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realizing the aforementioned applications 
in a broad wavelength range starting from 
the visible to microwave spectrum.[7–14] 
Thanks to the pioneering role of nanotech-
nology, complicated plasmonic architec-
tures with multifunctionalities have been 
already demonstrated.[15–26] However, large 
scale application of plasmonic metamate-
rial is strongly dependent on both the scal-
ability and repeatability of the fabrication 
process which can be reasonably ensured 
in CMOS technology. Very recently, CMOS 
fabricated designer optical structures have 
been reported to achieve high Q Fabry–
Pérot resonance for gas sensing,[27,28] 
MEMS tunable metamaterials for tera-
hertz communication,[29,30] and switch-
able mid-IR absorber[31] while relying on 
a fairly challenging process flow. A recent 
paradigm shift in the field of nanopho-
tonic and metamaterial research is the 

increasing investigation of phonon modes in bulk and 2D 
form[32,33] especially in the mid-IR domain (3–8 µm), the pri-
mary motivation being arose by the low loss and multifunc-
tional nature of these modes. Under CMOS consideration, 
such mode has been explored in SiO2 thin film originating 
from the SiO and SiD vibration.[34] However, all infrared 
(IR) phonon modes in bulk form reported so far are intrinsi-
cally active with net dipole moment due to the polar nature of 
the dielectric and investigation into IR inactive modes with no 
net dipole moment needs to be carried out. On the other hand, 
due to the electrical characteristic of vibrations, the IR activity 
and Raman activity are complementary to each other, meaning 
an IR inactive mode becomes Raman active and vice versa.[35] 
One example of strongly IR inactive mode is the sp2-hybridized 
>CC< vibration.[36] Interestingly, such IR inactivity can be the-
oretically broken by causing asymmetry into the >CC< bond 
and inducing the net dipole moment in the oscillator. Infrared 
observation of Raman-active G band and D band has been 
reported in fact by symmetry breaking in nitrogen doped amor-
phous carbon.[37] In this work, however, we consider carbon rich 
SiO2 thin film obtained by tetraethyl orthosilicate (TEOS)-based 
chemical vapor deposition (CVD) and report unusual switching 
behavior of the >CC< bands being strongly dependent on 
temperature. We further leverage such thermally induced asym-
metry driven excitation of IR inactive mode in CMOS dielec-
tric and couple it into the CMOS metamaterial structures as a 
means of thermal modulation of their resonance spectra. We 

High temperature (up to 400 °C) coupling of infrared (IR) inactive 
>CC< mode is reported in complementary metal oxide semiconductor 
(CMOS)-compatible refractory metamaterial filter and absorber structure 
by leveraging the carbon defects in tetraethyl orthosilicate obtained plasma 
enhanced chemical vapor deposition SiO2 thin film. Here, the role of strain 
gradient induced dipole moment in high stress configuration on the activa-
tion of otherwise inactive >CC< vibration at IR is confirmed. The unusual 
suppression of the transition is also observed in the absorber structure when 
the cavity mode strongly overlaps with it. Finally, 14 times better modulation 
of resonance spectrum is reported by such coupling in absorber configuration 
that supports thin film interference. The numerical and analytical study of the 
effect is found to be qualitatively in agreement with the experimental results. 
The study can set new paths toward more efficient design of spectrally selec-
tive thermophotovoltaic energy emitter at mid-IR and novel mechanism for 
high temperature sensing on the ubiquitous CMOS platform.

1. Introduction

Metamaterial-based optical structures referring to engineered 
material with properties not readily available in nature, are 
finding a multitude of applications in sensing,[1] solar and ther-
mophotovoltaic energy conversion,[2,3] optical communication,[4] 
big data storage,[5] and all-optical computation.[6] Designer sur-
face plasmons, commonly known as collective electron oscil-
lations in periodic, subwavelength structures made of metal 
provide a large degree of freedom due to their dispersion for 
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consider two state-of-the-art metamaterial configurations: filter 
and absorber and explore enhanced modulation in the absorber 
configuration being governed by the existing thin film inter-
ference.[38] Our detailed investigation into the different sets 
of material and optical origin of the effect clearly identifies 
the role of asymmetry induced excitation of the >CC< mode 
on the observed modulation. Such modulation mechanism is 
reported for the first time in the literature and may possibly 
open up new paths toward efficient thermophotovoltaic energy 
harvesting and high temperature monitoring in rugged applica-
tion based on metamaterials.

