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 ABSTRACT 

A thermal emitter composed of a frequency-selective surface metamaterial layer 

and a hexagonal boron nitride-encapsulated graphene filament is demonstrated. 

The broadband thermal emission of the metamaterial (consisting of ring

resonators) was tailored into two discrete bands, and the measured reflection and 

emission spectra agreed well with the simulation results. The high modulation

frequencies that can be obtained in these devices, coupled with their operation

in air, confirm their feasibility for use in applications such as gas sensing. 

 
 

1 Introduction 

Many important molecules show their strong cha-

racteristic vibrational transitions in the mid-infrared 

(MIR) spectral region of 2–20 μm [1], which is crucial 

for applications in spectroscopy [2–4], molecular 

sensing [5, 6], security [7], imaging [8], etc. However, 

the development of high-power and efficient MIR 

sources remains a challenge. Currently there are  

two main categories of semiconductor MIR sources: 

bandgap emitters such as MIR light emitting diodes 

(LEDs), which have high modulation speeds [9] but 

relatively low radiant power [10]; and MIR cascade 

lasers. Mid-infrared interband cascade lasers (MIR-ICLs) 

and quantum cascade lasers (MIR-QCLs) generate 

photons based on interband transitions and inter-

subband transitions, respectively, and have demon-

strated high output power and efficiency [11, 12]. 

However, the fabrication of these devices requires 

the use of precise epitaxial growth, which can lead 

to additional costs. A less complicated type of MIR 

source is the incandescent emitter, such as a 

conventional tungsten filament and a silicon-based 

micro-machined membrane [13], which has high 

radiant power. However, due to the low modulation 

speed and broadband gray-body emission spectrum, 

these emitters must typically be used in conjunction 

with choppers and optical filters to achieve a 

transient and narrowband emission spectrum for 

detecting a certain gas or functional group. This adds  
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complexity and cost to the sensor or instrument 

based on these sources. We have recently explored 

the potential of multilayered graphene for use as a 

filament for thermal emitters [14, 15] owing to its 

superior strength [16], high-temperature stability [17], 

and extremely high breakdown current density [18]. 

The low thermal mass and high thermal conductivity 

[19, 20] enables the graphene emitter to be switched 

on and off on sub-millisecond timescales [15]. 

Encapsulation of the graphene with insulating 

hexagonal boron nitride (h-BN) not only allows for 

sustained operation in air [14] but also provides a 

platform for the integration of structures to tailor 

the emission spectrum.  

Previous studies have shown that thermal 

emission spectra can be engineered using sub- 

wavelength photonic structures [21–23]. For example, 

the thermal emission of a tungsten filament in a 

narrow bandwidth has been enhanced by coupling 

into the resonant modes of two-dimensional photonic 

crystals consisting of an array of cylindrical cavities 

[21, 22]. The advent of metamaterials has also 

provided a versatile method for manipulating the 

electromagnetic properties of a device and has been 

used extensively in designing filters [23], absorbers 

[24], and super lenses [25], to manipulate the pro-

pagation of electromagnetic waves. Following the 

well-known Kirchhoff’s law, the thermal radiation 

emitted from a device is equal to the radiation that 

the device absorbs at thermodynamic equilibrium. 

Based on this, previous studies have verified that 

metamaterials which act as perfect absorbers on a 

silicon [26] or tungsten [27] filament can also work as 

perfect emitters. 

In the present study, we have designed, fabricated, 

and characterized a dual-band emitter based on an 

encapsulated multilayer graphene. By integrating a 

planar metamaterial with a boron-nitride encapsulated 

graphene filament, we demonstrate a thermal emitter 

with a high modulation speed that can result in a 

narrow emission bandwidth. This demonstrates the 

feasibility of fabricating a device with comparable 

performance to semiconductor LEDs but with better 

cost-effectiveness and manufacturing sustainability. 

2 Design 

A dual-band emitter is advantageous for gas-sensing 

applications, with the wavelength of one emission 

band being centered at the wavelength of a transparent 

window, providing a reference, and the other emission 

band resonant with the absorption of the target gas. 

Our design, as depicted in Fig. 1(a), consists of three 

layers: The frequency selective surface (FSS) layer, 

emission layer, and substrate layer. The metamaterial 

layer, which tailors the broadband radiation into a 

dual-band emission, is located at the top surface of 

the device. For the FSS layer, we used concentric ring 

resonators, commonly applied in dual-band microwave 

absorbers, by extending the unit cells to 2 × 2 rings 

and placing the larger ring resonators diagonally and 

smaller ring resonators in the off-diagonal direction. 

The emission layer, i.e., the graphene filament, is 

connected to gold contacts to allow a bias voltage  

to be applied. The filament is also encapsulated in a 

h-BN film to ensure the electrical and thermal isolation 

of both the metamaterial FSS layer and substrate 

layer (500 μm-thick highly doped silicon with 300 nm 

oxide layer), as shown schematically in Fig. 1(a). 

