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Abstract: 16 

Graphene plasmon with extremely strong light confinement and tunable resonance 17 

frequency represents a promising surface-enhanced infrared absorption (SEIRA) 18 

sensing platform. However, plasmonic absorption is relatively weak (approximately 19 

1%–9%) in monolayer graphene nanostructures, which would limit its sensitivity. Here, 20 

we theoretically propose a hybrid plasmon-metamaterial structure that can realize 21 

perfect absorption in graphene with a low carrier mobility of 1000 cm2 V−1 s−1. This 22 

structure combines a gold reflector and a gold grating to the graphene plasmon 23 

structures, which introduce interference effect and the lightning-rod effect, respectively, 24 

and largely enhance the coupling of light to graphene. The vibration signal of trace 25 

molecules can be enhanced up to 2000-fold at the hotspot of the perfect-absorption 26 

structure, enabling the SEIRA sensing to reach the molecular level. This hybrid metal-27 

graphene structure provides a novel path to generate high sensitivity in nanoscale 28 

molecular recognition for numerous applications.  29 
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Introduction 30 

Infrared (IR) spectroscopy is a fast and non-destructive method for identifying 31 

chemicals, with widespread applications in chemical detection [1], food safety [2], bio-32 

sensing [3] and other fields [4–7]. It is difficult to detect nanoscale molecules with IR 33 

spectroscopy due to the large mismatch between mid-IR wavelengths (from 2.5 to 34 

25 μm) [8] and molecular dimensions (<10 nm). Surface-enhanced IR absorption 35 

(SEIRA) using graphene plasmons can largely enhance the light-molecule interaction 36 

and directly detect nanoscale molecules [5, 7, 9, 10]. Graphene plasmons can confine IR 37 

light in three dimensions, at scales that are over 100 times smaller than its free space 38 

wavelength, corresponding to an approximately 106-fold smaller volume [11]. 39 

Furthermore, graphene plasmons can be dynamically tuned by electrostatic gating to 40 

selectively probe IR vibrational fingerprints over a wide IR spectral range [7, 12]. Thus, 41 

graphene plasmons have become a promising candidate for SEIRA applications. 42 

The sensitivity of SEIRA is closely related to the plasmon absorption, according to the 43 

coupled harmonic oscillator model [13]. However, the plasmonic absorption of 44 

monolayer graphene is relatively weak; for example, the experimentally measured 45 

absorption is usually 1%–9% in the IR range [14–17]. In addition to the effects of large 46 

momentum mismatch between graphene plasmons and free space light, the relatively 47 

low carrier mobility in graphene nanostructures largely decreases the plasmon strength 48 

[18, 19]. Chemical vapor deposited graphene is usually patterned and etched into 49 

nanostructures via oxygen plasma etching to excite localized plasmons. Defects and 50 

impurities introduced by the device fabrication processes and substrates (e.g., SiO2) 51 

largely degrade the carrier mobility of graphene in these nanostructures (generally less 52 

than 1000 cm2 V−1 s−1). The measured plasmon absorption of fabricated graphene 53 

nanostructures (1%–9%) is much lower than simulated values (as high as 20%–75%) 54 

based on high-quality graphene with a mobility of approximately 10 000 55 

cm2 V−1 s−1 [19, 20]. 56 

Here, we propose a kind of perfect absorption structure of graphene plasmon with easily 57 

achievable mobility (1000 cm2 V−1 s−1) to enhance its light–matter interaction. Gold 58 

grating and reflector are integrated in the metamaterials which can focus IR light on the 59 