2. Background Concept, Fabrication,  
and Characterization

Figure 1a shows the schematic representation of the origin 
of carbon defects in the SiO2 thin film obtained by plasma 
enhanced chemical vapor deposition (PECVD) using TEOS as 
the precursor which goes through a stoichiometric decomposi-
tion process to deposit the oxide thin film.[39] However, unre-
acted radicals of TEOS are often trapped by the structural defect 
and lead to the presence of CC bonds in the micro-Raman 

spectrum as the wafer defect.[40] We leverage such defect to 
investigate the coupling of >CC< vibration into metamate-
rial resonances at high temperature. As per the rule of mutual 
exclusion, for centrosymmetric molecules, the Raman active 
modes are IR inactive, and vice versa.[41] Such IR inactivity 
arises due to the absence of net transition moment (M) in the 
volume d τ defined as 

0M de

� �
∫ψ µψ τ≈

 
(1)

Here, ψ0 and ψe are the wave functions of the ground state 
and excited state, respectively, and 

�µ  is the dipole moment 
operator. Previously, applied pressure induced symmetry 
breaking is found to activate IR silent modes in C60 crystal, 
i.e., to yield the net transition moment.[42] A close connection 
between the symmetry breaking and strain gradient in inho-
mogeneous medium obtained from the thermal stress at high 
temperature is reported in ref. [43]. It is, therefore, possible to 
achieve net nonzero transition dipole moment in thin film 
under thermal stress for otherwise IR inactive modes. The 
spectral position of these modes can again be a strong func-
tion of temperature, molecular weight, and molecular com-
position.[44] Besides, crystal stress can approximately cause a 
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Figure 1. a) Schematic representation of the presence of carbon (>CC<) defect in the SiO2 layer. b) Conceptualization of the resonance modulation 
by coupling into >CC< vibration. c), d) 3D schematic of the filter and absorber structure considered in this work, respectively. Inset: 2D layout of 
the cross-wire metamaterial pattern. e) FESEM image of the array of the patterns. Inset: zoomed in image of an unit cell. f) E-field distribution at the 
dipolar resonance of the pattern (period (p) 3.1 µm, length (l) 1800 nm, width (w) 287 nm, spacer (d) 200 nm. g) H-field intensity distribution across 
the cross section of the absorber geometry in panel (d). The intensity is mostly localized within the spacer region under maximum absorption condi-
tion. Incident polarization is along x-axis.
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linear shift of the vibrational frequency as given by Δν = aσσ 
where σ is the stress and aσ is the constant.[45] With these vari-
ables into consideration, we assume the position of the >CC< 
mode to be localized around 1600 cm−1.[41] We also employ the 
Drude–Lorentz type oscillator to model the vibration of the 
emitter.[46,47] Figure 1b shows the schematic presentation of 
the resonance modulation expected from the coupling between 
the metamaterial and >CC< mode. Figure 1c,d shows the 
3D schematic of the metamaterial filter and absorber struc-
ture, respectively. The 2D layout of the pattern is shown in the 
inset. FESEM image of the patterns is shown in Figure 1e. We 
employ the full wave FDTD solver to obtain the resonant field 
distribution of the geometries under x-polarization. The dipolar 
electric field distribution of the cross-wire pattern is shown in 
Figure 1f. H-field intensity distribution in Figure 1g across the 
device shows strong confinement in the absorber spacer region 
between the top metal patterns and the bottom metal reflector. 
Such confinement is in agreement with the spacer film inter-
ference of the absorber structure which is particularly absent in 
the filter structure.

In this work, we demonstrate the high temperature cou-
pling behavior on a fully CMOS compatible refractory plat-
form which can withstand the repeated heating cycles. 
Besides, we ensure large mismatch of coefficient of thermal 
expansion coefficient (TCE) between the metal and dielec-
tric layer so as to maximize the strain gradient for IR exci-
tation of the >CC< signal. In our case, a combination of 
molybodenum (Mo) and SiO2 gives the best mismatch of 
mechanical properties while both can sustain temperature up 
to 1000 °C in thin film form. Table 1 is the comparison of Mo 
with other CMOS and nonCMOS candidates for metamate-
rial design at high temperature. Table 2 lists the mechanical 
properties of the CMOS compatible dielectrics considered in 
this work. It is evident that, Mo-SiO2 combination can yield 
the largest thermal stress while satisfying the all other con-
ditions of refractory metamaterial platform based on CMOS 
technology.

