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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas

Dual-band switchable mid-infrared emitter based on
In3SbTe; for gas detection application
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As a highly energy-efficient and sensitive radiation source, narrowband thermal emitters provide an ideal solution
for non-contact gas detection, enabling the widespread application of mid-infrared “molecular fingerprint” technology.
However, most narrowband thermal emitters lack reconfigurability, limiting their adaptability in practical applications. In
this study, we propose a novel dual-band switchable narrowband thermal emitter in the mid-infrared region. The emitter
consists of an aperiodic Ge/Si0,/Ge/SiO; (GSGS) structure and a phase change material In3SbTe; (IST). When IST is in the
crystalline state, the emitter achieves narrowband emission peaks at wavelengths of 3.79 pm and 6.12 pm, corresponding to
the “on” state. However, when IST transitions to the amorphous state, the dual-band high emission disappears and it features
angle- and polarization-independent behavior, representing the “oft” state. Furthermore, we verify the physical mechanism
behind the high emission through phase and amplitude calculations as well as electric field distribution analysis. Notably,
the introduction of the IST provides an additional degree of freedom for tunability. Furthermore, by adjusting the thickness
of the spacer layer, the emitter can be precisely tuned to match the characteristic absorption peaks of various mid-infrared
gases, such as CHy, CO,, CO, and NO, enabling multi-gas detection in mixed gas environments. The proposed thermal
emitter serves as an effective and low-cost alternative for dual-band narrowband mid-infrared light sources, contributing to

the advancement of multi-gas detection strategies.

Keywords: dual-band emitter, switchable, In3SbTe;, multi-gas detection
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1. Introduction

With the rapid progression of industrialization and the in-
tensifying challenges posed by environmental pollution, the
demand for advanced gas sensing technologies has surged
across a spectrum of critical domains, including environ-

(121 industrial safety,®* and medical

mental monitoring,
diagnostics.>®! Among these, non-contact gas sensing has
emerged as a particularly promising approach, owing to its ex-
ceptional sensitivity, rapid response times, and non-invasive
nature.!”) The mid-infrared (MIR) spectral region holds par-
ticular significance in chemical sensing, as it encompasses
the fundamental vibrational absorption bands of numerous
molecular bonds, thereby enabling highly specific and unam-
biguous gas identification.!®”! In contrast to optical fiber gas

sensorsH%12] and semiconductor-based sensors,[!3:14]

non-
dispersive infrared (NDIR) technology operates by quantify-
ing the attenuation of infrared light as it traverses a gas cell

(151 Through meticulous analy-

containing the target analyte.
sis of the resultant intensity variations, NDIR sensors facil-
itate not only the precise determination of gas composition
and concentration, but also the capture of distinct vibrational

and rotational spectral signatures of molecular species within
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the MIR range. These unique spectral features, often termed
“molecular fingerprints”, provide a robust and highly specific
foundation for gas detection.[16-181

Traditionally, quantum cascade lasers (QCLs) have been
widely employed as light sources in NDIR technology due to
their high output power and exceptional spectral purity./1%20]
However, QCLs operate based on intersubband transitions,
necessitating precise fabrication techniques and stringent en-
ergy level control when used as the primary light source for
gas sensing. While QCLs demonstrate outstanding perfor-
mance in gas detection, their high manufacturing costs and
the complexity of energy level management hinder their in-
tegration into portable and highly miniaturized devices. Alter-
natively, broadband light sources offer a more cost-effective
solution.?!1 However, their excessive emission can introduce
signal interference, significantly compromising detection ac-
curacy, particularly in trace gas sensing applications.

Additionally, thermal emitters based on Kirchhoff’s law
have also been employed as light sources in NDIR technology,
leveraging the principle of selective infrared absorption.?>30]
In general, a higher quality factor (Q-factor) corresponds to a

narrower emission bandwidth, which enhances the precision
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of molecular fingerprint identification and holds promise for
trace gas analysis. In recent years, metasurface-based ther-

0317361 Sun et

mal emitters have gained increasing attentio
al.®% proposed a mid-infrared thermal emitter based on an
all-dielectric metasurface composed of a zigzag array of ger-
manium elliptical disks, achieving narrowband thermal radi-
ation with a high Q-factor. These engineered structures en-
able precise control over thermal emission properties, allow-
ing their emission spectra to be tailored to match the “molec-
ular fingerprints” of target gases. Therefore, these structures
can facilitate gas detection through attenuation-based intensity
measurements. However, their fabrication typically relies on
intricate nanofabrication techniques, such as lithography and
nanoscale etching, which pose significant challenges for large-
scale implementation and practical deployment.