 3 

graphene nanostructures due to its strong reflection and scattering [20–22]. The perfect 60 

absorption is achieved by combining the high light coupling quantum efficiency of 61 

graphene [5–7], large field enhancement in the gaps of gold grating [21–24] and the 62 

interference effect introduced by the back reflector [20, 25]. The maximum absorption and 63 

electric field intensity enhancement are calculated to reach 99% and 4 orders of 64 

magnitude, respectively. This high field enhancement results in ultrasensitive SEIRA, 65 

as theoretically demonstrated by trace SO2 gas (<1.2 × 10−13 mol m−3 molecular dipoles’ 66 

density) with signal enhancement at the hotspot of about 2000-fold. This work provide 67 

a promising plat form for practical implementations of ultrasensitive SEIRA. 68 

Structural design and physical mechanism 69 

The perfect absorption structure of graphene plasmons with a low carrier mobility 70 

combines the contribution of both a back reflector and a metal grating. To illustrate 71 

their functions, we comparatively study three types of structures: pristine graphene 72 

ribbon arrays (structure A), graphene ribbon arrays with a gold reflector (structure B) 73 

and graphene ribbon arrays with both a gold reflector and a gold grating (structure C), 74 

as shown in figure 1. In this study, we adopt a graphene structure that is widely used in 75 

experiments: a periodic array of graphene nanoribbons with a ribbon width W of 50 nm 76 

and a 1:2 width-to-pitch ratio (structure A). First, we optimize the graphene plasmonic 77 

absorption (GPA) of the back reflector by tuning the thickness of the CaF2 substrate 78 

(structure B). A CaF2 film (with a refractive index nCaF2=1.22 in the IR range) [26, 27] is 79 

used because it can serve as a gate dielectric and as a transparent substrate in the IR 80 

spectral region [5, 28]. Then, we insert a periodic gold grating into the gap of the graphene 81 

ribbons to further enhance the graphene plasmonic strength (structure C). 82 

The graphene plasmons are simulated by employing the finite element method. The 83 

simulation model employs periodic boundary condition to simplify the hybrid 84 

nanostructures. For modeling the graphene, there are two type of approaches in 85 

previous research papers [29, 30]. The graphene can be treated as a surface boundary 86 

condition (2D approach), which has no physical thickness. Another approach (3D 87 

approach) is also valid by modeling the graphene as 1 nm or 0.335 nm thickness volume 88 

material. In previous literature, the calculated results are nearly consistent by using two 89 
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different approaches [29]. Here, the 3D approach is adopted. Graphene is modeled as a 90 

material with a finite thickness and an equivalent relative permittivity that depends on 91 

thickness [31, 32]. The equivalent relative permittivity εg is derived from the surface 92 

conductivity σ of the graphene, calculated by εg = 1 + iσ/ε0ωtg, where ε0 is the 93 

permittivity of free space, ω is the angular frequency of the incident light and tg is the 94 

graphene layer thickness. Here, to save computing time and storage space, tg is not the 95 

real thickness (∼0.34 nm) and is set to 1 nm [33]. The mesh size of graphene is 0.1 nm 96 

and the mesh size gradually increases outside the graphene layer, at which the 97 

calculations reach proper convergence. The surface conductivity of graphene, σ, is 98 

calculated from the Kubo formula, which consists of interband and intraband transitions. 99 

In the mid- and far-IR regions, the intraband transitions dominate. At room temperature 100 

(T = 300 K), which satisfies the requirement of KBT ≪ Ef, the complex surface 101 

conductivity can be approximately calculated from the Drude model [34–36]: 102 

 103 

where e is the electron charge, Ef is the doped graphene Fermi energy,  is the reduced 104 

Planck constant and KB is the Boltzmann constant. The graphene Fermi energy can be 105 

tuned by electrical gating or chemical doping, offering an active way to control optical 106 

properties. The relaxation time τ is defined as 𝜏 = 𝜇𝐸𝑓/𝑒𝑣𝑓
2  where vf = c/300 is the 107 

Fermi velocity and μ = 1000 cm2 V−1 s−1 is the carrier mobility of graphene. 108 

In the simulation, the metallic mirror and grating are made of gold, with an optical 109 

permittivity (near- and mid-IR) described by the simple Drude model [37, 38]: 110 

 111 

where ωp = 1.32 × 1016 rad s−1 is the plasma frequency and γ = 1.2 × 1014 rad s−1 is the 112 

damping frequency (or Drude relaxation rate). 113 

Results and discussion 114 
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The absorption spectra of pristine graphene nanoribbons (structure A) with different 115 