2.1. Fabrication

A bare 8 in. silicon wafer was cleaned and 200 nm of Mo sput-
tering followed by the deposition of dielectric thin film for the 
spacer region and the top Mo film for the patterns were sput-
tered deposited under high vaccum. For the case of SiO2 plat-
form, PECVD was performed using TEOS as the precursor. For 
Al2O3, atomic layer deposition using tetramethylammonium 
hydroxide precursor was performed. High quality AlN thin film 
was obtained by sputtering. Deep UV photolithography pro-
cess was used to define the metamaterial patterns. Finally, Mo 
was dry etched to form the final absorber and filter structure.
In all cases, the thickness of the deposited dielectric is fixed at 
200 nm.

2.2. Thin Film Characterization

First, we perform the confocal Raman spectroscopy to identify 
the presence of carbon bonds in the SiO2 thin film. The laser 
wavelength is fixed at 532 nm. Figure 2a shows the Raman 
spectrum of 200 nm SiO2 film deposited on Mo reflector. 
The translucent green rectangle indicates the locations of sp2 
carbon peaks, as observed in a graphitic system. The peak 
around 1000 cm−1 is due to the SiO vibration. For reference, 
here we also provide the Raman spectrum of monolayer gra-
phene on 300 nm PECVD oxide. The contrast between the G 
peak (1583 cm−1) and D peak (1300 cm−1) indeed indicates the 
high quality of the monolayer. We also observe the 2D peak at 
2700 cm−1 in the monolayer graphene. In the case of PECVD 
SiO2 on Mo, this peak shifts to 2500 cm−1. We attribute this 
peak to the multiphonon lattice vibrational processes in the 
SiO2 film. Overall, the presence of >CC< peaks can be con-
firmed around the prescribed location (≈1600 cm−1) from the 
Raman study. Figure 2c,d shows the strong characteristic peaks 
of the Al2O3 and AlN thin film, respectively. In these cases, no 
peaks corresponding to sp2 hybridization are observed.
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Table 1. Comparison of different metals for metamaterial structures.

Metal Melting point  
[°C]

Electrical conductivity  
[× 107 S m−1 @20 °C]

Plasma frequency  
[× 107 Hz]

CTE  
[× 10−6 K−1] (coefficient 
of thermal expansion)

Young’s modulus  
(E [GPa])

CMOS compatibility

Aluminum 660 3.5 3.57 24 70 Yes

Gold 1000 4.52 2.2 14 78 No

Platinum 1770 0.944 1.25 8.8 168 No

Molybdenum 2620 1.9 1.8 4.8 329 Yes

Table 2. Comparison of mechanical properties of the spacer material.

Material Melting point [°C] Young’s modulus  
(E [GPa])

Poisson ratio  
[µ]

CTE  
[× 10−6 K−1]

Thermal conductivity  
(K [W m−1 K−1])

Aluminum nitride 2200 344.8 0.287 4.6 285

SiO2 1600 70 0.17 0.5 1.4

Aluminum oxide 2072 353.1 0.22 4.5 25.08
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Later, we perform the SEM-EDS investigation on the region 
without any metal pattern in order to quantify the amount of 
carbon within the finite volume of the freshly prepared and 
RCA cleaned thin film. The acceleration voltage is set at 15 KV 
and the signal was collected for 5 min. As shown in Figure 3, 
the wt% of carbon reaches 4.89% in the case 
of SiO2 film (Figure 3c) and 3.88% for Al2O3 
film (Figure 3a). The Mo signal and Si signal 
appearing in the spectra confirms the consid-
eration of the total thin film volume during 
the analysis (Figure S1, Supporting Infor-
mation). However, only 0.7% carbon signal 
could be detected in the case of sputter 
deposited AlN film. Note that, here, the at% 
of the carbon signal accounts for all possible 
covalent structures within the deposited thin 
films.

