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Tailoring Light–Matter Interactions in Overcoupled 
Resonator for Biomolecule Recognition 
and Detection
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HIGHLIGHTS

• Proposed a new paradigm for nanoantenna design using coupled-mode theory.

• Designed an OC-Hµ resonator with excellent sensing performance.

• Using OC-Hµ resonators for biomolecule recognition and detection.

ABSTRACT Plasmonic nanoantennas 
provide unique opportunities for pre-
cise control of light–matter coupling in 
surface-enhanced infrared absorption 
(SEIRA) spectroscopy, but most of the 
resonant systems realized so far suf-
fer from the obstacles of low sensitiv-
ity, narrow bandwidth, and asymmetric 
Fano resonance perturbations. Here, we 
demonstrated an overcoupled resonator 
with a high plasmon-molecule coupling 
coefficient (μ) (OC-Hμ resonator) by 
precisely controlling the radiation loss 
channel, the resonator-oscillator cou-
pling channel, and the frequency detuning channel. We observed a strong dependence of the sensing performance on the coupling state, 
and demonstrated that OC-Hμ resonator has excellent sensing properties of ultra-sensitive (7.25%  nm−1), ultra-broadband (3–10 μm), 
and immune asymmetric Fano lineshapes. These characteristics represent a breakthrough in SEIRA technology and lay the foundation for 
specific recognition of biomolecules, trace detection, and protein secondary structure analysis using a single array (array size is 100 × 100 
µm2). In addition, with the assistance of machine learning, mixture classification, concentration prediction and spectral reconstruction 
were achieved with the highest accuracy of 100%. Finally, we demonstrated the potential of OC-Hμ resonator for SARS-CoV-2 detection. 
These findings will promote the wider application of SEIRA technology, while providing new ideas for other enhanced spectroscopy 
technologies, quantum photonics and studying light–matter interactions.
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1 Introduction

Maximizing tailored light–matter interactions in nanoscale 
materials is a central goal of nanophotonics [1]. Resonant 
nanosystems have been demonstrated for the confinement and 
control of electromagnetic energy in subwavelength volumes, 
providing unique opportunities for enhanced light–mat-
ter interactions [2]. Based on this property of nanophoton-
ics, many applications have been demonstrated, including 
enhanced spectroscopy [3–5], nonlinear optics [6], plasmon 
catalysis [7], quantum optics [8] and nanolasers [9]. Among 
them, surface-enhanced infrared absorption (SEIRA) spec-
troscopy is more attractive [10, 11]. This is because the mid-
infrared spectrum contains infrared vibrational fingerprints of 
various biochemical molecules, which are related to molecu-
lar composition, chemical bonds, and inherent configurations. 
The emergence of nanophotonics has solved the limitation 
of low sensitivity of infrared in detecting trace molecules 
or ultra-thin film systems [12–15]. SEIRA spectroscopy 
has made significant progress recently and has achieved 
molecular dynamic monitoring [16–19], hyperspectral imag-
ing [20–24], and biochemical molecule detection [25–27], 
showing a wide range of application potential. Despite sig-
nificant progress in controlling the spectral composition of 
light–matter interactions, several thorny issues have hindered 
widespread application of this technology.

Low sensitivity, narrow bandwidth, and asymmetric Fano 
resonance are the three main obstacles restricting the wide 
application of SEIRA [28–31]. Among them, low sensitivity 
leads to unsound value of the limit of detection (LOD). Nar-
row bandwidth affects the versatility of individual devices 
[31]. The asymmetric Fano resonance hinders the direct 
acquisition of molecular fingerprint vibration information 
[30]. Huge efforts have been made to solve the above prob-
lems. First, a series of strategies, such as utilizing nanogaps 
[28, 32, 33], molecular enrichment [27, 34], and bound states 
in the continuum (BIC) [20], have been proposed to improve 
the sensitivity of SEIRA. Second, methods such as multireso-
nance [17, 35, 36], supercell [31], array [20], modulation [25, 
37] and gradient metasurfaces [38, 39] were used to collect 
broadband spectral data. In terms of weakening asymmetric 
Fano resonance, methods such as broadband [31], envelope 
[20, 40–42] or secondary calibration [43] have been proposed 
to restore the natural absorption fingerprint of molecules. 
While the above approaches all address one or two of the 

obstacles to some extent, simultaneously addressing all three 
of the above obstacles using a single array device remains a 
huge challenge. Solving these three challenges simultane-
ously on a single array device facilitates smaller device size, 
higher integration, and broader applicability.

Recently, there has been widespread interest in exploring 
nanoantennas driven by physics to achieve exceptional sens-
ing capabilities. This pursuit has led to the emergence of vari-
ous novel resonance modes with high-performance sensing 
characteristics, such as Fano-resonant [26], BIC [20], excep-
tional points [44], and ε-near-zero nanocavities [33]. Tempo-
ral coupled-mode theory (TCMT), serving as the foundational 
physics framework for describing light–matter interactions 
[22, 29, 45], has emerged as a promising approach to drive the 
design and optimization of nanoantennas. This method holds 
tremendous potential in advancing our understanding and 
utilization of nanoantennas, thereby facilitating the develop-
ment of novel sensing platforms with enhanced performance. 
Currently, TCMT has been widely used in the exploration 
of resonator-molecule coupling sensitivity, including single-
layer nanoantennas [31, 46, 47], metamaterial absorbers 
(MA) [48–50] and surface plasmon–phonon polaritons [51]. 
Importantly, an overcoupled (OC) resonator can be obtained 
by improving the ratio of radiative loss (γr) to absorptive loss 
(γa) of the MA [48]. Research has shown that OC resonators 
have wide bandwidth and the potential to eliminate asym-
metric Fano resonance. Although increasing the radiation loss 
can achieve the desired bandwidth, increasing the radiation 
loss without restriction can also lead to sensitivity degrada-
tion problems. Therefore, it is crucial to carefully tailor the 
light–matter interaction in the OC resonator and balance vari-
ous aspects of SEIRA performance in the process.