To address these challenges, lithography-free multilayer
thin-film emitters based on Tamm plasmon polaritons have

37401 For instance, the narrowband mid-

been proposed.!
infrared thermal emitter based on Tamm plasmon polaritons
introduced by Zhu et al.3"! eliminates the need for complex
micro/nanofabrication techniques while maintaining the Q-
factor essential for gas sensing. These advantages lay the foun-
dation for chip-based gas sensors, positioning multilayer thin-
film thermal emitters as one of the most promising solutions
for practical applications. However, these emitters are com-
monly designed with metal substrates such as gold or silver,
which greatly limit the tunability of their spectrum.

In this paper, we present a novel infrared dual-band
narrowband switchable thermal emitter based on the phase
change material In3SbTe, (IST). The proposed emitter con-
sists of an alternating deposition of Ge and SiO, thin films
on an IST substrate. At the optimized thickness, the emission
spectra of the emitter are calculated under both crystalline and
amorphous states of IST, demonstrating dual-band narrow-
band thermal emission at wavelengths 3.79 pm and 6.13 pm,
respectively. The physical mechanism underlying the dual-
band emission is analyzed by electric field distributions. Fur-
thermore, the effects of the incident angle, IST thickness, and
spacer layer thickness on the emitter’s performance are sys-
tematically investigated. Finally, the potential application of
the proposed structure in gas sensing is also explored. The
proposed thermal emitter provides a low-cost, high-precision
solution for gas sensing while also laying the foundation for
the future development of multifunctional and reconfigurable
photonic devices.

2. Model and method

As depicted in Fig. 1(a), the thermal emitter is composed
of a Ge/SiO, stack and a phase change material IST. The layer
thicknesses of the Ge/SiO, stack are denoted as H,, H,, H3,

and H,4, while the dielectric constants of Ge and SiO, are ref-
erenced from Refs. [41,42], respectively. IST is a non-volatile
phase change material, and its permittivity is obtained from
Ref. [43]. The permittivity of IST is shown in Fig. 1(b). No-
tably, the permittivity of IST is negative in the crystalline state
(cIST), imparting metal-like characteristics. In contrast, in the
amorphous state (aIST), the permittivity is positive, exhibiting
dielectric properties. Furthermore, substantial differences are
observed between the imaginary parts of the alST and cIST
permittivities. IST provides an additional degree of freedom
for reconfigurable thermal emission, enabling dynamic con-
trol through actively induced phase transitions. In this paper,
the spectral reflection (R) and transmission (7") are calculated
using the transfer matrix method (TMM). Since the materials
used are all reciprocal, the spectral emission (€) in a given di-
rection is equal to the spectral absorption (A). Thus, there is
e=A=1-R-T.
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Fig. 1. (a) Schematic diagram of the dual-band narrowband emitter.
(b) The permittivity of the IST at different states.

3. Results and discussion

Here, the optimal structural parameters are H; = 0.34 pum,
H, = 1.0 um, H3 = 0.08 um, Hy = 2.63 um, and Hs =
0.08 um. The thickness of each layer in the proposed struc-
ture was determined by combining the TMM with parame-
ter scanning, with the goal of enabling switchable narrow-
band thermal emission. Figure 2 presents the spectrum of the
proposed dual-band emitter in the 3-8 pm wavelength range.
In the crystalline state of IST, the narrowband thermal radia-
tion is achieved at wavelengths 3.79 um and 6.13 pum, with
corresponding emissivities 0.96 and 0.97. However, in the
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amorphous state of IST, the emission remains consistently low
across the entire wavelength range, nearly approaching zero.
This demonstrates that the proposed dual-band thermal emitter
can effectively switch between “on” and “off” states through
phase transition in IST.

1.0

0.8

0.6

Emission

0.4

0.2

Wavelength (pm)

Fig. 2. The emission spectrum of the emitter for cIST and alIST.

