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Metal–Organic Framework-Surface-Enhanced Infrared
Absorption Platform Enables Simultaneous On-Chip
Sensing of Greenhouse Gases

Hong Zhou, Xindan Hui, Dongxiao Li, Donglin Hu, Xin Chen, Xianming He,
Lingxiao Gao, He Huang, Chengkuo Lee,* and Xiaojing Mu*

Simultaneous on-chip sensing of multiple greenhouse gases in a complex gas
environment is highly desirable in industry, agriculture, and meteorology, but
remains challenging due to their ultralow concentrations and mutual
interference. Porous microstructure and extremely high surface areas in
metal–organic frameworks (MOFs) provide both excellent adsorption
selectivity and high gases affinity for multigas sensing. Herein, it is described
that integrating MOFs into a multiresonant surface-enhanced infrared
absorption (SEIRA) platform can overcome the shortcomings of poor
selectivity in multigas sensing and enable simultaneous on-chip sensing of
greenhouse gases with ultralow concentrations. The strategy leverages the
near-field intensity enhancement (over 1500-fold) of multiresonant SEIRA
technique and the outstanding gas selectivity and affinity of MOFs. It is
experimentally demonstrated that the MOF–SEIRA platform achieves
simultaneous on-chip sensing of CO2 and CH4 with fast response time
(<60 s), high accuracy (CO2: 1.1%, CH4: 0.4%), small footprint
(100 × 100 µm2), and excellent linearity in wide concentration range
(0–2.5 × 104 ppm). Additionally, the excellent scalability to detect more gases
is explored. This work opens up exciting possibilities for the implementation
of all-in-one, real-time, and on-chip multigas detection as well as provides a
valuable toolkit for greenhouse gas sensing applications.

1. Introduction

Gas sensing is one of the most ubiquitous and significant tech-
nologies and plays a vital role in many applications in our daily
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life.[1] In many special scenarios, there is
a huge demand for the simultaneous sens-
ing of multiple gases, such as the detection
of combustible gases accompanied with the
monitor of oxygen (O2) to prevent explo-
sions, the gauging of multiple toxic gases in
small and confined spaces (like a vehicle),
real-time monitor of O2 and carbon diox-
ide (CO2) in the farm, and the simultane-
ous sensing of multiple greenhouse gases
in industry and meteorology.[2] Many efforts
have been invested to address such chal-
lenges, mainly including i) electrochemical
methods exploiting electrochemical redox
reaction[3] and ii) optical methods includ-
ing spectrophotometry, photoacoustic spec-
troscopy, tunable diode laser spectroscopy,
and IR absorption spectroscopy.[4] Among
them, nondispersive infrared (NDIR) sen-
sors using IR absorption spectroscopy stand
out and are widely commercialized due to
its fast response, no poisoning effects, and
long lifespan.[5] However, such device is of-
ten bulky because it requires centimeter
long optical interaction length to achieve
ppm detection level limit.[6] Despite the in-
troduction of metamaterial technology to

NDIR to reduce its size and enhance its performance, the prob-
lems of low sensitivity, poor selectivity, and interference remain
unresolved due to the inherent limitation of its basic sensing
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principles.[7] Furthermore, in order to achieve multiple gas de-
tection, such approach requires assembling several different gas-
sensitive detectors together as a NDIR system, i.e., a multigas
meter, which results in a bulkier shell. Therefore, a new technol-
ogy for enabling multiple gas detection in a miniaturized device
footprint of excellent selectivity, high sensitivity, and great accu-
racy is still required.

The surface-enhanced infrared absorption (SEIRA) technique
can potentially address the challenge by utilizing the near-field
coupling between plasmonic resonances and vibrational modes
of target molecules.[8] Meanwhile, the gas-selective-trapping ma-
terial is integrated with SEIRA platform to concentrate the
sparsely dispersed gas molecules of the surrounding area.[9–11]

The gas-selective-trapping material is critical because it deter-
mines the performance of the sensor, including selectivity, re-
sponse time, linearity, and sensitivity. For instance, polyethylen-
imine was integrated with a hybrid metamaterial absorber to
achieve high sensitivity sensing of CO2.[9] Palladium was cho-
sen as hydrogen trapping material in a plasmonic sensing sys-
tem to realize the sensing of hydrogen due to the formation of
palladium-hydride upon exposure to hydrogen.[10] More recently,
metal–organic framework (MOF) was reported for CO2 sensing
due to the porous structure and selectivity.[11] Although these
studies demonstrated the feasibility of SEIRA integrated with
functional films for miniaturized, highly sensitive, and selective
gas sensing, multigas sensing with this strategy has not been well
studied. The difficulties associated with the multigas detection
lie in both the development of functional material with multigas
selectivity and the implementation of multiresonant SEIRA plat-
form compatible with functional material and target gases.

To address these grand challenges, we hereby develop a minia-
turized multigas sensor by combining the zeolitic imidazolate
framework (ZIF-8) and the multiresonant plasmonic SEIRA
platform. Its multigas detection capability is demonstrated by
the simultaneous on-chip sensing of greenhouse gases, mainly
CO2 and CH4, which are accounted for the majority of global
warming.[12] The successful implementation of simultaneous
multigas detection comes from two effects: the multiple selec-
tivity of ZIF-8 and the near-field intensity enhancement of the
multiresonant SEIRA. On the one hand, the porous ZIF-8 shows
excellent gas-selective-trapping features for both CO2 and CH4.
This interesting feature is determined by both the pore aperture
and cavity diameter of ZIF-8 and the kinetic diameter of CO2 and
CH4.[13] Since the kinetic diameter of CO2 and CH4 are 3.3 and
3.8 Å, respectively, CH4 is only adsorbed in the cavity (diame-
ter: 11.6 Å), while CO2 can enter the pore aperture (diameter: 3.4
Å). It indicates that most of the CO2 and CH4 are captured in
different areas of the ZIF-8. Therefore, the competition between
CO2 and CH4 in ZIF-8 is relatively small, which is a critical char-
acteristic for the simultaneous detection of the gases. Moreover,
the multiresonant SEIRA technique used in the proposed MOF–
SEIRA platform provides more than 1500-fold near-field inten-
sity enhancement over dual sensing bands corresponding to CO2
and CH4 concentrated in ZIF-8. Notably, in addition to selectively
eliminating the interference of nontarget gas molecules in the en-
vironment through ZIF-8, the platform can further identify CO2
and CH4 through the vibration peaks in the mid-IR spectrum.
This dual recognition feature adds extra advantages to our MOF–
SEIRA platform. Collectively, this work primarily focuses on the