Here, we precisely controlled light–matter interactions 
in OC resonators based on TCMT, and obtained an ultra-
sensitive, ultra-bandwidth, and immune asymmetric Fano 
resonance sensing platform on a single array. Under the 
theoretical framework constructed by TCMT, we revealed 
that the SEIRA sensitivity in the resonator can be precisely 
controlled through three channels. The three channels are 
the radiation loss channel, the resonator-oscillator coupling 
channel and the frequency detuning channel, respectively. 
The precise design of the radiation loss channel allows the 
resonator to be tuned from undercoupled (UC) to OC state. 
The resonator-oscillator coupling channel can manipulate 
the switching of the resonator-molecule coupling system 
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between weak and strong coupling states. Frequency detun-
ing channel is used to access maximum sensitivity at specific 
coupling states. Through precise control of multiple chan-
nels, we constructed a resonator with high radiation loss 
and high resonator-oscillator coupling coefficient, which we 
called OC-Hμ. The OC-Hμ resonator can be in an OC state 
and a strong coupling state at the same time, and the super-
position of these two states exhibits excellent sensing per-
formance. Using polymethyl methacrylate (PMMA) as the 
probe molecule, we demonstrated that the OC-Hμ resonator 
has the advantages of ultra-sensitive (7.25%  nm−1), ultra-
broadband (3–10 μm), and immune asymmetric Fano reso-
nance. In particular, the sensitivity of OC-Hμ is improves by 
4.1 times compared with traditional OC resonators. Based 
on the above three advantages, it further extends the three 
advantages of lower LOD, spectral versatility and spectral 
anti-distortion. These advantages represent a major advance-
ment in SEIRA technology and will promote its widespread 
applications in the field of molecular detection. As a concept 
demonstration, we implemented the detection of five dif-
ferent biomolecules and the mixtures detection of two pro-
teins based on a single array. With the assistance of machine 
learning (ML), we achieved classification of multiple bio-
molecules and concentration prediction of mixed proteins. 
After removing Fano interference, the secondary structure of 
the enhanced spectrum remains consistent with the second-
ary structure of the sample itself. This property paves the 
way for accurate resolution of the secondary structure of 
proteins. Finally, we demonstrated the potential of OC-Hμ 
resonator for SARS-CoV-2 detection.

2  Experimental Section

2.1  Sample Preparation

PMMA was used as a molecular probe for SEIRA perfor-
mance demonstration. 0.2% 495 K PMMA in anisole was 
spin-coated onto the device surface with speed of 4000 rpm 
for 1 min. Then the device was baked on a hotplate at 
180 °C for 3 min. Urea (Sigma-Aldrich, U5128), lactic 
acid (Sigma-Aldrich, 252,476), glucose (Sigma-Aldrich, 
G8270), bovine serum albumin (BSA, Sigma-Aldrich, 
A7030), β-lactoglobulin (BLG, Sigma-Aldrich, L3908) 
were used to demonstrate the spectral versatility of OC-Hµ. 
Prepared solutions of different concentrations in deionized 

water (urea: 60 ng µL−1, lactic acid: 6 ng µL−1, glucose: 
60 ng µL−1, BSA: 50 ng µL−1, BLG: 50 ng µL−1). In protein 
quantitative measurements, BSA and BLG concentrations 
ranged from 10 to 250 ng µL−1. In protein secondary struc-
ture measurements, the protein concentration loaded onto 
OC-Hµ and UC-Hµ devices was 100 ng µL−1. A single array 
of OC-Hµ was used for spectral versatility, protein concen-
tration measurement and secondary structure analysis. For 
each measurement, use a micropipette to extract 2 µL of 
the solution and drop it on the device. Measurements were 
taken after the droplets had dried for 15 min. After each 
measurement, the sample was immersed in deionized water 
for 5 min to remove the sample. As an additional cleaning 
step, the devices were cleaned in a plasma cleaner (Femto 
Science VITA 8) for 4 min to remove any residual material.

2.2  Apparatus

Fourier transform infrared (FTIR) spectrometer (Cary 660, Agi-
lent Technologies) was coupled with an infrared microscope 
of mercury cadmium telluride (Cary 610, Agilent Technolo-
gies) cooled by liquid nitrogen to collect the infrared spectra of 
the devices. The signal acquisition area was limited to a single 
100 × 100 µm2 array by the knife-edge aperture. The measured 
spectrum of the Au mirror was used as the background spec-
trum. Other parameter settings include a resolution of 4  cm−1, 
and the average value was taken after 16 scans for each meas-
urement. Scanning electron microscope (SEM, Hitachi Regulus 
8230) was used to characterize the device’s morphology.

2.3  Data Processing and Machine Learning

The preprocessing of spectral data, baseline calibration, 
parameter fitting, molecular vibration signal extraction, data 
post-processing and principal component analysis (PCA) 
were all completed by Origin (Origin-Lab Corporation, USA) 
software. Wavelength (ωL, unit: μm) and wavenumber (ωN, 
unit:  cm−1) are converted by the formula: ωN = 10,000/ωL. 
The proposed support vector machine (SVM) classifiers were 
developed on Python 3.6 using the scikit-learn package. Since 
SVM is a classification algorithm for a two-group classifica-
tion problem, we transform it into a set of binary classifica-
tion problems to distinguish different molecules or mixtures. 
Among them, 80% of the experimental data was the training 
set and 20% of the experimental data was the test set. The 
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linear kernel function was used as the kernel of the SVM. We 
need to consider the value of the parameter C when training an 
SVM with a linear kernel. Here we set the C parameter to 1.0. 
In terms of concentration prediction, we also developed the 
MM-DNN model based on Python 3.6 using the scikit-learn 
software package. MM-DNN used Keras to define a sequential 
model to perform the regression task of two output nodes. 
The model architecture consists of an input layer, three hid-
den layers, and an output layer. The input layer was configured 
with 1687 nodes, corresponding to spectral data points. Each 
hidden layer had 64 neurons and used the ReLU activation 
function. The output layer had two neurons and used a linear 
activation function. The model was compiled using the Adam 
optimizer, a mean squared error (MSE) loss function, and met-
rics including mean absolute error and accuracy.

3  Results and Discussion

3.1  Working Mechanism of OC‑Hµ Sensing Platform

The concept of our infrared sensing platform for biomol-
ecule recognition and detection is shown in Fig. 1. As shown 
in Fig. 1a, the sensing platform is composed of metal-insu-
lating-metal (MIM), also known as MA. The bottom metal 
of the MA (thickness > 100 nm) blocks all transmission 
(T = 0), allowing the sensing platform to operate in a reflec-
tive state. Therefore, the relationship between absorbance 
(A) and reflectance (R) is simplified to A = 1 – R. The mate-
rial of the top metal is aluminum, which is compatible with 
the complementary metal–oxide–semiconductor (CMOS) 
process and is low cost. In addition to being cost-effective, 
aluminum spontaneously forms a 2–4 nm thick oxide layer 
 (Al2O3) on its surface to passivate the antenna structure and 
prevent further oxidation [52]. In addition, the oxide layer 
supports various modes such as covalent binding and physi-
cal adsorption, which provide additional opportunities for 
biosensing [53]. The top nanoantenna and bottom metal are 
separated by an  Al2O3 spacer layer. Here, we find based on 
loss engineering that the sensitivity of MA can be custom-
ized by adjusting three channels. The three channels are 
the radiation loss channel, the resonator-oscillator coupling 
channel and the frequency detuning channel, respectively. 
Specifically, in our sensing platform, the radiation loss chan-
nel is tuned by the  Al2O3 spacer layer. Increasing the spacer 
layer thickness increases the ratio of resonator radiation 

