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	 We present the design, fabrication, and characterization of a thermoelectric IR sensor based 
on the standard 0.35 µm CMOS process. The sensor features 32 thermopile junctions with 
centrally located hot ends and a ring-shaped aluminum grating absorber, both configured as 
suspended structures to enhance thermal isolation and improve temperature sensitivity. The cold 
ends of the thermopiles are anchored to the silicon substrate to establish a temperature gradient 
under IR exposure. The device was fabricated through Taiwan Semiconductor Manufacturing 
Company (TSMC) processes. A two-step post-CMOS etching process—using CF4/O2 and 
SF6/O2 reactive ion etching—was employed to create cavities beneath the suspended regions, 
minimizing thermal losses and enhancing output performance. The sensor’s voltage responsivity 
reached 276 V/W. Additionally, dynamic response testing using a modulated IR source and an 
optical chopper revealed a response time of 2.2 ms. The proposed sensor demonstrates high 
sensitivity, fast response, and compatibility with large-scale semiconductor manufacturing.

1.	 Introduction

	 IR sensors have a wide range of applications across industrial, medical, and consumer 
domains. One of the most common uses is in human detection and motion sensing, where 
passive infrared sensors detect body heat to trigger lighting, alarms, or automation systems.(1) In 
thermal imaging and night vision, IR cameras capture heat patterns and are essential for low-
light object detection in surveillance and autonomous vehicles.(2) In environmental and safety 
monitoring, nondispersive IR sensors are used for precise gas detection—notably CO2—in 
heating, ventilation, and air conditioning (HVAC) systems and air quality monitors.(3) In 
noncontact temperature sensing, IR thermometers enable the measurement of object temperature 
from a distance, which became crucial during the COVID-19 pandemic.(4) Flame detection is 
another critical industrial application where IR sensors are used to identify flame signatures in 
gas turbines or chemical plants to prevent hazards.(5) In the biomedical field, IR-based 
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photoplethysmography (PPG) sensors are integrated into smartwatches to monitor heart rate and 
blood oxygen by measuring blood volume changes.(6) In agriculture, thermal IR sensors help 
monitor plant water stress and canopy temperature, enabling smarter irrigation.(7) Within 
manufacturing, IR sensors are applied in process control for real-time temperature feedback 
during plastic molding or welding operations.(8) For gesture recognition and proximity sensing, 
NIR sensors detect hand gestures and face proximity in smartphones and human–machine 
interface systems.(9) Lastly, in structural health monitoring, infrared thermography is a 
nondestructive technique used to identify defects such as delamination or cracks in concrete 
structures and bridges.(10) These versatile applications underscore the vital role of IR sensors in 
modern technology.
	 MEMS technology enables the integration of components,(11–16) sensors,(17–22) actuators,(23–26) 
and electronics on a single silicon substrate using microfabrication processes. Its major 
advantages include miniaturization, low power consumption, and mass production capability. 
When applied to IR sensors, MEMS allows the development of highly sensitive, compact 
thermopile detectors with fast thermal response and low-cost batch manufacturing.(27,28) These 
MEMS-based IR sensors operate at room temperature without requiring cooling or bias voltage, 
making them ideal for applications such as noncontact temperature measurement, environmental 
monitoring, and gas detection.(29,30) MEMS-based infrared sensors with various material and 
structural innovations have recently been explored. For instance, Bao et al.(31) developed a 
MEMS thermopile IR sensor utilizing dual-layer thermocouples made from P-polysilicon and 
N-polysilicon, separated by a silicon dioxide insulation layer. Patterned aluminum wires 
connected the thermocouples to enable efficient Seebeck-effect-based voltage generation. The 
device used a silicon nitride absorber and complementary CMOS-compatible processes with 
etch-stop layers to minimize release damage during isotropic XeF2 etching. While this approach 
improves responsivity and enables miniaturization, it introduces high device resistance and 
complex alignment challenges during fabrication. Lee et al.(32) introduced a MEMS pyroelectric 
IR sensor using a ZnO thin film as the sensing layer, with Cr/Au electrodes. Built on a thermally 
insulated silicon substrate with variable thickness, the sensor was fabricated using low-pressure 
CVD (LPCVD), RF sputtering, photolithography, and etching. A partially covered mesh 
electrode design enhanced thermal response and charge collection. Although it achieved high 
responsivity, limitations include structural fragility and a reduced sensing range at longer 
