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Abstract 
 
A novel terahertz detector is here proposed, based on the 
use of planar arrays of graphene nanoribbons of different 
widths and lengths. Two distinct mechanisms are exploited 
to detect an external incident field: the excitation of 
interband transitions and of the surface plasmon polaritons 
resonances. The tuning of such mechanisms allows 
strengthening the signal, so providing an alternative 
solution to the problem of the low efficiency of the resonant 
graphene antennas. This paper proposes a possible design 
solution and analyzes and the feasibility of tuning the two 
mechanisms in the THz range. 
 
1 Introduction 
 
The Terahertz (THz) range technology is expected to bring 
unprecedented enhancements in imaging, spectroscopy and 
communication applications in a wide range of fields, from 
medicine to security, from astrophysics to consumer 
electronics [1]. In such a range, conventional solutions are 
not efficient, being such frequencies too high for the 
electronics/microwave technology and too low for the 
photonics/infrared (IR) one. Anyway, conventional 
detectors have been realized based on heterojunction 
backward diodes [2] and Schottky diodes [3]. The recent 
advances in nanotechnology opened an alternative route to 
the THz technology, exploiting the novel electromagnetic 
behavior of nanomaterials, such as the graphene-related 
materials, e.g., carbon nanotubes (CNTs) or graphene 
nanoribbons (GNRs). Their high carrier mobility, 
frequency-independent absorption and gapless spectrum, 
can lead to THz devices more compact and efficient than 
those based on conventional materials [4]. 
In this paper, we focus on THz detectors based on the use 
of graphene nanoribbons as antenna elements. Many 
mechanisms can be envisaged to use such elements for 
detecting a THz wave impinging on them: in [5] the 
proposed detector is based on the excitation of interband 
transitions between multiple graphene layers. In [6] a 
detector is proposed by using antenna coupling with a 
graphene FET, exploiting the non-linear response. The use 
of tunneling resonances is another way to follow [7].  

Anyway, as far as now, the most promising mechanism 
seems to be the excitation on graphene layers of the so-
called Surface Plasmon Polaritons (SPP), i.e. highly 
confined modes in the IR and THz range [8]. An advantage 
in using graphene-related materials is the possibility of 
provide a tuning via electrical and magnetic doping. On the 
other side, a major drawback of SPP detectors is the low 
efficiency of the coupling between the incident THz 
radiation and the detector itself. Solutions so far proposed 
to enhance the performance (for instance, in terms of the 
strength of the signal level) are based on the use of multi-
layered structures [9]-[10]. However, from the 
technological point of view, the realization of nanoscale 
stacks of graphene/insulator or graphene/metal layers is a 
major challenge, given the present status of the 
manufacturing technology of graphene devices. 
 
In this paper, we propose a solution that could enhance the 
performance of a planar graphene detector without moving 
to a 3D stacked architecture. The detector module is a 
planar array of graphene ribbons of variable widths and 
lengths, as depicted in Fig.1. In the next Sections, it is 
demonstrated that an accurate design of the lengths and 
widths allows tuning the resonances coming from two 
different mechanisms: excitation of SPPs and of interband 
transitions. The proposed planar solution is not only 
simpler to be realized compared to the stacked one, but it 
also makes easier the handling of electric contacts and the 
back-gate control of the Fermi level position, to be placed 
within the bandgap.     
 
 

 
Figure 1.  The element of the proposed broadband THz 
detector: an array of graphene ribbons of diffent lengths 
and widths lying on a dielectric layer.  
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2 SPP resonances and interband transitions 
 
The existence of the Surface Plasmon Polaritons (SPPs) is 
related to the quantum nature of the electrodynamics of 
carbon nanostructures and can be theoretically 
demonstrated by evaluating their electrical conductivity 
taking into account both intraband and interband 
transitions, as done, for instance, in [11] for CNTs. Let us 
consider a graphene ribbon of length L and width W as in 
Fig.1, denoting with 𝜎  is its conductivity. The ribbon is 
placed on a dielectric substrate of relative permittivity 𝜀 , 
with air above, of permittivity 𝜀 . This structure can 
support SPP waves, whose dispersion relation may be 
derived by using a Fabry-Perot model as follows: 
   

+ = −𝑖
( )

𝜀0
𝑘 , 

(1) 

 
where 𝑘  the free-space wavenumber, 𝛽  and 𝜔  are the 
wave-vector and frequency of the SPP wave. Imposing in 
(1) the classical antenna resonance condition 
 

𝐿 = 𝑛 = 𝑛 ,   𝑛 = 1,2.3 …     (2) 

 
would provide a series of complex frequencies 𝜔 , 
associated to the existing SPP resonant modes. From (1) 
and (2) it results that the position of the resonances in the 
frequency spectrum can be tuned by the length of the 
ribbon, as in the classical antennas. Note that the 
conductivity 𝜎 depends on L and on W, hence the SPP 
resonance frequency will also depend on W.  
In graphene related materials, the phase velocity 𝑣 = 𝛽𝑐 
is much smaller than the speed of light in vacuum (about 
two orders of magnitude) [8]: this strong slowing-down of 
the waves is responsible for the possibility of having 
antenna resonances in the THz or IR ranges associated to 
the effect of finite length, for lengths values in the sub-
micron range. 