Figure 4a shows the IR spectra of 200 nm 
SiO2 film on Si substrate as the temperature 
of the heat stage increases. The size of the 
collection aperture is fixed at 100 × 100 µm2 
throughout. Due to the symmetry of the pat-
terns, no polarizer is used in the experiment. 
Reflection data are captured at 45° oblique 
incidence, whereas transmission data are 
obtained at normal incidence. Therefore, the 
P-polarization consists of both horizontal 
and vertical component during the reflection 
measurement. As indicated by the translu-
cent grey rectangle and marked by the red 
dashed rectangle, a pronounced switching 
like behavior is observed when the tempera-
ture reaches 190 °C. Here, we define the 
switching by the origin of the dip as marked 
in the spectra. The transition retains without 

any further change as the temperature increases up to 400°. 
The contrast of the switching is found to be 5%. Interestingly, 
as the sample is cooled down to room temperature (25 °C), the 
IR spectrum returns to its original profile indicating the revers-
ible nature of the process.
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Figure 2. a) Confocal Raman spectroscopy of PECVD SiO2 on Mo reflector. The translucent green rectangle indicates the presence of carbon peaks 
in the spectrum. b) Raman peaks of monolayer graphene on 300 nm SiO2. c) Raman peak of atomic layer deposited Al2O3 on Mo reflector. d) Raman 
peak of sputter deposited AlN on Mo reflector.

Figure 3. SEM-EDS mapping of carbon element a) 200 nm ALD deposited Al2O3 on 
Mo, b) 200 nm sputter deposited AlN on Mo, and c) 200 nm PECVD SiO2 on Mo over an area 
of 40 × 40 µm2.
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We perform the similar experiment on the SiO2 film 
deposited on Mo reflector in Figure 4b. Also in this case, a 
strong switching behavior is observed but at a lower tem-
perature of 120 °C. The switching contrast in this is found 
to be 10%. Similarly, the reversible nature of the process is 
confirmed when the sample is cooled down to room temper-
ature (25 °C). Considering the spectral location and vibra-
tional nature of the >CC< mode at room temperature, we 
attribute such transition to the activation of the IR inactive 
mode due to the partial breaking of the macroscopic sym-
metry in SiO2 film as a result of large strain gradient at high 
temperature.[48] The strain gradient, being larger in the pres-
ence of Mo back metal film, the transition temperature is 
found to be lower in this case. The reversible nature of the 
process suggests the usefulness of the effect for repeatable 
applications.

3. Results and Analysis

3.1. Coupling in Filter Structure

Finally, we investigate the effect in two different metamate-
rial structures: filter and absorber. Here, the filter structure 
is a transmission filter based on 2D metamaterial layout 
with a 200 nm SiO2 spacer, meaning a transmission dip in 

the spectrum when resonance occurs. Note that, in trans-
mission mode, we do not observe any coupling of >CC< 
mode in the absence of metamaterial patterns even when the 
oxide thickness is increased to 1 µm (Figure S2, Supporting 
Information). However, it is routinely observed in transmis-
sion signal in Figure 5 and possibly indicates the coupling of 
energy between the broadband resonant mode and the nar-
rowband emitter through the near electric field enhancement 
of the patterns at resonance. Note that, in all cases we focus 
on the feature corresponding to 6.3 µm as marked by orange 
arrow. This strongly correlates with the G peak of graphene 
at 1583 cm−1. Any other spectral feature that may arise in the 
coupled system will be ignored for the sake of simplicity. In 
Figure 5, we increase the length (l) of the patterns by 100 nm 
and observe the coupling of the excited mode to the resonant 
mode of the metamaterial. Such variation allows us to sweep 
the resonance wavelength from 5 to 6.5 µm. In this investiga-
tion, the IR inactive mode is found to trigger at 200 °C in all 
cases (blue solid line). Besides, the quality factor of the reso-
nant mode strongly deteriorates as the temperature increases 
due to the enhanced electron scattering in metal film and 
thermal stress[49,50] However, as the resonant mode overlaps 
with the emitter mode (C10), we observe a noticeable differ-
ence in resonance modulation. Nevertheless, the observed 
effect is much weaker (<1%) in comparison with the absorber 
structures, as discussed in the following section.
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Figure 4. Activation of >CC< mode in a) 200 nm SiO2 on Si at 190 °C and b) 200 nm SiO2 on Mo reflector at 120 °C as marked by the red dashed 
rectangle. The grey areas in the spectra indicate the region of interest. The orange dashed arrow implies the reversible nature of the transition as the 
samples are air cooled from 400 to 25 °(R). The solid black double arrow indicates the contrast of the switching.
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Figure 5. Transmission spectra as a function of temperature a) C5, b) C7, c) C9, d) C6, e) C8, and f) C10. The grey rectangle indicates the region of 
interest. The temperature dependent modulation of the transmission dip is found to vary as the dipolar resonance sweeps across the >CC< vibration. 
The spectral feature at 6.3 µm under consideration is marked by the orange arrow.
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3.2. Coupling in Absorber Structure