Commercial finite difference time domain simulation 

software, Lumerical Solutions®, was used to analyze 

the absorption/emission spectrum of the device (see  

the Electronic Supplementary Material (ESM)). The 

graphene sheet is modelled as a two-dimensional 

Ohmic layer with conductivity [28, 29] 
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where the two terms on the right-hand side of the 

equation are the contributions of intraband and inter-

band carrier transitions, respectively (  and c  are the 

carrier scattering rate and chemical potential within 

the graphene, respectively). Numerical simulations 

revealed two peaks in the absorption/emission spec-

trum, as shown in Fig. 1(b). The calculated electric 

field distributions, which are plotted in Figs. 1(c) 

and 1(d), show that the wavelengths of these two 

emission peaks correspond to the resonant frequencies 
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of the larger and smaller ring resonators, with the 

maximum in emission at the high/low frequency 

corresponding to the small/large ring, respectively. 

The resonant frequency of a ring resonator can be 

calculated using Eq. (2) [30] 




eff
2π

nc
f

r
            (2) 

where n and c are the mode number and the speed of 

light in vacuum, r is the average value of the inner 

radius and outer radius of the ring, and εeff is the 

effective permittivity of the metamaterial that can  

be extracted from the calculated S-parameters. Upon 

Joule heating, the encapsulated graphene filament 

radiates energy and the ring resonators resonate 

in-phase at the resonance frequency, which construc-

tively interferes with the thermal emission from the 

graphene and enhances the overall radiation. At other 

frequencies, the overall emission will be reduced 

because the out-of-phase resonation destructively 

interferes with the graphene thermal emission. It is 

clear from Eqs. (1) and (2) that the emission peaks  

can be located at arbitrary frequencies by changing 

the geometrical parameters, i.e. the radius of the 

rings, the periodicity of the unit cell, etc. In this case, 

we choose r1 = 200 nm, r2 = 400 nm, w1 = w2 = 200 nm, 

and p = 3.6 μm to generate two emission peaks at 4.2 μm 

(f ~ 71 THz) and 7 μm (f ~ 43 THz), which correspond 

to the CO2 detection window and a reference window, 

respectively (Fig. 1(b)). 

3 Results and discussion 

For a direct comparison between the performance of 

an emitter with and without metamaterial structure, 

devices in which the emitting area was divided into 

four 250 μm × 250 μm quadrants were fabricated, as 

shown in Fig. 2(a). The two quadrants in the diagonal 

direction were patterned with ring resonators while 

the two quadrants in the off-diagonal direction had 

no ring resonators as a reference. Further details of 

the fabrication process for the encapsulated graphene 

emitter can be found in Ref. [19]. Ring resonators, 

consisting of 5/50 nm-thick Cr/Au, were patterned on 

the top boron nitride layers of an encapsulated  

 
Figure 1 (a) Schematic diagram of the proposed metamaterial graphene mid-infrared emitter. (b) Simulation result of the emission 
spectrum for the whole device; inset is the definition of the geometrical parameters. (c) and (d) Electric field distributions in the x–y
plane at a wavelength of 4.2 and 7 µm. 
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Figure 2 (a) Top view of the schematic illustration of graphene 
narrowband thermal emitter with quadrants. (b) Microscope image 
taken at 50× magnification of the top of the emitter. (c) AFM 
image taken from within the red dash box shown in (b). 

multilayer graphene filament (6–8 layers, obtained 

from ACS Material) using direct-writing electron 

beam lithography. A 6–8 layered graphene sample was 

used because it is readily available from suppliers and 

has a relatively high emissivity [19]. The reflectivity 

of, and emission from, the devices were characterized 

using a Fourier-transform infrared (FTIR) Spectrometer. 

For reflection measurements, light from the FTIR’s 

mid-IR Globar source was focused onto the device 

using a 40× reflecting objective lens, which was also 

used to collect the reflected light. The same objective 

lens was used to collect the emitting thermal radiation 

when the device was driven by a current. In both the 

reflection and emission measurements, the spatial 

variation of the reflection and emission could be 

measured by scanning the lens, which was mounted 

on a motorized x–y stage, relative to the device. 

Further details of the experimental setup are given in 

the ESM. 

Many devices were fabricated and characterized, 

and the results from one typical device, with the 

same geometrical parameters used in the simulations, 

are presented here. Figure 3(a) shows the measured 

spatial variation of the total reflection plotted on a 

logarithmic scale, where the areas with the largest 

overall measured intensity, the red regions at the top 

and bottom of the images, are the gold contacts. In  

 
Figure 3 (a) Measured spatial variation of the total reflection 
intensity on a logarithmic scale. (b) The simulation (blue line) and 
experimental (red line) spectra for reflection measurements. 

the center of the images, two distinct regions are 

clearly visible pertaining to two groups of quadrants. 

