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Abstract: To meet diverse industrial needs, temperature sensors with a wide measurement range 

have become an indispensable key element. In this paper, we propose an asymmetric Mach-Zehnder 

Interferometer (MZI) temperature sensor based on polymer optical waveguides. Experimental results 

show that the output interference signal exhibits periodic changes with temperature variations. The 

device exhibits a temperature measurement range of 120°C, and the sensitivity of 0.27 rad/°C. This 

study provides an effective new approach for developing high-performance, low-cost temperature 

sensors suitable for extended temperature measurement range. 
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1. Introduction 

Integrated optical waveguides have demonstrated distinct advantages in the field of 

temperature sensing due to their miniaturization, high integration density, excellent stability, 

immunity to electromagnetic interference, low power consumption, and scalability [1–4]. Commonly 

employed structures encompass Mach-Zehnder interferometer (MZI) [5], grating structures [6], ring 

resonators [7], slot waveguides [8], and surface plasmon resonance structures [15]. Among these, the 

MZI has been extensively utilized in temperature sensing [12–14], due to its simple configuration [9], 

ease of integration [10], excellent stability [11], and broad material compatibility. 

Temperature sensors based on MZI waveguides typically realize temperature sensing by 

measuring the phase difference between their upper and lower arms or the wavelength shifts caused 

by dispersion effects [16–18]. Lee et al. employed an MZI waveguide structure utilizing the opposite 

thermo-optic properties of SiO₂ and TiO₂, achieving a temperature sensitivity as high as 340 pm/°C 

within a measurement range of 25–35°C [19]. Ding et al. proposed a cascaded dual-MZI configuration 

based on silicon waveguide chips, leveraging the Vernier effect for phase-superposition 

amplification, thereby significantly enhancing temperature change response and attaining a 

sensitivity of 1753.7 pm/°C within a range of 27–67°C [20]. Payne et al. introduced an MZI structure 

with heterogeneous integration of silicon and silicon nitride, exploiting the substantial thermo-optic 

coefficient difference between these materials to achieve a sensitivity of 324 pm/°C in a measurement 

range of 9.7°C [21]. The aforementioned MZI-based temperature sensors predominantly utilize 

silicon material systems, capitalizing on silicon's high thermo-optic coefficient to deliver superior 

sensitivity and high integration density [22]. However, in the ongoing search for optical waveguide 

materials with more diverse functionalities and broader application potential, polymer-based 

materials have been attracted attention [23–26]. 

Although polymeric materials are not yet employed as extensively as silicon, their ease of 

processing, low loss, and low cost have made them a research hotspot in waveguide materials, 

particularly well-suited for temperature sensor fabrication [27–29]. Moreover, polymers possess 
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relatively high thermo-optic coefficients, effectively magnifying the optical signals induced by 

temperature changes and thereby significantly boosting sensor performance [30]. Niu et al. designed 

an asymmetric polymer waveguide MZI by introducing waveguides of different widths to 

accumulate the phase difference, thus enhancing temperature-sensing sensitivity. A sensitivity of 

30.8 nm/°C was achieved over a measurement range of 25–28 °C [31]. Chen et al. employed two-

photon polymerization (TPP) to fabricate an asymmetric polymer waveguide MZI structure. By 

introducing interferometer arms of distinct dimensions and packaging the device with a 

temperature-sensitive material, they enhanced the sensing sensitivity to approximately 2.01 nm/°C 

in the 30–70 °C range [32]. Guan et al. proposed an asymmetric MZI structure formed by hybridizing 

silicon waveguides with the SU-8 polymer, utilizing SU-8 as the waveguide core in one arm and 

exploiting the out-of-phase thermo-optic responses of SU-8 and silicon to achieve a sensitivity of 

172 pm/°C within 20–45 °C [33]. Similarly, Gao et al. employed materials with opposing thermo-optic 

coefficients and introduced an asymmetric PMMA–SiO₂ hybrid waveguide MZI structure, achieving 

a sensitivity of 6.85 nm/°C within the 0–3 °C measurement range [34]. These temperature sensors, 

operating range of a few degrees up to several tens of degrees Celsius, exhibit high sensitivity and 

have laid a solid foundation for the development of polymer-based waveguide temperature sensors. 

