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Abstract

With the trend toward miniaturized and intelligent infrared systems, high-performance
light source chips featuring a high modulation depth and rapid thermal response have
emerged as key components for advancing interdisciplinary applications. In this study, a
dual-band infrared source chip featuring a suspended membrane structure on a
silicon-on-insulator substrate is reported. The suspended polysilicon emissive layer was
prepared via high-concentration boron doping and micro-nano processing techniques.
Relative to a closed membrane configuration, the suspended structure yields superior
thermal and optical characteristics including a thermal response time of 36 ms to reach
450 °C, a modulation depth of 50% at 60 Hz, and dual-band emission centered at 3.6 and
9.54 um. Structural-property correlation analysis reveals that the specific infrared emission
signatures are intrinsically linked to the lattice microstructure. In particular, the 3.6 um
emission is attributed to the stretching vibrations of hydrogen-bridged bonds and Si-H
bonds localized at oxygen vacancies within the surface SiO, layer. In addition, the 9.54 pm
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peak originates from the coupling between the SiO, network bending modes and the localized vibrational modes of
Si-B bonds introduced by boron doping. Furthermore, the suspended membrane architecture plays a critical role in
enhancing modulation performance by geometrically confining heat, thereby suppressing lateral thermal diffusion
and reducing thermal capacitance. These insights establish a direct mapping between micro/nano-structural design
and optoelectronic performance, offering a robust theoretical framework for developing high-efficiency infrared
emitters for gas sensing and photodetection applications.

INTRODUCTION

In recent years, infrared detection has become critical in fields such as optoelectronics!’, target
identification”, communications"*, and gas sensing"®”. The performance of these systems is dependent on
their core component, the infrared light source, whose importance is amplified by the unique atmospheric
windows and molecular absorption features in the mid- to long-wave infrared band. Therefore, a
broad-spectrum source that seamlessly covers 2.5-14 um is required for multiband convergence® and
integrated systems as it directly affects the performance of modern infrared (IR) systems. Current IR sources
include quantum cascade lasers (QCLs)"” ", infrared light-emitting diodes (LEDs)""*"'*, and thermal
emitters"*'7). Although QCLs offer high spectral density and single-mode operation, their cost and
complexity limit their use in cost-sensitive applications"®. In addition, infrared LEDs are restricted to narrow
bands (< 5 um) with low intensity"*, and thermal emitters, though cost-effective, suffer from high power
consumption and slow responses**’. micro-electromechanical systems (MEMS)-based emitters”"! have
emerged as a promising system for overcoming these constraints to achieve compact, efficient, and
high-performance infrared emission.

The performance of MEMS-based infrared thermal emitters is predominantly determined by the materials
and structure of the infrared radiation layer, which directly influence the radiation temperature and
modulation performance. In particular, thin-film infrared radiation layers are predominantly fabricated
using metals and their oxides, carbon-based materials, and photonic crystal metamaterials®!. Mele et al."*”!
employed a sputtered molybdenum layer structured as a meander-shaped heater, achieving an infrared
radiation temperature of up to 850 °C. In addition, Lee et al.”” employed a platinum thin film as the heating
layer to fabricate a meandering silicon beam filament, achieving an infrared radiation temperature of up to
1,000 °C. However, metallic heaters suffer from high power consumption and low resistivity, necessitating
sophisticated patterning to achieve a viable resistance. Moreover, they exhibit low emissivity, a broad spectral
bandwidth, and a lack of specific emission peaks in their infrared emission spectrum.