distances. Similarly, Tsai et al.(33) employed a ZnO thin film in their MEMS pyroelectric IR 
sensor, integrated between Cr/Au electrodes on a thermally isolated Si substrate with Si3N4 
insulation. Fabricated by LPCVD, RF magnetron sputtering, and KOH wet etching, the device 
was annealed at 500 ℃ to enhance ZnO crystallinity and responsivity. Despite promising 
voltage responses and system integration, drawbacks included short detection ranges and high-
precision process requirements that impact cost and scalability. Padha et al.(34) focused on 
wearable MEMS/nano-EMS (NEMS)-based IR sensors for healthcare applications. These 
devices often include thermopiles or microbolometers made from VOx or amorphous silicon on 
flexible substrates. Fabrication involves thin-film deposition, lithography, and micromachining. 
Although these designs provide high sensitivity and miniaturization, challenges include thermal 
cross-talk, environmental sensitivity, and complex integration with flexible electronics, which 
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affect reliability. Ho et al.(35) developed a MEMS pyroelectric IR sensor featuring a PbTiO3 film 
on a silicon cantilever. The multilayer design includes a gold black absorber, a PbTiO3 film, and 
an aluminum electrode. Micromachining and RF sputtering were used for fabrication. While 
offering improved current responsivity and faster response, the sensor’s thin substrate leads to 
mechanical fragility and performance degradation under excessive heat conduction. 
Ahmadzadeh et al.(36) fabricated an enhanced thermopile sensor with a two-layer carbon 
absorber: a nonhydrogenated layer for strong IR absorption and a hydrogenated overcoat to 
reduce reflectance. Built on a CMOS-compatible MEMS platform through pulsed DC sputtering 
at room temperature, the design significantly improves output voltage. However, challenges 
include film stress and decreased absorptance when hydrogen content is high. Adiyan et al.(37) 
proposed a biomaterial cantilever IR sensor made of 150-nm-thick aluminum and silicon nitride 
layers that bend under IR exposure owing to different thermal expansion rates. The sensor uses a 
20-µm-thick biomaterial and 40-µm-long isolation legs, fabricated with a standard MEMS 
process. A prism-based optical readout with transverse magnetic polarized light enhances 
sensitivity. Limitations include fabrication complexity, array nonuniformity, and mechanical 
alignment sensitivity. Lei et al.(38) presented thermopile IR sensors on suspended films using 
P-polysilicon and aluminum thermocouples with silicon nitride for absorption and passivation. 
Standard MEMS steps such as thermal oxidation, LPCVD, plasma-enhanced CVD (PECVD), 
and deep reactive ion etching (DRIE) were used. Circular and double-ended rectangular layouts 
were studied; the circular design offers higher responsivity and stability, while the rectangular 
structure provides a broader field of view but suffers from fragility because of the added 
adiabatic grooves. Aydin et al.(39) presented a MEMS-based uncooled IR sensor that utilizes a 
microbolometer structure encapsulated in wafer-level vacuum packaging. The sensor included a 
silicon-based cap with moth-eye grating structures on both sides to boost long-wave IR 
transmission to more than 80%. Fabrication involves DRIE, Au–In transient liquid phase 
bonding, and high-temperature glass frit bonding. Despite the advanced packaging, drawbacks 
include potential complexity in maintaining hermetic seals and challenges in getter integration 
for ultralow pressure, especially if high thermal budgets affect device performance.
	 CMOS-MEMS technology involves developing MEMS devices using a standard CMOS 
process, allowing mechanical structures to be fabricated directly within or alongside integrated 
circuits.(40–43) This approach enables the seamless integration of sensing or actuating 
components with on-chip signal processing, leading to significant advantages in system 
miniaturization and performance. The benefit is the reduced fabrication cost, as it leverages the 
existing CMOS infrastructure without the need for specialized MEMS foundries. This makes 
CMOS-MEMS highly suitable for applications requiring compact, low-cost, and high-
performance sensors and microdevices.(44–47) In this study, we employ CMOS-MEMS 
technology to fabricate an IR sensor. The sensor is designed with a ring-shaped aluminum 
grating absorber to enhance thermal energy absorption at the hot end, thereby improving the 
sensor’s voltage responsivity. Compared with the IR sensors developed by Bao et al.,(31) Lee et 
al.,(32) Tsai et al.,(33) Padha et al.,(34) Ho et al.,(35) Ahmadzadeh et al.,(36) Adiyan et al.,(37) Lei et 
al.,(38) and Aydin et al.,(39) the fabrication process in this study is simpler and more suitable for 
large-scale production using semiconductor foundries.
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2.	 Design of the IR Sensor