detailed investigation of the MOF–SEIRA platform including its
optical physics and sensing performance, such as mechanism,
theoretical models, steady-state, and dynamic sensing behaviors.
We believe that these findings will provide both a powerful detec-
tion tool for greenhouse gases sensing and an enabling SEIRA
platform technology in simultaneous selective sensing of gases.

2. Results and Discussions

2.1. Mechanism of MOF–SEIRA Platform

The proposed MOF–SEIRA platform, illustrated in Figure 1a,
combines the SEIRA platform and the porous MOF for simulta-
neous on-chip sensing of CO2 and CH4 at mid-IR spectra. Here,
the MOF film functions as a multigas-selective material that se-
lectively adsorbs gases due to its unique structural characteris-
tics, high surface area, chemical, and thermal stability.[13] In par-
ticular, ZIF-8, a subclass of MOFs, is composed of Zn2+ atoms
linked to imidazolate anions through nitrogen and presents a
tetrahedral coordination, as shown in Figure 1b. The largest cav-
ity in the nets of the ZIF structure is 11.6 Å, and the cavity is
connected through small apertures (3.4 Å, formed by the encom-
passment of six-membered ring window), as shown in Figure S1
(Supporting Information). Its pore aperture and cavity size de-
termine the characteristics of simultaneously capturing and con-
centrating CH4 and CO2 molecules of the surrounding area. The
above analysis of the competition between CO2 and CH4 will be
experimentally demonstrated in the later section.

After the adsorption and concentration of target gases through
MOF, they are coupled with the enhanced near-field provided
by the metamaterial absorber. The metamaterial absorber con-
sists of metal-dielectric spacer-metal layers, i.e., gold metasurface
layer, MgF2 dielectric spacer, and gold ground layer. Such a tri-
layer structure forms a Fabry–Perot cavity where multiple reflec-
tions occur to achieve absorption effects and field enhancement.
Perfect absorption occurs when the impedance is matched with
free space by tuning the thickness of dielectric spacer to optimize
intrinsic and external loss rates.[14] Such perfect absorption im-
proves SEIRA performance, and thereby provides an enhanced
near-field coupling platform to detect the weak intrinsic signals
originating from picometer-sized gas molecules. The enhance-
ment achieved by metamaterial absorber have proven to increase
sensitivity by an order of magnitude compared with metasurface
working in the transmission mode.[15] In addition, the resonance
frequency of the SEIRA platform is tuned by the shape and di-
mension of the patterned nanostructures. The nanostructures
are engineered as symmetrical cross-shaped antennas, consist-
ing of two sets of nanorods perpendicular to each other. It pro-
vides resonance at both 4.25 and 7.66 µm, one excited at the ends
and another excited at the sides, for sensing vibrational finger-
print signals derived from gas molecules, as shown in the insets
of Figure 1c. Furthermore, in order to increase the strength of the
near-field coupling, the two resonance of mid-IR absorber is arti-
ficially tailored to overlap with the vibrational modes of the CH4
and CO2 molecules, as plotted in Figure 1c. The spectral position
of CO2 used in this work is fixed at 4.25 µm (2350 cm−1) induced
by the asymmetrical stretch of C=O=C, and that of CH4 gas at
7.66 µm (1305.9 cm−1) originating from the 𝜐4 vibration band of
methane.[16] Collectively, the sensing of target gases involves two
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Figure 1. Illustration of the MOF–SEIRA platform for simultaneous sensing of CO2 and CH4 gases. a) Schematic representation of the MOF–SEIRA
platform consisting of porous ZIF-8 and metamaterial perfect absorber. Inset: CO2 and CH4 molecules are simultaneously trapped in the cavity and
pore aperture of the ZIF-8, and the MOF is attached to the surface of the antenna covered by the hotspot. b) A stick diagram showing the structure of
ZIF-8 with zinc–nitrogen tetrahedra. c) The absorber resonance position is engineered to overlap with the vibration signals of both the CO2 and CH4
absorption bands at the same time, achieving the simultaneous sensing of CO2 and CH4 gases.

steps: CH4 and CO2 molecules of the surrounding area diffuse
and adsorb in ZIF-8; they are then detected by utilizing resonant
plasmonic and vibrational coupling in the platform.

2.2. Simulation, Modeling, and Proof-of-Concept Demonstration
of MOF–SEIRA Platform

The optical response of the MOF–SEIRA platform is investi-
gated using 3D finite-difference time-domain (FDTD) method.
Figure 2a depicts the 3D structure of SEIRA platform, in which
a plane wave light source is incident from the top. Since trans-
mission is nearly zero across the entire frequency range due to
the metallic ground plane which is thicker than the penetration
depth of light in the IR range, the absorption A is calculated as
1 – reflection R, and the absorption characteristics of absorbers
are studied by reflection spectroscopy (Figure S2, Supporting In-
formation). The simulated absorption spectra of SEIRA platform
containing two well-designed resonances are plotted in Figure 2b.
Considering that significant redshifts will occur on the resonance
after integrating the gas-selective-trapping MOF into the SEIRA
platform, the two resonances are elaborately designed to the left
side of the vibration signals of CO2 and CH4 to reserve some
spectral space. It is achieved by adjusting the length L and width
W, as shown in Figure 2b. L and W correspond to the low and
high frequencies of the absorber, respectively, and only the corre-
sponding resonance changes when adjusting L and W, indicating
that the two modes of cross-shaped antennas are weakly coupled.
This feature not only allows the resonances to be engineered to
desired bands in a straightforward manner, but also minimizes
the interference between the two resonances.