The absorber structure, due to its configuration, allows 
strong thin film interference as governed by the following 
equation[51]

1
12

12 21
2

2
21

r r
t t e

e r

i

i
� �

� �

�

�

�= −
+

β

β
 

(2)

Here, the subscripts 1 and 2 denote the air and metal 
medium, respectively. r�  and t�  are the complex reflection 
and transmission coefficient at the air–metal interface and �β  
is the complex propagation constant in the dielectric spacer. 
Therefore, the absorption (A) defined as 1− | r� |2. Based on 
the interference theory, any small optical change in the sub-
wavelength spacer region can yield strong modulation of the 
reflection spectrum. In particular, the activation of the >CC< 
mode in the spacer region should strongly interact with the 
absorption resonance of the structure.[52,53] Figure 6 shows 
the variation of the reflection spectra as the length dimen-
sions are varied from 1.9 to 2.4 µm (C5–C10). There are two 
important aspects to be noticed in this case. On the one hand, 
up to 200 °C, temperature dependence of the reflection dip is 
found to be a strong function of the resonance wavelength. As 
the length of the pattern is increased (C5–C10), the resonance 
wavelength red shifts. However, as marked in Figure 6, the 
intensity variation of the reflection dip remains quenched up 
to 200 °C when the resonance wavelength reaches 5.75 µm 
(C7) and beyond. This possibly occurs due to the dispersive 
nature of electron scattering even at elevated temperature. On 
the other hand, in all cases except C9 and C10, the >CC< 
mode is found to be activated at 200 °C. In these two cases, 
full activation of the mode occurs only when the temperature 
reaches 400 °C. The observation is counterintuitive based on 
the experimental results in Figure 4b. We attribute this to the 
strong coupling between the metamaterial and the mode as 
the absorption resonance wavelength approaches the transi-
tion wavelength. The temporary suppression of the vibra-
tion signal from the emitter can be qualitatively explained 
by relating the decay rate to the inhomogeneous medium’s 
Green tensor[46]

2
( , , )0

21
2

0
2 21 s 21 21

c
d ImG r r d

�
�

�ω
ε

ωΓ = Γ + ′
 

(3)

Here, Γ0 is the decay rate in free space, Gs is the Green 
tensor accounting for the anisotropy of the field distribu-
tion in the cavity structure, and d21 is the transition dipole 
moment. The d ImG r r d�( , , )21 s 21 21ω′  term is representative of 
the local density of states in the inhomogeneous medium. 
In contrast to the homogeneous and isotropic free space, 
the decay rate now becomes a function of the atomic posi-
tion, field distribution, and the orientation of the transition 
dipole moment. Likewise in photonic crystal cavity, here we 
are observing a suppression of the spontaneous emission as 
the cavity mode of the metal-dielectric-metal structure over-
laps with it. However, as the temperature is increased beyond 
200 °C, we start to observe the appearance of the transi-
tion (C9) again. This perhaps occurs due to the detuning 

of the absorption resonance as a result of the heat induced 
permittivity change and intrinsic and extrinsic stress modi-
fication as no significant improvement of the signal strength 
is observed in Figure 4b after the switching occurs at 120 °C. 
The detuning is also associated with a large change of reflec-
tion intensity. Such heat induced effect is routinely observed 
in all the cases (C5–C10). It is reasonable to argue that the 
effect can strongly manipulate the local density of states 
of the emitter allowing it to emit again. As seen before in 
Figure 5, no such behavior in the cases of the transmission 
filter was noticed. In general, we observe strong coupling of 
the vibrational signal to the metamaterial resonance in the 
absorber structures. From the classical point of view, the 
resonance in absorber structure is purely magnetic in nature 
where the vibrational emitters are located within the dielec-
tric cavity. Therefore, it has been possible to strongly tailor 
the vibrational mode by coupling. Detailed quantum mechan-
ical investigation of this phenomenon can be performed in 
future.

It is also notable that, no strong resonance shift except reso-
nance broadening is observed as the temperature is increased 
even at the maximum coupling condition. This indicates that 
the imaginary refractive index of the activated carbon is domi-
nant over the real refractive index. The thermo-optic coefficient 
of SiO2 is +12.9 × 10−6 per °C, and therefore any temperature 
induced refractive index change can be ignored at wavelengths 
far from the transition region. Besides, we observe no strong 
effect of temperature dependent metal permittivity possibly 
due to the large interfacial stress of the system. We further 
provide the data of the absorber structure when cooled down 
to room temperature and report very small change as com-
pared to the case with no heating (Figure S3, Supporting 
Information).