losses to absorption losses, allowing tuning of the resona-
tor from UC (γr/γa < 1) to OC (γr/γa > 1) states (Fig. 1bI, c, 
d). To stably construct the OC state, we set the spacer layer 
thickness to 550 nm. The resonator-oscillator coupling chan-
nel is related to the molecular absorption loss (γm) and the 
coupling coefficient between the resonator-oscillator (µ), 
that is, μ/γm. We assume that γm is constant. Therefore, the 
resonator-oscillator coupling channel is mainly related to the 
parameter µ. In general, µ can be tuned by changing the gap 
between adjacent nanoantennas. A small gap can provide 
strong near-field enhancement, thereby increasing µ value. 
In the OC state, we obtain a high µ value OC resonator (OC-
Hµ) by reducing the gap between adjacent nanoantennas (the 
gap is 40 nm) (Fig. 1bII, c, d). Obviously, the increase of µ 
further improves the sensitivity of the OC resonator (Fig. 1c, 
d). The frequency detuning channel can be controlled by the 
feature size and period of the nanoantenna (Fig. 1bIII). By 
adjusting the frequency detuning channel, maximum sensi-
tivity can be accessed at specific coupling states (Fig. 1cIII). 
Typically, maximum sensitivity in a specific coupling state 
occurs when the resonator and oscillator frequencies match 
(zero detuning) [54]. Therefore, we only show the case of 
frequency matching in Fig. 1d. The impact of frequency 
detuning channels on sensitivity will be discussed in detail 
in the next section.

Through precise control of the above channels, we obtain 
UC, OC, and OC-Hμ resonators, respectively. A 30 nm thick 
PMMA was placed on the resonator surface using numerical 
simulation (Fig. 1e) (See Note S1 for simulation details). 
The results show that OC-Hμ has excellent sensing perfor-
mance compared to UC and OC resonators, including higher 
sensitivity, wider enhancement range, and immune asym-
metric Fano resonance (Fig. 1e). Based on these three char-
acteristics, we further expanded the advantages of OC-Hμ 
resonators in sensing, including lower LOD, spectral ver-
satility and spectral anti-distortion (Fig. 1f). The OC-Hμ 
resonator combines multiple advantages and surpasses all 
resonators reported so far, representing a major advancement 
in the development of SEIRA technology.

3.2  Tailoring Light–Matter Interactions

TCMT is used to understand and tailor light–matter inter-
actions in MA-molecule coupling systems. The absorption 
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spectral dispersion after MA coupling molecules can be 
calculated by the following equation (see Note S2 for 
detailed equation derivation) [55],

(1)A= 1 −

||||||||

�
2

j(� − �
0
) + (�r + �a) +

(
�2

j(�−�m)+�m

) − 1

||||||||

2

Fig. 1  Design principles and main results. a Schematic diagram of OC-Hµ for biomolecule sensing. From bottom to top: Al film (t1 = 100 nm), 
 Al2O3 (h = 550 nm) and Al nanoantenna (t2 = 60 nm). The gap between adjacent antennas is 40 nm. Five different biomolecules were distributed 
on the OC-Hµ surface and used to achieve SEIRA spectroscopy. With the assistance of machine learning, we achieved multiple functions such 
as biomolecule identification, mixture concentration prediction, and spectral reconstruction on a single array. Additionally, we demonstrate the 
application of the OC-Hµ resonator in the field of COVID-19 detection. b Obtained OC-Hµ device by controlling radiation loss channel (I), 
resonator-oscillator coupling channel (II) and frequency detuning channel (III). First, the device is transformed from UC to OC mode by increas-
ing the thickness of the dielectric layer in MA. This is because the thickness of the dielectric layer can control the ratio of radiative loss (γr) to 
absorptive loss (γa) of the MA. Next, the parameter µ is improved by reducing the gap between adjacent nanoantennas in the OC mode. When µ 
is greater than the absorption loss of the molecule (γm), the device changes from the traditional OC to the OC-Hµ mode. The resonant frequency 
of the MA is modulated by changing the feature size of the nanoantenna. c The sensitivity of MA is mapped in three-dimensional space based 
on TCMT, which is used to intuitively explain the sensitivity adjustment process of the three coupling channels in (b). d The three-dimensional 
mapping of sensitivity in (c) is reduced to two dimensions (ω0 = ωm) to visually demonstrate the evolution of the device from UC to OC and then 
to OC-Hµ. e The absorption spectra and absorption difference spectra of the above devices coupled with PMMA molecules (the orange shaded 
area is the fingerprint vibration of PMMA). Among them, UC devices (black) with high Q factors can only respond to one fingerprint vibration 
of PMMA molecules. Traditional OC devices (blue) can simultaneously enhance multiple fingerprint vibrations of PMMA molecules, but the 
sensitivity is limited. The OC-Hµ device (red) not only enhances multiple fingerprint vibrations of PMMA molecules, but also has ultra-high 
sensitivity. f Performance comparison of OC-Hµ devices with other devices (UC, OC with low µ, BIC and plasma internal reflection (PIR)). For 
the sake of fairness, all devices have only one resonance mode
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where ω0 and ωm are the resonance frequencies of MA and 
molecular vibration, respectively. γr and γa represent the 
radiation and absorption losses of MA, while γm represents 
the absorption loss of molecules. κ is the coupling coeffi-
cient (κ = (2γr)1/2) between light and MA. µ is the coupling 
coefficient between MA and the molecule. The enhanced 
signal spectrum (ΔA) is defined as:

A|µ=0 and A represent the absorption spectra before and 
after MA coupling molecules, respectively. We define the 
sensitivity (ISEIRA) of MA as the intensity of the absorption 
difference spectrum when ω = ωm, that is, ISEIRA = ΔA|ω=ωm 
(Fig. S1). According to the above theory, the sensing sen-
sitivity of MA is affected by multiple parameters. To sim-
plify the parameter dimensions, we define the ratio of the 
loss rate as f = γr/γa, the molecular coupling parameter as 
ξ = μ/γm, the spectral detuning as Δω = ω0–ωm.

