whereas precision micro-position stages 
allow the alignment of the optical components (Nanomax-TS, Thorlabs). 

We first study the wavelength dependence of the laser diode. Figure 3(a) shows the 
emission spectra of the laser diode source in static conditions and at T = 25°C at different 
driving currents. From these experimental data, a linear relationship can be found between 
driving current and peak wavelength: ( ) 0.039 655.813

LD LD
I I nmλ = ⋅ + , as represented in Fig. 

3(b). 

 

Fig. 3. (a) Emission spectra of the laser diode, acquired in static conditions at T = 25°C at 
different driving currents; the maximum wavelength shift approaches 3 nm. (b) Plot of the 
emission wavelength versus driving current. 

4.2 Verification of the wavelength modulation principle 

In order to proof the wavelength modulation principle we keep constant the refractive index 
on the sensing area by flowing milli-Q grade water (n = 1.3328) while we slowly vary the 
input laser wavelength by tuning the laser driving current (ILD). 

Figure 4 shows the results for a MZI device with silicon nitride core thickness of 200 nm, 
characterized in TM polarization. Output intensity shows periodical variations as predicted 
from Eqs. (1) and (2). By relating the period of these oscillations to the laser spectra it is 
possible to obtain the wavelength shift necessary to induce a 2π phase shift. In this case, the 
wavelength shift is evaluated as 1.2 nm, which is in good agreement with the theoretical 
prediction of 1.1 nm (Fig. 2). 

 

Fig. 4. Evolution of MZI output versus input current (wavelength) in the case of TM input light 
for a MZI device with 200 nm core. 
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4.3 Data processing 

Accordingly to the mathematical development presented in section 3.1, the parameters for 
modulating the input laser beam are the DC intensity working point, the modulation 
amplitude and the modulation frequency. All the data operations are done in real-time using 
Labview software. 

Data processing is illustrated in the following with the example of the detection of an 
index change ∆n = 5·10−4 RIU, obtained by flowing a solution of HCl 0.05M with milli-Q 
water as running buffer on the device sensing area. 

The interferometer output (IT) is normalized by a reference signal (IREF, see Fig. 5(a)) to 
eliminate unwanted amplitude modulation effects. This reference is extracted from the optical 
path using a beam splitter placed before the interferometer input. Fast Fourier Transform 
(FFT), shown in Fig. 5(b), is then evaluated on the quotient IN(t) = IT/IREF. Figure 5(c) shows 
the intensities of second and third harmonics, extracted from real and imaginary parts of the 
FFT, respectively Re{I2ω} and Im{I3ω}, in the case of detection of this index change. To set 
the working point, the condition on Bessel functions stated by Eq. (7) must be fulfilled. In 
practice, to compensate the non-ideal laser diode behavior and the minor variations of the 
device due to fabrication, modulation parameters have to be slightly varied around the 
theoretical value (1.2π) till the amplitudes of the two considered harmonics are equal. 

As stated by Eq. (8), phase information can be directly extracted from the inverse tangent 
evaluated on the ratio of two consecutive harmonics, resulting in a signal oscillating in the 
range ± π (see Fig. 5(d)). Due to the linearity of the inverse tangent and to the abrupt jumps 
described in correspondence of ± π values, it can be easily unwrapped in real-time to get a 
smoother and continuous cumulative response (Fig. 5(e)), unaffected by ambiguities. 

Moreover, as the phase change information is directly provided and not deduced from the 
sinusoidal output of the standard MZI device, evaluation is not influenced anymore by the 
visibility factor (fringes amplitude) and it is immune to the problems related to the periodic 
nature of interferometric output. A theoretically infinite dynamic range is obtained, since 
unwrapped phase evolution is no more constrained. 
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Fig. 5. (color online) Steps of data processing, starting from signals acquisition and ending in 
direct and real-time data output. The steps are illustrated in the case of the detection of a 
refractive index change of ∆n = 5·10−4 RIU. (a) Screenshot of acquired signals IT and IREF and 
their ratio IN, (b) FFT evaluated on IN, (c) I2ω and I3ω harmonics evolution during the index 
change, (d) phase signal and (e) unwrapped phase signal. 