The Q-factor is a key metric for evaluating the perfor-
mance of narrowband thermal emitters and is defined as the
ratio between the resonant wavelength and the full width at
half maximum (FWHM). Calculated Q-factors of the pro-
posed emitter at the two resonant wavelengths (3.79 um and
6.13 um) are approximately 33 and 26, respectively. A per-
formance comparison with recently reported mid-infrared nar-
rowband emitters is summarized in Table 1.
exhibits superior Q-factors compared to those reported in
Refs. [24,33]. Although Ref. [32] achieves higher Q-factors,
its performance relies on independent excitation under TE and

The structure

TM polarization states, rather than achieving dual-band emis-
sion under a single polarization. Overall, the proposed emitter
demonstrates competitive performance, particularly in main-
taining relatively high Q-factors while simultaneously achiev-
ing dual-band thermal emission.

Table 1. Comparison with the performance of narrowband emitters.

References A1 (um) 01 A2 (um) (023
Ref.[32] 4.28(TE) 126 527(TM) 51
Ref. [24] 3.69 15.7 - -
Ref. [33] 4.283 15.77 4.227 18.51
This work 3.79 33 6.13 26

To gain a better understanding of the dual-band high
emission behavior in the cIST state, the distributions of the
electric field at the wavelengths corresponding to the two
emission peaks in the crystalline IST state are calculated, as
shown in Fig. 3. The white solid lines in the figure repre-
sent the boundaries of each layer in the emitter structure. At
a wavelength of 3.79 pum, the electric field exhibits significant
enhancement predominantly within the two SiO, thin films.
Notably, a periodic enhancement pattern appears in the SiO;
layer adjacent to IST. In contrast, at a wavelength of 6.13 um,

the electric field becomes localized primarily in the upper SiO,
layer and the intermediate Ge layer. The dual narrowband ther-
mal emission originates from interference effects caused by
multiple interfaces and varying optical thicknesses within the
Ge/Si0,/Ge/Si0,/cIST multilayer structure.

@ 6.13 pm

Max

z (pm)

0 Min
0.10 —0.10 —0.05 0 0.05 0.10

@ (pm)

0
—0.10 —0.05 0 0.05
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Fig. 3. The distributions of the electronic field at the wavelengths of
(a) 3.79 um and (b) 6.13 um.

Although we have achieved a dual-band narrowband
emitter, as shown in Fig. 2, the emission wavelengths of
this emitter remain fixed. Given that absorption peaks of
different gases in the mid-infrared region occur at distinct
wavelengths, we introduce a SiO, spacer layer between the
Ge/Si0,/Ge/Si0, (GSGS) structure and the IST film to en-
hance the emitter’s adaptability for gas sensing applications.
Figures 4(b) and S1(a) illustrate the emission spectra as a func-
tion of the spacer layer thickness in the cIST and aIST states,
respectively. In the cIST state, a pronounced redshift of the
two primary emission peaks is observed as the spacer layer
thickness increases. Furthermore, when the spacer layer thick-
ness exceeds 0.5 pum, a third emission peak emerges, which
also redshifts with increasing thickness. By contrast, in the
alST state, the emission remains consistently low across the
entire spectral range examined, demonstrating the emitter’s
excellent switchable functionality. The thickness of the IST
layer is a critical parameter in achieving switchable thermal
radiation, requiring a careful balance of competing factors. On
one hand, the IST must be sufficiently thick in the crystalline
state to exhibit metallic characteristics, thereby enabling the
emergence of dual-band emission peaks. On the other hand,
the IST should remain as thin as possible to ensure that laser
annealing can induce a phase transition throughout the entire
layer, thereby enabling dynamic reconfigurability. To eluci-
date this interplay, we systematically investigate the impact of
IST thickness on emitter performance across different states,
as illustrated in Figs. 4(c) and S1(b). As shown in Fig. 4(c),
when the cIST thickness is below 0.015 pum, the proposed
emitter is unable to achieve strong emission. As the thickness
of cIST increases, the dual narrowband emission peaks grad-
ually appear. When the thickness of IST exceeds 0.05 pm,
the strong dual-band thermal emission is consistently main-
tained. This finding demonstrates that our proposed structure
can achieve dual-band thermal emission even with relatively
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thin IST layers. Moreover, we examine the dependence of
emission on phase-transition layer thickness in the aIST state.
The results reveal that the emission remains consistently low
across the entire range investigated, in agreement with theo-

retical expectations. This confirms that the switchable nature
of the emitter is governed solely by the optical properties of
IST before and after the phase transition, rather than by its
thickness.