The enhanced near-field in the vicinity of nanoantennas is sig-
nificant in SEIRA due to its critical role in the light-matter inter-

action. The electric field distribution in Figure 2c shows that res-
onance is excited in different areas of the nanoantennas for each
spectral band corresponding to vibrational signal of gases, indi-
cating that the sensitive areas of each gas on the platform are sep-
arated. In addition, the metamaterial absorber-based SEIRA plat-
form creates maximum local near-field intensity enhancements
over 1500-fold for both sensing bands, which is about 10 times
higher than that of metasurface-based SEIRA platform working
in the transmission mode (Figure S2, Supporting Information).
Importantly, the near-field access up to hundreds of nanometers
from the dielectric surface with 10% of the near-field peak inten-
sity (Figure S3, Supporting Information), which is much deeper
than the penetration depth realized by surface-enhanced Raman
spectroscopy. Such extended penetration depth is independent
of the absorber geometry and provides a relatively sufficient
volume for the light-matter interaction (Figure S4, Supporting
Information).

In order to better understand the mechanism of the proposed
platform, generalized absorber model is established according to
the temporal coupled mode theory (TCMT).[17] Corresponding to
the three evolutionary processes of the platform, the model is
built in three steps, namely the metamaterial absorber model,
the MOF–SEIRA platform model, and the gases sensing model.
For the metamaterial absorber (Figure 2dI), the theoretical model
consists of a dual-mode (labeled mode A and mode B) optical ab-
sorber coupled with two ports representing the incoming (S1+)
and outgoing (S1−) radiation (Figure 2dII). According to the cou-
pling equations of TCMT, the absorption A1 can be written as
(Note S4.1, Supporting Information)

A1 = 1 −
|||||1 −

𝜅1
2Y1 + 𝜅2

2Y2 + j𝜅3(𝜅1 − 𝜅2)2

Y1Y2 + j𝜅3(Y1 + Y2)

|||||
2

(1)
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Figure 2. Simulation, modeling, and proof-of-concept demonstration of the MOF–SEIRA platform. a) Schematic of the multiresonant metamaterial
absorber. Dimensions: L = 2.3 µm, W = 1 µm, P = 3.5 µm, t1 = 100 nmL, t2 = 200 nm, t3 = 100 nm. b) Simulated absorption spectrum of the MOF–
SEIRA platform for the nominal configuration (red curve), and with varying width W (green curves, 0.9 ≤ W ≤ 1.1) and length L (orange curves, 2.27 ≤ L
≤ 2.43). c) Near-field distribution of the MOF–SEIRA platform parallel (upper) and perpendicular (bottom) to the substrate plane at the CO2 (left) and
CH4 (right) bands. d) Generalized absorber model for the metamaterial absorber. I: Schematic of the metamaterial absorber. II: Generalized absorber
model. III: Simulated absorption spectra and model fit spectra. e) Extension of generalized model for the MOF–SEIRA platform. f) Corresponding model
when CO2 and CH4 are loaded. 𝜅1, 𝜅2, 𝜅3, µ, and 𝜐 represent coupling coefficient. g) Measured absorption spectra for bare metamaterial absorber, h)
MOF thin film, and i) MOF–SEIRA platform in vacuum and 2000 ppm CO2. The thickness of MOF on both the absorber and the Au/Si were set to
400 nm.

where Yi = j(𝜔 − 𝜔i) + 𝛾 i − j𝜅3 (i = 1, 2), and the terms involved
include center frequency (𝜔1 for mode A and 𝜔2 for mode B),
damping rates (𝛾1, 𝛾2), and coupling coefficient (𝜅1, 𝜅2, 𝜅3). An
absorption spectrum containing two Lorentzian line shapes can
be obtained by plotting Equation (1) in MATLAB software. The
resonance parameters determining the line-width and amplitude
are extracted by fitting Equation (1) to the simulated spectrum,
as shown in Figure 2dIII. The values of the parameters in Equa-
tion (1) are listed in Table S2 (Supporting Information). The cou-
pling coefficient 𝜅3 between mode A and mode B has little effect
on the absorption spectrum when the resonant frequencies of

the two modes is significantly different (Figure S5, Supporting
Information).

For the MOF–SEIRA platform (Figure 2eI), the above model is
extended via TCMT to include the effects of the MOF thin film. It
is achieved by coupling (coefficient µ) a purely dissipative mode
representative of the MOF absorption to the absorber model (Fig-
ure 2eII). According to the IR absorption spectrum of MOF (Fig-
ure S8, Supporting Information), there are five peaks in the spec-
tral band of interest, i.e., 1148, 1182, 1314, 1449, and 1583 cm−1,
as shown at the bottom of Figure 2eIII. All of them can excite dis-
sipative mode in the band to affect the model, so the absorption
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A2 with dissipative MOF considered can be expressed as (Note
S4.2, Supporting Information)

A2 = 1 −
|||||1 −

𝜅2
1

j(𝜔 − 𝜔1) + 𝛾1

−
𝜅2

2

j(𝜔 − 𝜔2) + 𝛾2 + Γ1 + Γ2 + Γ3 + Γ4 + Γ5

|||||
2

(2)

where Γi = 𝜇2
bi∕[j(𝜔 − 𝜔bi) + 𝛾bi] (i = 1, 2, 3, 4, 5), and the terms

involved include absorption frequencies of MOF (labeled 𝜔b1,…,
𝜔b5) and corresponding damping rates (labeled 𝛾b1,…, 𝛾b5). Com-
pared with absorption A1 in the metamaterial absorber model,
A2 adds the term Гi representing the absorption of MOF. The
spectrum extracted from the model fits well with the simulated
spectrum, indicating the correctness and accuracy of the model
established, as shown in Figure 2eIII.

