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The proposed cost-effective polymer-based Mach-Zehnder Interferometer (MZI) refractive index (RI) sensor with rib-slot 
waveguide offers high sensitivity with a simple fabrication process. Due to recent demand in point-of-care biosensor at low 
cost, we need to identify silicon wafer-based polymer material. Hence, we designed a waveguide with Benzo Cyclobutene 
core and polymethyl methacrylate (PMMA) clad on a silicon wafer. The proposed gradient rib-slot waveguide structure of 
2.18 μm wide and 1 μm thick, holds liquid sample in the sensing region effectively. In MZI architecture, reference arm of            
1 cm and sensing arm at length of 1.3 cm with analyte refractive index of cancer cell (1.401) and Influenza A virus (1.48) 
are applied with thickness range from 400 nm to 90 nm. Through Finite-difference time domain (FDTD) analysis, effective 
mode index of BCB core are investigated and sensitivity results are calculated. Detection of cancer cell and Influenza A are 
plotted in transmission spectrum with normal human serum RI (1.35). This novel polymer waveguide structure achieves the 

MZI sensitivity of         nm/RIU, which is higher in this segment of refractive index biosensing. 
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1. Introduction 
 

In recent times genetic and viral diseases are an 

imminent threat. Detection of cancer cell and viruses such 

as Influenza A type have challenged the medical field to 

develop a low-cost label free biosensor [1]. In India, a 

recent report of the National Cancer Registry Programme, 

2020 by Indian council of medical research (ICMR) and 

National centre for disease information and research 

(NCDIR), out of nine Indians one will be developed 

cancer in lifetime [2]. Diagnosis of cancer at early stage 

and proper follow up will decrease the severity of the 

disease. Early detection of cancer and Influenza in present 

post-pandemic is possible with modern techniques. Many 

such reports are reported in the literature on detection of 

different biomolecules, virus, and bacteria etc. [3][4]. 

 In photonics, waveguide-based biosensor now more 

than ever, new materials and design prospects are 

increasing in disease diagnosis applications [5]. In this 

context, developing high sensitive and inexpensive 

biosensor integrated in mobile phone has been the subject 

of current research efforts [6] [7]. Biosensors are classified 

based on different transduction methods [8]. In optical 

biosensors chemical-related reagents are not added in to 

the sample [9]. This active sample will increase the 

sensitivity of sensor to quantify biomolecule present in 

sample [10]. In integrated photonic sensors two main 

techniques are used, namely absorption sensing and 

refractive index sensing (RI) [11][12]. In refractive index 

sensing only the real part n will be detected from the 

analyte. And also RI based photonic sensor use small 

volume of the sample n placed in waveguide surface [5]. 

Real part n in analyte refractive index is linked to 

concentration not exactly related to total sample mass [13] 

[14]. Therefore, refractive index (RI) based integrated 

photonic sensor has good possibility for biological 

detection [15]. Another benefit of RI sensors is that minor 

changes in real part n over short distances can result in 

significant changes in phase of propagating wave. Due to 

the density and viscosity of the biomolecule, the spread of 

this sample over the waveguide surface will be not be 

uniform. The analyte concentration we proposed is from 

the Refractive index which can be detected by various 

optical devices at very high sensitivities [16]. In photonic 

waveguide based refractive index sensors most commonly 

used devices are Mach–Zehnder Interferometer (MZI) and 

micro ring resonators (MRR) [5]. But photonic RI sensors 

are not specific i.e they only calculate the refractive index 

n value and are unable to identify the substance or diseases 

that caused change in effective index. Thus, in Photonic 

waveguide sensor sample holder absorbs the liquid sample 

(analyte) reduces the sensitivity. To solve this problem, 

especially in biosensing, polymer based integrated sample 

holder is used at the edges of the waveguide surface [17]. 