These three parameters represent the radiation loss chan-
nel, the resonator-oscillator coupling channel and the fre-
quency detuning channel, respectively. By adjusting the 
above three channels, we can customize the sensitivity of 
SEIRA. For visual presentation, Fig. 2a shows the mapping 
of sensitivity as Δω and f under different μ/γm (ranging from 
0.5 to 3.0) (see Fig. S2 for detailed mapping of sensitivity). 
From a macro perspective, the increase in μ/γm will further 
improve the sensing sensitivity of SEIRA. Here, we extract 
the mapping of sensitivity when μ/γm = 1 and μ/γm = 3 for 
detailed analysis (Fig. 2b). Under the modulation of the 
radiation loss channel, the SEIRA sensitivity is divided into 
two areas: orange-red (ISEIRA > 0) and green (ISEIRA < 0), 
which form a strong contrast. Generally, ISEIRA > 0 occurs 
in OC mode (γr/γa > 1), and ISEIRA < 0 occurs in UC mode 
(γr/γa < 1). See Note S2 and Fig. S3 for a detailed explanation 
of the different sensitivity situations. It is intuitively found 
that the SEIRA sensitivity has a larger detuned modulation 
range in the OC mode, indicating that the OC mode can 
avoid the problem of sensitivity attenuation caused by fre-
quency detuning. This feature of OC mode shows that it can 
enhance more fingerprint vibrations compared to UC mode. 
Besides, UC and OC modes exhibit different rules under 
modulation of the resonator-oscillator coupling channel. For 
intuitive display, we extract the sensitivity of SEIRA when 
γr/γa = 0.4 and γr/γa = 10 as the mapping of μ/γm and Δω. In 
UC mode (γr/γa = 0.4), the enhancement bandwidth of MA is 
almost unchanged as μ/γm increases (Fig. 2c). In contrast, the 

(2)ΔA=A − A|
�=0

enhancement bandwidth in OC mode (γr/γa = 10) increases 
significantly with the increase of μ/γm (Fig. 2d). We attrib-
ute the above phenomenon to the large full width at half 
maximum (FWHM) of the OC mode (Fig. S4). Furthermore, 
theoretical calculations show that the sensitivity of SEIRA is 
independent of the Q-factor and absorption intensity of the 
resonator (Fig. S5). It is worth noting that |ISEIRA| increases 
with the increase of μ/γm, whether in UC and OC mode. 
This is because the increase in μ/γm will gradually drive the 
plasmon-molecule coupling system from a weak coupling to 
a strong coupling state (Figs. 2e and S6, S7). A distinctive 
feature of strong coupling is the occurrence of secondary 
loops in the complex plane [56], corresponding to μ/γm > 1. 
Strong coupling means that we can further enhance the sen-
sitivity in OC mode by adjusting parameter μ/γm. Frequency 
detuning channel provide the opportunity to access maxi-
mum sensitivity for specific coupling states. The specific 
coupling state here refers to the situation where f and ξ are 
fixed to a certain value. The calculation results in Fig. 2c, 
d show that the maximum sensitivity occurs when the fre-
quency is matched (Δω = 0) regardless of UC or OC mode. 
It needs to be emphasized that there are two special cases 
where the maximum sensitivity occurs in the frequency 
detuning state [47, 48]. These two special cases are beyond 
the scope of this work. Through numerical calculations, we 
reveal the dependence of SEIRA sensitivity on the three 
coupling channels. The analysis results show that the OC 
mode has a larger bandwidth and can respond to more fin-
gerprint vibrations. In addition, the bandwidth and sensitiv-
ity of the OC mode can be further improved by modulating 
the resonator-oscillator coupling channel.

Modulation of coupling channels provides guidance for 
tailoring light–matter interactions and designing devices 
with maximum sensitivity. Under the theoretical frame-
work (Fig. 2b), we designed MAs with different parameters. 
First, we increase γr/γa by increasing the thickness of the 
dielectric layer and reducing the unit cell period to obtain 
an OC resonator (Fig. 2fi, see Fig. S8 for OC design details). 
Next is to increase μ/γm in OC mode. There are two ways to 
improve μ/γm, which are increasing the number of molecules 
(Fig. S9) and reducing the gap between adjacent nanoanten-
nas (Fig. S10). Considering that the original intention of 
SEIRA technology is to detect small amounts of molecules 
or ultra-thin film systems. Therefore, here we use reduc-
ing the gap between adjacent nanoantennas to improve μ/
γm, and the corresponding device is called OC-Hµ resonator 
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Fig. 2  Tailoring light–matter interactions. a Calculated 2D mapping of SEIRA enhanced signal based on TCMT as a function of spectral detun-
ing (ω0–ωm) and γr/γa. Among them, μ/γm gradually increases, ranging from 0.5 to 3.0. b Zoomed-in 2D mapping of SEIRA sensitivity at μ/
γm = 1 and μ/γm = 3. c, d To visually demonstrate the influence of μ/γm on the SEIRA enhanced signal, the 2D mapping of the SEIRA sensitivity 
was extracted as a function of spectral detuning and μ/γm in UC (γr/γa = 0.4) (c) and OC (γr/γa = 10) (d) mode, respectively. Obviously, the sen-
sitivity and bandwidth of the device are significantly enhanced as μ/γm increases in OC mode (d). e Complex representation of Fresnel reflection 
in OC mode to reveal the sensitivity improvement mechanism. When µ/γm > 1, a secondary loop appears in (e). The generation of secondary 
loop indicates that the coupled system changes from weak coupling to strong coupling state. This topological change significantly improves the 
sensitivity of OC mode. f Three types of devices were designed under the framework of TCMT, including OC (i), OC-Hµ (ii) and UC-Hµ (iii). 
Among them, OC and OC-Hµ devices have the same dielectric layer thickness. OC-Hµ devices can be obtained by optimizing the nanoantenna 
gap of the OC device. OC-Hµ and UC-Hµ devices have the same nanoantenna gap. The difference is that UC-Hµ has a thinner dielectric layer. j 
Calculated absorption difference spectral mapping for three devices as a function of spectral detuning. The grey dashed line corresponds to the 
resonant frequency of the device. It is found from (j) that the anticrossing behavior disappears when the device transitions from UC to OC mode. 
The anticrossing behavior is related to the asymmetric Fano resonance [48]. The disappearance of the anticrossing behavior indicates that the 
OC mode is immune to the interference of the asymmetric Fano resonance. Additionally, bandwidth is significantly enhanced as the device tran-
sitions from UC to OC mode. Comparing OC and OC-Hµ, increasing μ/γm can further improve the sensitivity and bandwidth of the device. This 
result is consistent with (b)
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(Fig. 2fii). For comparison, we obtained a device with high 
µ in UC mode by reducing the gap between adjacent nano-
antennas, called UC-Hµ (Fig. 2fiii). The main difference 
from OC-Hµ is that the dielectric layer of UC-Hµ is thinner 
and γr/γa < 1. The calculation results show that increasing μ/
γm can improve SEIRA sensitivity and sensing bandwidth 
in OC mode (Fig. 2ji, jii). Comparing OC-Hµ and UC-Hµ, 
increasing γr/γa can significantly increase the sensing band-
width (Fig. 2b). Importantly, the anticrossing behavior in 
the absorption difference spectra disappears when the reso-
nator transitions from UC-Hµ to OC-Hµ mode, indicating 
that OC-Hµ can eliminate the asymmetric Fano resonance 
(Fig. 2jii, jiii). The elimination of asymmetric Fano reso-
nance allows us to directly obtain the intrinsic fingerprint 
vibration information of molecules without the need for sec-
ondary correction. We calculated the derivative spectra of 
the absorption difference spectra and further discussed the 
significant advantages brought by the elimination of asym-
metric Fano resonances (Fig. S11). The results show that the 
derivative spectrum obtained based on the OC-Hµ resona-
tor remains consistent with the intrinsic derivative spectrum 
of the molecule. This feature makes the OC-Hµ resonator 
uniquely potential in analyzing protein secondary structure.