In this paper, an asymmetric MZI structure based on polymer waveguides was designed to 

achieve both high sensitivity and a broad measurement range for temperature sensing. By exploiting 

the high thermo-optic coefficient of polymeric materials and the length disparity between the two 

arms, the phase shift efficiency was effectively enhanced, thereby significantly improving sensor 

sensitivity. Moreover, because the primary measurement parameter is the temperature-dependent 

phase shift, the sensor offers a comparatively wide measurement range without the need for costly 

optical spectrum analyzer, markedly reducing overall costs and demonstrating substantial potential 

for practical applications. 

2. Operating Principle and Device Design 

The structure of proposed temperature sensor based on polymer waveguides is shown in 

Figure 1. The upper arm (Arm 1) is composed of two identical S-bend waveguides, whose total length 

L� depends on the S-bend offset and length. In contrast, Arm 2 is a straight waveguide with length 

L�, creating an optical path length difference (L� − L� = ΔL) between the two arms. This difference 

creates the conditions for a phase shift between the two arms induced by ambient temperature 

changes. When a TE-polarized mode is launched, the Y-branch splits the incident light equally into 

both arms, each traveling a distinct optical path. As a result, the temperature-dependent phase 

variation caused by the optical path length difference leads to periodic interference signals in the 

output light signal. 

 

Figure 1. Schematic diagram of the asymmetric MZI-based temperature sensor employing polymer waveguides. 
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During the temperature measurement process, the refractive indices of all material layers are 

influenced by the surrounding temperature. This dependency can typically be described using a 

linear model, as presented in Equation (1): 

� = ��
 +

��

��
∙ ∆� (1) 

In the above equation, ��
  and � represent the refractive indices at the initial temperature and 

after a temperature change, respectively. The parameter 
��

��
 is the thermal optic coefficient (TOC), 

and ∆�  denotes the temperature variation. A change in temperature directly influences the 

refractive indices of the waveguide layers, resulting in a corresponding shift in the effective refractive 

index. Because each layer’s refractive index varies linearly with temperature, the effective refractive 

index also exhibits an approximately linear response. 

In an asymmetric MZI structure, when the temperature changes by ∆�, the phase difference ∆� 

between the two arms is mainly governed by the length mismatch and the change in effective 

refractive index. Its expression is given by: 

∆� =
2�

�
∆���� [（�� + � ∙ �� ∙ ��) − (�� + � ∙ �� ∙ ��)] =

2�

�
∆������(1 + ���) (2) 

In the above expression, ∆����  denotes the change in effective refractive index due to the 

temperature variation ∆�. The parameter � is the thermal expansion coefficient, L� and L� are the 

lengths of the upper and lower MZI arms, respectively, and � is the operating wavelength. The 

sensor’s temperature sensitivity � is defined as the rate of change of the phase difference ∆� with 

respect to temperature �: 

� =
�∆�

��
=

2�

�
 [

�∆���� 

��
��(1 + ���) + ∆���� 

�[��(1 + ���)]

��
] (3) 

In Equation (3), because the silicon substrate serves as a rigid carrier with an extremely low 

thermal expansion coefficient (approximately 2 ppm/°C) and a high elastic modulus, it provides 

robust in-plane confinement for the spin-coated polymer layer. Although the chosen polymer 

exhibits a relatively large thermal expansion coefficient (around 350 ppm/°C), its inherent tendency 

to expand freely when heated is strongly suppressed in-plane, leading primarily to the accumulation 

of internal stress rather than any significant dimensional change. As a result, the phase variation 

caused by thermal expansion is substantially smaller than that induced by the thermo-optic effect 

(i.e., refractive index change). Hence, the length-change term can be neglected (i.e., ��� ≈ 0。), and 

the temperature sensitivity can be simplified to: 

� =
�∆�

��
≈

2�

�
 [

�∆���� 

��
��] (4) 