CaF2 thickness are displayed in figure 2(a). The resonance frequency occurs at 1333 116 

cm−1, and the absorption strength is slightly affected by the thickness of the CaF2 film, 117 

which was varied from 10% to 15%. This absorption may be larger than the 118 

experimentally obtained values because the experimental effective ribbon-to-pitch 119 

ratios are much smaller than ½, due to the 28 nm non-electric-conducting edges [14]. 120 

After coating with a gold film, we study the enhancement of the graphene plasmons by 121 

the reflector (structure B). The reflector has the same graphene plasmon resonance 122 

frequency (ωp = 1333 cm−1), while the absorption strength varies significantly. In this 123 

Salisbury screen structure, the Fabry–Perot interference effect occurs, and the thickness 124 

of the CaF2 film becomes a key factor. Absorption spectra for CaF2 films of various 125 

thicknesses are displayed in figure 2(b). As shown, the absorption strength changes 126 

from 5% to 52% as the CaF2 film thickness varies from 0.3 to 1.5 μm. Compared with 127 

structure A, structure B with the proper dimensions can largely increase the plasmon 128 

absorption (>4 times). 129 

The effects of CaF2 film thickness on the graphene plasmon strength in structures A and 130 

B are compared in figure 2(c). The resonant absorption (RAbs) results are both periodic 131 

with the thickness of the CaF2 film in structures A and B, and here, we plot around the 132 

half period. The critical thickness values are approximately t1 = 1.53 μm 133 

and t2 = 3.06 μm for both structures. However, the structures exhibit opposite 134 

maximum and minimum absorption (i.e., π-phase shift). At t1 = 1.53 μm, the RAbs of 135 

structure B reaches the maximum value (approximately 52%), while structure A reaches 136 

a minimum of absorption (approximately 10%). The RAbs minimum of structure B 137 

occurs at t2 = 3.06 μm (approximately 5%), which is even lower than that of structure 138 

A. The interference theory of light explains this phenomenon, and details can be found 139 

in the Supporting Information. Briefly, periodic RAbs occurs because of interference 140 

of the reflected light from the top and bottom surfaces of the CaF2 film (figure S1 is 141 

available online at stacks.iop.org/NANO/29/184004/mmedia). In structure A, half-142 

wave loss (π-phase change) only occurs after the light reflection at the top surface of 143 

the CaF2 film, when the light is incident from an optically thinner medium (air) to an 144 
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optically denser medium (CaF2). In structure B, the half-wave loss occurs twice, with 145 

light reflections at both the top and bottom surfaces of the CaF2 film, when the light is 146 

incident from air/CaF2 to CaF2/Au. This difference explains the π-phase shift between 147 

structures A and B. The interference conditions are further supported by the critical 148 

CaF2 film thickness, where t1 and t2 are approximately equal to 𝑡(λp/4) = λp/149 

(4n஼௔ிమ) = 1.537μm  and 𝑡(λp/2) = λp/(2n஼௔ிమ) = 3.074μm .Thus, with a proper 150 

CaF2 film thickness, the reflected light loss in structure B can be suppressed. The 151 

efficiency of graphene absorption can be improved by approximately 5-fold when the 152 

CaF2 film thickness is approximately 1.53 μm. 153 

Although the reflector layer has increased the graphene plasmon absorption from 154 

approximately 10%–52%, the absorption is still far from perfect. This phenomenon is 155 

a direct result of the high plasmon damping rate, Γp, at low mobility, as illustrated in 156 

the Supporting Information. We calculate several absorption spectra for structure B with 157 

different graphene mobilities, as shown in figure S2. When the carrier mobility 158 

increases to 5000 cm2 V−1 s−1, perfect absorption can almost be achieved in structure B, 159 

which is in accordance with previous studies [25]. The plasmon damping rate, Γp, which 160 