3.3  Sensing Characterization of OC‑Hμ

To experimentally verify the above ideas, we prepared 
UC-Hµ (Fig. 3a), OC (Fig. 3b) and OC-Hµ (Fig. 3c) devices, 
respectively (see Note S3 for fabrication details). Among 
them, the UC-Hµ devices consist of a 100 nm metal alu-
minum film, a 100 nm thick dielectric layer and a 60 nm 
thick aluminum nanoantenna (Fig. 3d). The gap between 
adjacent nanoantennas is 40 nm, which is used to increase 
the coupling between the naoantennas and molecules. The 
OC devices consist of a 100 nm metal aluminum film, a 
550 nm thick dielectric layer and a 60 nm thick aluminum 
nanoantenna (adjacent nanoantennas maintain a relatively 
large gap) (Fig. 3e). Based on the OC device, µ is improved 
by reducing the gap (40 nm) between adjacent nanoantennas 
(Fig. 3f). The results of electric field simulation (Fig. 3d-f) 
show that the small gap between adjacent nanoantennas can 
not only increase the electric field intensity, but also strongly 
constrain the electric field between the gaps, thereby increas-
ing the value of µ. The resonant frequencies of all devices 
were tailored to specific wavelength bands by adjusting the 

unit cell period and nanoantenna structure size (see Table S1 
for structure size). It should be emphasized that the spectral 
vibration of UC-Hµ and OC-Hµ devices in the mid-infrared 
region is clean and has no interference from additional vibra-
tion modes. This is particularly attractive because it allows 
highly spectrally selective enhancement of spectrally rich 
molecular fingerprint information [20].

Next, 8 nm thick PMMA was used as a probe molecule 
to characterize the SEIRA performance of different devices 
(see Fig. S12 for PMMA thickness characterization). The 
absorption spectra of the device before (dashed curves) 
and after (solid curves) coupling molecules are shown in 
Fig. 3g-i. It should be noted that the loading of molecules 
causes the resonance frequency of the device to red-shift. 
For clarity, we define the resonant frequency of the device 
without coupled molecules as ω0, and the resonant frequency 
of the device with coupled molecules as ω01. Since this work 
focuses on the system after the device is coupled to the mol-
ecule, the detuning in the experiment is defined as the differ-
ence between ωm and ω01. To obtain the SEIRA spectra of 
the molecules, we used asymmetric least squares smoothing 
(AsLSS) algorithm to baseline calibrate the coupled spectra. 
The extracted absorption difference spectra are shown in 
Fig. 3j-l. Due to the small FWHM of UC-Hµ, it cannot sense 
fingerprint vibrations far away from the resonance peak. In 
addition, the absorption difference spectra of UC-Hµ pre-
sents two perturbation lineshapes, namely quasi-Lorentz 
lineshape (ω01 = ωm, black curve in Fig. 3j) and asymmetric 
Fano lineshape (ω01 ≠ ωm, red curve in Fig. 3j) [57]. These 
two lineshapes do not match the Lorentz lineshape of the 
molecule and require secondary correction to obtain the 
intrinsic vibration information (resonant frequency, band-
width, and intensity) of the molecule. In contrast, the OC 
mode has the advantages of broadband enhancement and 
immune asymmetric Fano resonance (Fig. 3k). However, 
the traditional OC mode has limited sensitivity and enhance-
ment bandwidth due to the lower µ. In addition, the high-
order modes of the traditional OC mode at short wavelengths 
(2000–3333  cm−1) hinder the acquisition of molecular fin-
gerprint information in this band. These shortcomings of the 
traditional OC model can be solved by increasing the value 
of µ. As shown in Fig. 3l, OC-Hµ has ultra-high SEIRA 
sensitivity compared to UC-Hµ and OC modes. In particular, 
the enhancement of C=O bonds by OC-Hµ reaches an aston-
ishing 58% when the spectra are matched (ω01 = ωm, Fig. 3l). 
Since the film thickness of PMMA is 8 nm, the sensitivity 
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Fig. 3  Experiment characterization of OC-Hµ sensing performance. a–c SEM images of UC-Hµ (a), OC (b), and OC-Hµ (c) devices are shown 
respectively. d–f Simulated the electric field distribution of UC-Hµ (d), OC (e), and OC-Hµ (f) devices. g–i Measured the absorption spectra 
of UC-Hµ (g), OC (h), and OC-Hµ (i) devices with (solid curves) and without (bashed curves) 8 nm PMMA. In each mode, similar resonant 
frequencies are obtained by customizing the unit cell period and the structure of the nanoantenna. The spectra of different resonant frequencies 
in a particular mode are represented in black, red, and blue, respectively. The resonant peaks of UC-Hµ (g) and OC-Hµ (i) are clean in the mid-
infrared range. There are high-order modes in OC devices in the range of 2000–3333  cm−1 (grey shaded area in (h)). j–l Extracted the SEIRA 
enhanced spectra from (g–i), respectively. The blue shaded area corresponds to the C=O vibration of PMMA, and the resonant frequency is 
1730  cm−1. The illustration in (l) shows the vibration mode of the C–H bond in PMMA in the range of 2857–3125  cm−1. m SEIRA signal inten-
sity at C=O bonds (1730  cm−1, points) as a function of spectral detuning. The dashed curves represent the theoretical fit (see Equation (S8) for 
the fitting formula). n The complex representation of Fresnel reflection of UC-Hµ1 (blue), OC-1 (black) and OC-Hµ1 (red) devices was inverted 
using TCMT. Other inversion results are shown in Fig. S14 and Table S3. There is no secondary loop in OC-1 because µ/γm < 1. In this case, 
the system is in a weak coupling state. In UC-Hµ and OC-Hµ, secondary loops appear in the curves because µ/γm > 1. In this case, the system is 
strong coupling state. o Comparison between this work and previous work
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of OC-Hµ is 7.25%  nm−1 (58%/8 nm = 7.25%  nm−1). Com-
pared with the traditional OC resonators, the sensitivity of 
OC-Hµ is improved by 4.1 times (Fig. 3m). In addition, 
OC-Hµ’s enhanced bandwidth covers the entire mid-infrared 
(1000–3333  cm−1 or 3–10 µm), which can detect all infra-
red fingerprint vibrations of PMMA (Fig. 3l). Even at the 
edge of the bandwidth, OC-Hµ still has good excitation and 
detection capabilities (see the inset of Fig. 3l). To the best 
of our knowledge, both the sensitivity (7.25%  nm−1) and 
enhancement bandwidth (7 µm or 2333  cm−1) of OC-Hµ are 
the largest in SEIRA to date (Fig. 3o, Table S2). Not only 
that, OC-Hµ can also eliminate the interference of asym-
metric Fano resonance, so it can directly obtain a spectral 
lineshape consistent with the molecular fingerprint vibration 
spectrum. Next, we inverted the complex representation of 
Fresnel reflection based on TCMT (Fig. 3n, see Fig. S13 and 
Table S3 for TCMT fitting results). Consistent with Fig. 2e, 
reducing the gap between adjacent nanoantennas induces the 
generation of secondary loops. This topological change indi-
cates that the coupling between the optical microcavity and 
the molecules changes from weak coupling to strong cou-
pling [56, 58], thereby achieving stronger SEIRA sensitivity.

