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Abstract: The polymer waveguide optical biosensor based on the Mach-Zehnder interferometer 
(MZI) by using spectral splitting effect is investigated. The MZI based biosensor has two unequal 
width sensing arms. With the different mode dispersion responses of the two-arm waveguides to the 
cladding refractive index change, the spectral splitting effect of the output interference spectrum is 
obtained, inducing a very high sensitivity. The influence of the different mode dispersions between 
the two-arm waveguides on the spectral splitting characteristic is analyzed. By choosing different 
lengths of the two unequal width sensing arms, the initial dip wavelength of the interference 
spectrum and the spectral splitting range can be controlled flexibly. The polymer waveguide optical 
biosensor is designed, and its sensing property is analyzed. The results show that the sensitivity of 
the polymer waveguide optical biosensor by using spectral splitting effect is as high as 104

 nm/RIU, 
with an improvement of 2–3 orders of magnitude compared with the slot waveguide based microring 
biosensor. 
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1. Introduction 

Integrated waveguide optical biosensors have 
broad applications in environmental monitoring, 
food safety, and healthcare with the advantages of 
the low cost, compact structure, real-time detection, 
and label-free sensing [1‒4]. Among various 
structures for integrated waveguide optical 
biosensors [5‒8], Mach-Zehnder interferometers 
(MZIs) have been attracting much attention due to 
their simple structure, easiness for fabrication. MZI 

based biosensors make use of the optical 
interference effect for sensing. When the phase 
difference between two arms is altered by the 
ambient analyte, the intensity or the resonant 
wavelength of the output interference signal changes, 
which reflects the information of the analyte, such as 
the kind or the concentration [9‒11]. 

The sensitivity of the MZI based integrated 
waveguide optical biosensor can be improved by 
increasing the cumulative amount of phase change. 
For example, in [12], the two arms of the MZI based 
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biosensor were set to be the spiral structure to 
increase the arm length. It increases the interaction 
distance between the analyte and lightwave, and 
improves the sensitivity. However, this structure 
increases the size of the biosensor. In [13], the 
sensing arm of the MZI based biosensor was set to 
be a slot waveguide structure to increase the 
interaction degree between the analyte and 
lightwave, aiming at obtaining large phase change. 
However, this approach increases the complexity of 
the waveguide design and the difficulty of the device 
fabrication. 

In [14], the spectral splitting characteristic of the 
integrated waveguide interference structure was 
studied. If the phase difference between two optical 
paths satisfies a certain condition, there is a 
minimum power in the output spectrum at the dip 
wavelength, which is called as the critical 
wavelength. When the index of the analyte changes, 
the minimum power of the output spectrum is split 
into two dip wavelengths towards the opposite 
directions. The index change in the analyte can be 
determined by measuring the splitting wavelength, 
and then the information of the analyte is obtained. 
Because of the different mode dispersions of the two 
optical paths, a large splitting wavelength can be 
obtained with a small change of ambient refractive 
index, thus the very high sensitivity can be obtained. 
In [15], the silicon on the isolator (SOI) waveguide 
based MZI sensor with two unequal width arms was 
prepared. Laser irradiation was used to simulate the 
sensing process. The sensor could work at the 
critical wavelength by controlling the temperature, 
and the spectral splitting phenomenon was observed 
experimentally. In [16], the porous silicon based 
MZI sensor with two unequal width arms which 
worked at 1550 nm was simulated and analyzed. 
Different optical field distributions can be obtained 
since the two arms have different widths, thus the 
condition of spectral splitting can be satisfied. 
Because the position of the critical wavelength 
varies with the change in phase difference, the 

different phase periods with different phase 
differences can be distinguished. It solves the 
phase-ambiguity problem of the interference sensors 
and increases the dynamic range of sensing. The 
basic principle of the interference spectrum is 
analyzed in above-mentioned literatures, and the 
spectrum splitting phenomenon has been observed 
experimentally. However, as far as we know, the 
optimal design of the biosensor structure with a 
controllable initial critical wavelength and a spectral 
splitting range to meet the practical sensing and 
interrogation applications haven’t been reported in 
detail. 

In this paper, the polymer waveguide MZI based 
biosensor by using the spectral splitting effect is 
investigated. The relationships between the phase 
difference and the cladding refractive indices or the 
length of the sensing arms are analyzed. The widths 
of the sensing arms are chosen properly to obtain a 
large phase difference and to realize the spectral 
splitting. For the practical sensing and interrogation 
applications, the two unequal width arms of the MZI 
are chosen to be different lengths. By adjusting the 
length difference, the initial critical wavelength of 
the interference spectrum can be designed flexibly, 
and the spectral splitting range can be controlled 
easily. The polymer waveguide MZI based biosensor 
fabricated by the micro-nano imprinting technique is 
designed. The results show that the controllable 
initial critical wavelength and spectral splitting 
range can be realized with the proposed sensing arm 
structure. Compared with the slot waveguide 
microring biosensor, the sensitivity of the spectral 
splitting based MZI biosensor can be enhanced by 2 
to 3 orders of magnitude. 