When MOF–SEIRA platform is exposed to ambient CO2 and
CH4 sorption (Figure 2fI), a gases sensing model is established
by coupling (coefficient 𝜐c, 𝜐e) the dissipative mode representing
gas absorption to the MOF–SEIRA platform model. According to
the interaction between gases vibration and platform resonances,
CO2 and CH4 are coupled to mode A and mode B of the MOF–
SEIRA platform, respectively, as shown in Figure 2fII. According
to the coupling equations of TCMT, the absorption A3 can be ex-
pressed as (Note S4.3, Supporting Information)

A3 = 1 −
|||||1 −

𝜅2
1

j(𝜔 − 𝜔1) + 𝛾1 + Yc

−
𝜅2

2

j(𝜔 − 𝜔2) + 𝛾2 + Γ1 + Γ2 + Γ3 + Γ4 + Γ5 + Ye

|||||
2

(3)

where Yc,e = 𝜐2
c,e∕[j(𝜔 − 𝜔c,e) + 𝜆c,e], and the added terms include

absorption frequencies of CO2 (𝜔c) and CH4 (𝜔e) and correspond-
ing damping rates (𝛾c, 𝛾e). Compared with A2, A3 adds the terms
Yc,e representing the absorption of CO2 and CH4. The signal peak
corresponding to gas absorption can be clearly observed in the
spectrum, as shown in Figure 2fIII.

To investigate the enhancement effect of the platform, the
metamaterial absorber, ZIF-8 film and MOF–SEIRA platform
were exposed to ambient CO2 sorption (2000 ppm) while keep-
ing other experimental conditions consistent. Figure 2g shows
the spectral response of metamaterial absorber. The signal cor-
responding to CO2 absorption was weak and even negligible in
the spectrum. The difference signal was extracted by setting the
spectrum measured in vacuum as a reference. A peak value of
0.022 was observed in the difference spectrum, which is due to
the small amount of CO2 in the near field. Figure 2h exhibits the
CO2 sensing behavior of the ZIF-8 film on a gold substrate with-
out any pattern. A distinct peak was observed at around 4.25 µm
in the measured spectrum, while the signal intensity is still weak
(less than 1.5% absorption) due to the short optical interaction
length. Figure 2i is the proof-of-concept demonstration of CO2
sensing using the MOF–SEIRA platform. A highly visible sig-
nal representing CO2 absorption appeared in the spectrum when
the platform is exposed to ambient CO2 from a vacuum environ-
ment. The peak value of the MOF–SEIRA platform is 30 times

higher than that of the MOF film, and 10 times higher than
the metamaterial absorber. This phenomenon was attributed to
the much higher enhancement depth and field intensity of the
MOF–SEIRA platform and could be analyzed from two aspects,
namely the concentration of gas by MOF and the enhancement of
near-field by metamaterial absorber. From the perspective of the
generalized model, the coupling coefficient 𝜐c,e between the gas
vibration and the absorber resonance is enlarged due to the con-
centration of gas by MOF. In addition, CO2 molecules in MOF–
SEIRA platform mainly consume IR energy in the metamaterial
absorber through near-field coupling, rather than directly absorb-
ing IR energy as in the MOF/Au/Si configuration. Such mecha-
nism is a key characteristic that allows the MOF–SEIRA platform
to detect multigases at low concentration (ppm level).

2.3. Material Characterization and Thickness Analysis of
MOF–SEIRA Platform

The multiresonant metamaterial absorber was fabricated on a 6
in. silicon wafer by complementary metal–oxide–semiconductor
compatible process, i.e., electron beam evaporation, stepper pho-
tolithography, and ion beam etch (IBE) (see the Experimental Sec-
tion). Scanning electron microscope (SEM) images of the meta-
material absorber were shown in Figure 3a. The outline of the
pattern was well-defined, and each layer was tightly bonded and
quite distinct from each other (Figure 3d), demonstrating the
effectiveness of the fabrication process. After the deposition of
MOF on the surface of the nanoarray, the surface morphology
of the device changed dramatically, as presented in Figure 3b,e.
The atomic force microscopy (AFM) image in Figure 3c also ver-
ified the morphology changes caused by the deposition, and the
observed rough surface morphology reflected the high surface
area of MOF thin film, making it an excellent candidate for gas
trapping and sensing. To confirm the composition of the grown
ZIF-8, Fourier transform infrared spectroscopy (FT-IR) analysis,
X-ray diffraction (XRD) test, and energy dispersive X-ray spec-
troscopy (EDS) mapping were performed. The FT-IR spectrum
of the grown ZIF-8 was consistent with the data in the previously
reported literature (Figure S8, Supporting Information).[13] Ac-
cording to the FT-IR spectrum, the strong and broad absorption
peak at 1843 cm−1 belonging to the N–H bond of dimethylimida-
zole completely disappeared, meaning that the imidazole links
in ZIF-8 had been fully deprotonated. That is, the prepared film
was phase-pure ZIF-8. Furthermore, the XRD profile was also in
excellent agreement with the test results.[18] The peaks at 7.3°,
10.2°, and 12.6° were the primary characteristics related to the
ZIF-8 phase (Figure S9, Supporting Information). The EDS re-
sult in Figure 3f verified the presence of Zn, N, C, and O in ZIF-8,
and the distribution of each element was relatively uniform. The
Brunauer-Emmett-Teller (BET) surface area of the synthesized
ZIF-8 is 1251 m2 g−1, and its pore volume is 0.608 cm3 g−1. The
CO2 uptake of ZIF-8 is 4.41 mmol g−1, which is 4 times higher
than the CH4 uptake (Note S1, Supporting Information). Collec-
tively, all of the above morphological and compositional analyses
demonstrated the successful growth of ZIF-8 film.