(a) (b) 8 1.0 (c) 8 1.0
Ge
=7 0.8 o 7 0.8
si0, g g
= 6 06 o 6 0.6
Ge % =
g5 04 § 5 0.4
Si0, D 2
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2 3 ’ 0 3 0
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Fig. 4. (a) Schematic illustration of the structure with the introduced spacer layer. (b) Influence of the spacer layer thickness and (c) IST thickness

on emission in the cIST state.
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Fig. 5. The effect of the incident angle on the emission of (a) TM and (b) TE waves at cIST state, respectively.

In addition, we examine the impact of the incident angle
on the performance of the switchable narrowband emitter, as
shown in Fig. 5. Figures 5(a) and 5(b) present the cases for
TM and TE wave incidence in the cIST state, respectively. It
is found that the response is identical for both TE and TM
waves under normal incidence. However, as the incident angle
increases, this optical degeneracy is broken, leading to dis-
tinct radiative characteristics. In the cIST state, both emis-
sion peaks shift toward shorter wavelengths as the incident
angle increases. Under normal incidence, the phase change
in each layer is ¢ = 27nd/A, while at an incident angle 6,
the phase change becomes ¢ = 2mndcos0/A. To satisfy the
phase-matching condition for resonance, the resonance wave-
length decreases with increasing incident angle, resulting in a
blue shift of the emission spectrum. Moreover, the emitter ex-
hibits robustness to the incident angle, maintaining high emis-
sion up to 70°. However, as the angle increases further, the
full width at half maximum also broadens. In the cIST state,
the emission spectrum also undergoes a blue shift when a TE
wave 18 incident, which is similar to the behavior observed
for TM waves, with only slight differences at large angles. In
contrast, in the alIST state (Fig. S2), both TE and TM waves
maintain low emission, unaffected by the polarization state of

the incident wave.

Table 2. Emission peak positions and corresponding target gases for dif-
ferent spacer layer thicknesses.

Hspacer (M) Ay (um)  Gasl Ay (um)  Gas2
0.82 47 co 7.35 -
4.29 43 CO, 6.79 -
1.12 7.69 CH, 5.16 NO,
0.61 447 CO, 7.01 H,0

4. Applications

Finally, we discuss the potential applications of the pro-
posed dual narrowband thermal emitter in gas detection. In
Fig. 4, we investigate the ability of the spacer layer thickness
to tune both the intensity and position of the emission peaks,
providing the possibility of matching the absorption peaks of
various gases in the mid-infrared region. Table 2 presents the
positions of the two emission peaks at different spacer layer
thicknesses, along with the corresponding gases that can be
matched.

In the table, Hspacer represents the thickness of the spacer
layer SiO». It can be observed that when the spacer layer thick-
ness is 0.82 um and 4.29 um, the designed emitter can be used

094403-4


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ade59e

Chin. Phys. B 34, 094403 (2025)

for detecting CO and CO», respectively. When the thickness
is 1.12 pm, the two emission peaks are located at wavelengths
of 7.69 um and 5.16 um, which are very close to the absorp-
tion peaks of CH4 and NO,, making it suitable for detecting
these two gases. Additionally, when the thickness is 0.61 um,
the emitter can be utilized for the detection of CO, and H,O.
The results indicate that by tuning the spacer layer thickness,
selective detection of target gases can be achieved, offering a
potential solution for multi-gas sensing applications.

5. Conclusion

In conclusion, we propose a dual-band narrowband
switchable thermal emitter for mid-infrared gas detection. In
the cIST, the emitter achieves dual-band high emission at
wavelengths 3.79 um and 6.13 pm, with emissivities of 0.96
and 0.97, respectively. However, in the aIST, the high emission
properties disappear, demonstrating a significant switchable
functionality that can reduce energy consumption for gas de-
tection. Furthermore, the electric field distributions at the res-
onance wavelengths further confirm the physical mechanism.
Notably, the emitter maintains excellent narrowband emission
performance at large angles for both TE and TM waves. Addi-
tionally, the introduction of a spacer layer provides extra tun-
ability for the emission peak’s position and intensity, enabling
precise matching with characteristic absorption peaks of var-
ious mid-infrared gases, such as CHy, CO,, CO, and NO, al-
lowing for multi-gas detection. Overall, the proposed thermal
emitter offers low cost, large-area fabrication, and high sensi-
tivity, providing an effective solution for efficient mid-infrared
gas detection.
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