2. Operation principle 

Figure 1 illustrates the structure of the spectral 
splitting based waveguide biosensor. It is mainly 
composed of two multimode interference (MMI) 
couplers and two sensing arms. The widths of the 
two sensing arms are unequal in order to obtain the 
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different mode dispersion responses to the refractive 
index change in the analyte. The MMI structure is 
adopted instead of the usual Y branch structure to 
split and combine the lightwave, which is helpful to 
reduce the transmission loss caused by the big Y 
branch angle and has a large tolerance to the 
imperfection of waveguide fabrication. Figure 2 
shows the waveguides’ cross section of the two 
sensing arms. Polymer Ormocore [17, 18] is used as 
the waveguide core, which is on the SiO2 under the 
cladding. The biological sample under test, namely 
the analyte, covers both sensing arms, which avoids 
etching an extra sensing pool [19, 20]. Therefore, 
the complexity of the waveguide device fabrication 
is reduced, and the sensor array integration can be 
easily realized. The micro-nano imprinting 
technique is used to fabricate the polymer 

waveguide biosensor [21], thus the waveguide core 
may have the residual flat layer after demolding. 
The thickness of the residual flat layer is Hs. The 
structural parameters of the integrated waveguide 
biosensor are as follows: W1 and W2 are the 
waveguide widths of the sensing arms, H is the 
waveguide height, Larm1 and Larm2 are the 
longitudinal lengths of the two arms, G1 and G2 are 
the lateral spacings between one sensor arm and the 
straight waveguide of the MMI structure, l1 and l2 
are the lengths of two bend waveguides, Lbend is the 
longitudinal length of the bend waveguides, LMMI is 
the length of the MMI, WMMI is the width of the 
MMI, D is the spacing between the two output 
straight waveguides of the MMI, and Ltaper and Wtaper 
are the length and width of the taper section, 
respectively. 
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Fig. 1 Structure of the waveguide biosensor with two unequal width arms. 

 
Fig. 2 Waveguides’ cross section of two sensing arms. 

According to the optical interference principle of 
the MZI, the output power of the biosensor can be 
expressed as 

( )out in0.5 1 cosP P ϕ= + ∆        (1) 

where Pin and Pout are the input power and output 
power of the MZI based biosensor, respectively. The 
phase difference between the two sensing arms 
represented by ∆φ can be expressed as 

( )arm eff1 eff2
2 L n nπϕ
λ

∆ = −        (2) 

where Larm is the length of each arm, assuming 
Larm1=Larm2=Larm, and neff1 and neff2 are the effective 
refractive indices of the guided modes in the two 
sensing arms, respectively. 

Figure 3 illustrates the spectral splitting principle 
of the interference biosensor. When the total phase 
difference between the two arms of the MZI based 
biosensor is an odd times of π, the output power will 
reach the minimum, which is shown as the curves 
with dot mark in Fig. 3. The corresponding 
wavelength is called the critical wavelength. When 
the refractive index of the upper cladding changes, 
the phase difference will change accordingly, then 
the output power at the critical wavelength will not 
be the minimum. The unique minimum power is 
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split into two dip wavelengths towards the opposite 
directions, which leads to the spectral splitting 
shown as the curves with triangle mark in Fig. 3. 
Due to the different mode dispersions of the guided 
modes in the two arms, the splitting wavelength can 
be very large with a small refractive index change in 
the upper cladding. As a result, the high sensitivity 
of the biosensor can be obtained. 

 
Fig. 3 Spectral splitting principle of the MZI based 

biosensor. 

3. Biosensor structure design 

According to the waveguides’ cross section 
structure shown in Fig. 2, the finite difference beam 
propagation method (FD-BPM) is used to design the 
MZI waveguide biosensor structure. With the need 
to inject the phosphate buffer solution (PBS) in the 
microfluidic channel as the reference in the optical 
sensing applications [21], the PBS is chosen as the 
original material of the upper cladding in the 
analysis of waveguide. The transverse electric (TE) 
polarization state is chosen, and the refractive 
indices of each waveguide layer at 850 nm are as 
follows: upper cladding nPBS =1.340, core ncore = 
1.543, and lower cladding ncladding =1.453. With the 
micro-nano imprinting technique, the waveguide 
height H =1 μm and flat layer thickness Hs =0.2 μm 
are chosen. 