3.4  Spectral Versatility and Low Detection Limits

The ultra-bandwidth, ultra-sensitivity and immune asymmet-
ric Fano resonance of OC-Hµ extend the three characteristics 
of spectral versatility, low LOD and spectral anti-distortion 
respectively. We randomly selected 5 biomolecules (urea, 
lactic acid, glucose, BSA, BLG) to demonstrate the spectral 
versatility of OC-Hµ. It is known that different molecules 
have different fingerprint vibrations (Fig. 4a). Traditional 
nanoantenna designs cannot match multiple fingerprint 
vibrations simultaneously due to their limited bandwidth. 
To solve this problem, nanoantennas covering different 
wavelength bands need to be customized to achieve spectral 
versatility (Fig. 4bi) [20]. Although this method can increase 
bandwidth, it also faces more structural design and larger 
device size. The ultra-bandwidth characteristics of OC-Hµ 
provide a new way to achieve spectral versatility using a sin-
gle nanoantenna array (array size is 100 µm × 100 µm). Here, 
we loaded 5 biomolecules onto the surface of the OC-Hµ 
device sequentially (see Sect. 2.1 for experimental details), 
and using FTIR to collect absorption spectra (Fig. 4c). The 

extracted absorption difference spectra show that the OC-Hµ 
device can achieve spectral versatility even with a single-
array (Fig. 4d). In addition, fingerprint vibrations even far 
away from the plasma resonance frequency are significantly 
enhanced (Fig. 4d). Based on the rich fingerprint vibration 
information obtained by OC-Hµ, we used PCA and SVM to 
achieve biomolecule classification (Figs. 4e and S15) and 
fingerprint retrieval (accuracy is 100%) (Fig. 4f). It should 
be emphasized that the ultra-broadband characteristics of 
OC-Hµ have the potential to detect more analytes.

Next, we demonstrated the lower LOD of the OC-Hμ 
resonator. First, we loaded urea and lactic acid solutions 
with different concentrations onto the OC-Hμ device surface 
(see Sect. 2.1 for experimental details). The absorption dif-
ference spectra of different concentrations of urea and lactic 
acid are shown in Fig. 4g, h (the measurement results of 
glucose are shown in Fig. S16). Obviously, the intensity of 
the absorption difference spectrum is positively correlated 
with the molecular concentration (Fig. 4i). Relying on this 
correlation, we can achieve quantitative detection of mol-
ecules. It is worth noting that even at a molecule concentra-
tion of 10 pg μL−1, a signal contrast of approximately 3% 
was still observed from the absorption difference spectrum. 
This means we can detect small molecules at low concentra-
tions. Further, we loaded different concentrations of BSA 
and BLG onto the OC-Hμ surface. It should be emphasized 
that the loading concentration ranges for proteins and small 
molecules (lactic acid and urea) are different due to their 
different molar masses. Figure 4j, k respectively extracted 
the absorption difference spectra of proteins with different 
concentrations. For both proteins, the vibration intensity 
of Amide I and Amide II increases with increasing protein 
concentration. Even at a concentration of 10 ng μL−1, a sig-
nal contrast of 2.5% was still observed. We further plotted 
the absorption intensity of Amide I as a function of protein 
concentration. 3σ of noise was used to evaluate the LOD of 
OC-Hμ. The LOD of BSA is 63 nM, and the LOD of BLG 
is 186 nM. This LOD corresponds to proteins on the array 
down to zeptomole magnitude. In addition, we evaluated 
the signal enhancement at different wavelengths (Fig. S17, 
Table S4). The results show that the signal enhancement at 
different wavelengths satisfies the Langmuir EXT1 formula. 
Therefore, we can achieve quantitative analysis at different 
wavelengths.
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Fig. 4  Spectral versatility and low detection limit characteristics of OC-Hµ devices. a Fingerprint absorption spectra of five molecules. The 
five types of molecules are urea, lactic acid, glucose, BSA, BLG. b (i) The multi-array method is used to achieve spectral versatility because 
the FWHM of traditional device is small. Among them, each array maps a resonant frequency. (ii) Since OC-Hµ has a large FWHM, spectral 
versatility can be achieved through a single array. c Measured the absorption spectra of OC-Hµ devices when coated with different molecules. 
Among them, there are 50 groups of absorption spectra for each molecule. d Extracted the normalized absorption difference spectrum from (c). 
The results show that spectral versatility can be achieved using a single array of OC-Hµ devices. Importantly, the fingerprint vibration is still 
significantly enhanced even far away from the plasmon resonance peak. e The weight of each spectral fraction in 2D space after PCA of the 
measured spectra in (c). Each cluster represents a type of molecule. Since each molecule does not overlap spatially, we can identify different 
molecular species. f SVM classification accuracy for different molecules. The confusion plot shows that the accuracy of molecular identification 
is 100%. g, h Absorption difference spectra of OC-Hμ loaded with different urea concentrations (g) and different lactic acid concentrations (h). i 
Extracted the maximum SEIRA intensity as a function of molecule concentration from (g) and (h). j, k Absorption difference spectra of OC-Hμ 
loaded with different BSA concentrations (j) and different BLG concentrations (k). l Extracted SEIRA intensity of Amide I as a function of pro-
tein concentration
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3.5  Spectral Anti‑Distortion