can be extracted from the plasmon resonance linewidth Γ via Γ௣ = Γ/2ℏ 161 

 [14, 15], increases significantly as the mobility decreases. The scattering, such as inelastic 162 

scattering with phonons and elastic carrier scattering processes, increased with 163 

decreasing mobility. Hence, the absorption intensity is reduced by large plasmon 164 

damping. 165 

We introduce a gold grating with the lightning-rod effect to further improve the 166 

graphene absorption with the interference effect, as in structure C. Absorption spectra 167 

for varied periodicity are plotted in figure 2(d), with fixed values of G = 60 nm, W = 50 168 

nm, and t = 1.53 μm. The absorption gradually increases as the periodicity increases 169 

from 100 to 250 nm and then decreases as the period increases from 250 to 400 nm, as 170 

shown in figure 2(d). The RAbs values are extracted and plotted as a function of the 171 

periodicity in the inset of figure 2(d). The RAbs values can reach nearly 100% at a 172 

periodicity of 250 nm. 173 
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For SEIRA applications, we more closely consider the component absorbed by the 174 

graphene plasmons than the total absorption in the as-obtained perfect-absorption 175 

structure. We calculate the contributions of graphene and others (gold and CaF2) to the 176 

total absorption in structure C as follows. The power dissipation density (W m−3) in 177 

graphene is expressed as [39, 40] 178 

 179 

where E is the strength of the near electric field and ε ″(ω) is the imaginary part of the 180 

graphene dielectric function. Then, the absorption can be calculated by the radio 181 

equation, where the total absorbed power within a volume, V, to the incident power 182 

through the exposed surface area S is as follows [39, 40]: 183 

 184 

where the denominator is the Poynting vector in the surface area. For structure C, as 185 

discussed here, volume integration is carried out in the x and z directions only, and 186 

the y dimensional length is canceled out. Due to the periodicity in the x direction, the 187 

integration length can be set to a period, that is, S is set equal to P. According to (4), 188 

the GPA in structure C is calculated and plotted in figure 3(a). The GPA can reach 189 

approximately 99% in the perfect-absorption structure, while the other absorptions are 190 

near 1%, as calculated by the difference between the total absorption and the GPA. Thus, 191 

the GPA in this perfect-absorption structure is one order of magnitude larger than the 192 

pristine GPA in structure A at low graphene mobility (1000 cm2 V−1 s−1). 193 

According to (3), the GPA is closely connected to the electric field intensity of the 194 

graphene plasmon, which also directly determines light–matter interactions. The 195 

electric field intensity distributions of graphene plasmons in structures A, B and C are 196 

plotted. In the simulation, we just consider the classical model. The graphene ribbions 197 

edges have almost no quantum finite-size effects [41, 42]. At the graphene plasmon 198 
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resonance frequency, the electric field distributions of structures A, B, and C are similar, 199 

and the field hotspots are located along the edges of the graphene nanoribbons. The 200 

enhancement factor (EF) (7 × 103) of structure B occurs at a substrate thickness of a 201 

quarter wavelength and is approximately 4.7-fold higher than the EF (1.5 × 103) of 202 

structure A. The EF (7 × 104) of structure C, which has perfect absorption, is enhanced 203 

by one order of magnitude compared to that of structure B. The enhancement of the 204 

electric field intensity of graphene plasmons is similar to that of the absorption spectrum. 205 

This result is further supported by the periodic variation of EF with CaF2 film thickness 206 

in structures A and B, as shown in figure 3(e), which have the same variation tendencies 207 

as the RAbs spectra in figure 2(c). However, the EF in structure C increases 208 

monotonically as the periodicity gradually increases for a fixed gap (G = 60 nm), as 209 

displayed in figure 3(f), which is not consistent with the variation of the RAbs spectra 210 

in figure 2(d), which we further discuss below. 211 

The resonant GPA is affected by the EF of the graphene plasmon and also depends on 212 

the duty cycle (W/P) of the graphene ribbons with different periodicity P and fixed W. 213 

The varied periodicity (P) is used to calculate the GPA in the denominator of equation 214 