To address this issue, Lai et al.”! employed super-aligned carbon nanotube (SACNT) thin-film material,
attaining an infrared emissivity as high as 0.9 at a relatively low driving power. In addition, Wu et al.”*"
fabricated a nanopatterned Pt/alumina bilayer cylindrical array photonic crystal emitter via MEMS
microfabrication. They successfully achieved wavelength-tunable mid-infrared emission by introducing an
insulating layer to suppress parasitic thermal diffusion. Likewise, Lochbaum et al.* integrated MEMS
technology with a metamaterial perfect emitter (MPE), leveraging the surface plasmon polariton principle to
achieve an exceptional emissivity of 0.99 at the emission peak of 3.96 um. Although this approach resulted in
high performance metrics, the maximum radiation temperature was limited to below 400 °C, primarily due
to the thermal instability of carbon-based materials and metamaterial thin-film structures at elevated
temperatures. Consequently, selecting heater materials that combine MEMS compatibility with high
emissivity, low power consumption, and desirable radiative operating temperatures has emerged as a key
research focus.
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Currently, closed-type infrared thermal emitters dominate this field owing to their excellent thermal stability
and long service life. Commercially available examples include the EMIRS200 from Axetris and the SIR series
from Micro-Hybrid. Closed infrared sources have also been explored in the literature. Chang et al.””!
designed a closed infrared source featuring a multiturn U-shaped filament on a glass substrate. The device
employed a composite thin-film structure of Cr/CrN/Pt/CrN/Cr as the heater, which enhanced its
mechanical strength and operational stability. Although closed-type infrared thermal emitters exhibit
excellent mechanical stability during heating, they lack a thermal isolation trench between the substrate and
radiation layer, resulting in an inability to achieve effective heat transfer. Consequently, this structural
limitation leads to high power consumption and a limited modulation-response speed”. To address these
limitations, a suspended membrane structure based on a silicon-on-insulator (SOI) substrate is proposed in
this study. The SOI substrate offers excellent compatibility with MEMS processes as the top silicon layer
provides sufficient mechanical strength and reliability for the suspended structure under high-temperature
thermal cycling. In addition, the buried oxide (SiO,) layer serves as an etch-stop layer for backside cavity
etching and possesses superior electrical insulation properties. This enables effective thermal isolation,
thereby contributing to reduced power consumption and an enhanced modulation capability and radiation
temperature.

In this study, we demonstrate a dual-band MEMS infrared emitter constructed from a 6.6-pum-thick
suspended polysilicon membrane, engineered for high-speed modulation and robust thermal emission.
Boron-doped polysilicon was chosen as the active emissive layer owing to its superior complementary
metal-oxide-semiconductor (CMOS) compatibility, tunable resistivity, and stability under high-temperature
operation. This device uses a suspended architecture on an SOI substrate to enhance the thermal transient
response, and this configuration effectively suppresses lateral thermal diffusion while substantially
minimizing the thermal mass. The characterization results reveal a peak radiation temperature of 450 °C,
thermal response time of 36 ms, and modulation depth of 50% at 60 Hz. Spectrally, the device demonstrates a
broad average emissivity of 70% across the 2-14 pm band characterized by dual emission peaks. The
proposed structure offers a promising solution for integrating high-performance portable gas sensors, IR
identification units, and optoelectronic detection systems.

MATERIALS AND METHODS

Materials and fabrication

In this study, the fabrication of MEMS infrared chips commenced with 4-inch SOI wafers (OMedaSemi,
Shanghai, China) featuring dimensionally uniform layers including a 4-um-thick single-crystal silicon device
layer, 1.5-pm-thick buried silicon dioxide (BOX) layer, and 400-um-thick silicon substrate. The fabrication
sequence is shown in Supplementary Figure 1. High-concentration boron ion diffusion (approximately
7 x 10" cm™) was first implemented on the top single-crystal silicon layer of the 4-inch SOI substrate,
followed by thermal oxidation to form a 500-nm-thick SiO, layer. A 500-nm-thick polysilicon layer was then
deposited using low-pressure chemical vapor deposition [Supplementary Figure 2]. Thermal oxidation of
this polysilicon yielded a 100-nm-thick SiO, protective layer. Boron ion implantation was subsequently
performed on the polysilicon layer [Supplementary Figure 3], followed by an alloying annealing treatment.
Dry etching was applied to etch the polysilicon and overlying SiO, layers and form mesa structures
[Supplementary Figure 4]. The SiO, protective layer was dry-etched to fabricate electrode contact windows,
and a 1.5-um-thick Al electrode was deposited using thermal evaporation [Supplementary Figure 5].
Isolation trenches were formed by etching the areas on both sides of the polysilicon layer. Finally, deep
silicon etching was performed on the backside silicon substrate of the SOI wafer to construct cavity
structures. A total of four photomasks were used during the device fabrication process
[Supplementary Figure 6]. In addition, partial etching was implemented on the back substrate of the
semi-closed membrane infrared-light-source chip [Supplementary Figure 7]. Detailed fabrication procedures
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and process parameters are presented in the Supplementary Materials.

