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Abstract 

Graphene plasmonics has recently found a variety of applications in terahertz photonic devices. 

High spatial confinement and large frequency tunability are two key advantages of graphene 

plasmonics. Nevertheless, the frequency tuning range of plasmonic devices employing single-layer 

graphene is ultimately limited by its carrier density tuning range. Here, we demonstrate that the 

frequency tuning range of graphene-based plasmonic devices can be further extended by 

employing multilayer graphene structures. Both our experimental investigation and theoretical 

calculation show that the frequency tuning range of gate-controlled graphene plasmonic resonators 

can be significantly enhanced by employing two or three layers of stacked graphene, which is a 

result of the carrier distributions in multiple layers leading to higher total optical conductivity. 

However, contrary to the previous prediction, stacking even more graphene layers yields little 

additional benefit, as the interlayer charge screening effect leads to insignificant gate-induced 

carrier density in additional graphene layers. Our findings provide new insights for designing and 

optimizing graphene-based plasmonic structures for various photonic device applications, such as 

modulators, sensors and detectors.  
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Text 

Graphene, since its discovery,1 has attracted extensive research and development efforts in both 

academia and industry due to its various interesting material properties and potential applications.2 

One of the most attractive properties of graphene for photonics is its ability to support plasmons, 

i.e., collective oscillations of two-dimensional (2D) massless electrons, which exhibit distinct 

characteristics from those of conventional 2D electron gases.3-7 Thanks to its high spatial 

confinement of electromagnetic waves, graphene plasmon has become a suitable platform for 

enhancing light-matter interactions in the mid-infrared to terahertz (THz) spectral region,5 which 

may in turn benefit a broad range of photonic and optoelectronic device applications.8-13 The 

research field of graphene plasmonics has experienced rapid progress in recent years. Graphene 

plasmons in a variety of structures and heterostructures have been imaged using near-field 

scanning optical microscopy for understanding their properties and fundamental limits.14-18 A 

variety of tunable resonant graphene plasmonic structures have been demonstrated.6,19-24 Graphene 

plasmonic structures have also been employed in a broad range of device applications such as 

optical modulators,11 biosensors,12 and photodetectors.13 However, most of these previous work 

focused on plasmonic structures made of single-layer graphene, whereas only a small number of 
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studies explored the potential of employing multilayer graphene structures for plasmonics.19,25-29 

Stacks of multiple layers of randomly oriented graphene and insulating polymer films have been 

utilized for realizing THz plasmonic resonators which exhibited strong transmission extinction.19 

Interesting effects associated with Bernal-stacking bilayer graphene plasmonic structures have also 

been studied.25,26 Moreover, double-layer graphene structures (with random interlayer alignment) 

fabricated by two successive transfer of single-layer graphene without any insulating spacer in 

between have been investigated,27,28 which showed higher tuning range of plasmonic resonance 

frequency and enhanced transmission extinction compared to those of single-layer graphene 

structures of the same dimensions. In the previous report, it was assumed that the electrostatic 

gating induces an equal change in the Fermi energy of each graphene layer, which in theory would 

lead to the resonance frequency of an N-layer graphene plasmonic resonator reaching up to √𝑁
4

 

times that of the corresponding single-layer graphene structure.28 However, such multilayer 

graphene plasmonic structures with gate-controlled frequency tunability have not been more 

systematically studied yet.  

Here, we present a systematic study of gate-controlled multilayer graphene ribbon arrays 

which exhibit tunable plasmonic resonances in the THz region. We show that the frequency tuning 

range of the graphene plasmonic resonances are significantly enhanced for both double-layer and 

three-layer graphene structures, but little additional benefit is achieved by employing even more 

layers. Our theoretical calculation shows that this is mainly because the interlayer charge screening 

effect leads to a considerably non-equal distribution of gate-tunable carrier densities in different 

graphene layers.30,31 The plasmonic resonance frequency of a multilayer graphene structure is 

mostly determined by the carrier density distribution in the first two or three layers, whereas the 

gate-induced carrier density in the j-th layer is insignificant for 𝑗 ≥ 4. Our theoretical calculation 
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and experimental observation are in good agreement. The findings presented here provide new 

insights for developing an optimal strategy to expand the graphene plasmonics platform by 

employing multilayer graphene structures, which may be utilized to further enhance various light-

matter interactions for different photonic and optoelectronic device applications, such as 

modulators, sensors and detectors.  