To fabricate the asymmetric MZI temperature sensor, ZPU and LFR polymer materials from 

Chemoptics Co., Ltd. with refractive indices of 1.43 and 1.395 at 1550 nm were employed for the core 

and cladding layers, respectively. To generate an optical path length difference between the upper 

and lower arms of the MZI, two S-bend structures are adopted in one of the arms. Moreover, 

simulation analysis is carried out using Rsoft software, and the losses caused by the offset and length 

of the S-bends are calculated, as shown in Figure 2. The length difference ΔL between the upper and 

lower arm is determined by different parameter configurations, which is represented by the black 

contour lines in the figure. When light passes through the S-bend structure, it will undergo varying 

degrees of attenuation. Different colors in the figure correspond to different attenuation intervals. 

Balancing low loss and desired temperature sensitivity, a path difference of 300 µm was selected for 

the experiments, with an S-bend offset of 1750 µm and an S-bend length of 12500 µm. Under these 

conditions, the insertion loss remains below −1 dB. 
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Figure 2. Distribution of optical loss in the S-bend waveguide structure as a function of different S-bend offset 

and length. Black line depicts length difference (ΔL) between two arms of MZI. 

3. Fabrication of the Integrated Optic Temperature Sensor 

The proposed polymer waveguide-based integrated optical temperature sensor was fabricated 

using ZPU143 and LFR1395 materials from Chemoptics Co., Ltd. through planar lightwave circuit 

(PLC) technology. The fabrication procedure is schematically presented in Figure 3. A lower cladding 

layer of LFR1395 with a thickness of 10 µm was formed on a silicon wafer by spin-coating and UV 

curing. After coating a photoresist layer on the LFR1395 layer and a core waveguide pattern was 

formed through a photolithography process and oxygen plasma etching. The cladding layer was 

etched 1.45 µm to satisfy single mode waveguide. Then, 4.1 µm of ZPU143 was coated over the etched 

cladding layer as a core layer. A cladding of LFR1395 was coated and cured, and then Cr–Au was 

deposited to form a micro-heater with a width of 40 µm through a second photolithography process 

and wet etching to finish the device. 

 

Figure 3. Fabrication process of the asymmetric MZI waveguide temperature sensor. 

4. Characterization of the Fabricated Device 

Before measuring the performance of the temperature sensor, to ensure that the MZI has 

effective interference performance, devices such as a DFB laser, a polarization controller, a function 

signal generator, and an optical power meter were used for testing and the measurement setup is 

shown in Figure 4(a). By applying a triangular voltage waveform to the electrode on one of the MZI 

arms, causing the refractive index of the polymer material to decrease and creating a phase difference 

between the two arms, that produces the output interference signal, as shown in Figure 4(b). It can 
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be observed that the interference signal exhibits obvious periodic variations, and the extinction ratio 

of the signal can reach over 10 dB, thus verifying the interference characteristics of the device. 

 

(a) 

 

(b) 

Figure 4. (a) Measurement setup for interference performance test of MZI. (b) Optical interference signals 

measured by applying a triangular voltage waveform to the electrode on one of the MZI arms. 

To measure the characteristics of the fabricated temperature sensor, devices such as a DFB laser, 

a polarization controller, hotplate with a heating chamber, temperature collector, and an optical 

power meter were used, and the measurement setup is shown in Figure 5 (a). The sensor was placed 

inside a partially sealed heating chamber, with a PT100 temperature probe affixed to the sensor 

surface to monitor its temperature. The input polarization was adjusted to the TE mode. During 

measurement, the chamber temperature was increased from 38°C to 158°C, while the surface 

temperature and output optical power were recorded at 2°C intervals using the PT100 probe and an 

optical power meter, respectively. When the temperature changes, a phase difference is generated 

between the upper and lower arms of the sensor, resulting in an interference signal at the output port. 