5. Results and discussion 

5.1 Homogeneous sensing 

In order to check the suitability of the technique for evaluating the sensitivity of the MZI 
device, a calibration curve measuring the phase changes induced by refractive index 
variations was carried out. PDMS channels embedded in a PMMA housing have been 
employed to supply the fluids to the sensing area. A peristaltic pump (Minipuls 3, Gilson) is 
used to maintain a constant flow regime. Different concentrations of HCl (0.2M, 0.1M, 0.05 
M and 0.025 M) have been injected with running water (milli-Q grade) as buffer. Previously 
to injection, the refractive index of the solutions has been measured with an ABBE 
Refractometer (Optic Ivymen System, Spain). Table 1 reports the absolute refractive indexes 
of the HCl solutions used for calibration and the index changes induced in the MZI sensing 
area considering milli-Q water (n = 1.3328) as buffer. 

Table 1. Refractive Indexes of the Set of HCl Solutions Used For Calibration 

Solution n ∆n 
HCl 0.2 M 1.3345 1.7·10−3 
HCl 0.1 M 1.3337 9·10−4 

HCl 0.05 M 1.3333 5·10−4 
HCl 0.025 M 1.3331 3·10−4 

Figure 6(a) shows the real-time phase evolution of the wavelength modulated MZI during 
the injection of the different concentrations of HCl, with milli-Q grade water as a running 
buffer. Phase starts from a constant level (corresponding to water) and varies when HCl 
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reaches the sensing area (“HCl ON” in Fig. 6(a)); then stabilizes and returns to the starting 
level when milli-Q water arrives again to the sensor area (“OFF”). The parameters employed 
for the modulation were a DC current of 138 mA, a modulation amplitude of 36 mA and a 
frequency of 215 Hz. All measurements have been done in TM polarization. 

As a result, Fig. 6(b) shows the calibration curve obtained after the evaluation of the phase 
changes corresponding to each of the refractive index changes reported in Table 1. 

 

Fig. 6. (a) Real-time evolution of the phase change on a wavelength modulated MZI, subjected 
to different HCl injections. (b) Calibration curve. Detection of ∆n = 3·10−4 giving ∆φ = 
0.99·2π rad, ∆n = 5·10−4 giving ∆φ = 1.94·2π rad, ∆n = 9·10−4 giving ∆φ = 3.5·12π rad and ∆n 
= 1.7·10−3, giving ∆φ = 6.97·2π rad. 

The sensitivity has been evaluated as the slope (k) of the curve ∆φ versus ∆n. A linear fit 
gives k = 4240·2π rad/RIU, with R2 = 0.999. The detection limit of the sensor can be 
estimated by considering that the lowest detectable phase, ∆φS,min, is equal to three times the 

standard deviation (σ) of the system. Since ,min
min

S
n

k

ϕ∆
∆ =  and σ = 0.0017 rad, we obtain a 

theoretical detection limit of 1.9 ·10−7 RIU. 

5.2 Sensor performance and advantages over standard MZI 

In order to compare the wavelength modulation approach with the standard configuration, the 
same chip has been analyzed with the same laser diode without modulation (monochromatic 
light) and with the wavelength modulation technique, both for TM polarization. The 
measurements have been compared in terms of SNR, after performing a linear fit on the same 
population of experimental data along a constant part of the two curves. According to the 
definition SNR = x/σ, the signal value x has been considered equal to twice the fringe 
amplitude in the case of a standard detection, which corresponds to 2π in the case of the 
wavelength modulated MZI. 

Figure 7 shows the detection of a bulk index change ∆n = 5·10−4 RIU on a chip of 250 nm 
core thickness, in the case of the standard interferometric pattern (Fig. 7(a)) and in the case of 
the unwrapped phase obtained with wavelength modulation (Fig. 7(b)). 
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Fig. 7. Comparison of sensor response in the case of (a) standard interferometric pattern, with 
monochromatic light excitation and (b) unwrapped phase with λ-modulated input, in the case 
of detection of a bulk index change ∆n = 5·10−4 RIU. Standard deviation has been evaluated by 
a linear fit over the constant part of the two curves (regions in evidence). 