We choose graphene ribbons for this study because they have been shown to exhibit 

relatively strong THz plasmonic resonances. Nevertheless, the findings presented here should also 

apply to graphene structures of other geometries. Figure 1(a) shows the schematic of the 

investigated plasmonic structures. To achieve stacking of multiple layers of graphene, we 

repeatedly transfer large-area single-layer graphene onto a doped silicon substrate with a ~300 nm 

silicon dioxide layer on the surface. The single-layer graphene (acquired from Graphene Square) 

was synthesized on copper foil using chemical vapor deposition. The stacked graphene layers have 

random orientations and hence no band structure modification is expected. After the transfer 

process, we pattern periodic arrays of graphene ribbons with ~1 μm ribbon width and 2 μm 

periodicity using photolithography followed by oxygen plasma etching. Metal contacts (Ti/Au) to 

graphene are then deposited using an electron beam evaporator. Multiple graphene ribbon array 

samples with the number of graphene layers ranging from 1 to 4 are fabricated. The doped Si 

substrate functions as a back-gate for these multilayer graphene structures. Figure 1(b) shows a 

scanning electron microscopy (SEM) image of a fabricated three-layer graphene ribbon array.  
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Figure 1. (a) Schematic of the investigated multilayer graphene ribbon arrays on SiO2/Si substrate. (b) 

SEM image of a fabricated three-layer graphene ribbon array with a ribbon width of ~1.15 μm and a 

periodicity of 2 μm. Scale bar is 10 μm.  

 

We characterize the carrier density dependent plasmonic resonances of the fabricated 

multilayer graphene ribbons using a Fourier transform infrared spectrometer (FTIR, model Bruker 

Vertex 70v). The samples are placed in the vacuum chamber of the FTIR during the measurements. 

Transmission spectra (𝑇)  of each sample at various back-gate voltages are measured. The 

transmission extinction spectra are then calculated as 1 − 𝑇/𝑇CNP, where 𝑇CNP is the transmission 

spectrum when the graphene structure is biased at the charge neutrality point (CNP) gate voltage 
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𝑉CNP. Resonance peaks in these transmission extinction spectra correspond to enhanced absorption 

at the graphene plasmonic resonances. Figure 2(a)-(b) show the transmission extinction spectra of 

a three-layer graphene ribbon array at various gate voltages (∆𝑉gate = |𝑉gate − 𝑉CNP|), with the 

incident THz radiation polarized perpendicular and parallel to ribbons, respectively. For incident 

light polarized perpendicular to the three-layer graphene ribbons, within a moderate gate voltage 

tuning range, i.e. ∆𝑉gate changing from 60 V to 120 V, the plasmonic resonance frequency varies 

in the range of ~210 cm−1 to ~245 cm−1, which is significantly wider than that of single-layer 

graphene ribbons of the same width (see Supporting Information S1). The lineshape of the 

plasmonic resonance exhibits the characteristic damped oscillator response which can be described 

by Im(−𝑓/(𝑓2 − 𝑓p
2 + 𝑖𝑓Γp)) with a plasmon damping rate of Γp ≈ 93 cm-1 at ∆𝑉gate = 90 V. For 

incident light polarized parallel to the graphene ribbons, the transmission extinction monotonically 

increases with decreasing frequency and is well described by the Drude model for free carrier 

absorption, which for graphene is significant in the THz range.6 Figure 2(c) shows a comparison 

of the plasmonic resonances of four graphene ribbon arrays with different numbers of layers (i.e. 