	 Figure 1 shows the three-dimensional structure of the thermoelectric IR sensor composed of 
32 thermopiles and a centrally located ring-shaped aluminum grating absorber. The hot junctions 
of the thermopiles and the absorber are positioned at the center of the sensor and designed as 
suspended structures to enhance thermal isolation from the silicon substrate. In contrast, the 
cold junctions of the thermopiles remain anchored to the silicon substrate, allowing a temperature 
gradient to form when the sensor is exposed to IR radiation. Figure 2 illustrates the thermopile 
architecture, highlighting the alternating arrangement of thermoelectric materials and the 
connection between the hot and cold junctions. The absorber plays a crucial role in the sensor’s 
operation, as it captures incoming IR radiation and converts it into thermal energy, which then 
heats the hot junctions of the thermopiles. The ring-shaped grating design of the aluminum 
absorber enhances IR absorption efficiency by increasing the surface area and optimizing the 
interaction with incident IR waves. This efficient absorption is essential for generating a 
sufficient temperature difference across the thermopiles, thereby maximizing the sensor’s 
voltage output and improving its overall sensitivity.
	 The output voltage of a thermoelectric IR sensor is determined by the Seebeck effect, which 
generates a voltage in response to a temperature difference across two dissimilar materials. The 
voltage output of the thermopile-based IR sensor can be expressed as(36)

	 ( )1 2out uV N Tα α= − ∆ ,	 (1)

where Nu is the number of thermopile pairs, α1 and α2 are the Seebeck coefficients of 
P-polysilicon and N-polysilicon, and ΔT is the temperature difference between the hot and cold 
junctions. To enhance the output voltage, several strategies can be applied on the basis of this 
relationship. First, increasing the number of thermopiles raises the total output voltage linearly, 

Fig. 1.	 (Color online) Three-dimensional structure 
of the IR sensor.

Fig. 2.	 (Color online) Thermopile architecture of 
the IR sensor.
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as each additional junction contributes to the overall signal. Second, selecting material pairs 
with a larger Seebeck coefficient difference, such as combining polysilicon and aluminum, can 
significantly improve voltage generation efficiency. Third, maximizing the temperature 
difference ΔT between the hot and cold junctions is critical; this can be achieved by improving 
thermal isolation through suspended structures and by enhancing infrared absorption using 
specially designed absorbers such as ring-shaped gratings or multilayer aluminum films. These 
approaches reduce thermal conduction to the substrate while increasing the energy absorbed at 
the hot junction. 
	 The voltage responsivity of a thermoelectric IR sensor is a critical parameter that defines how 
efficiently the sensor converts the absorbed infrared radiation into an electrical voltage. It is 
expressed as(31)

	  out
v

in

VR
P

= ,	 (2)

where Vout is the output voltage generated by the sensor and Pin is the incident infrared power 
absorbed by the sensing area. This parameter essentially measures the sensitivity of the IR 
sensor; a higher voltage responsivity means that the sensor can detect weaker IR signals and 
produce a higher voltage output, which is essential for high-performance applications such as 
thermal imaging, environmental monitoring, and motion detection. Several factors directly 
affect the voltage responsivity. First, increasing the Seebeck coefficient difference between the 
two thermoelectric materials enhances the voltage output, thereby improving Rv. Second, 
incorporating effective absorber designs, such as ring-shaped aluminum gratings or multilayer 
metal films, increases the amount of IR radiation absorbed, increasing Pin. Third, the strong 
thermal isolation achieved through the adoption of suspended microstructures and etched 
cavities beneath the hot junction reduces heat loss to the substrate, thereby increasing the 
temperature gradient ΔT and enhancing Vout. In essence, the voltage responsivity encapsulates 
the overall efficiency of an IR sensor’s design and materials in converting thermal energy into 
usable electrical signals.
	 The incident infrared power absorbed by the sensor can be estimated using the Stefan–
Boltzmann law:(31,48,49)