According to the optical interference principle 
and spectral splitting characteristic, the effective 
refractive indices of the guided modes in the two 
sensing arms affect the phase difference directly. 

The two sensing arms of the MZI based biosensor 
have different widths and only transmit the 
fundamental modes. The requirement of the 
single-mode condition for the waveguide width is 
analyzed. The effective refractive index with 
different waveguide widths is shown in Fig. 4, where 
Mode 0 means the fundamental mode and Mode 1 
means the first-order guided mode. When the 
waveguide width is less than 1.5 μm, the 
single-mode condition is met. The narrow width will 
enhance the aspect ratio of waveguides’ cross 
section, which increases the difficulty of the 
waveguide device preparation. So the widths of two 
arms are chosen as W1=1.4 μm and W2=1 μm, 
respectively. 
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Fig. 4 Effective refractive index of the guided mode versus 

waveguide width. 

Besides the effective refractive index of the arm 
waveguide, the lengths of sensing arms (Larm1 and 
Larm2 in Fig. 1) also affect the phase difference 
response greatly. When the lengths of two bend 
waveguides are equal (l1 = l2), the lengths of two 
sensing arms are also equal (Larm1 = Larm2), and both 
are set to be 624 μm, then the total phase difference 
will be an odd times of π calculated with (2). The 
concentration change in the biological sample 
solution is simulated by changing the refractive 
index of upper cladding. Figure 5 shows the 
transmission spectrum of the biosensor. The dip 
shifts away from the critical wavelength in the 
opposite directions, thus the spectral splitting is 
obtained. We plan to use the super luminescent 
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diode (SLED, Fiberer Corp.) with a wavelength 
range of 820 nm – 860 nm in the subsequent 
experiment, that is to say, the detectable wavelength 
range is 820 nm – 860 nm. So the spectral splitting 
range due to the concentration change in the 
biological sample solution should be between   
820 nm and 860 nm. According to Fig. 5, if we 
choose the left side of the splitting spectrum for 
sensing, the initial critical wavelength should be 

adjusted. The initial critical wavelength can be 
changed by altering the widths of two sensing arms. 
Because the adjustable range of the waveguide 
width is very small, the adjustive accuracy should be 
very high, which increases the difficulty of 
waveguide device fabrication. Here, two unequal 
length sensing arms are adopted, and the initial 
critical wavelength can be flexibly adjusted by 
changing the length difference. 
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Fig. 5 Transmission spectrum under different indices of upper cladding (Larm1 =Larm2 = 624 μm). 

Figure 6 illustrates the modified biosensor 
structure with two unequal length sensing arms. The 
longitudinal lengths of both the two sensing arms 
are Larm. The lateral spacing between the narrower 
arm and straight waveguide of the MMI structure is 
G3. The narrow sensing arm consists of two identical 
bend waveguides, and the length of each section is  

 ( )( )22
3 arm 2G L+ . When the lengths of the two 

sensing arms are not equal, (1) can be expressed as 

( )( )out in l0.5 1 cos wP P ϕ ϕ= + ∆ − ∆       (3) 

where ∆φw and ∆φl are the phase difference induced 
by the equal length of two arms and phase difference 
induced by the length difference between two arms, 
respectively. 

( )arm eff1 eff2
2

w L n nπϕ
λ

∆ = −         (4) 

l eff2
2 n Lπϕ
λ

∆ = ∆             (5) 

where ∆L is the length difference between two arms 
of the MZI biosensor:  

( )( )22
3 arm arm2 2 .L G L L∆ = + −       (6) 
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Fig. 6 Total structure of the modified biosensor with two unequal length arms. 

According to (5), the splitting spectrum in the 
left of the critical wavelength can cover the 
wavelength range of 820 nm – 860 nm by setting an 

appropriate ∆L. ∆L can be obtained by adjusting Larm 
and G3. When Larm = 657 μm and G3 = 17.1 μm, there 
is ∆L = 0.89 μm, and Figs. 7 and 8 show the power 
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transmission curves and phase difference curves, 
respectively. The spectrum corresponding to 
ncladding= 1.340 will obtain the minimum power value 

at the critical wavelength. And the left side of the 
splitting spectrum will cover the wavelength range of 
820 nm – 860 nm, which meets the design requirements. 