(4). The change in GPA with the periodicity is plotted in figure 3(e), and the maximum 215 

GPA is approximately P = 250 nm, which agrees well with the maximum total 216 

absorption of the whole structure. Meanwhile, the strong GPA, rather than the total 217 

absorption, plays a key role in the application of SEIRA. Hence, the perfect IR 218 

absorption and huge electric field intensity enhancement have inherent advantages in 219 

the SEIRA technique, which can directly provide chemical information about trace 220 

analytes by probing characteristic molecular fingerprints. 221 

The huge EF in structure C can be understood by the lightning-rod effect in addition to 222 

the enhancement of the reflector. The physical nature of the lightning-rod effect is 223 

metallic screening, which prevents the electric field from penetrating the perfect metal 224 

[43]. The expulsion of the electric field from the interior of the metal nanostructures 225 

improves the electric field EF in the gaps between the metals. At the large wavelength 226 

region, the screening effect of the metal is obvious because the real part of the dielectric 227 

function becomes large and negative. Thus, in the mid-IR range, the electric field 228 
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focuses on the gap of the gold grating, which improves the excitation efficiency of the 229 

graphene ribbon plasmons and enhances the graphene near electric field. Thus, as 230 

the P/G ratio increases, the expulsion of the electric field from the interior of the gold 231 

grating becomes more concentrated at the gap. A plane-parallel capacitor is formed by 232 

the gap. 233 

The large EF in the perfect-absorption structure C implies great performance for SEIRA 234 

applications. To test the performance, trace SO2 gas is used as an example of a target 235 

analyte. Since SO2 gas is a toxic fume, it must be detected to ensure public health and 236 

environmental safety. SO2 has two S–O vibrational modes at ∼1351 cm−1 (labeled as M) 237 

and ∼1375 cm−1 (labeled as N) in the IR fingerprint range. Figure 4(a) shows the 238 

experimentally measured IR spectrum (black circles) and an analytical model based on 239 

summing Lorentz oscillators, which are used for fitting as follows [44, 45]: 240 

 241 

where ε∞ is a constant dielectric background, Nn is the volume density of molecular 242 

dipoles, e is the electron charge, me is the electron rest mass, ωn is the molecular 243 

vibrational frequency and γn is the molecular damping. In the simulation, we suppose 244 

that the weak absorption data are generated by the 8 nm thick free-standing 245 

SO2 molecular layer. We find that the following set of parameters gives good agreement 246 

with the experimental absorption data. The extracted parameters for 247 

modes M and N are ε∞ = 1, NM = 2.7 × 10−13 mol m−3, ωM = 1351 cm−1, γM = 183 248 

cm−1, NN = 1.2 × 10−13 mol m−3, ωN = 1375 cm−1, andγN = 77 cm−1. 249 

These three structures are comparatively studied in depth for molecular sensing. We 250 

select the SO2 layer exhibiting a weaker IR absorption by one order of magnitude, as 251 

shown in figure 4(a), as the analyte. The absorption values of pristine molecular 252 

vibrational modes M and N are approximately 0.032% and 0.039%, respectively, which 253 

are hardly distinguishable (figure 4(b)). However, the vibrational modes M and N are 254 

present as obvious dips in the plasmon RAbs peaks. The dips originate from Fano 255 
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coupling between the graphene plasmons (dashed lines) and vibrational modes, where 256 

destructive interference occurs. The depth of the Fano resonance reveals the coupling 257 

strength between the vibrational modes and the graphene plasmons. To directly 258 

demonstrate the coupling effect, the depths are extracted and plotted in figure 4(c), 259 

which demonstrates the difference between the structure absorption with and without 260 

molecules (namely, delta absorption). As shown, the delta absorption successively 261 

increases from structures A to B and C. The molecular signal enhancement is calculated 262 

as the ratio between the delta absorption and the pristine molecular absorption, which 263 

are plotted in figure 4(d). The enhancements of modes M and N are increased from 48-264 