The thickness of MOF thin film is the key factor that influences
both platform resonance and gas trapping. Figure 3g shows the
MOF growth times versus wavelength map, revealing the effect
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Figure 3. Material characterization and thickness analysis of MOF–SEIRA platform. SEM micrograph showing details of a) the metamaterial absorber
and b) the proposed MOF–SEIRA platform. c) AFM micrograph showing details of the MOF–SEIRA platform. d,e) SEM micrograph showing cross-
sectional views of device corresponding to (a,b). Each layer is marked accordingly to indicate the difference. f) EDS mapping analysis of the MOF. g)
Deposition times versus spectrum wavelength map showing the effect of MOF thickness on MOF–SEIRA platform (n = 15). h) Corresponding map
when CO2 and CH4 with the concentration of 800 ppm are loaded on the platform (n = 15). i) AFM micrograph showing the final MOF thickness of
MOF–SEIRA platform when MOF deposition times are fixed at 10.

of MOF thickness on the resonance of MOF–SEIRA platform. A
redshift of resonance wavelength and broadening of the spectral
peak are clearly observed with the increase of ZIF-8 thickness.
Such redshift is induced by the effective raise of the background
dielectric constant. The redshift frequency ∆𝜔 can be expressed
by the following equation[19]

Δ𝜔
𝜔0

= −1
2

∫ h
0 E ⋅ (𝜀ZIF − 1) ⋅ EdV

ZIF

∫ ∞
0 |E|2dV

where 𝜔0, E, 𝜖ZIF, VZIF, and V represent the original resonant
frequency, near field, permittivity tensor of ZIF-8, the volume of
ZIF-8 film, and the full mode volume of the platform resonance,
respectively. Since the electric field is mainly perpendicular to the
antenna surface, Δ𝜔/𝜔0∝(𝜖ZIF − 1) · h/lZIF, where 𝜖ZIF is a con-
stant and lZIF is representative of surface-averaged localization
lengths. Therefore, the redshift frequency ∆𝜔 is positively corre-
lated with thickness h. As for the broadening phenomenon, it is
generally caused by a characteristic mode splitting attributed to

the coupling between the resonance of the bare absorber and the
vibrational mode of ZIF-8. It can be estimated via[20]

E± =
EA + EMOF

2
±

√
(EA − EMOF)2

4
+ 𝜉2

where EA and EMOF are the energies of absorber resonance
and MOF vibrational mode, respectively, and 𝜉 is the coupling
strength between them. According to Equation (5), the coupling
energy 𝜉 leads to a mode splitting between the two modes and
thereby causes broadening of the spectral peak. Such broaden-
ing becomes severe with increasing thickness until saturation. To
further investigate the optimal thickness, the MOF–SEIRA plat-
form is exposed to an environment where CO2 and CH4 (both
800 ppm) coexist, and the results are shown in Figure 3h. The
peaks representing the vibrational modes of CO2 and CH4 are
clear in the map, and platform resonances pass through the peaks
as thickness increases. The thickness grown through 10 cycles is
determined as the optimal value because the platform resonances

Adv. Sci. 2020, 2001173 © 2020 The Authors. Published by Wiley-VCH GmbH2001173 (6 of 11)



www.advancedsciencenews.com www.advancedscience.com

Figure 4. Steady characteristics of the proposed MOF–SEIRA platform for simultaneous sensing of CO2 and CH4. a) The measured spectra of MOF–
SEIRA platform when CO2 or b) CH4 concentrations change from 0 to 2000 ppm. The insets show the zoomed in spectral change at the CO2 or
CH4 absorption peak. c) The measured spectra when CO2 and CH4 are simultaneously loaded on the platform. d–f) Corresponding difference signal
showing the change in absorption spectra in (a–c). The spectrum obtained by the platform in vacuum was set as the reference spectrum. g–i) Differential
absorption versus concentration profile showing their linear relationship. p < 0.05, not significant. The sensitivity S is defined by the slope angle of the
linear fitting curve.

at this configuration overlap well with the vibrations of both CO2
and CH4. The MOF thickness after 10 cycles grown is around
400 nm according to the AFM imaging of the cross-sectioned film
(Figure 3i and the Experimental Section).

2.4. Simultaneous Sensing of Greenhouse Gases at Steady State

Simultaneous sensing of greenhouse gases at steady state is a
critical characteristic for MOF–SEIRA platform. Figure 4a shows
the CO2 sensing behavior of the MOF–SEIRA platform when the
CO2 concentration was varied from 0 to 2000 ppm. The varia-
tion in the spectral amplitude due to the stretching of C=O is
extracted by setting the spectrum obtained in vacuum as a refer-
ence, as depicted in Figure 4d. Furthermore, the extracted differ-
ence signal is converted into average peak absorption represent-

ing the gas vibrational consumption via integrating and averag-
ing (see the Experimental Section). The intensity of the average
peak absorption rises continuously as the CO2 concentration in-
crease, as shown in Figure 4g. When the sensitivity is defined by
the angle of the fitted curve, it reaches 0.0358‰ ppm−1. Similar
experiments were conducted to investigate the CH4 sensing be-
havior of the MOF–SEIRA platform, as plotted in Figure 4b,e,h.
The results reveal that the sensitivity for CH4 (0.0121‰ ppm−1)
is lower than that for CO2, which is determined by both the os-
cillator strength of vibrations and the absorption intensity of the
gas in MOF. Further analysis reveals that the sensitivity is more
affected by absorption intensity of MOF (Note S8, Supporting In-
formation). Notably, completely reversed behaviors of the change
in spectral amplitude was observed, i.e., obvious peaks were pro-
duced by CO2 and distinct dips by CH4, as shown in the insets
in Figure 4a,b. It is attributed to the difference in the external to
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intrinsic damping rates of the two modes of MOF–SEIRA plat-
form corresponding to CO2 and CH4. This difference has been
proven to produce various couple effects, including undercou-
pled, critically coupled, and overcoupled case.[21]