	 ( )4 4
 
2

s d p s a
in

A A C T T
P

d

σε −
=

π
,	 (3)

where σ is the Stefan–Boltzmann constant, ε represents the emissivity of the blackbody source, 
As denotes the absorption area of the sensor, Ad is the radiation area of the IR source, and d is the 
distance between the sensor surface and the IR radiator, Cp is the root mean square conversion 
factor related to the chopper, Ts is the temperature of the IR source, and Ta is the ambient 
temperature. When all parameters in Eq. (3) are known or measured, the incident IR power 
absorbed by the sensor can be estimated using this formula.
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3.	 Fabrication of the IR Sensor

	 An IR sensor was fabricated using the standard 0.35 µm CMOS process of Taiwan 
Semiconductor Manufacturing Company (TSMC). This sensor is composed of thermopiles and a 
ring-shaped grating absorber, both of which are suspended structures. The hot junctions of the 
thermopiles, along with the absorber, are suspended above the substrate to improve thermal 
isolation. The sensor’s design layout was created with Cadence software, ensuring it fulfilled 
both mechanical and operational specifications. Fabrication was carried out by TSMC, which 
implemented the entire layout onto a silicon substrate through its standard CMOS process, 
enabling the accurate construction of all sensor elements.
	 Following the completion of the CMOS fabrication, a post-CMOS process was performed to 
further refine the sensor structure. This involved etching beneath the absorber and thermopile 
hot junctions to form cavities, which are crucial for minimizing heat loss and thereby enhancing 
the sensor’s voltage responsivity and overall performance. The IR sensor’s fabrication procedure 
is depicted in Fig. 3. As seen in Fig. 3(a), the cross section after the initial CMOS processing 
stage is presented. To create cavities beneath the thermopile hot junctions and absorber, a two-
step post-processing sequence was employed. First, as illustrated in Fig. 3(b), reactive ion 
etching (RIE) with a CF4/O2 gas blend was used to eliminate the silicon dioxide layer, revealing 
the silicon beneath. Then, Fig. 3(c) shows the subsequent step, in which the silicon substrate 
itself was etched by SF6/O2-based RIE to form the necessary cavity structure beneath the 
suspended architecture. The absorber layer is made of stacked aluminum films, and the metal 
used throughout the design is aluminum, which is compatible with standard CMOS processes.

Fig. 3.	 (Color online) Process flow of the IR sensor: (a) after CMOS process; (b) etching silicon dioxide; (c) etching 
silicon subtrate.
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	 The completed IR sensor was examined by both SEM(50) and optical microscopy (OM) to 
confirm the success of the fabrication steps. Figure 4 presents an optical microscope image of 
the IR sensor, clearly showing the centrally located ring-shaped aluminum grating absorber, 
which appears white in the image. The thermopile structures are also visibly defined around the 
absorber. Figure 5 provides a cross-sectional SEM image of the IR sensor, where the cavities and 
suspended structures are distinctly visible. This confirms that the post-CMOS etching process 
successfully removed the silicon substrate beneath the absorber and hot end of the thermopiles, 
effectively creating the necessary suspended architecture for improved thermal isolation.
	 Once the IR sensor chip was fully fabricated, wire bonding was performed to enable 
performance testing. This process connects the sensor’s bonding pads to a printed circuit board 
(PCB) using fine gold wires. Figure 6 shows the OM image of the IR sensor after wire bonding, 
with visible gold wires linking the sensor to the PCB. These connections are essential for 
transmitting the sensor’s output signals and conducting electrical measurements during 
functional testing. Overall, this fabrication approach demonstrates the successful implementation 
of CMOS-MEMS technology for IR sensor development, utilizing a foundry-compatible process 
and straightforward post-processing steps to achieve a high-performance, thermally isolated 
sensor structure suitable for large-scale production.

Fig. 4.	 (Color online) Optical image of the IR 
sensor.

Fig. 5.	 (Color online) SEM image of the IR sensor.

Fig. 6.	 (Color online) IR sensor connected to the PCB through wire bonding.
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4.	 Results