fold and 32-fold in structure A to 415-fold and 355-fold in structure C. The 265 

enhancements of modes M and N in structure C are approximately 9-fold and 11-fold 266 

more than that in structure A, respectively. This trend is entirely consistent with the IR 267 

absorption values of these structures, where the IR absorption value of structure C is 268 

approximately 10 times that of structure A. 269 

As another feature, the vibrational mode signal close to the graphene plasmon 270 

resonance peak is enhanced more than the wing signals. For example, the absorption of 271 

mode M is lower than that of mode N in the pristine molecular absorption spectrum, but 272 

the delta absorption of mode M is even larger than that of mode N in all structures 273 

(figure 4(c)). This result occurs because the frequency of mode M is closer to the 274 

plasmon resonance frequency than that of mode N, and the near-field strength is higher 275 

at that frequency. The plasmonic resonance linewidths Γ of the three structures are also 276 

extracted and plotted in figure 4(d). As observed, Γ of structure C is approximately 277 

twice that of structures A and B. In particular, structure C has realized near-perfect 278 

absorption (>95%) of wide-range IR light (∼100 cm−1 spectral width) in graphene 279 

nanoribbons. The broad absorption peak of structure C can overlap and enhance 280 

molecular fingerprint vibrational modes over a wider spectrum range. This wide range 281 

and the high enhancement efficiency, which is approximately one order of magnitude 282 

greater than that of the traditional graphene structure A, make the perfect-absorption 283 

structure C a promising candidate for next-generation molecular fingerprint sensors. 284 
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The average molecular signal enhancement of SO2 calculated from far-field IR spectra 285 

is an average over the whole unit cell. However, the plasmonic field enhancement is 286 

strongly concentrated at the ribbon edges, and the EF at the ribbon edges (hotspots) 287 

should be substantially larger than the average EF. Thus, we use a SO2 patch (8 nm 288 

thick along the x and z directions) as a local molecular probe and place it at different 289 

positions along the graphene ribbon. First, we study the SEIRA enhancement across the 290 

nanoribbon. The center of the SO2 patch is moved along the x-axis from x = 0 291 

to x = −21 nm, while the height is fixed at z = 5 nm. The absorption spectra at 292 

different x positions are shown in figure 5(b). The Fano dips of the M and N modes 293 

become more obvious as the SO2 patch is moved closer to the graphene ribbon edge. 294 

The local molecular signal enhancement is calculated and plotted in figure 5(c). The 295 

local molecular signal enhancement of mode M is still larger than that of mode N, 296 

which is in agreement with the average enhancement, as shown in figure 4. The 297 

enhancements both increase significantly as the SO2 patch position is moved closer to 298 

the ribbon edge and reach the maximum enhancement (approximately 2000-fold) at the 299 

edge, which is approximately 3 times higher than the local molecular signal 300 

enhancement at the ribbon center and approximately 5 times higher than the average 301 

enhancement. The change in local molecular signal enhancement values is primarily 302 

determined by the local electromagnetic field enhancement. Thus, we extract the near-303 

field EF from x = 0 to −25 nm with z = 5 nm in figure 5(c). These data follow a trend 304 

similar to that of the local molecular signal enhancement of modes M and N, with a 305 

dramatic decrease from x = −25 to −10 nm followed by a relatively small value in the 306 

ribbon center region. The slight difference between these tendencies is generated by the 307 

uneven electromagnetic field in the SO2 patch region. We also investigate the variation 308 

of SEIRA enhancement along the z direction with fixed x = −21 nm (graphene edge). 309 

The absorption spectra for different z positions are shown in figure S2, and the local 310 

molecular signal enhancement is calculated and plotted in figure 5(d). The local 311 

molecular signal enhancement of modes M and N is also consistent with the near-field 312 