1 to 4 layers) at the same ∆𝑉gate = 90 V. The four structures have similar ribbon widths of about 1 

μm (their exact values are specified in the figure caption, and the differences are due to fabrication 

variation) and exactly the same periodicity of 2 μm. It is evident that the plasmonic resonance 

frequency increases significantly when the number of layers increases from one to three. The 

plasmonic resonance frequencies of the single-, double- and three-layer graphene ribbon arrays at 

∆𝑉gate = 90 V are 173 cm−1, 207 cm−1and 224 cm−1, respectively. Compared to the results in 

the previous report,28 our multilayer graphene structures show a considerably larger relative 

increase of the plasmonic resonance frequency (by ~30% for the three-layer structure) with respect 

to that of the single-layer structure. Although the resonance frequency of the four-layer structure 
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is also higher (by ~10%) than that of the three-layer structure, we find that this is mainly a result 

of the smaller ribbon width of the four-layer structure (which is ~0.95 μm, about 20% smaller than 

the ~1.20  μm  ribbon width of the three-layer structure), as the graphene ribbon plasmonic 

resonance frequency is inverse proportional to the square root of the ribbon width (i.e. 𝑓p ∝ 𝑤−1/2).  
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Figure 2. Experimental transmission extinction spectra of a three-layer graphene ribbon array at various 

back-gate voltages ( ∆𝑉gate = |𝑉gate − 𝑉CNP| ), with the normally incident THz radiation polarized (a) 

perpendicular to the ribbons, and (b) parallel to the ribbons. (c) Normalized transmission extinction spectra 

associated with the plasmonic resonances of four different graphene ribbon arrays with the specified 

number of graphene layers at ∆𝑉gate = 90 V.  All the graphene ribbon arrays have the same periodicity of 2 

m but somewhat different ribbon widths due to sample fabrication variation. The approximate average 

graphene ribbon widths for the single-layer to four-layer samples are 1.15m, 1.15m, 1.20m and 

0.95m, respectively.  

 

Figure 3(a) shows the extracted plasmonic resonance frequency versus total carrier density 

for the characterized samples with different numbers of graphene layers. For the single-layer 

graphene sample, the plasmonic resonance frequency is well fitted by the scaling law 𝑓p  ∝  |𝑛|1/4 

of massless Dirac fermions as indicated by the black dashed line, where n is the graphene carrier 

density. It is also evident that the plasmonic resonance frequencies of the multilayer graphene 

samples are significantly higher than that of the single-layer sample at any total carrier density. 

This is because that in the THz frequency range, the in-plane optical conductivity of each graphene 

layer is proportional to its Fermi energy, whereas the total optical conductivity of stacked 

multilayer graphene is the sum of the optical conductivity of each layer, as long as the thickness 

of the multilayer graphene is much smaller than the wavelength of interest.28 As the graphene 

Fermi energy EF is proportional to √𝑛, when a given total carrier density is distributed to several 

graphene layers, the total conductivity is larger than the conductivity of a single layer graphene 

with the same carrier density, i.e. 𝜎multi ∝ ∑ EF,𝑗𝑗 ∝ ∑ √𝑛𝑗𝑗 > 𝜎single ∝ √𝑛total  where j is the 

layer index and ∑ 𝑛𝑗𝑗 = 𝑛total . Therefore, for the purpose of understanding the plasmonic 
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responses in the THz region, a multilayer graphene stack can be considered as a single-layer 

graphene with an effective Fermi energy EF
*  higher than that determined by the total carrier density 

(EF ∝ √𝑛total). We have verified the accuracy of this theoretical approximation by comparing 

simulated transmission extinction spectra of single-layer and multilayer graphene ribbon arrays 

based on the finite difference time domain method (using Lumerical FDTD Solution). The 

transmission extinction spectrum associated with the plasmonic resonance of a multilayer 

graphene ribbon array with a few nm interlayer spacing is almost identical to that of a single-layer 

graphene ribbon array with a Fermi energy EF
* = ∑ EF,𝑗𝑗  (see Supporting Information S2). 

Therefore, by matching simulated transmission extinction spectra to the measured ones, we can 

obtain the effective Fermi energy EF
*  of a multilayer graphene ribbon array at any total carrier 

density induced by the back-gate. The extracted effective Fermi energy EF
*  versus total carrier 

density 𝑛total of the four samples in Figure 3(a) are plotted in Figure 3(b), and Figure 3(c) shows 

the measured transmission extinction spectra of the three-layer graphene ribbon array in 

comparison with the matching simulated spectra. Evidently, the EF
*  of the double-layer and the 

three-layer structures are ~40% and ~70% higher than the EF of the single-layer structure in the 

range of relatively high carrier densities. However, the EF
*  of the four-layer structure is also only 