Characterization and measurement

A stylus profilometer (BRUKER Dektak XTL, USA) was employed to investigate the thickness of each layer
on the surface of 4-inch wafers and characterize the nanoscale morphological properties of
infrared-light-source chips. A focused ion beam scanning electron microscope (ZEISS Crossbeam 350,
Germany) was used to characterize the layered structure of the suspended membrane and the elemental
distribution across individual layers. The linewidth and pattern development after each photolithography
step during the fabrication process and the final surface morphology of the polysilicon thin film on the chips
were analyzed using a digital microscope (KEYENCE VHX-7000, Japan). All performance evaluations of the
infrared light sources were conducted in a dark-field environment. A semiconductor device analyzer
(Keysight B1500A, USA) and a digital source meter were used to measure the current-voltage (I-V) curves
and thermal resistance characteristics of the light sources. In addition, an infrared thermal imager (FLIR
T1050SC, USA) was used to determine the radiation temperature of the light sources under different input
voltages and their thermal response under continuously modulated voltages. Square-wave signals with a 50%
duty cycle were generated using a signal generator (RIGOL DG2102, China). The radiation results were
converted into voltage signals using a spectral radiometer (SR5000, China) to investigate the light source
response time and modulation depth. A Fourier transform infrared (FTIR) spectrometer equipped with an
integrating sphere (Nicolet IS50, USA) was used to measure the emissivity of the light sources at 5 V. In
addition, the radiation intensity characteristics and electro-optical conversion efficiency of the light sources
under varying input voltages were characterized using a photometer (FPBEN-Enviro300, China). All infrared
source samples with suspended and semi-closed membrane structures used in the characterization tests were
fabricated using the same conditions except for the etching method.

RESULTS AND DISCUSSION

Design

Figure 1A shows the schematic of the proposed MEMS-based suspended membrane infrared-light-source
chip. The proposed device is based on a microbridge structure and further developed into a polysilicon
infrared-light-emitting film, which is suspended above an SOI substrate and only 0.5 um thick. An SOI
substrate was used because of its low thermal conductivity!, which facilitates the upward propagation of
thermal radiation to the suspended membrane. A 1.5-pm-thick SiO, buried layer is located in the middle of
this system, which can serve as a mask for the anisotropic dry etching of the bottom Si substrate, thereby
simplifying the critical microfabrication release process. The top layer is a 4-um-thick heavily boron-doped
single-crystal silicon layer that can absorb and store the heat radiated downward from the polysilicon thin
film, thereby achieving a self-heating effect. The heating layer of the device comprises a 0.5-pm-thick
boron-doped polysilicon layer capped with thermally grown SiO,. This layer acts as a mask for boron ion
implantation in polysilicon, eliminates the channeling effect”™ resulting from ion implantation, and prevents
the oxidation of polysilicon films during high-temperature operation”"*?. A 0.5-pm-thick SiO, layer
sandwiched between the heating element and SOI substrate provides simultaneous electrical and thermal
isolation. For enhanced clarity and analysis, the three-dimensional schematic was sectioned along A-A plane,
yielding the cross-sectional view presented in Figure 1B. It can be clearly seen that the device layer is
suspended above the bottom Si substrate, with both lateral ends open to air cavities to form a structurally
independent membrane configuration.

The operational principle of the MEMS infrared light source chip relies on Joule heating, which is analogous
to a voltage-driven resistive self-heating circuit model”/, as shown in Figure 1C. In the thermal circuit, the
ground symbol indicates that the reference temperature T, is set to 0. C, and R, are the heat capacity of the

emissive layer and its thermal resistance to the constant-temperature heat sink, respectively. In this model,
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Figure 1. Schematic of the proposed MEMS infrared-light-source chip. (A) 3D model; (B) Cross-sectional view along the A-A plane; (C)
Equivalent circuit diagram illustrating the working principle of the MEMS-based suspended membrane infrared-light-source chip; (D)
Atomic distribution map of boron ion implantation; (E) Schematic of Si-B bond formation after annealing; (F) Atomic-level schematic of
electrothermal radiation in B-doped polycrystalline silicon.