We obtained a value of σ = 2.19·10−5 µA in the case of standard MZI and σ = 2.34·10−3 rad 
in the case of λ-modulated MZI, corresponding to SNR = 299 and 2685, respectively. The 
employment of the wavelength modulation results in a 9 times fold improvement in the 
system SNR. Moreover, the limit of detection (LOD) obtained with the wavelength 
modulation is comparable to the one obtained in previous studies using a He-Ne laser [20]. 

In addition to the improved SNR, false read-out responses due to input intensity 
variations, related to laser instabilities or mechanical misalignments, are also eliminated with 
this detection scheme. It is important to underline that these results have been achieved using 
a compact, small and easily integrated laser diode instead of a bulky He-Ne one. This fact 
strongly supports the adoption of the wavelength modulation approach for the achievement of 
a sensitive and real-time Lab-on-Chip device with an interferometric biosensor. 

5.3 Biosensing evaluation 

In order to fully demonstrate the viability of our all-optical modulated MZI device for 
biosensing applications, we have evaluated the immunoreaction of the pair hGH/anti-hGH 
(human Growth Hormone, Sigma) using the modulated MZI sensor. hGH was previously 
immobilized on the sensor surface following standard silanization protocols and the specific 
antibody (mAb-hGH) was flowed through the sensor area for detection. 

A solution 50 µg/ml of hGH was covalently immobilized on the sensing area of the MZI 
after silanization of the silicon nitride surface with Carboxyethylsilanetriol, sodium salt 
(CTES) as silane agent. Carboxylic groups were activated by N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDC)/ N-Hydroxysuccinimide (NHS) incubation [21,22]. 

Two concentrations of specific antibody were injected in a volume of 250 µl and the 
receptor surface was regenerated by flowing a solution of HCl 10 mM between the two 
immunoreactions. Figure 8 shows the phase response for both antibody concentrations (1 
µg/ml and 5 µg/ml). 
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Fig. 8. Real-time phase change induced by the immunoreaction of mAb-hGH of 5 µg/ml mAb-
hGH, inducing ∆φ = 8.52·2π rad (black line) and 1 µg/ml mAb-hGH, giving ∆φ = 2.94·2π rad 
(red line). 

These results clearly validate the use of the wavelength modulated MZI as a direct 
biosensor device. The direct phase read-out extremely simplifies data analysis, making it a 
perfect candidate for portable sensing platforms. 

6. Conclusion 

In this paper we have proposed an innovative phase modulation system able to solve the 
problems arising from the periodic nature of the MZI sensor output. We have demonstrated a 
simple, low-cost and effective modulation technique that takes advantages of a well known 
drawback of semiconductor laser diodes: by controlling the laser driving current, it is possible 
to create a periodical wavelength variation that induces a phase modulation along the 
asymmetric interferometer arms. With this approach, no additional fabrication processes 
neither electrical pads are necessary. 

The validity of this approach has been demonstrated with the calibration of the device to 
refractive index changes, resulting in a detection limit of 1.9·10−7 RIU. The employment of 
the wavelength modulation gives a 9 times fold improvement in the system SNR compared to 
standard detection scheme (without modulation). The LOD demonstrated in this work is 
comparable to the one obtained using a He-Ne laser. The suitability for biosensing 
applications has been demonstrated by an immunoreaction detection. 

The real-time and direct phase read-out proposed here opens outstanding horizons for the 
commercialization and integration into Lab-on-Chip platforms of the wavelength modulated 
MZI. The wavelength modulation principle has been investigated and demonstrated in the 
case of the integrated MZI but can be extended to other interferometric configurations. 

Acknowledgments 

This work was partially developed using the micro and nano fabrication capabilities of the 
ICTS/clean room from the IMB-CNM (CSIC), under project NGG249 and has been 
sponsored by Fundación M. Botin. S. Dante acknowledges the “Programa de Formación de 
Profesorado Universitario (FPU)” of the “Ministerio de Educación” of Spain and B. 
Sepulveda acknowledges the “Ramón y Cajal” program from “Ministerio de Ciencia e 
Innovación” of Spain for financial support. 

 

#159373 - $15.00 USD Received 5 Dec 2011; revised 3 Feb 2012; accepted 6 Feb 2012; published 14 Mar 2012
(C) 2012 OSA 26 March 2012 / Vol. 20,  No. 7 / OPTICS EXPRESS  7205