Figure 4c,f,i shows the simultaneous sensing of CO2 and CH4
via the MOF–SEIRA platform. The results indicate that the sen-
sitivity of platform is slightly reduced when compared with the
separate measurements of CO2 and CH4, and the values are
0.0348‰ ppm−1 (CO2) and 0.0113‰ ppm−1 (CH4), respectively.
The reduction in sensitivity verifies the interference between CO2
and CH4 due to the adsorption competition in the MOF cavity.
However, it is only a small change for the entire measurement in
wide concentration range, ≈2.79% of original sensitive for CO2
and 6.61% for CH4, which benefits from the distribution of CO2
and CH4 in different areas of the MOF cavity. Specifically, CH4
is in closer proximity to the pore windows of MOF than CO2.[22]

Furthermore, the interference can be reduced or even eliminated
by a specially designed MOF with independent pores of a suitable
size for both CO2 and CH4. In the experiment, we also notice that
CO2 is less affected than CH4 in the sensing measurement. This
is because although CO2 competes with CH4 in the ZIF-8 cavity,
it is completely independent in the pore aperture (3.4 Å) of ZIF-8.
Such independence is an advantage that makes MOF a potential
candidate for multigas sensing applications.

2.5. Dynamic Sensing Characteristics of MOF–SEIRA Platform

As a critical indicator in evaluating sensing performance, dy-
namic characteristics of sensing platform reveals its response
time and hysteresis. Therefore, we further investigated the dy-
namic behavior of MOF–SEIRA platform by placing it in a gas
flow cell connected to mass flow controllers (MFC)-controlled gas
sources (see the Experimental Section). The spectral response
of platform in consecutive CO2/CH4−vacuum cycles was then
recorded, as depicted in Figure 5a. Figure 5b shows the obtained
time-resolved SEIRA difference signal map. A broad and bright
band centered at 4.25 µm appeared rapidly in the signal map with
the increase of CO2 exposure (maximum 1200 ppm). Further-
more, this bright band decreased until it completely disappeared
once the gas was evacuated to a vacuum. Appearance and disap-
pearance of bright band near 4.25 µm band were repeated peri-
odically when MOF–SEIRA platform undergoes consecutive cy-
cling between CO2 inflow and vacuum evacuation. Such demon-
stration indicates that the sorption and desorption of CO2 gas
is reversible in a vacuum environment. Further investigation re-
veals that the spectral response of MOF–SEIRA platform is still
reversible when it undergoes consecutive cycling between CO2
loading and removal (Figure S10, Supporting Information). Anal-
ogously, we also observed a bright band centered at 7.66 µm
caused by the 𝜐4 vibrational mode of CH4, as shown in Figure 5c.
The intensity of the bright band for CH4 is slightly weaker than
that of CO2, because the amount of CH4 adsorbed in ZIF-8 is 4
times less than that of CO2 in ZIF-8 (Figure S1, Supporting In-
formation).

In addition to the reversibility, we also investigated the dy-
namic response time of the platform by increasing the concen-
tration of CO2 and CH4 from 0 to 2400 ppm (in 400 ppm incre-
ment). The spectral response of the platform was recorded every

15 s interval, and time-resolved average peak absorption of CO2
and CH4 was calculated, as shown in Figure 5d,e. The absorp-
tion signals kept flat when the platform was positioned within a
N2 flow, and small fluctuations of the signal originate from the
noise of the optical measurement system. After each increase of
CO2 and CH4 concentration, a marked rising can be observed and
then fluctuated around the same level. The insets in Figure 5d,e
are enlarged views of the dotted frame area showing the evolu-
tion of average peak absorption from the rising state to the steady
state. When the response time of platform is defined as the dif-
ferential absorption reaching 95% of the maximum absorption,
the response time is estimated around 35 s for CO2 and around
60 s for CH4. Such difference is due to the larger diffusion coef-
ficient of CO2 in ZIF-8 than CH4.[23] Notably, there was a delay
between the concentration change in gas control module and the
optical response of the MOF–SEIRA platform (see arrows in Fig-
ure 5d,e). This delay is due to the time it takes for CO2 and CH4
with a concentration change to flow into the gas cell.

Importantly, we would like to emphasize that excellent linear-
ity rather than nonlinear saturation could be observed in MOF–
SEIRA platform when the concentration changed over a wide
range. The linear characteristics were analyzed by exposing the
platform to CO2 and CH4 with a wide range of concentrations
(from 0 to 2.5 × 104 ppm in 5000 ppm increment), as illustrated
in Figure 5f,g. Obviously, the peak absorption varies linearly with
the concentration of CO2 and CH4, and the relationship between
them can be fitted by a linear regression line. To evaluate the lin-
ear behavior, the linearity of the platform is calculated, and the
value for CO2 and CH4 is 9.73% and 11.85%, respectively (see
the Experimental Section). Compared to sensors with nonlinear
output, such linear characteristics is a definite advantage for gas
sensing, because linear output can significantly simplify subse-
quent signal processing systems and reduce the cost and diffi-
culty of commercialization of the technology. Besides, the linear-
ity for CO2 sensing is better than that for CH4 sensing, which is
due to the stronger and more independent adsorption of CO2 in
MOF than CH4, as discussed in the previous section. Although
the linearity is not perfect due to the large measuring range,
the output of the platform is accurate (maximum error: 1.1%
and 0.4% for CO2 and CH4). The linearity of the platform can
be further improved by enhancing the adsorption and indepen-
dence of CO2 and CH4 in MOF. In addition, the proposed strat-
egy shows excellent scalability, and it can be extended to more
gases detections as need by adding the resonance of SEIRA and
developing appropriate MOFs (Figure S12, Supporting Informa-
tion). The comparative analysis of the performance between the
MOF–SEIRA platform and the existing SEIRA-based gas sensors
is summarized in Table S5 (Supporting Information). It can be
seen that the MOF–SEIRA platform has strong competitiveness
among them, especially the characteristics of multigas sensing
make it unique.