3.3. Modeling of the Coupling of Vibrational Transition

We attempt to model the coupling of transition considering it 
as a Drude–Lorentz oscillation[47] defined as below 

p

i2
0

0
2

0
2 2ε ε ω

ω δω ω
= +

− −  
(4)

Although no experimental data are available at current 
stage, the modeling will be useful for the intuitive under-
standing of the nature of coupling as the device dimension as 
varied. Here, ε0 is the background permittivity fixed at 1.42, p 
is the strength of the oscillator fixed at 0.014. ω0 is the transi-
tion frequency (wavelength) set at 2.99e + 14 rad s−1 (6.3 µm). 
Indirectly, p refers to the filling fraction of the defects within 
the thin film. We assume the linewidth δ to be 1% of the tran-
sition frequency, i.e., 2.99e + 12 rad s−1. Figure 7 shows the 
2D color map (length versus wavelength) of the resonance 
profiles of the structures. As observed, a distinct peak around 
6.3 µm appears both in the transmission (filter) and reflec-
tion (absorber) spectrum. We also observe a strong splitting in 
the absorber structure as the length of the pattern approaches 
the transition wavelength. Such splitting is not observable  
in the filter case. This again signifies the increased amount of 
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Figure 6. Reflection spectra as a function of temperature a) C5, b) C7, c) C9, d) C6, e) C8, and f) C10. The grey rectangle indicates the region of interest. 
Strong temperature dependent modulation of reflection dip is observed as the peak absorption wavelength approaches the >CC< vibration line. The 
orange dashed rectangle indicates the wavelength dispersion of temperature dependence of the reflection dip intensity. The spectral feature at 6.3 µm 
under consideration is marked by the orange arrow.
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coupling of the vibrational transition in the absorber structure. 
Also note that, here, the simulation does not account the actual 
local density of states of the emitters in the inhomogeneous 
medium and therefore, cannot explain the suppression of 
the coupling as observed in the previous experimental results 
in Figure 6.

Furthermore, we deploy the following analytical equations 
derived from the normalized coupled mode theory[54]

x x x x a t�� � cos( )1 1 1
2

1 2 1ω κ ω+ Γ + + =
 (5)

x x x x�� � 02 2 2
2

2 1γ ω κ+ + + =
 (6)

Here, (ω1 Γ, a1 ) are the metamaterial resonance, linewidth, 
and the amplitude of the driving force, respectively. (ω2, γ) are 
the transition wavelength and the linewidth of the transition, 
respectively. The toy model is schematically shown in Figure 8a. 
The model allows to investigate the effect of increasing cou-
pling coefficient (κ) on the modulation and lamb shift in the 
Fano system.[55] Coupling enhancement can be achieved by 
either changing the metamaterial configuration or increasing 
the concentration of the carbon defect. In a normalized system, 
we set the Γ and γ at 0.2 and 0.01, respectively, and observe 
the response |c1| that corresponds to the change in metamate-
rial response due to the coupling. We consider two cases: (i) 
detuning of 300 nm and (ii) no detuning between the metama-
terial resonance and the transition. As observed in Figure 8b,c, 
in both the cases, increasing coupling increases the strength of 
the Fano dip in the spectrum. Furthermore, coupling enhance-
ment is found to induce a strong lamb shift on the both sides 
of the dip and Rabi splitting is noticed when there is zero 
detuning. The profile of the Fano dip is found to be strongly 

dependent on the detuning which also agrees with the geom-
etry dependent coupling in the actual system subject to heat 
induced perturbation, as observed in the experimental results 
of Figure 6.

3.4. Modulation Effect

We further compare the amount of resonance modulation 
achievable in the metamaterial structures when there is a large 
overlap of the modes with the transition. We fit the profiles by 
Lorentzian function with minimum residuals in Figure 9 and 
define the modulation depth as illusrated. Please note that, such 
modulation is a direct outcome of the metamaterial induced 
transparency when the coupling of the vibrational mode with 
metamaterial mode occurs.[56] The induced transparency is also 
evident from the transmission measurements of the filter struc-
ture in Figure 5. It is clear that, the absorber structure provides  
14 times better modulation when the transition occurs at 
6.3 µm. The Lorentzian fitting also reveals a large degree of asym-
metry as the absorption resonance couples with the vibrational 
transition. The relative difference defined as 1−Ifitting/Iexperiment 
and plotted in Figure 9c clearly shows the enhanced asymmetry 
in the absorber structure around the transition wavelength. Such 
asymmetry is a direct outcome of the Fano like coupling in the 
system.