Next, we demonstrated the spectral anti-distortion properties 
of the OC-Hµ resonator. First, we use numerical simulation 
methods to analyze and discuss. In the simulation, protein 
is used as a probe molecule, and the absorption spectrum 
and derivative spectrum are shown in Fig. 5a (the complex 
permittivity function is taken from Durmaz et al. [59]). 
The UC-Hµ device is used for comparison and its dimen-
sional parameters are shown in Fig. S18a. A 10 nm thick 
protein film was placed on the surface of the UC-Hµ device 
and absorption spectra (Fig. S18c) were collected using a 
frequency domain monitor. Further, the absorption differ-
ence spectra was extracted from the absorption spectra, as 
shown in Fig. 5b. From the absorption difference spectra, 
we observed obvious anticrossing phenomenon and asym-
metric Fano lineshapes. It should be emphasized that the 
asymmetric Fano lineshapes change with the change of the 
UC-Hµ resonant frequency. Affected by this, it is difficult to 
obtain the true vibrational information of the protein from 
the absorption difference spectra. In addition, the asymmet-
ric Fano lineshapes also seriously affects the first derivative 
spectra (Fig. 5c) and the second derivative spectra (Fig. 5d). 
As a result, the UC-Hµ device has challenges in resolving 
the secondary structure of protein molecules. In contrast, 
OC-Hµ device is immune to the effects of asymmetric Fano 
lineshapes. Based on this characteristic of OC-Hµ, we can 
directly obtain the fingerprint vibration information of the 
protein from the absorption difference spectra (Fig. 5e). 
The parameter settings and absorption spectra of OC-Hµ 
are shown in Fig. S18. In addition, for OC-Hµ, the absorp-
tion difference spectra always maintains a spectral lineshape 
consistent with the protein fingerprint vibration regardless of 
how the OC-Hµ resonant frequency changes. Not only that, 
the first derivative spectra (Fig. 5f) and the second deriva-
tive spectra (Fig. 5g) obtained based on the OC-Hµ device 
are also consistent with the derivative spectra of the protein 
(Fig. 5a). We summarize this as the spectral anti-distor-
tion properties of OC-Hµ. Based on this property, OC-Hμ 
devices provide the opportunity to accurately resolve protein 
secondary structures.

Next, we experimentally demonstrated the advantages 
of OC-Hµ in resolving protein secondary structures. We 
extracted the absorption difference spectra of BSA on 
the OC-Hμ and UC-Hμ devices respectively, as shown in 
Fig. 5h. The BSA fingerprint absorption spectrum at 500 ng 

μL−1 was used for comparison (blue curve in Fig. 5h). The 
first derivative (Fig. 5i) and second derivative (Fig. 5j) of 
the BSA absorption spectrum were calculated, respectively. 
Consistent with the numerical simulation, regardless of the 
absorption difference spectrum or the derivative spectrum, 
the measurement results of OC-Hμ are consistent with the 
spectrum of pure BSA. Therefore, compared with UC-Hμ, 
the OC-Hμ device can obtain protein fingerprint vibration 
information and secondary structure without secondary 
calibration. This feature of the OC-Hμ device represents a 
major advance for SEIRA in obtaining vibrational informa-
tion on molecular fingerprints. It should be emphasized that 
this characteristic of OC-Hμ also makes SEIRA spectros-
copy comparable to the relatively mature surface-enhanced 
Raman spectroscopy, that is, the complex vibrational infor-
mation of the molecule can be recovered only through base-
line correction.

3.6  Mixture Classification, Concentration Prediction, 
and Spectral Reconstruction

Next, we investigated the potential of the OC-Hµ device for 
mixture classification, concentration prediction, and spectral 
reconstruction. The subtle differences present in the Amide 
I band between BSA and BLG provide feasibility for mix-
ture classification (Fig. 6a). This difference arises from 
the different folding patterns of BSA and BLG on Amide 
I. Here, we designed sample sets of different mixtures of 
titrated percentage combinations of BSA and BLG (Fig. 6b). 
The absorption spectra of these different sample sets were 
measured using the OC-Hµ device (Fig. 6ci). Each sample 
set contains 50 sets of spectra, containing a total of nearly 
560,000 data points. The large amount of data provides an 
ideal opportunity to use ML models. In the absorption dif-
ference spectra, three main vibration peaks of the protein: 
Amide 1, Amide II, and Amide III were observed (Fig. 6cii). 
By observing the vibration mode of Amide I (Fig. 6ciii), it 
was found that the fingerprint vibration corresponding to 
1657  cm−1 gradually weakened as the proportion of BSA 
in the mixture decreased. We attribute this to differences 
in protein conformation. Here, we calculated the second 
derivative of Amide I and performed conformational analy-
sis (Fig. 6civ). The secondary structure of the Amide I band 
shows that there are mainly α-helices in the BSA protein, 
and the BLG protein contains α-helices and β-sheets.
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Fig. 5  Spectral anti-distortion characteristic of OC-Hµ devices. a (i) Simulated the absorption spectrum of a 1 µm thick protein film on a gold 
surface. Calculated the first derivative spectra (ii) and second derivative spectra (iii) from (ii). b Simulated absorption difference spectra map-
ping of UC-Hµ devices loaded with proteins as a function of spectral detuning. c, d Calculated the first derivative spectra (c) and second deriva-
tive spectra (d) from (b). e Simulated absorption difference spectra mapping of OC-Hµ devices loaded with proteins as a function of spectral 
detuning. f, g Calculated the first derivative spectra (f) and second derivative spectra (g) from (e). h Comparison of absorption difference spectra 
of OC-Hμ (red) and UC-Hμ (black). The blue curve is the absorption spectrum of pure BSA protein on a gold mirror. i, j Calculated the first (i) 
and second derivatives (j) from (h). Since the OC-Hμ device has the characteristics of broadband enhancement and immunity to asymmetric 
Fano resonance, spectra and derivative spectra consistent with molecular fingerprints can be directly obtained



 Nano-Micro Lett.           (2025) 17:10    10  Page 14 of 19

https://doi.org/10.1007/s40820-024-01520-3© The authors

Fig. 6  Application of OC-Hµ devices in mixture classification, concentration prediction and spectral reconstruction. a Differences in absorption 
spectra of BSA and BLG proteins. b The bar plot of the titrated concentration mixes of BSA and BLG. c Collected absorption spectra and data 
analysis at different protein mixing ratios. (i) is the absorption spectra. (ii, iii) Extracted absorption difference spectra from (i). (iv) Calculated 
second derivative from (ii). d The weight of each spectral fraction in 3D space after PCA on the measured spectra. Each cluster represents a mix-
ing ratio. e SVM was used to classify the measured spectra. The confusion plot shows that the accuracy of identification of mixture molecules 
is 100%. f MM-DNN model for mixture concentration prediction. g A new set of mixed spectra of BSA and BLG was measured, which was 
used as a test set for concentration prediction. h Concentration prediction results. (i) The true and predicted concentrations of BSA and BLG. 
(ii) Average error. i Spectral reconstruction results of sample 25. Blue shading: absorption difference spectrum of mixture proteins. Black curve: 
reconstructed mixed spectrum. j Decompose the mixed spectrum in (i) into a single spectrum of BSA and BLG
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Due to the reduction properties of OC-Hµ on fingerprint 
vibration spectra, we can achieve mixture analysis by analyz-
ing the secondary structure of the Amide I band. However, 
this method is not necessarily optimal in terms of accuracy 
of identification and time required to obtain an answer. 
Therefore, we introduced ML for mixture analysis. The 
measurement data sets in Fig. 6ci are imported into PCA 
and SVM respectively for mixture classification and identi-
fication. By analyzing the distribution of measurement data 
in 3D space, we can identify different mixing ratios (Figs. 6d 
and S19). Furthermore, with the assistance of SVM, we 
achieved 100% mixture identification (Fig. 6e). Further, we 
constructed a regression model based on multimodal deep 
neural network (MM-DNN) for concentration prediction and 
spectral reconstruction of mixtures (Fig. 6f, see Sect. 2.3 for 
MM-DNN model details). The data set in Fig. 6ci is used to 
train the MM-DNN model, and the newly obtained measured 
spectral data (Fig. 6g) is input into the trained MM-DNN 
model as a test set. The concentration prediction results are 
very close to the measured concentrations (Fig. 6hi), with 
an accuracy of 96.8% (Fig. S20) and an average error of 
5.1% (Fig. 6hii). Furthermore, spectral reconstruction can 
be achieved using the predicted concentration ratio of the 