EF, which is calculated as a function of the z position based on the near-field 313 

distribution (black line in figure 5(d)). The EF decreases exponentially with 314 
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the z distance, and the local molecular signal enhancement also decreases largely as 315 

the z distance increases. Thus, the enhanced SEIRA signal primarily originates from 316 

molecules located at the hotspots (graphene ribbon edges). The local signal 317 

enhancement of hotspots is considerably larger than the average enhancement, which 318 

can be used to detect smaller numbers of molecules. Alternatively, the molecules act as 319 

a probe for the near field and thus provide an elegant way to obtain information about 320 

the near-field distributions of plasmonic structures. 321 

 322 

Conclusions 323 

In summary, we have presented a hybrid plasmonic metamaterial to realize perfect 324 

absorption on deteriorated graphene, which can focus the mid-IR light on the graphene 325 

nanostructures by gold reflector and grating and then largely enhance the GPA. It can 326 

increase the graphene absorption by one order of magnitude. By exploiting the 327 

electrically tunable perfect-absorption structure in vibrational fingerprint spectra, it can 328 

probe the S–O vibrational mode of trace SO2 molecules with the large absorption signal 329 

enhancement at the hotspot (approximately 2000-fold). Therefore, our proposed perfect 330 

IR absorption structures provide a promising method for realizing ultrasensitive 331 

molecular fingerprint sensors. 332 
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 441 

Figure 1. Schematic of three graphene plasmon structures. (a) Structure A, 442 

graphene ribbon array. Periodicity P = 100 nm, ribbon width W = 50 nm and 443 

CaF2 thickness t varied. (b) Structure B, evolved from structure A with a 50 nm thick 444 

gold film at the bottom. (c) Structure C, evolved from structure B with a gold optical 445 

grating added between the graphene nanoribbons. The thickness and gap (G) of the gold 446 

grating are both 60 nm. IR plane wave incidence is from the z direction, with the electric 447 

field polarized in the x direction. The graphene ribbons and gold grating are unlimited 448 

in the y direction. The Ez distributions in graphene are overlapped on graphene 449 

plasmonic ribbons in the back panels.  450 
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 451 

Figure 2. Calculated absorption spectra in the A, B and C structures. (a), (b) 452 

Absorption spectra of structures A and B with the CaF2 thickness varied from 0.3 to 453 

2.1 μm, respectively. (c) RAbs strength extracted from (a) to (b) plotted as a function 454 

of CaF2 thickness. (d) Absorption spectra of structure C with the periodicity varied from 455 

100 to 250 nm. Inset: RAbs strength extracted from (d) as a function of the periodicity. 456 

The graphene Fermi energy is 0.3 eV in all structures. 457 

  458 
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 459 

Figure 3. (a) Absorption of each component under perfect absorption conditions in 460 

structure C with a periodicity of 250 nm. Red curve: total absorption. Blue curve: 461 

graphene ribbon absorption (GPA). Green curve: other absorption. The superposition 462 

of the blue and green curves results is shown by the red curve. (b)–(d) Simulated electric 463 

field distribution (x–z plane) for the graphene ribbon at the plasmon resonance 464 

frequency in structures A (b), B (c) and C (d). Color bars indicate the electric field 465 

intensity enhancement factor EF = (E/E0)2. (e) The EF of structures A and B, 466 

respectively, for CaF2 films of varied thickness. (f) EF (blue line) and GPA (orange line) 467 

for structure C with varied periodicity.  468 
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 469 

 470 

Figure 4. (a) Absorption spectra of SO2 obtained from an analytical model compared 471 

with experimental data (black circles). Two fingerprint vibrational modes of 472 

SO2 (M ∼ 1351 cm−1, N ∼ 1375 cm−1) are considered. (b) Absorption spectra of 473 

graphene plasmons in structures A (red curves), B (green curves) and C (blue curves) 474 

before (dashed lines) and after (solid lines) application of an 8 nm thick SO2 layer 475 

coating. An enlarged (100-fold) absorption spectrum of the SO2 layer is plotted (black 476 

line). (c) Plasmon-enhanced M and N mode responses extracted from (b). Pristine 477 

SO2 absorption for comparison (black line). (d) Signal enhancements (delta absorption 478 

of structures/pristine molecular vibrational absorption) of all structures are displayed. 479 