3.5. Relation to Strain Gradient

As discussed in the beginning, we attribute the excitation of the 
IR inactive mode to the large stress gradient of the high stress 
SiO2 platform. To further verify, here, we provide the results in 

Figure 7. Simulated 2D color map (length versus wavelength) of the resonance spectra. a) Transmission in filter configuration and b) reflection 
absorber configuration. The >CC< transition is defined at 6.3 µm. The strength of the oscillator is fixed at 0.014 in this case. The simulation ignores 
the heat induced effects, i.e., permittivity change and stress.
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Figure 10a,b taken at 400 °C when the spacer of the absorber 
structure is replaced by Al2O3 and AlN, respectively. The stress (σ) 
which is created by the heating process, mainly originates from 
two different sources as formulated in the following equations 

th iσ σ σ= +
 

(7)

E
T

1
thσ

ν
α=

−
∆ ∆

 
(8)

Figure 9. a) Lorentzian fitting of the modulated transmission dip (experiment) in C9 filter configuration. b) Lorentzian fitting of the modulated reflection 
dip (experiment) in C9 absorber configuration. The degree of modulation is marked by the orange double arrow. c) Comparison of relative difference 
in experiment between the absorber and filter configuration. The transition wavelength is marked by the orange arrow.

Figure 8. a) Toy model to analytically investigate the increasing coupling of the vibrational transition in the absence of heat induced stress and permit-
tivity change. Effect of increasing coupling b) when detuning is 300 nm and c) when detuning is zero.
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E Tiσ α= ∆  (9)

Here, σth and σi are the residual and intrinsic stress, respec-
tively. Δα, E, v, and ΔT are the TCE mismatch, Young’s modulus, 
Poisson ratio, and temperature difference, respectively. Here,  
σth is the stress due to the TCE mismatch Δα between the 
adjacent layers whereas σi corresponds to stress due to the 
volumetric expansion of the respective layer when there is a 
positive temperature difference. Based on the mechanical prop-
erties listed in Tables 1 and 2, it can be found that the intrinsic 
stress gradient with the bottom Mo layer in SiO2 platform can be 
45 times larger than in the Al2O3 and AlN platform. Such stress 
gradient eventually leads to the strain gradient breaking the 
macroscopic symmetry of the dielectric and therefore, generates 
the net dipole moment.[57] The symmetry breaking in the thin 
film predominantly occurs at the bottom metal–dielectric inter-
face. Previously, the SEM-EDS analysis has been able to detect 
the presence of carbon in the Al2O3 sample whereas no carbon  
signal was observed from the AlN sample. Under the valid 
approximation of similar magnitude of strain gradient in both 
the samples, we particularly observe the carbon induced feature 
in the Al2O3 device as marked by the grey rectangle in Figure 10a. 
Here, again we observe the suppression of the feature as the 

absorption resonance spectrally overlaps with 
it. Likewise in the SiO2 platform, no strong 
modulation of the absorption resonance is 
observed at the maximum temperature of  
400 °C. In Figure 11, we provide the FEM 
analysis of the stress in the filter and absorber 
configuration. As observed, larger stress 
gradient is generated at the interface of the 
bottom metal and spacer in the absorber 
structure based on SiO2.

4. Conclusion

In summary, we demonstrate the coupling of  
IR inactive >CC< vibration into the state-
of-the-art metamaterial structures realized  
by the CMOS technology for the first time. 

The reversible nature of the stress engineered coupling may 
lead to a new class of functional device for detection in prot-
eomics. We demonstrate stronger coupling of the vibration 
and enhanced modulation effect in the absorber structure 
which allows thin film interference when it is magnetically 
resonant. We further observe the suppression of the vibration 
when the cavity mode of the absorber strongly overlaps with 
the transition wavelength. Such unique behavior in coupled 
metamaterial system can possibly open up new routes for high 
temperature monitoring in rugged applications and/or efficient 
design of narrow band thermophotovoltaic device on the ubiq-
uitous CMOS platform.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
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