the current variable includes the dimension of power, and the voltage across C, corresponds to the
temperature increase AT of the emissive layer relative to T, (the emissive layer temperature T,). The doped
polysilicon thin film is equivalent to a resistor. Joule heat is generated under a constant voltage source, which
increases the temperature and produces infrared radiation. At the molecular level, the bombardment of
silicon lattices by high-energy boron ions triggers cascade collisions, displacing numerous silicon atoms from
their lattice sites and forming high-density point defects, interstitials, and vacancies in the ordered crystal
[Figure 1D]. Subsequent high-temperature annealing activates impurities, repairs lattice defects, and
facilitates substitutional doping of boron atoms to form stable Si-B covalent bonds with silicon atoms
[Figure 1E]. Si-B bonds introduce holes near the valence band top, greatly enhancing the hole concentration
and conductivity in this system. Under an electric field, high-concentration hole carriers intensely accelerate
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and scatter with the lattice, impurities, and grain boundaries, efficiently converting kinetic energy into lattice
vibrational energy (thermal energy) and thus generating infrared radiation [Figure 1F].

Numerical simulation

The structure of infrared-light-source chips must exhibit excellent radiative temperature and
thermo-mechanical stability considering their performance and reliability requirements.
Electrothermal-structural multiphysics coupling simulation analysis of these chips may be conducted with
suspended, semi-closed, and closed membranes using a simulation platform”***. The difference between
these three structures lies in the extent of the backside substrate etching: complete etching was used for the
suspended membrane, partial etching for the semi-closed membrane, and no etching for the closed
membrane. The detailed simulation procedure is provided in Supplementary Tables 1 and 2. The radiation
temperature of the infrared-light-source chip increases with the applied bias voltage
[Supplementary Figure 8]. In these simulations, the bias voltage is fixed at 12 V. Meanwhile, as the thickness
of the polysilicon radiation layer increases, the thermal stress deformation exhibits a nonmonotonic
fluctuation due to the competing mechanism between thermal bending and structural stiffness, as illustrated
in Supplementary Figure 9. The thickness of the polysilicon layer is set to 500 nm considering the fabrication
cost associated with polysilicon growth and ion implantation doping.

Simulation analysis was conducted to characterize the radiation temperature and thermal deformation
behavior of different structures. As shown in Figure 24, the radiation temperature of the suspended
membrane infrared source chip is highly localized within the polysilicon film, exhibiting a pronounced
thermal gradient that increases toward the central region. By contrast, Figure 2B and C shows that the
radiation temperature in the semi-closed and closed membranes is more uniformly distributed across the
device surface, exhibiting consistent overall thermal profiles. In terms of deformation, Figure 2D indicates
that the deformation of the suspended membrane is mainly confined to the film region. By contrast,
Figure 2E and F shows that both the semi-closed and closed membrane structures cause marked thermal
expansion deformation in the silicon substrate, and the rectangular window at the bottom of the semi-closed
membrane displays clear inward compressive deformation. Figure 3 presents a quantitative analysis of the
temperature, thermal stress, and thermal expansion deformation along the X- and Y-axes in the central
region of the chip. Figure 3A and D reveal a uniform X-axis temperature distribution for all membranes,
showing only a variation in radiative intensity. However, along the Y-axis, the suspended membrane shows a
distinct temperature concentration that peaks at 1,360 K. The high-temperature concentration in the
suspended membrane is attributed to its restricted heat-dissipation path. The extent of heat loss is primarily
dictated by the volume of the substrate under the membrane. As shown in Figure 3E, a marked thermal
stress concentration is present at the interface between the metal electrode and boron-doped polysilicon film.
The most pronounced abrupt stress change occurs in the closed membrane structure, which can readily lead
to electrode delamination or interfacial failure. This phenomenon is illustrated in Supplementary Figure 10.
By contrast, the deformation of the silicon substrate corresponding to the suspended membrane (Figure 2D,
V-shape) is much smaller than that of the other two structures (Figure 2E and F, similar to balloon
expansion), indicating that this structure could release more thermal stress. Thus, the suspended membrane
exhibits minimum residual stress under identical operating conditions.