The integration of polymer materials in SOI platforms is 

one of the novel areas of research that have been 

investigated in the literature review to address this 

limitation. Several polymer low refractive index, high 

biocompatibility, and ease of processing have made them 

an effective replacement for traditional silicon-based 
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techniques. By enhancing the detection limit by increasing 

the overlap of the evanescent field with the analyte, the 

integration of polymers with SOI waveguides can 

considerably increase the sensitivity of the sensors. The 

development of low-cost, high-sensitive photonic RI 

sensor is widely preferred because the restoration of the 

biosensor after use, cleaning with a solution is very 

difficult and time-consuming process [18]. MZI-based 

photonic sensors, does not require complex process to 

fabricate and it is a cost-effective device structure too [5]. 

Integration of MZI configuration with other optical and 

opto-electrical components is simple, and detection of 

variation in the transmission spectrum of the different 

disease samples (analyte) are accurate [19]. Since the 

MZI-based sensors use evanescent field probing scheme, 

to detect the disease with strong evanescent wave 

absorption into the analyte, it achieves high waveguide 

sensitivity [20]. Some slot waveguide, subwavelength 

grating waveguides and novel waveguides have been 

proposed and reported in recent works of literature [21] 

[22].  

A PMMA cladding layer is typically used to separate 

the reference arm of a MZI sensor from the analyte in 

order to increase sensitivity, creating an asymmetric MZI 

configuration [4]. The sensitivity of the sensor as an 

interferometric device is significantly impacted by the 

optical path difference (OPD) between the two arms. In 

particular, the OPD of the MZI were carefully designed to 

cause a dip in transmission spectrum at an important 

working point in order to pursue an ultra-high sensitivity 

[23]. Due to fabrication mismatch of the sensor, dip in 

transmission spectrum need a precise characterization. To 

achieve accurate sensing, expensive facilities are needed, 

which results in a high cost of the sensor. The aim of the 

work is to create a liquid refractive index sensor with 

availability of wide range of affordable polymer materials. 

In order to achieve a high sensitivity, a clear and simple 

asymmetric MZI constructed with a standard rib-slot 

waveguide [24]. Here, the BCB core PMMA cladding 

reference arm and BCB core sensing arm length are 

consequently optimized with configurable refractive index 

of waveguides can be made for label free biosensing 

[25][26].  

The objective of the proposed polymer MZI biosensor 

design is to create a cost-effective photonic biosensor. In 

future, this design of biosensor will motivate the 

researchers to integrate them with mobile phones [6] [7]. 

The proposed waveguide structure analysed with physical 

environment factors like analyte transportation and 

temperature. In rib-slot waveguide waveguide 2.18 μm 

wide and 1 μm thick benzo cyclobutene (BCB) core and 

polymethyl methacrylate (PMMA) cladding layer. By 

etching PMMA for sensing window to hold the liquid 

sample effectively without any leakages at edges. This 

results in increase in the interaction of light with the 

sample, which detects the changes in sample and increase 

the number of peaks in transmission spectrum. The sensor 

exhibits high sensitivity of 2.5 × 10
5
 using MZI 

architecture. The transmission spectrum detected the 

cancer cell and Influenza A virus over normal human 

blood.  

 

 

2. Materials and methods 
 

The proposed polymer benzo cyclobutene (BCB) core 

waveguide grown in buffer silicon oxide (Sio2) wafer with 

polymethyl methacrylate (PMMA) as cladding layer. The 

physical properties of polymer is effectively simulated in 

Lumerical FDTD with refractive index of BCB 1.5370, 

and PMMA 1.4710. Even though Silicon and silicon 

nitride waveguide offers higher refractive index contrast, 

the proposed polymer rib slot waveguide provides better 

sensitivity [27]. The novelty of this waveguide design is in 

Z direction, where the thickness of waveguide increases 

and analyte thickness is reduced from 400 nm to 90 nm is 

shown in Fig. 1. This optimized gradient rib-slot 

waveguide are analysed for physical environment factors 

of the sensor for possible integration on point-of care 

device [28]. The viscosity and density of the sample is 

very small and not constant in the real environment. By 

considering all these aspects we proposed the polymer 

waveguide with integrated analyte holder, etching PMMA 

cladding layer in sensing arm which holds the sample 

effectively shown in Fig. 2 (a) and Fig. 2 (b).  