3. Conclusion

In summary, we have developed a rapid and all-in-one gas sensor
by integrating porous MOF with metamaterial absorber-based
SEIRA platform for simultaneous on-chip sensing of greenhouse
gases. The SEIRA platform offers maximum local near-field in-
tensity enhancements over 1500-fold for both sensing bands. The
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Figure 5. Dynamic characteristics of the proposed MOF–SEIRA platform for simultaneous sensing of CO2 and CH4. a) Scheme showing dynamic sensing
behavior of the proposed MOF–SEIRA platform. b) Time-resolved difference signal profile of 4.25 µm band, showing the absorption and detection of
CO2 with concentrations varying from 0 to 1200 ppm repeatedly. The bright band reflects the presence of the asymmetrical stretching mode of C=O=C.
c) Time-resolved difference signal profile of 7.66 µm band. Presence of the 𝜐4 vibration is indicated accordingly in the bright band. d) Dynamic behavior
of MOF–SEIRA platform as CO2 and e) CH4 concentrations increase from 0 to 2400 ppm in 400 ppm increment (n = 200). The inset is an enlarged
view of the dotted frame area, showing a response time of 35 s for CO2 and 60 s for CH4. The arrows in (d,e) represent the inflow of CO2 or CH4 at
the corresponding concentration. f) Linear characteristics of MOF–SEIRA platform for a wide range of CO2 and g) CH4. Fitting curve for CO2: y = 4.57
× 10−6 x +0.49 × 10−6 with R2 = 0.98. p < 0.05, not significant. Fitting curve for CH4: y = 1.31 × 10−6 x +0.19 × 10−6 with R2 = 0.98. p < 0.05, not
significant.

proposed MOF is demonstrated to be highly selective and re-
versible for the sorption and desorption of both CO2 and CH4.
By exploiting the near-field enhancement of SEIRA technique
and the selective multiple gases trapping of MOF, the MOF–
SEIRA platform achieves simultaneous on-chip sensing of CO2

and CH4 with fast response time (< 1 min), high accuracy (max-
imum error, CO2: 1.1%, CH4: 0.4%), and excellent linearity in
wide concentration range (from 0 to 2.5 × 104 ppm). Importantly,
the concept is flexible and can extend to more greenhouse gases
detections as need by adding additional bands and developing
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appropriate MOFs. This work does not only provide a powerful
tool for greenhouse gases sensing, but also proves the huge po-
tential of SEIRA and MOF in all-in-one, real-time and on-chip
multigas detection.

4. Experimental Section
Numerical Simulations: The spectral and near-field characteristics

were calculated using a commercial software package (FDTD Solutions
v8.19, Lumerical Inc) based on finite-difference time-domain method.
To boost the modeling efficiency, periodic boundary condition was uti-
lized to model the periodicity of the metamaterial. The platform was
excited by plane wave light sources with elliptically polarization in ac-
cordance with that in the infrared microscope system. Power Monitor
was placed on the reflection path to obtain the reflection spectrum, and
both simulation and measurement in the work were performed in re-
flective mode. The refractive index of Au and Si were derived from Pa-
lik et al., and that of MgF2 was taken from Malitson et al. The refrac-
tive index of ZIF-8 used in the simulation was calculated by 𝜀ZIF(𝜔) =
𝜀0 +

∑5
j=1 (𝜀lorentz𝜔

2
j ∕(𝜔2

j − i ⋅ 2𝛿0𝜔 − 𝜔2)), where the terms involved in-

clude vibration frequency 𝜔i, background relative permittivity 𝜖0, Lorentz
permittivity 𝜖Lorentz, and Lorentz line width 𝛿0 (Figure S13, Supporting In-
formation). The absorption of CO2 and CH4 was simplified to 𝜀gas(𝜐) =
𝜀1 +

∑2
k=1 (𝜀lorentz𝜐

2
k
∕(𝜐2

k
− i ⋅ 2𝛿1𝜐 − 𝜐2)), where the 𝜐i, 𝜖1, and 𝛿1 is the

absorption frequency, background permittivity, and Lorentz line width, re-
spectively. The values of these parameters were determined based on the
corresponding absorption spectra. The near-field penetration depth is sim-
ulated using a 3D frequency domain power monitor. The thin titanium (Ti)
adhesion layer was omitted from the simulation.

Nanofabrication of MOF–SEIRA Platform: The devices were fabricated
using a complementary metal–oxide–semiconductor compatible process.
Figure S14 (Supporting Information) illustrated the detailed fabrication
process: a) a high-resistivity (20 000) 6 in. silicon wafer was cleaned and
dried for the subsequent use; b) Ti (10 nm) and Au (100 nm) were se-
quentially deposited on the silicon surface using a magnetron sputter-
ing system. Here the Ti layer functioned as an adhesion layer to enhance
the adhesion between the Au layer and the Si substrate; c) 200 nm thick
MgF2 was deposited on the Au layer by an e-beam evaporator system; d)
Ti (10 nm) and Au (100 nm) were sequentially deposited on the MgF2 di-
electric layer and then etched by IBE. Photolithography technique was used
to pattern the nanoantenna array via a mid ultraviolet stepper; e) 400 nm
thick MOF was grown on device surface; f) the ultimately achieved devices
were stored in a drying oven before use.