As shown in Figure 3C and F, the suspended membrane displays V-shaped thermal deformation with
marked central deflection. This occurs because radiant heat is highly concentrated in the central area of the
membrane, and the absence of an underlying substrate support allows the film to buckle under thermal
stress. By contrast, both the semi-closed and closed membranes, which have a more uniform temperature
distribution, undergo a smaller balloon-like thermal deformation across the entire structure. Based on the
simulation results above, the suspended membrane structure, achieves a highly concentrated radiative
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Figure 2. 3D electrothermal-structural multiphysics simulations of infrared-light-source chips. (A-C) Thermal distribution and deflection of
the suspended, semi-closed, and closed membranes; (D-F) Deformation distribution and deflection of the suspended, semi-closed, and
closed membranes.
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Figure 3. Curves of infrared-light-source chip temperature, stress, and deformation versus the center distance under a working voltage of
12 V. (A-C) Quantitative temperature, stress, and deformation data along the X-axis for suspended, semi-closed, and closed membrane
infrared chips; (D-F) Quantitative temperature, stress, and deformation data along the Y-axis for the suspended, semi-closed, and closed
membrane infrared chips.

temperature (up to 1,360 K at the center) owing to its thermal isolation characteristics while effectively
reducing thermal stress accumulation through structural flexibility. This leads to a superior overall
performance in both radiative output and thermomechanical reliability.
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Figure 4. Structural characteristics of the MEMS infrared-light-source chip. (A) Step depth on the wafer surface; (B) FIB-SEM image of the
suspended-membrane infrared-light-source chip; (C-E) EDS elemental distribution maps of Al, O, and Si; (F) Surface morphology of the
fabricated polysilicon system; (G) Architecture of the infrared-light-source chip; (H) Infrared light source packaged in TO-39.

Nano characteristics

To verity the fabrication dimensions, step-height profilometry was performed on the front side of the 4-inch
wafer [Figure 4A]. The measurement profile shows three distinct features: the evaporated aluminum
electrode with a thickness of 1.35 um, the combined polysilicon and overlying SiO, layer with an etched
depth of 0.79 pm (7,856 A), and the deep-etched windows flanking the polysilicon structure, measured at
4.90 um (48,950 A). The internal material structure was further characterized using focused ion beam (FIB)
milling. Figure 4B presents a cross-sectional FIB-scanning electron microscopy (SEM) image obtained
perpendicular to the device surface, clearly delineating the interface between the Al electrode and polysilicon
film. Corresponding energy-dispersive X-ray spectroscopy (EDS) elemental maps [Figure 4C-E] confirm the
material composition within this region. The analysis reveals that aluminum is concentrated in the top
electrode layer [Figure 4C], while oxygen is effectively confined to the intermediate thermally insulating SiO,
layer [Figure 4D]. Silicon is distributed throughout both the polysilicon film and underlying single-crystal
substrate [Figure 4E]. Notably, boron dopants are not detected, and this is attributed to boron being an
ultralight element. Its weak interaction with electrons results in characteristic X-rays of extremely low

[36,37

intensity, which are challenging to resolve via EDS®**”. Finally, Figure 4F-H respectively depicts the surface
morphology of the fabricated polysilicon, overall chip layout, and final infrared light source in a TO-39

package showing both capped and open wire-bonded configurations.
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Figure 5. TCR of the suspended- and semi-closed-membrane infrared light sources. |-V curves of the (A) suspended and (B) semi-closed
membranes; (C) Resistance range of the suspended membrane during forward and reverse voltage sweeps over 0-8 V; (D) Resistance
range of semi-closed membrane during forward and reverse voltage sweeps over 0-6 V.

Temperature resistance coefficient

The current-voltage (I-V) profiles presented in Figure 5A and B reveal the critical role of membrane
topology on device performance. Both the suspended and semi-closed membranes initiate with an identical
resistance of 58 Q. However, as the voltage increases, the suspended membrane undergoes a more rapid
resistance increase, leading to a suppressed current relative to the semi-closed counterpart. This nonlinearity
is a manifestation of the self-heating effect governed by the positive temperature coefficient of resistance
(TCR) of the polysilicon layer”®. This relationship can be approximated by the following simple linear
equation:

R=R[1+a)T-T)] (1)

where a, represents the TCR of polysilicon and R, is the resistance of polysilicon at room temperature T
Because polysilicon has a positive TCR", the resistance increases as the temperature increases. Crucially, the
higher resistance (and consequently lower current) observed in the suspended membrane at a given voltage
serves as direct evidence of its higher operating temperature. This confirms that the suspended architecture
effectively suppresses backside thermal loss, resulting in superior heat localization compared to the
semi-closed design (consistent with the simulation results in Figure 2A-C). Furthermore, the
resistance-voltage (R-V) characteristics [Figure 5C and D] exhibit a hysteresis loop indicative of thermal
inertia. During the reverse sweep, the release of stored thermal energy from the heavily boron-doped
diffusion layer retards the cooling of the polysilicon, causing a transient resistance elevation. Despite this
thermal lag, the suspended source exhibits excellent electrothermal stability with a wide operational
window!,