	 The measurement setup for the IR sensor was established to assess its electrical response to 
IR radiation under controlled conditions. As illustrated in Fig. 7, the setup consists of a 
temperature-controlled blackbody radiator, a chopper, a digital multimeter, and an oscilloscope. 
The blackbody radiator serves as a stable and consistent IR radiation source directed toward the 
sensor. The chopper modulates the IR signal, allowing dynamic measurements to extract the 
sensor signal by locking onto the chopping frequency. The digital multimeter is used to monitor 
and record the sensor’s voltage output. During testing, the IR sensor is wire-bonded to a PCB 
and connected to all relevant instruments. Once the IR source is turned on, IR radiation is 
focused onto the sensor. The chopper modulates the incoming radiation, and the resulting 
voltage output is amplified, measured, and recorded. Through this setup, the sensor’s 
performance parameters, such as output voltage, response time, and voltage responsivity to 
various IR intensities or modulation frequencies, can be accurately characterized.
	 To measure its output voltage, the IR sensor was exposed to a known and controllable 
infrared radiation source, specifically a blackbody. During the experiment, the temperature of 
the blackbody radiator was gradually increased to vary the emitted IR power, while the 
corresponding output voltage of the IR sensor was recorded using a digital multimeter. Figure 8 
shows the measured output voltage of the IR sensor as a function of the blackbody temperature. 
As illustrated in Fig. 8, the sensor produced an output voltage of 18.9 mV at 313 K, which 
increased to 31.1 mV when the temperature rose to 373 K. 
	 The amount of incident power received by the sensor was estimated using the Stefan–
Boltzmann law, taking into account the radiator’s temperature, emission area, and the distance 
between the radiator and the sensor. In this experiment, the parameters were set as follows: ε = 
0.98, As = 2 mm2, Ad = 78.5 cm2, d = 25 cm, and Ta = 298 K. By substituting these values along 
with the data presented in Fig. 8 into Eq. (3), the relationship between the output voltage and the 
incident infrared power was determined. The graph in Fig. 9 illustrates this correlation, where 
the slope of the linear region represents the voltage responsivity defined by Eq. (2)—the ratio of 

Fig. 7.	 (Color online) Measurement setup for the IR 
sensor.

Fig. 8.	 (Color online) Measured output voltage of 
the IR sensor.
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the change in output voltage to the change in incident power. From this linear fit, the voltage 
responsivity of the IR sensor was determined to be 276 V/W, indicating its effectiveness in 
converting infrared radiation into electrical signals.
	 To evaluate the response time of the IR sensor, a modulated IR signal was used to assess how 
rapidly the sensor responds to variations in incident radiation. As illustrated in Fig. 7, a 
blackbody radiator maintained at 363 K provides a stable IR radiation source, while an optical 
chopper periodically blocks and transmits the radiation, producing a square wave signal with a 
controlled frequency. By adjusting the chopping frequency and measuring the sensor’s output 
voltage (root mean square value), the dynamic response characteristics of the sensor can be 
investigated. As the chopping frequency increases, the sensor output begins to decline, 
indicating a limitation in its ability to follow rapidly changing signals. Figure 10 presents the 
relationship between the normalized output voltage and the modulation frequency. The response 
time is determined on the basis of the cutoff frequency ( fcut-off), defined as the frequency at 
which the output voltage drops to 70.7% of its maximum at low frequencies. The response time τ 
is calculated as τ = 1/(2π fcut-off).(51) According to Fig. 10, the IR sensor exhibits a cutoff 
frequency of 84.2 Hz, corresponding to a response time of approximately 2.2 ms.

5.	 Conclusions

	 In this work, we demonstrated the successful design, fabrication, and characterization of a 
CMOS-based thermoelectric IR sensor featuring a suspended ring-shaped aluminum grating 
absorber and 32 thermopile junctions. By utilizing the standard 0.35 µm CMOS process of 
TSMC and a simplified two-step post-CMOS etching technique, the proposed IR sensor 
achieved both structural precision and functional efficiency while maintaining compatibility 
with large-scale semiconductor manufacturing. The suspended architecture of the absorber and 
thermopile hot junctions significantly improved thermal isolation from the silicon substrate, 

Fig. 9.	 (Color online) Relationship between the 
output voltage and the incident power for the IR 
sensor.

Fig. 10.	 (Color online) Relationship between the 
normalized output voltage and the modulation 
frequency.
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enhancing the temperature gradient and resulting in a stronger voltage response owing to the 
Seebeck effect. Performance evaluations confirmed the sensor’s high sensitivity and fast 
dynamic behavior. The voltage responsivity reached 276 V/W, as extracted from the linear 
relationship between the output voltage and the incident infrared power. In addition, the response 
time was measured to be approximately 2.2 ms. These results indicate that the sensor can 
accurately and rapidly respond to various IR stimuli, making it well suited for applications such 
as motion detection, noncontact temperature sensing, and thermal imaging. The integration of a 
ring-shaped aluminum grating absorber not only improves infrared absorption efficiency but 
also represents a novel approach to enhancing sensor performance without significantly 
increasing design complexity. 
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