The two green quadrants on the diagonal direction are 

those with ring resonators on top of the encapsulated 

graphene. The two blue quadrants on the off-diagonal 

direction, with lower measured intensity compared to 

the green quadrants, correspond to the encapsulated 

graphene without the ring resonators on top. The 

increase in the measured reflection intensity from the 

quadrants with the metamaterial structure is to be 

expected due to the higher reflectivity of the ring 

resonator at its non-resonance frequency compared 

to bare h-BN encapsulated multilayer graphene. The 

normalized reflection spectrum from the quadrants 

with ring resonators, as shown in Fig. 3(b), suggests 

a strong frequency dependence. Two main reflection 

minima are observed at 4.2 and 7 μm. These two 
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resonance frequencies, as well as the “W” shaped 

spectral response, show good agreement with the 

simulated spectrum. As the measurement was carried 

out under atmospheric conditions, the sharp peaks at 

4.3 and 7.3 μm correspond to CO2 and water vapor 

absorption, respectively. The peak in the measured 

reflectance at 9 μm results from the decrease in 

transmission through the CaF2 beam splitter used in 

the measurement system at wavelengths of 9 m and 

higher. 

The emission characteristics of the same device 

were also measured, with the device driven by a 1 kHz 

square waveform (50% duty cycle), using a Keithley 

6221 current source with a peak injection current of 

50 mA. The spatial variation of the total thermal 

emission is plotted on a logarithmic scale in Fig. 4(a). 

There is a significant difference between the emission 

 
Figure 4 (a) Measured spatial variation of the total thermal 
emission on a logarithmic scale. (b) The simulation (blue line) and 
experimental (red line) spectra for emission measurements. 

from the quadrants with and without resonators, 

with higher emission intensity from the quadrants 

without resonators, consistent with the reflectance 

measurements. When the emission spectrum from 

the quadrants with ring resonators is normalized to 

that from the quadrants without ring resonators, as 

shown in in Fig. 4(b), a characteristic two-peak spectrum 

is obtained that is consistent with both the simulated 

and measured emission and reflection spectra. 

Numerical simulations also revealed that the perfor-

mance of the emitter can be dramatically improved by 

replacing the silicon substrate with more conductive 

materials. As the dielectric loss in the substrate 

decreases, the oxide layer becomes a resonant cavity. 

The increasing conductivity of the substrate will result 

in an underdamped cavity, which leads to more 

energy being emitted with a lower decay rate at the 

resonance frequencies. Besides, the skin depth also 

dramatically drops along with the increment in the 

conductivity of the substrate, so that only a relatively 

thin conducting layer is required. As a result, the 

amplitude together with the quality factor (Q-factor) 

of the emission peaks will be substantially increased, 

as shown in Figs. 5(a) and 5(b), where the calculated 

emittance is plotted as a function of the substrate 

conductivity. Using this relatively simple approach, 

Q-factors of approximately 8.3 can be achieved, which 

are over two times larger than those of the current 

commercial MIR-LED sources [9]. The simulated 

radiation spectrum from the metamaterial graphene 

thermal emitter with a conducting substrate is shown 

in Fig. 5(c). The device tailors the gray-body radiation 

compared to a bare graphene thermal emitter into 

two main peaks at 6.3 and 4.3 μm. This confirms the 

feasibility of using this architecture to create an efficient 

two-channel emitter in which light is emitted at both 

a gas absorption and reference wavelength. 

Finally, the spectral characteristics of the devices 

can easily be engineered by varying the geometry of 

the ring resonators. Measurements on other devices 

with different radii of ring resonators r1, r2, and per-

iodicities of the unit cell p also show good agreement 

with the simulation results (see the ESM), highlighting 

the potential of this device architecture to be used to 

engineer devices with specific characteristics. 
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Figure 5 (a) and (b) Emission spectra for substrates with 
different conductivities. (c) Calculated radiation spectrum of the 
metamaterial-based graphene thermal emitter on a gold substrate 
(pink line) based on the measured radiation spectrum of a bare 
graphene thermal emitter (black line). 

4 Conclusions 

In conclusion, we have designed, fabricated, and 

characterized a metamaterial-based encapsulated 

graphene mid-infrared thermal emitter. The measured 

reflectance and emission spectra agree well with the 

simulated results obtained using finite element 

modeling. At their resonant frequency, the ring 

resonators enhance the thermal emission from the 

graphene-based filament, leading to maxima in the 

emission spectra at wavelengths determined by their 

geometry. This feature results from the fact that the 

resonance of the ring resonators at the resonance 

frequency constructively interferes with the thermal 

radiation, consequently enhancing the emission energy. 

Simulations show that the addition of a conducting 

layer below the emitting layer greatly increases the 

Q-factor of the maximum in the emission spectrum. 

The possibility of tailoring the emission characteristics 

of these devices, which can reduce manufacturing 

costs and allow for modulation at relatively high 

frequencies, demonstrates their potential for use in 

applications such as infrared gas sensing. 
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