Electrothermal characteristics

Supplementary Figure 11 shows the experimental platform used for the electrothermal characterization of
the infrared light source. As shown in Figure 6A, the infrared radiation temperature of both membranes
increased approximately linearly with the staircase voltage from 5 to 12 V (step size: 0.5 V). However,


https://file.oaecenter.com/published/pdf/1e18961d11bc3767fd70cc477fd058b6/1779421166/microstructures50175-SupplementaryMaterials.pdf

Page 10 of 18 Zhu et al. Microstructures 2026, 6, 2026069

substantial temperature differences were observed for the suspended (726.15 K) and semi-closed (559.85 K)
membranes. Under the same voltage conditions, the infrared radiation temperature of the suspended
membrane was higher than that of the semi-closed membrane, and it exhibited a faster heating rate. To
further explore the correlation between power consumption and temperature, a digital source meter was
used to record the resistance and power consumption of the devices at 5 to 12 V. The power
consumption-temperature curves of the suspended and semi-closed membrane infrared sources in Figure 6B
were obtained by combining these experimental data with the voltage-temperature curve shown in
Figure 6A. The suspended and semi-closed membranes reached peak operating temperatures of 726.15 and
559.85 K, respectively, with power consumptions of 1,480 and 2,363 mW, respectively. Therefore, the
suspended membrane requires relatively less power to reach its peak operating temperature. This enhanced
efficiency is attributed to the architecture of the membrane, which drastically reduces the thermal
conduction path to the supporting substrate, thereby effectively localizing heat within the membrane surface
and resulting in lower power consumption.

Next, the dynamic performances of the devices were investigated. The suspended and semi-closed
membrane infrared sources were driven by a signal generator that produced a pulsed waveform with a 50%
duty cycle at voltages of 5 to 12 V, and the temperature was measured using an IR thermal camera.
Figure 6C and D presents the thermal response curves obtained under increasing voltage for the suspended
and semi-closed membranes, respectively. At a driving voltage of 12 V, the suspended membrane achieved a
higher radiation temperature than the semi-closed membrane and exhibited a faster response. Under
continuous voltage modulation, the thermal response times of both the suspended and semi-closed
membrane structures remained stable, demonstrating excellent dynamic thermal stability. In particular, the
suspended membrane exhibited an enhanced thermal response owing to the incorporation of a rectangular
cavity structure on its backside. Figure 6E further compares the infrared thermal images of both structures
under the same DC voltages, revealing that the suspended membrane achieved superior image contrast and
thermal concentration. Meanwhile, the suspended membrane exhibited an obvious V-shaped thermal strain
under the driving voltage. This confirms that heat is effectively channeled and localized within the central
area of the suspended microbridge!*"**\. In turn, this thermal concentration behavior indicates that the
thermomechanical stress endured by the semi-closed membrane during actual operation is greater than that
of a suspended membrane structure. I situ morphology observations were conducted on the suspended film
device under rapid heating conditions to verify the structural stability of the device under high-temperature
conditions, as detailed in Supplementary Video. The results shown in Supplementary Figure 12 demonstrate
that our boron-doped polysilicon film remained flat and structurally stable even at 600 °C, with no noticeable
thermal warping or structural failure.

The thermal flux of the infrared light source, which represents the density and intensity of infrared energy
flow, is a key metric used for electrothermal performance evaluation. Thermal flux comparisons of different
structures [Figure 7A and B] show that the suspended membrane delivers the highest thermal flux, directly
verifying that it exhibits the highest infrared radiation temperature among the evaluated systems. Thermal
flux data for the semi-closed membrane is presented in Supplementary Figure 13. This excellent performance
arises from the unique thermal management mechanism of the suspended membrane, wherein the back
cavity and isolation trenches of the suspended membrane effectively block solid heat conduction to the
silicon substrate. This confines heat mainly inside of the membrane for convective exchange with ambient air
[Figure 7A]. This design greatly reduces the lateral heat loss of the substrate, effectively converting electrical
energy into an increase in radiation temperature. In addition, this design improves the rapid thermal
response of the device owing to the low thermal capacity and fast response of heat exchange with air.
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Figure 6. Electrothermal characteristics of the suspended- and semi-closed-membrane infrared light sources. (A) Voltage-radiation
temperature curve of the infrared light source; (B) Power consumption-temperature curve of the infrared light source; Continuous

electrothermal modulation curves of the (C) suspended and (D) semi-closed membranes; (E) Surface radiation temperature maps of the
suspended and semi-closed membranes at different temperatures.