~70% higher than EF, yielding little additional gain with respect to that of the three-layer structure.  
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Figure 3. (a) Symbols are the plasmonic resonance frequency 𝑓p (in terms of wavenumber) as a function 

of total gate-induced carrier density for each of the graphene ribbon arrays in Figure 2(c). The dashed line 

is the fit of the theoretical scaling law of single-layer graphene plasmonic resonance 𝑓p = 𝐴|𝑛|1/4 to the 

single-layer sample’s experimental data. (b) Extracted effective Fermi energy (EF
*  ) as a function of total 
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gate-induced carrier density for each of the graphene ribbon arrays in Figure 2(c). (c) An example showing 

the extraction of the effective Fermi energy of a multilayer graphene ribbon array. The experimental 

transmission extinction spectrum of the three-layer graphene ribbon array at ∆𝑉gate = 120 V matches the 

simulated transmission extinction spectrum of a single-layer graphene ribbon array of the same ribbon 

width and periodicity, and with its Fermi energy EF set at 0.58 eV. Therefore, the effective Fermi energy 

EF
*  of the three-layer graphene ribbon array at ∆𝑉gate = 120 V is EF

* = 0.58 eV.  

 

As the effective Fermi energy EF
*  is simply the sum of the Fermi energy in each graphene 

layer, to quantitatively understand the experimental observation, accurate knowledge on how the 

gate-controlled carrier density distributes in a multilayer graphene structure is needed. The 

previous work assumed that regardless of each layer’s initial carrier density (e.g. due to 

unintentional doping), an applied gate voltage changes the Fermi energies of all the graphene 

layers by the same amount.28 Under such an assumption, for an intrinsic multilayer graphene 

structure (i.e., the Fermi energy of each layer is initially at the Dirac point), an applied gate voltage 

would induce equal carrier density 𝑛total/𝑁 in all the layers, which leads to an effective Fermi 

energy EF
∗ = √𝑁 ∙ EF (EF ∝ √𝑛total ) and hence a plasmonic resonance frequency increase by a 

factor of √𝑁
4

. However, as we show in the following, this prediction is over-optimistic for 

multilayer graphene structures with 𝑁 ≥ 3 . In fact, it has been shown that interlayer charge 

screening in stacked multilayer graphene is significant,30,31 and therefore the first few layers closest 

to the gate obtain most of the gate-induced carrier density, whereas the other farther-away layers 

have negligible change. We take into account this interlayer charge screening effect to calculate 

the carrier density distribution in various multilayer graphene structures using the following model.  
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We consider 𝑁 layers of graphene laying on a 𝑡ox=300 nm thick SiO2 substrate with a 

dielectric constant 𝜀 = 3.9, and underneath the SiO2 layer is the bulk Si back-gate. The interlayer 

distance between the j-th and the (j+1)-th layer is assumed to be 𝑑𝑗 = 3.5 Å, 𝑗 = 1. . (𝑁 − 1), and 

the distance between the SiO2 substrate surface and the first graphene layer is also 𝑑0 = 3.5 Å. The 

electrostatic potential of the Si back-gate 𝑉g is swept from 0 to 150 V. We solve self-consistently 

the Poisson equations for the charge carrier density 𝜎𝑗 and the electrostatic potential 𝜑𝑗 of each 

layer (𝑗 = 1. . 𝑁):  

𝐸ox =
𝑉g − 𝜑s

𝑡ox
, 𝐸0 =

𝜑s − 𝜑1

𝑑0
, 

                          𝐸𝑗 =
𝜑𝑗−𝜑𝑗+1

𝑑𝑗
, 𝑗 = 1. . (𝑁 − 1)                                     (1) 

where 𝐸𝑗 is the normal component of the electric field above the 𝑗-th graphene layer, 𝐸0 is the 

normal component of the electric field between the SiO2 substrate surface and the first graphene 

layer, 𝐸ox is the normal component of the electric field in the SiO2 substrate, and 𝜑s is the 

electrostatic potential at the SiO2 surface. The charge carrier desnity 𝜎𝑗 is found according to:  

                                             𝜑𝑗 =
ℏ𝑣F

𝑒
√

𝜋|𝜎𝑗|

𝑒
×

−𝜎𝑗

|𝜎𝑗|
                                     (2) 

where 𝑣F = 106 cm/s is the graphene Fermi velocity. The 3𝑁 + 3 variables are connected with 

one another by the equations above along with the boundary conditions 𝜀𝐸ox = 𝐸0 at the SiO2 

surface, 𝐸𝑁 = 0 above the very top graphene layer, and for the electric fields above and below 

each graphene layer: 𝐸𝑗 − 𝐸𝑗−1 = 4𝜋𝜎𝑗 , 𝑗 = 1. . 𝑁 (in CGS units).   