Large core waveguides confines light in the core with 

small loss, reduces the sensitivity of the sensor [29]. 

Therefore, the widths of the MZI reference arm and 

sensing arm of BCB waveguide are carefully designed and 

the optimized widths are analyzed and chosen in order to 

manage the waveguide sensitivity and the propagation loss 

while simultaneously accommodating only the 

fundamental mode. Wsensing = 2.18 μm and Wref = 2.5 μm 

respectively, the height of BCB core h = 1 μm and Lref = 1 

cm, Lsensing = 1.3 cm. 

 
 

2.1. Evaluation of sensor sensitivity  

 

Lumerical FDTD accurately simulates physical 

structure and electromagnetic wave propagation in the 

core. Computational electromagnetics has emerged as a 

key field of research in the design of effective sensing 

platforms [30], [31]. In gradient rib – slot waveguide, 

mode profile overlaps above the waveguide structure with 

analytes Fig. 2 (b) shows side view. By this evanescent 

wave penetrates in bulk sample and the change in effective 

index (neff) and refractive index of sample (nc) are 

measured as bulk sensitivity [32], [33]. 
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Fig. 1. Mach–Zehnder Interferometer (MZI) sensor architecture with rib-slot (color online) 
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In MZI polymer waveguide biosensor operating at   = 

1550 nm, the quasi TE mode effective index are calculated 

for different analyte thickness and refractive index (RI) 

ranging from 1.35 to 1.48 [34]. This proposed polymer 

waveguide has dips in transmission periodically that 

correspond to destructive interference when the phase 

changes    . Based on equation (1) wavelength dip in 

reference arm and sensing arm are obtained in equation 

(2)[35]. 
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The change in the analyte refractive index     which 

leads to  change in                in sensing arm, which 

results in  dip shift in  transmission spectrum              . 

Based on the wavelength, and effective index, the equation 

(4)                            can be written as equation 

(3). 
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Using equations (2) and (4), we deduce the following 

equation (6)  
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Employing                , we can write  

                             
        

  
         (7) 

 

Based on the quasi TE mode in waveguide sensing 

arm and reference arm, the equation (5) and equation (6) 

are reduced as equation 8. 

Optical path differences in polymer waveguide is 

[                                ]. The MZI sensitivity 

of the proposed polymer gradient rib-slot waveguide is 

defined.  

            
   

⁄ , thus the equation (7) is derived as: 
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From equation (8) we derive MZI sensitivity which is 

related to sensing arm and reference arm. MZI sensitivity 

represents performances of sensor, comparable sensitivity 

with conventional silicon and silicon nitride waveguide 

[33]. 

 
Fig. 2. (a) BCB core cross-section (color online) 

 

 
 

Fig. 2. (b) Waveguide side view with 400 nm analyte thickness and 90 nm thickness (color online) 

 

 

3. Results and discussions 
 

The proposed polymer BCB of 1 μm thick is spin 

coated on silicon wafer. After curing time, BCB layer can 

be patterned for required sensor architecture. The proposed 

MZI is realized by photolithographic process, this process 

is carried out on polymer BCB by using transformer 

coupled plasma etching with mixture of different gases in 

to chamber. We add the PMMA cladding layer over the 

BCB material. Thereafter PMMA cladding is etched in 

sensing arm which effectively holds the sample and avoid 

leakage at edges of waveguide. This PMMA will create 

the sensing window to improve the analyte interaction. 