Interband transitions may be induced in GNRs as well 
as in CNTs which have narrow energy gaps in the THz 
range. The probability of the interband dipole transition is 
proportional to the squared matrix element of the velocity 
operator calculated between the corresponding states 
[12].This sharp peak in the THz transition matrix element 
in conjunction with the van Hove singularity in the quasi-
one-dimensional GNR spectrum leads to high sensitivity of 
the photocurrent to the excitation frequency, which is at the 
basis of the proposed detector. An additional control of the 
GNR band gap can be achieved by applying an in-plane 
electric field 

 
3 Results and discussion 
 
Let us start investigating the interband transitions related to 
the nanoribbons in Fig.1, for varying values of the width 
W. In the following, we will assume armchair GNRs (a-
GNRs), whose width is given by 𝑊 = 𝑁𝑏 , being 𝑏 =

0.142 𝑛𝑚 and N = 3p+2, where N is the number of dimers 
in W (p is an integer). By using Eq. (10) from Ref. [13] 
with third order hopping integral t3=-0.3 eV and edge 
correction dt=-0.2 eV we can estimate the frequency of the 
lowest energy interband transitions occurring in such a 
family of GNRs. The results are presented in Fig. 2 and 
refer to an infinitely-long GNRs. The matrix element of 
these transitions has a universal value and equal to the 
Fermi velocity in graphene [12],[14]. In order to decouple 
the interband transition phenomenon from the plasmon 
resonance one, it is useful to stress that the length L of the 
GNRs does not have much effect on the absorption 
spectrum for high aspect ratio values, such as  L/W>30 [15].  

Let us now investigate the SPP resonance values that 
we can obtain from (1) and (2). An approximated 
expression for the conductivity of a-GNRs is [16]: 
 

𝜎(𝜔) =
2𝑣 𝑀(𝑊, 𝑇)

𝜋𝜈𝑅 𝑊

1

1 + 𝑖𝜔/𝜈
 (3) 

 
where M is the equivalent number of conducting channels 
(which depends on the ribbon chirality, width and 
temperature T), 𝑅 = 12.9 𝑘Ω  is the quantum 
resistance , 𝜈 is the collision frequency, 𝑣  is the Fermi 
velocity. Assuming T=300 K and evaluating numerically 
M as indicated in [16], the conductivity (3) can be used in 
(1) along with condition (2), to obtain the SPP resonances. 
The first plasmon resonance is plotted in Fig.3, as a 
function of L, assuming a silicon substrate with 𝜀 = 12, 
and assuming for the GNR the following typical values: 
𝑣 = 8.7 ∙ 10  𝑚/𝑠,  and 𝑣 = 1 ∙ 10  𝑇𝐻𝑧. Note that for 
these values, the first SPP resonance does not significantly 
depend on W, since the variation of the conductivity (3) on 
W has a slight effect on the dispersion relation (1). 
Therefore, for these values, the study of the SPP resonance 
results to be decoupled from that of the interband 
transitions. By comparing the results in Fig.2 and Fig.3, it 
is clear that there are ranges of values where it is possible 
to excite both the mechanisms. Table I reports the 
dimensions requested to a GNR to have at the same time 
SPP resonance and interband transition, at the given 
frequencies. Note that the aspect ratio is always > 60. 
 

 
Figure 2. Frequency of the interband optical transition 
across the narrow band gap of an-infinitely long armchair 
GNRs, versus the width W. 
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Figure 3.  First plasmon resonance associated to an element 
of the detector in Fig.1 for varying values of L.    

Further work will be devoted to the calculation of the 
antenna efficiency in the THz range, as a consequence of 
the effects of the two mechanisms. Knowing the efficiency, 
one may use the present result in two ways: (i) the design 
in Fig.1 can be made with GNRs with equal W and L, to 
realize a narrow-band detector but with increased signal 
strength; (ii) the design can be made by GNRs with 
different W and L, to realize a broadband detector. 

 
TABLE I 

WIDTHS AND LENGTHS FOR THE GNRS IN FIG.1 AND 

CORRESPONDING RESONANCE FREQUENCIES 
  

FREQUENCY  
[THz]  

WIDTH 
[nm] 

LENGTH 
[µm] 

2.00 44 76.3 

4.00 24 37.2 

6.00 12 24.6 

8.00 15 19.1 

10.00 8 14.3 
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