Figure 4(a)-(b) show the calculated carrier density distributions as a function of back-gate 

voltage in the two-layer and three-layer graphene samples, respectively. It can be clearly seen that 
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the first (bottom) graphene layer always obtains the majority (>75%) of the total gate-induced 

carrier density, whereas in the three-layer structure, the third (top) layer only takes less than 10% 

of the total. For stacked multilayer graphene with even more layers, the carrier density share of the 

fourth layer and the higher layers combined (if any) is below 4% of the total, which has very 

limited influence on the total optical conductivity and hence the plasmonic resonance frequency 

of the multilayer graphene structure (see Supporting Information S3). The Fermi energy of each 

graphene layer can be calculated from the charge density distribution and the effective Fermi 

energy of the multilayer graphene structures can be obtained, which are plotted in Figure 4(c) and 

exhibit good agreement with the experimentally extracted values in Figure 3(b). We further 

calculate the plasmonic resonance frequency enhancement factor (𝑓p,multi/𝑓p,single) at a given total 

carrier density (e.g. 7.2×1012 cm-2) for different numbers of graphene layers, which are plotted in 

Figure 4(d). The prediction based on the model in the previous report is also plotted for comparison. 

Our calculation shows that both double-layer and three-layer graphene structures can significantly 

enhance the plasmonic resonance frequency. In contrast to the prediction of the previous model, 

our model also reveals that employing even more layers (𝑁 ≥ 4) can only lead to a small additional 

gain, which is in accordance with our experimental observation. It is important to note that the 

small additional gain predicted by our model for 𝑁 ≥ 4 may only apply to an ideal multilayer 

graphene structure, in which a graphene layer with a very small carrier density can still contribute 

to the total optical conductivity of the multilayer stack. However, the situation for a real device is 

more complicated, since for example a graphene layer with a relatively low Fermi energy likely 

has formation of microscopic charge puddles,32 which would not contribute to the total optical 

conductivity as predicted by our model.  
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Figure 4. (a) Calculated carrier density distribution as a function of gate voltage in a double-layer graphene 

structure. (b) Calculated carrier density distribution as a function of gate voltage in a three-layer graphene 

structure. (c) Calculated effective Fermi energy EF
∗  versus gate voltage (and carrier density) for graphene 

structures with 1 to 4 layers. (d) Calculated plasmonic resonance frequency enhancement factor 

𝑓p,multi/𝑓p,single versus number of stacked graphene layers.  

 

In summary, we have systematically studied the gate-tunable THz plasmonic resonances 

of graphene ribbon array structures containing different numbers of graphene layers. The 

multilayer graphene stack is realized by repeated transfer of single-layer graphene with random 
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alignment. Our experimental characterization demonstrate that within the same gate voltage range, 

both the plasmonic resonance frequency and its tuning range are significantly increased for the 

double-layer and the three-layer graphene structures, in comparison with those of the single-layer 

graphene structure. However, contrary to the prediction of a previous study, we find that 

employing even more graphene layers yields little additional benefit. These experimental 

observations are in good agreement with our theoretical model and calculation, which show that it 

is crucial to take into account the interlayer charge screening effect which leads to highly non-

equal distributions of gate-induced carriers in different graphene layers. We find that for double-

layer and three-layer graphene structures, the non-equal distributions of gate-induced carriers lead 

to a significantly larger total optical conductivity (larger effective Fermi energy), which in turn 

produces a considerably higher plasmonic resonance frequency. However, for any additional 

graphene layer above the third layer, its share of the gate-induced carriers becomes negligible and 

therefore has little influence on the total optical conductivity. Our study provides new insights for 

designing and optimizing plasmonic structures based on multilayer graphene, which may exhibit 

crucial advantages over single-layer graphene plasmonic structures for a variety of photonic and 

optoelectronic device applications, such as modulators, sensors and detectors.  
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