Due to fabrications tolerance the proposed geometry will 

change in dimensions slightly more, this will impact the 

sensitivity and dip in transmission spectrum. Based on this 

aspect we increased the width by 200 nm and thickness by 

20 nm in this proposed sensor, due to which sensitivity 
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increases by ten percent more. To validate the MZI sensor 

sensitivity, the key elements are length of sensing arm 
Lsensing 1.2 cm and reference arm Lref 1 cm are designed 

for best optical path difference (OPD). 
 

 

Table 1. Calculated effective index and group index for proposed MZI 

 

Blood sample  Refractive index            

                

               

                

        

            

            

            

Normal [34] 1.35 1.44689 1.457671 1.5483 1.5485 

McF-7 Breast cancer [34]  1.401 1.44991 1.458597 1.5412 1.5495 

Influenza A [36] 1.48 1.44689 1.467367 1.5517 1.5553 

 

 

Cross section of proposed polymer waveguide with 

PMMA and BCB core shown in Fig. 2 (a) and the 

sensitivity of the MZI was calculated over dip in 

transmission spectrum with different disease analyte and 

the same are plotted.  

 
3.1. Analyte transportation in waveguide   
 

Using biological sample in the sensing arm where the 

analyte interacts with electromagnetic field. The biosensor 

uses minimal volume of liquid sample, in general C-

protein (CPR) in human serum weighs 115 kilodalton per 

molecule. Due to the density and viscosity of the 

biomolecule, the spread of this sample over the waveguide 

surface will be not be uniform due to this a sensor cannot 

measure the accurate sensitivity [33]. In this polymer 

waveguide surface analyte thickness changes, due to this 

reaction of quasi-TE mode also vary. This can be 

described in equation (9) by temporal variation and spatial 

variations of sample in sensing arm. 
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The analyte concentration we proposed is from the 

Refractive index Table 1 [34]. Bulk Analyte concentration, 

Diffusion (D) coefficient of analyte sample, G reaction of 

sample molecule in waveguide surface [35], [37]. We 

analyzed Electromagnetics field variation for different 

analyte from 400 nm to 90 nm thickness to enhance the 

sensitivity in physical environment. For rib -slot polymer 

waveguide structure, we computed effective index for 

sensing arm and reference arm with group effective index 

in FDTD and tabled in Table 1. We analyzed this sensor 

setup in Lumerical INTERCONNECT with all electro-

optical system for plotting transmission spectra and 

foundry specific which validates the fabrication possibility 

of the biosensor. 

 

3.2. Proposed Gradient rib –slot waveguide 
 

In proposed MZI polymer waveguide sensor with 

asymmetric design configuration reference arm and 

sensing arm with different lengths. The dimensions for 

better guiding structure provides enhanced confinement 

factor. This PMMA structure holds analyte effectively 

without leakage of samples at waveguide edges. The 

effective index of the reference arm with BCB core and 

PMMA cladding height of        and width      

      , are computed and listed in Table 1. Transmission 

spectrum of normal cell (RI = 1.35) and cancer cell (RI= 

1.401) are plotted in Fig. 4, absorption at 1555 to 1576 nm 

clearly show this sensor detects the cancer cell over 

normal cell. In Fig. 6, transmission spectrum of normal 

cell (RI =1.35) and Influenza A virus (RI=1.48) are plotted 

with absorption at 1576 nm. Optimization of waveguide 

structure for increased sensitivity is based on reaction of 

mode field in both sensing arm and reference arm of 

polymer surface. In Fig. 3 we analyzed mode field for rib-

slot waveguide for sensing arm with different analyte 

thickness ranging from 400 nm to 90 nm shown in Fig. 3 

(a),(b),(c),(d). Based on above equation (8) sensitivity of 

polymer MZI waveguide structure is calculated and it is 

found to be         nm/RIU. The loss for this proposed 

polymer waveguide in Fig. 5 and Fig. 7, is dB/cm. For 

biosensing applications the loss can be compensated by the 

biosample interaction. In Table 2 the sensitivity of MZI 

are compared with other refractive index sensor [38], [39], 

[27], [35], the proposed polymer gradient rib-slot 

waveguide with BCB core and PMMA substrate as sample 

holder gives high sensitivity. These numerical analyses 

clearly demonstrate that, the optimizing the length of both 

the arms decreases the OPD between the two MZI arms. 