Preparation of MOF Thin Film: The ZIF-8 film was synthesized by com-
bining the Zinc nitrate hexahydrate and 2-methylimidazole in a methanol
solvent. Figure S15 (Supporting Information) depicted the detailed ZIF-
8 synthesis process. The devices were washed successively in acetone
and ethanol to thoroughly remove contaminants, followed by nitrogen
drying. Then the cleaned device was immersed in a mixture of 10 mL 2-
methylimidazole (2.5 mol L−1, methanol solvent) and 10 mL Zinc nitrate
hexahydrate (2.5 mol L−1, methanol solvent) for 25 min at room temper-
ature. After the immersion, the device was washed with methanol and
blown dry with nitrogen flow. The process was repeated for 10 cycles to
obtain a 400 nm thick ZIF-8 thin film. The thickness measurement of ZIF-
8 was performed in Au surface, and the cross section was obtained by
cutting the MOF film carefully.

FTIR Measurements: Infrared spectral measurements were performed
on a FT-IR spectrometer (IRTracer-100, Shimadzu) coupled to an infrared
microscope (AIM-900, Shimadzu) with a 0.4 numerical aperture and ×
15 objective. The microscope was equipped with a liquid-nitrogen-cooled
mercury cadmium telluride. The instrument settings used for all spectral
measurement included: 4 cm−1 resolution, 20 scans coadded, and absorp-
tion mode. The IR spectra were collected in a single 100 × 100 µm2 array
due to the limitation of knife edge apertures. Three methods were adopted

in this work to minimize/eliminate the interference from environmental
CO2 (Note S14, Supporting Information): I) the entire system was sealed
in a transparent container during the test, while dry nitrogen was circu-
lated in the container through the configured enclosure to limit interfer-
ence from CO2 and water vapor; II) the device is placed in the gas cell
to during the measurement; III) the spectrum measured on a gold mirror
was recorded and used as the background spectrum.

Gas Measurement Setup and Data Processing: The experimental setup
was composed of three modules as shown in Figure S16 (Supporting Infor-
mation), namely control module, mix module, and sensing module. In the
control module, flow rates of N2, CO2, and CH4 were determined by MFC
(SAM, Horiba) with 0–10 and 0–1000 sccm flow range. The valve position
of MFC was controlled in real time by a computer equipped with LabVIEW.
Therefore, the flow rates could be adjusted dynamically in the software as
needed. In the mix module, a small box made of polymethyl methacrylate
functioned as a mixer to thoroughly mix the gas from the MFC. Meanwhile,
commercial gas sensors were used to calibrate the gas concentration in
the mixer. The pressure in the mixer was determined by the cooperation
between a vacuum pump and a pressure gauge. Notably, in dynamic sens-
ing experiments, the control module was directly connected to the sensing
module to improve the dynamic performance of the setup. In the sensing
module, light from IR microscope illuminated the device in the gas cell
through a barium fluoride window. The gas cell was made of aluminum
alloy and could withstand negative and positive pressure. As for the sens-
ing at steady state, the concentrations of CO2 and CH4 were controlled by
MFCs and calibrated by commercial meters, and then passed into the gas
cell. After 5 min of exposure to the gas, the platform was measured under
IR microscope. The spectrum of MOF–SEIRA platform before gas load-
ing was set as the reference spectrum. The extraction of the differential
absorption spectra was performed by subtracting the reference spectrum
from the measured spectrum after gas loading, which can be expressed
as D = |A − Areference|. The average peak absorption intensity of CO2 and
CH4 was calculated by Ap = 1∕(𝜆2 − 𝜆1) ∫ 𝜆2

𝜆1
(ACO2 ,CH4

)d𝜆, where 𝜆1 and
𝜆2 are the beginning and end wavelength of average interval, and ACO2,CH4
is the corresponding differential spectrum of CO2 and CH4. Analogously,
the peak absorption intensity was calculated by P = ∫ 𝜆2

𝜆1
(ACO2 ,CH4

)d𝜆. The
linearity was obtained by 𝛿L = Δe/FS × 100%, where Δe represents the
maximum error in the full scale FS.

Apparatus: Scanning electron microscope analyses were obtained us-
ing a field emission scanning electron microscope (Carl Zeiss ΣIGMA
500, Germany). The roughness analyses were performed by a commer-
cial atomic force microscopy (Dimension Icon, Bruker Inc). Optical anal-
yses were imaged by an optical microscope (Motic china group CO., Ltd.
China). The XRD were obtained by a Ragiku Smartlab Diffractometer using
Cu K𝛼 radiation. Infrared spectral measurements were performed on a FT-
IR spectrometer (IRTracer-100, Shimadzu) coupled to an infrared micro-
scope (AIM-900, Shimadzu). EDS analysis was carried out using a Bruker
Quantax EDS system with an XFlash Silicon Drift Detector. Photolithog-
raphy was performed by a Nikon I-line stepper NSR-2205 i-12D. A mag-
netron sputtering system (FHR. Micro. 200, FHR Inc) was used to deposit
Au and Ti layers. BET surface area, CO2 and CH4 adsorption isotherms
were measured by using a volumetric adsorption analyzer (Micromeritics
ASAP 2020, USA).

Statistical Analysis: Each spectral data are the average of 20 scans. Pre-
processing of spectral data, including conversion of wavenumber to wave-
length, normalization, and baseline calibration, was carried out by using
the software LabSolution (Shimadzu Corporation, Japan). Conversion of
wavenumber (wn) to wavelength (wl) was performed by wl = 10 000/wn.
The near-field intensity in Figures S3 and S4 (Supporting Information) was
normalized by the field strength on the upper surface of the antenna. The
average peak absorption for CO2 measurement was calculated on the ba-
sis of measured data in the range of 4.19–4.34 µm, and that for CH4 was
calculated in the range of 7.58–7.73 µm. Linear regression was used for
curve fitting and modeling the relationship between gas concentration and
absorption. Statistics were performed using the software Origin (Origin-
Lab Corporation, USA).
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