The spectral emissivity within the 2.5-12.5 pm range was characterized using an FTIR spectrometer coupled
with an integrating sphere and microscope, as illustrated in Supplementary Figure 14. In accordance with
Kirchhoff's law!*], the emissivity of the infrared source is given by:

c=a=1-p-1 (2)

e=1-p (3)
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where ¢, a, p, and r denote emissivity, absorptivity, reflectivity, and transmittance, respectively. Given the
opacity of the SOI substrate in this band, the 7 is zero; therefore, Equation (2) can be alternatively expressed
as Equation (3), where emissivity is complementary to reflectivity. As shown in Figure 7C, the device
maintains a high, stable emissivity of approximately 0.7 under a 5 V DC bias. This performance is
structurally governed by the heavy boron doping of the polysilicon film. The high dopant concentration
introduces a dense population of positively charged holes!**), which markedly enhances free-carrier
absorption. This mechanism effectively suppresses infrared reflection and promotes photon absorption,
thereby intrinsically elevating the thermal emissivity of the radiating layer.

The infrared radiation intensity was quantified using a full-band solar spectral radiometer
[Supplementary Figure 15] based on gray-body approximation and Planck's law'*”, as expressed in:

B 2hc? 1

B= —F
PR < |

(4)

where c is the speed of light, 4 is the wavelength, K is the Boltzmann constant, & is Planck’s constant, T, is the
absolute temperature of the radiating surface, and I, is the radiated power per unit area per unit solid angle
per unit wavelength. Figure 7D details the spectral radiance with increasing DC bias from 5 to 6.4 V. The
spectrum exhibits a dual-band profile shaped by the molecular vibrational modes of the material. In
particular, a short-wave band (1.0-5.92 um, centered at 3.60 um) and long-wave band (5.92-14 um, centered
at 9.54 pm) are observed. At 6.4 V, the long-wave band dominates, contributing ~60% of the total energy
with a peak intensity of 170 W/cm?, compared to 110 W/cm? (~40%) for the short-wave band. With
increasing driving voltage, the infrared radiation temperature and relative radiation intensity of all bands
exhibit a corresponding increase. Crucially, these characteristic spectral peaks result from the synergistic
effect of carrier plasmon resonance***”) and characteristic lattice vibrational modes'*** in heavily
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boron-doped poly-Si. The 3.6-um characteristic peak arises from an enhancement in the narrowband
resonant emissivity induced by the stretching vibrations of hydrogen-bond-bridged Si-O and
oxygen-vacancy-associated Si-H bonds in the short-wave infrared plasmon enhancement window***". The
intense 9.54 pm emission peak stems from the spectral superposition of the Si-O bending and Si-B stretching
vibrations (introduced by boron implantation ata 7 x 10" cm™ doping concentration) in the long-wave
infrared plasmon enhancement window!">*!. This characteristic spectral signature verifies that the emission
spectrum of the MEMS source matches the absorption bands of target gases in non-dispersive infrared
sensing applications.

Modulation depth

The modulation dynamics of the infrared source were characterized via pulsed electrical heating and
subsequent self-cooling™. The experimental setup for the modulation performance characterization of the
infrared light source is shown in Supplementary Figure 16. The optical response was recorded using a
spectroradiometer with a 50% duty cycle driving signal [Figure 8A]. Figure 8B shows the time-domain
response at 1, 5, and 50 Hz, where a characteristic attenuation in peak voltage was observed with increasing
frequency. The transient response was quantified using the rise time (¢, 0%-90% of the peak value) and fall
time (£, 100%-10% of the peak value)*. At 5 Hz, the device exhibited a t, of 36 ms and ¢, of 28 ms, yielding a
total switching period of 64 ms [Figure 8C]. This rapid response is structurally enabled by the suspended
membrane design. While the backside cavity provides high thermal resistance to isolate the membrane from
the substrate, thereby minimizing power consumption, the extremely low thermal mass of the thin
membrane ensures that thermal inertia remains low. This unique structural combination enables rapid
thermal cycling despite high thermal isolation, thereby simultaneously reducing power consumption. The
modulation depth of an infrared source is defined as the maximum voltage variation at a given modulation
frequency, normalized to the reference voltage variation at the baseline frequency. The modulation depth
(m) is then determined from the peak response voltage using"”:

Vmax(f) - Vmin (f)
Vmax(lHZ) - le‘n(lHZ) (5)

m(f) =

Herein, the modulation depth at 1 Hz was defined as 100%, where V,__ () and V_, (f) represent the maximum

(1Hz) and V.

and minimum voltage values at the current frequency f, respectively, and V in(1Hz) represent

the maximum and minimum voltage values at 1 Hz, respectively. Figure 8D presents the measured
modulation depth curve of the suspended-membrane infrared light source. A 100% modulation depth was
maintained for operating frequencies up to 15 Hz, after which a gradual decrease was observed, exhibiting a
roll-off of 41% at a frequency of 100 Hz. At 20 Hz, the modulation depth remained at 98%, indicating that
highly stable infrared radiation could be emitted under pulsed driving conditions. At 50 Hz, approximately
55% of the infrared energy was measured. These findings indicate the exceptional efficiency of the

suspended-membrane infrared light source when operated with pulsed driving.

The electrical-to-optical conversion efficiency is a critical metric for evaluating the radiative efficiency of
infrared light sources”, which directly reflects the technological advancement of the light source in terms of
material quality, carrier injection efficiency, and photon extraction efficiency. The detailed experimental
platform is shown in Supplementary Figure 17, and the corresponding methodological details are provided
in the Supplementary Materials. The suspended membrane infrared light source achieved an electro-optical
conversion efficiency of 12.33% at a driving voltage of 7 V [Supplementary Table 3], which indicates that
heavy boron-ion doping in polycrystalline silicon resulted in an enhanced carrier injection efficiency.
Moreover, the photon extraction efficiency was indirectly improved via the regulation of the doping
concentration, processing parameters, and lattice defects, which served to improve the infrared radiation
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Figure 8. Modulation performance of the suspended membrane infrared source. (A) Schematic of a square wave with 50% pulse width
modulation duty cycle generated by a signal generator; (B) Time-domain response of the infrared source at 1, 5, and 50 Hz; (C) Switching
time of the infrared source; (D) Modulation depth of the infrared source.

Table 1. Performance comparison with of previously developed MEMS IR emitters

Modulation R.esponse Central Emissivity Temperature Radiation Heate'r References
depth-frequency (Hz)  time (ms) band (um) (°C) area (mm?)  material

65.6%-100% 31 3.8 0.6 408 0.062 TiN [38]
42%-100% 17 N/A 0.99 407 1 Pt-black [59]

N/A N/A 3.96 0.99 322 2.89 MPE [20]
50%-20% 53.8 N/A N/A 800 0.33 c-Si [60]
50%-40% 58 6.5 N/A 450 225 Pt [61]
50%-60% 36 3.6and9.54 0.7 450 6.08 poly-Si This work

performance. Table 1 presents a comparison of the MEMS infrared emitter developed in this study with

those reported in the literature to evaluate the comprehensive performance of the suspended-membrane

infrared light source. The fabricated device features a large radiating area, desirable modulation depth,

dual-band central emission, and highly stable radiation temperature. In addition, it achieved a higher

modulation depth and faster response time compared with bulk infrared emitters based on MPE, c-Si, and

Pt. Moreover, it delivers dual-wavelength radiation, which is absent in conventional TiN and Pt-black

infrared emitters.
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CONCLUSIONS

In this study, a high-performance MEMS infrared radiation source with an optimized suspended
architecture was developed to address the modulation depth and spectral emission range limitations of
conventional thermal infrared emitters. An ultrathin suspended-membrane infrared-light-source based on a
silicon-on-insulator wafer was designed and fabricated. This design enabled the targeted optimization of the
thermal isolation performance and thermal mass of the device, whose parameters significantly affect the
modulation speed and energy efficiency of thermal emitters. The fabricated device exhibited exceptional
electrothermal characteristics and unique spectral properties, providing a robust and promising platform for
infrared applications requiring high-efficiency, high-speed modulation. Furthermore, the developed device
exhibited excellent compatibility with standard CMOS processes. Therefore, this work outlines a
cost-effective, highly scalable method for developing next-generation optical recognition systems and
high-sensitivity gas-sensing devices.
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