In photonic refractive index sensor, the performance 

depends on TE polarization on waveguide surface based 

on change in analyte refractive index. In traditional silicon 

and silicon nitride waveguides, the confinement of light in 

the waveguide structure are executed with different grating 

couplers [40][41][42]. The suitable grating coupler 

proposed in [43] and [44] the same parameter is used in 

our proposed polymer waveguide which makes biosensors 

more efficient in detecting cancer and Influenza A-type 

virus [51]. Integrating this MZI sensor architecture in 

Point of care biosensor devices be more effective in 

detection of diseases more effective than conventional 

materials like silicon, silicon nitride, and cost effective. 

Based on cost effective parameters the fabrication process 

is easy and suitable for mass production when COVID – 

19 pandemic-like situations in future. 
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Table 2. Different sensitivity analysis of MZI 
 

Year  MZI sensor Sensitivity References 

2009 Wavelength dip Shift method       [45] 

2013 Silicon nitride based slot waveguide 2663 𝛑/cm RIU [46] 

2014 Vernier effect  21500 nm/RIU [47] 

2015 Double –slot photonic hybrid waveguide structure 1061 nm/RIU [48] 

2017 Hollow hybrid in sensing arm waveguide  160 nm /RIU [49] 

2017 Optical waveguide over metal under cladding  5280 nm/RIU [50] 

2019 Subwavelength grating waveguide structure 598.6 nm/RIU [38] 

2019 Plasmonics co-integrated over silicon nitride  1973 nm/RIU [39] 

2020 Polymer based Horizontal slot waveguide 17024 nm /RIU [27] 

2023 Polymer SU8 and BCB Horizontal slot waveguide with 

optimized reference arm 

      nm/RIU [40] 

2023 This proposed work polymer BCB core with PMMA 

cladding 

        nm/RIU  

 

 

                  
 (a) 400 nm analyte thickness                                                   (b) 250 nm analyte thickness 

 

                  
 

(c) 150 nm analyte thickness                                                            (d) 90 nm analyte thickness 

 

Fig. 3. Mode field analysis of rib –slot waveguide with different analyte thickness (a) 400 nm analyte thickness 

 (b) 250 nm analyte thickness, (c) 150 nm analyte thickness, d) 90 nm analyte thickness (color online) 
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Fig. 4. Transmission Spectra of normal human cell Vs breast cancer cell (MCF-7) with refractive index of 1.401 (color online) 

 
 

 
 

Fig. 5. Spectral response of normal human cell Vs breast cancer cell (MCF-7) with refractive index of 1.401 (color online) 
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Fig. 6. Transmission Spectra of normal human cell VS influenza with refractive index of 1.48 (color online) 

 

 
 

Fig. 7. Spectra response of normal human cell VS influenza with refractive index of 1.48 (color online) 

 
 
4. Conclusions 
 

The proposed polymer gradient rib-slot MZI 

refractive index biosensor, as device could be integrated in 

point of care device for detection of diseases without any 

laboratory setup. Our simulated results on optimized 

waveguide geometry maximize the MZI sensitivity based 

on real-time analyte reaction over waveguide surface. In 
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MZI sensing arm refractive index of cancer cell (1.401) 

and Influenza A (1.48) are applied at wavelength of 1550 

nm. Proposed polymer BCB core waveguide with PMMA 

as sample holder is a novel waveguide structure which 

enhances the sensor sensitivity           nm/RIU, 

compared to other MZI conventional waveguide structure. 

The advantages of this proposed polymer refractive index 

sensor are cost effective in terms of fabrication and 

material. This proposed biosensor can detect Influenza A 

type and cancer cells in short time and possibility of mass 

fabrication in pandemic-like emergency situations. 
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