To avoid detuning between the graphene plasmon resonance frequency and the 480 

vibrational frequency, we adjusted the graphene Ef to 0.375 eV in structure C. 481 

  482 
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 483 

Figure 5. (a) Simulated electric field distribution of structure C with 484 

graphene Ef = 0.375 eV. The position of the SO2 molecule patch is indicated. (b) 485 

Absorption spectra of structure C with the SO2 molecule patch located at different 486 

positions along the x-axis. The dips are enlarged in the inset. An enlarged absorption 487 

spectrum of the SO2 patch is also shown. (c) Near-field intensity EF (black line) and 488 

local molecular signal enhancement of modes M and N as a function of the x position 489 

with fixed z = 5 nm. (d) Near-field intensity EF (black line) and local molecular signal 490 

enhancement of modes M and N as a function of the z position at the graphene ribbon 491 

edge. 492 
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The primary light-propagating paths in structures A and B are depicted in Fig. S1. The light can be 
reflected many times in the film, but we consider only the first-order reflection, as depicted. In 
structure A, the absorption is A’=1-transmission (T’)-reflection (R’). The reflection light R’ is the 
interference of two reflected lights (light 1’ and light 4) from the top and bottom surfaces of the CaF2 
film. The optical path difference (OPD) between the two reflected lights determines the interference 
conditions: 
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Here, - / 2  is contributed by the half-wave loss of reflected light 1’, as there is a π-phase shift of the 
reflected light, relative to the incident light, when light is normally incident from an optically thinner 
medium (air) to an optically denser medium (CaF2). Alternatively, the reflected light maintains the 
phase of the incident light when light is normally incident from an optically denser medium to an 
optically thinner medium, as is the condition of reflected light 4. Thus, 

2
( / 4 )CaFt np  and 

2
( / 2 )CaFt np  correspond to constructive interference and destructive interference with j=0, 

respectively. The transmission T shows little change with slight variations in the CaF2 film thickness 
[from 

2
( / 4 )CaFt np to

2
( / 2 )CaFt np ] in structure A. Hence, the minimum and maximum absorption for 

structure A occur at t1=1.53 μm and t2=3.06 μm, respectively. 
In structure B, the absorption, A’=1- R’, is determined by the reflection R’. The OPD between 

the two reflected lights [light 1’ and light 4 in Fig. S1(b)] satisfies the interference conditions: 
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Since both reflections at the top (light 1’) and bottom (light 2’) surfaces of the CaF2 film are generated 
by normally incident light reflected from an optically thinner medium to an optically denser medium, 
they both have a π-phase shift, and the OPD is simply 

2
2 CaFtn . 

2
( / 4 )CaFt np  and 

2
( / 2 )CaFt np directly 

correspond to destructive interference when j=0 and to constructive interference when j=1, 



   

2 
 

respectively. Comparing Eqs. (1) and (2), the variation tendency of the maximum absorption as a 
function of CaF2 film thickness is opposite in structures A and B. Moreover, the incident light, as well 
as the strongly reflected light of the gold reflector, can excite the graphene plasmons twice and greatly 
improve the efficiency of the graphene absorption. 
 

 

Figure S1. (a, b) Schematic of the primary light propagation and reflection processes in 
structures A and B, respectively. Numbers represent the primary light propagation paths. A ray 
of light (light 1) is normally incident on the graphene plane. 

 

Figure S2. (a) Calculated absorption spectra of structure B for graphene ribbons with different 
carrier mobilities. (b) Damping rate and RAbs for graphene ribbons with varied carrier 
mobility. 

 
Figure S3. Absorption spectra of the SO2 molecule patch on structure C with a varying 
position along the z-axis. The x position is -21 nm. 



3 

Figure S4. Absorption of the structure C is calculated by two approaches (P=250nm, Ef=0.3 
eV). Red curve: 3D Approach. Blue curve: 2D Approach. The calculated results are nearly 
consistent in our model. 
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