Thus, the relationship between the optical power and the temperature can be obtained, as shown in 

Figure 5 (b). From temperature dependent optical output power (Blue dot) in Figure 5(b), it can be 

observed that the output power exhibits an exponentially decreasing sinusoidal variation with 

increasing temperature, although some signal attenuation occurs. This is largely attributable to the 

substantial loss introduced by the S-bend in the MZI structure. The light emerging from the 

waveguide transitions into planar waveguide modes and interferes at the output. Moreover, at 

elevated temperatures, the expansion of the UV adhesive between the fiber array and the sensor facet 

reduces coupling efficiency. By fitting the measured optical intensity data and extracting the 

sinusoidal component (as shown by the red curve in Figure 5(b)), the phase change induced by 

temperature can be derived. A temperature sensitivity of 0.27 rad/°C was obtained, as presented in 

Figure 5(c). 
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(a) 

 
(b) 

 
(c) 

Figure 5. (a) Experimental setup for measuring the temperature response of the sensor. (b) Temperature 

dependent optical output power as a function of exponentially decreasing sine signal (Blue dot). A sinusoidal 

signal (Red line) extracted from the fitted curve (Blue line). (c) Phase variation obtained from the extracted 

sinusoidal signal as a function of temperature change. 

Table 1 compares the results of this work with those of recent publications on silicon and 

polymer waveguide-based asymmetric MZI temperature sensors. The comparison covers materials, 

device structure, sensitivity, sensing range, and measurement metric. Compared with references [31-

34], the measurement metric differs, which prevents a direct performance comparison. However, the 

measurable range clearly shows that our device performs significantly better than the others. In 

comparison with references [35], although non-polymer materials were used, the device structure 

remains identical and the measurement metric is based on phase change. However, it can only 

achieve a detection range of up to 40°C. The table demonstrates that our results offer both higher 

sensitivity and a broader measurement range. In comparison, this work utilizes LFR and ZPU series 

polymer materials, achieving a significantly wide measurement range of 120°C and excellent 

sensitivity of 0.27 rad/°C with an arm length difference of only 300 µm. 

Table 1. Comparison of temperature sensors based on silicon and polymer materials. 

Ref. Materials Year Structure 

Sensitivity 

(rad/°C or 

pm / °C) 

Sensing 

Range(°C) 

Measurement  

Metric 

 [31] 
NOA, M-

2000 
2019 

Asymmetric 

MZI 
30800 pm/°C 3 Wavelength 

 [32] IP-S, PDMS 2023 
Asymmetric 

MZI 
20100 pm/°C 40 Wavelength 

 [33] Silicon, SU-8 2016 
Asymmetric 

MZI 
172 pm/°C 25 Wavelength 

 [34] 
PMMA, 

NOA 
2024 

Asymmetric 

MZI 
6860 pm/°C 3 Wavelength 
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SU-8 

 [35] Silicon, SiO₂ 2024 
Asymmetric 

MZI 
0.0785 rad/ °C 40 Phase 

This 

work 
LFR, ZPU 2025 

Asymmetric 

MZI 
0.27 rad/ °C 120 Phase 

6. Conclusion 

An asymmetric MZI temperature sensor based on polymer optical waveguides was 

demonstrated. To achieve low loss and high phase shift, the length difference �L between the two 

arms of the MZI is set to 300 µm. When the TE mode is input, light is split evenly into the upper and 

lower arms through a Y-branch and experiences different optical paths. The temperature-related 

phase changes caused by the optical path difference induce periodic interference signals in the output 

light. Although the output power exhibits a sinusoidal variation with increasing temperature, signal 

attenuation is observed. This is due to the significant loss of the S-bend in the MZI structure, and the 

light that emerges from the waveguide forms a plane waveguide mode, generating interference 

signals at the output end. Additionally, high temperatures cause the UV adhesive between the fiber 

array end and the temperature sensor end to expand, reducing the coupling efficiency. As a result, 

when the measurement range exceeds 120°C, the interference signal disappears. By fitting the optical 

intensity signals collected within the 120°C range and extracting the sinusoidal components, phase 

changes were calculated based on the extracted sinusoidal signal. This yields a temperature 

sensitivity of 0.27 rad/°C. 
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