 
Fig. 7 Power transmission curves under different refractive indices of upper cladding (Larm =657 μm and G3 =17.1 μm). 
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(c) 

Fig. 8 Phase difference versus wavelength (Larm = 657 µm and G3 = 17.1 µm): (a) total phase difference Δϕ, (b) phase difference 
Δϕw induced by the equal length of two arms, and (c) phase difference Δϕl induced by the length difference between two arms. 
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The next is to design the MMI based coupler. 
Figure 9 illustrates the MMI waveguide structure. 
The MMI structure is designed from the viewpoint 
of reducing the insertion loss. According to the 
principle of self-imaging of the MMI structure  
[22, 23], the optimized structural parameters of the 
MMI are as follows: the width of the MMI 
structure is WMMI = 9 μm, the length of the MMI 
structure is LMMI = 74 μm, the spacing between two 
output straight waveguides is D = 4.6 μm, the 
length of the taper section is Ltaper = 62 μm, and the 
width of the taper section is Wtaper = 2.2 μm.  
Figure 10 shows the power transmission of the 
MMI based coupler. The output power of both 
arms is 49.3%, corresponding to the extra  
insertion loss of each arm of 0.07 dB. Finally,   
the optimized structural parameters of the MZI 
based biosensor are as follows: H = 1 μm, Hs = 0.2 

μm, W1 = 1.4 μm, W2 = 1 μm, G1 = G2 = 3 μm, G3 = 17.1 

μm, Larm =    657 μm, Lbend = 100 μm, Ltaper = 62 μm, 
Wtaper = 2.2 μm, D = 4.6 μm, WMMI = 9 μm, LMMI = 
74 μm. 
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Fig. 9 Structure of the MMI waveguide. 
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Fig. 10 Field distribution of the optical wave in the MMI 

waveguide structure. 

4. Sensitivity analysis 

From Fig. 7, it can be seen that the critical 
wavelength with the cladding refractive index of 
1.34 is 912 nm, which is not within the range of the 
detectable wavelength 820 nm – 860 nm from the 
SLED. Because the wavelength difference 
between the shifted dip wavelength and critical 
wavelength is too large with a small upper 
cladding index change, the left dip wavelength of 
the splitting spectrum with the cladding index of 
1.339 is set as the reference to determine the 
sensitivity of the MZI based biosensor for the 
practical interrogation. In Fig. 7, the splitting 
spectrum value ∆λ, namely the wavelength 
difference between the shifted dip wavelength with 
different cladding refractive indices and reference 
dip wavelength with the cladding index of 1.339 
can be obtained, and the data are listed in Table 1. 
According to Table 1, the sensitivity of the MZI 
biosensor with spectral splitting is about 104

 

nm/RIU, which is improved by 2 – 3 orders of 
magnitude compared with the slot waveguide 
microring sensor [24]. The relationship curve 
between the cladding index variation and spectral 
splitting value is plotted in Fig. 11. By fitting the 
curve of Fig. 11 with polynomial, the relationship 
equation can be obtained as (7). According to (7), 
the analyte refractive index variation ∆nc can be 
obtained by the measured splitting spectrum value 
∆λ. 
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Fig. 11 Upper cladding refractive index variation versus 

splitting spectrum value. 



                                                                                             Photonic Sensors 

 

138 

9 3 1 02 5 55.93463 10 7.82877 10 7.81646 10 6.54347 10cn λ λ λ− − − −∆ = × ∆ + × ∆ + × ∆ + ×         (7) 

Table 1 Spectral splitting value and ratio between the spectral splitting value and upper cladding index change. 

nc 1.33 1.331 1.332 1.333 1.334 1.335 1.336 1.337 1.338 1.339 

∆λ (nm) 78.6 71.6 65.5 61.5 51.9 43.0 35.6 24.3 10.1 0.0 

∆λ/∆nc  (×104 nm/RIU) 0.87 0.90 0.94 1.03 1.04 1.08 1.19 1.22 1.01  

5. Conclusions 

In this paper, the polymer waveguide optical 
biosensor based on the MZI structure by using 
spectral splitting effect has been investigated. With 
the different mode dispersion responses of the 
guided modes in the two unequal width waveguides, 
the high sensitivity can be achieved by properly 
choosing the waveguide widths of the two sensing 
arms. In order to meet the requirement of the 
practical sensing and interrogation application, the 
two sensing arms with different lengths are chosen. 
By adjusting the length difference between the two 
sensing arms, the initial critical wavelength and 
splitting spectrum range can be controlled easily. 
The polymer waveguide biosensor with the 
micro-nano imprinting technique is designed, and 
the sensing property is analyzed. The results show 
that the sensitivity of the polymer waveguide 
biosensor as high as 104

 nm/RIU can be achieved. 
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