mixture, the spectrum of the mixture, and the predefined 
spectra of BSA and BLG. Taking sample 25 as an example, 
the concentration ratio of BSA and BLG is 4:1. Through 
spectral reconstruction, the total overlapping spectra of the 
heterogeneous sample (Fig. 6i) can be de-overlapped into 
separate spectra of BSA and BLG (Fig. 6j). Finally, we use 
MSE to evaluate the accuracy of spectral reconstruction. 
Generally, the smaller the MSE, the higher the reconstruc-
tion accuracy. For sample 25, the calculated MSE is 0.007%. 
The low reconstruction error indicates a high level of separa-
tion accuracy.

3.7  SARS‑CoV‑2 Detection

In 2019, the global outbreak of novel coronavirus pneumonia 
posed a significant threat to human life worldwide [60]. Despite 
considerable efforts in vaccination, prevention, and treatment, 
the shortage of healthcare resources presented substantial chal-
lenges for low- and middle-income countries [61]. While the era 
of COVID-19 pandemic has largely subsided, the exploration of 
SARS-CoV-2 detection technologies continues unabated. The 
development of SARS-CoV-2 detection technology is important 

Fig. 7  Demonstration of SARS-CoV-2 detection using OC-Hµ device. a Schematic diagram of the SARS-CoV-2 virus. The inset is a schematic 
diagram of the spike protein. b Measured absorption spectra when different concentrations of spike protein were loaded onto the OC-Hµ device 
surface. c Extracted the absorption difference spectra from (b) using AsLSS. d Extracted vibrational intensity of Amide I as a function of spike 
protein concentration. The solid line is the fitting curve
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for containing the outbreak of future new pandemics [62–65]. 
In this study, we explore the potential of OC-Hµ devices in 
the field of SARS-CoV-2 detection. COVID-19 is caused by a 
novel beta coronavirus, comprising a single-stranded positive 
RNA genome and four structural proteins (spike protein (S), 
envelope protein (E), matrix protein (M), and nucleocapsid pro-
tein (N)) (Fig. 7a) [66]. The mechanism of novel coronavirus 
infection involves the interaction of the spike protein with the 
angiotensin-converting enzyme 2 receptor, facilitating cellular 
entry and causing pneumonia. Therefore, the detection of the 
spike protein can facilitate the diagnosis of SARS-CoV-2 or the 
development of vaccines. Here, we loaded solutions containing 
different concentrations of the spike protein onto the surface of 
OC-Hµ and collected absorption spectra using FTIR (Fig. 7b). 
From the absorption difference spectra, we observed two distinct 
fingerprint vibration modes, representing Amide I and Amide 
II vibrations (Fig. 7c). Subsequently, we extracted the vibration 
intensity of Amide I as a function of spike protein concentration 
(Fig. 7d). The results demonstrated a linear correlation between 
the vibration intensity of Amide I and the concentration of the 
spike protein. Even at the lowest concentration of 10 ng μL−1, 
the OC-Hµ device detected approximately 3.2% signal contrast. 
These findings indicate the suitability of OC-Hµ for the detec-
tion of novel coronaviruses.

4  Conclusions

In summary, we achieved an OC-Hµ device with high-per-
formance SEIRA effect by precisely controlling the radia-
tion loss channel, resonator-oscillator coupling channel and 
frequency detuning channel. Among them, the radiation 
loss channel is used to convert UC devices into OC devices. 
Resonator-oscillator coupling channel is used to transform 
OC devices from weak coupling to strong coupling. Fre-
quency detuning channel is used to match target fingerprints. 
The OC-Hµ device obtained based on the above strategy has 
strong light–matter interaction. Using 8 nm thick PMMA as 
the probe molecule, OC-Hµ simultaneously achieves ultra-
broadband (3–10 µm) and ultra-sensitive (7.25%  nm−1) 
fingerprint detection. To the best of our knowledge, this 
enhancement is the largest reported among existing SEIRA 
technologies. The ultra-high sensitivity enables OC-Hµ to 
have a detection limit down to the zeptomoles level. In addi-
tion, compared with UC devices, OC-Hµ is immune to asym-
metric Fano resonance. The synergy of immune asymmetric 

Fano resonance and ultra-broadband makes it possible to 
achieve fingerprint retrieval on a single array (array size is 
100 × 100 µm2). As a demonstration, all fingerprint vibra-
tion information of five biomolecules was obtained based 
on the OC-Hµ device. The rich vibrational information of 
fingerprints provides opportunities to employ ML for spe-
cies classification and identification. It should be emphasized 
that the OC-Hµ platform has broad applicability and can 
detect almost all molecules with infrared fingerprint vibra-
tions. At the same time, the enhanced spectrum obtained 
based on OC-Hµ can be directly compatible with existing 
infrared spectral libraries, which is attributed to the anti-
spectral distortion characteristics of the OC-Hµ device. This 
characteristic of OC-Hµ also gives it a unique advantage 
in analyzing protein secondary structure. In addition, we 
demonstrated multiple applications of the OC-Hµ device, 
including mixture classification, concentration prediction, 
and spectral reconstruction. Thanks to the many proper-
ties of OC-Hµ, 100% mixture identification and spectral 
reconstruction can be achieved even for protein molecules 
with highly overlapping spectra. This shows that OC-Hµ 
can easily identify various mixtures. Finally, we verified 
that the OC-Hµ device can be used for SARS-CoV-2 virus 
detection. We believe that the enhanced coupling strategy 
we demonstrated and the proposed OC-Hµ resonator will 
drive significant advances in SEIRA technology, while also 
providing new insights into other fields, including enhanced 
spectroscopy techniques [67], waveguide sensing platform 
[68–70], quantum photonics [8], optical computing [71, 72], 
and the study of light–matter interactions [73].
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