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Abstract—We report on focusing of terahertz (THz) plasmons
in two-dimensional electron gas (2DEG) at III-N heterostructures
and in graphene by using planar circular grating lenses. Propaga-
tion of a broadband pulse of EM waves in 0.5–10 THz is studied
by using finite difference time-domain (FDTD) approach. The re-
sults show that plasmonic modes excited by incident THz radia-
tion are concentrated into area localized under the central
disc. Electric field intensity under the central point is found to be
orders of magnitude larger than the outer grating area. Optimal
geometries for enhanced radiation coupling and plasmon focusing
are investigated. Plasmonic lens modes supported by system has
the advantage of tunability by an applied voltage to gratings. The
large field enhancement by plasmonic confinement presents the po-
tential for sub-wavelength imaging.

Index Terms—Graphene, plasmonics, terahertz (THz).

I. INTRODUCTION

T ERAHERTZ technologies utilize electromagnetic radia-
tion in the frequency range between 300 GHz and 10 THz.

Potential applications for terahertz technology in biology, chem-
istry, medicine, astronomy and security are wide ranging. THz
wavelengths have several properties that could promote their
use as sensing and imaging tool. There is no ionization hazard
for biological tissue and Rayleigh scattering of electromagnetic
radiation is many orders of magnitude less for THz wavelengths
than for the neighboring infrared and optical regions of the spec-
trum. THz radiation can also penetrate non-metallic materials
such as fabric, leather, plastic which makes it useful in security
screening for concealed weapons. The THz frequencies corre-
spond to energy levels of molecular rotations and vibrations of
DNA [1] and proteins [2] as well as explosives [3], and these
may provide characteristic fingerprints to differentiate biolog-
ical tissues in a region of the spectrum not previously explored
for medical use or detect and identify trace amount of explo-
sives. THz wavelengths are particularly sensitive to water and
exhibit absorption peaks which make the technique very sen-
sitive to hydration state [4] and can indicate tissue condition.
THz radiation has also been used in the characterization of semi-
conductor materials and in testing and failure analysis of VLSI
circuits [5].
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Plasma oscillations in various types of field effect transis-
tors (FETs) [6], [7] are used for THz detection [8]–[13], mixing
[14]–[16] and generation [17], [18]. Plasmonic THz detectors
have the advantage of continuous tunability over the conven-
tional detectors, such as bolometers and pyroelectric detectors
[19]. However, the detection of THz radiation by such devices
can be polarization dependent [20], because only TM polarized
incident THz radiation can excite the plasmons as a result of
Maxwell’s equations [21] and therefore their response to most
THz sources, such as blackbody emitters, which radiate unpo-
larized radiation [22] is diminished. On the other hand, respon-
sivity of FET based detectors is also limited by the size of their
active region which is typically much smaller than the wave-
length of THz radiation. Meanwhile, graphene with remark-
ably high electron mobility at room temperature, with reported
values in excess of 15 000 cm /V s [23] has strong potential for
THz plasmonic devices. Recently, the high mobility properties
of graphene at room temperature was exploited to demonstrate
graphene plasmonic THz metamaterials [24] and FETs for THz
detection [25].
Metal structures have been proposed to focus plasmons

in visible and near infrared region [26]. Other plasmonic
methods have been used to focus THz radiation including
tapered metal–plasmon tip which allowed compression
[27]–[30]. However, there has been no reported study on fo-
cusing of plasmons in-plane deep sub-wavelength regime. In
this paper, we propose a new type of plasmonic devices which
has the capability of focusing the incident THz radiation into
deep sub-wavelength volume independent of its polarization.
Moreover, the resonant modes of the focused plasmons can be
tuned by the applied voltage on the metallic gratings.

II. DEVICE AND SIMULATION MODEL

The proposed in-plane THz plasmonic concentrator de-
vices consist of periodic concentric metallic rings placed
on AlGaN/GaN heterojunction and graphene active layer as
presented in Fig. 1. The abrupt junction of the GaN/AlGaN
interface plane causes the creation of 2 dimensional electron
gas (2DEG) at the interface with large sheet carrier concen-
tration and high mobility which would serve as a resonance
cavity for the plasmons. Plasmons in such structures follow
the gated 2DEG plasmon dispersion [6]. Graphene with its
potentially very high mobility also can act as a plasmonic
cavity. The periodicity in the radial direction compensates the
momentum for excitation of the plasmons in between the metal
and the active layers. The outer edge of the outer most ring is
assumed to be mesa etched which results in isolated cylindrical
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Fig. 1. (a) THz plasmonic concentrators with concentric circular gratings. (b)
Cross section of the AlGaN/GaN devices passing from the center of the circular
grating structure. (c) Cross section of the graphene devices.

active region. This etched interface causes the reflection of the
plasmons at the mesa boundaries.
Plasmonic absorption of THz radiation is based on the

excitation of plasma oscillations in the 2DEG channels by the
incoming radiation. A short channel with high sheet carrier
concentration acts as a resonant cavity for the plasma waves
with the fundamental frequency of and its harmonics. An in-
coming electromagnetic radiation excites plasma waves in such
a channel. When ( is the momentum relaxation
time) the resonant condition is satisfied. Such a cavity supports
two different types of plasma oscillations. The first is the
plasma oscillations in the gated region of the 2DEG channel.
If an infinite perfectly conductive plane is located at distance d
from the infinite 2DEG at a semiconductor heterojunction (e.g.,
AlGaN/GaN), and the conducting plane is close enough to 2D
electron sheet (i.e., ) then the dispersion relation is
given by

(1)

where is the resonant plasmon frequency, is the plasmon
wavevector, which is determined by the grating gate period ,

, is the sheet electron den-
sity, and are the charge and effective mass of electron,
is the dielectric permittivity and is the dielectric constant of
the insulator separating the 2D electron layer from the perfectly
conductive plane. It should be noted that the resonant condi-
tion imposes an inverse relation between the mobility and the
frequency. Hence, achieving resonant plasmonic absorption at
lower (sub-THz) frequencies requires higher mobility materials.
The second type of plasma oscillations exist in ungated regions.
For negligible electron scattering in 2-D electron gas, the dis-
persion relation for ungated plasma oscillations in an infinite
homogenous 2-D electron sheet is

(2)

where is the effective dielectric function which depends on the
geometry of the structure.
The unique 2-D material structure of graphene leads to a

linear electron energy dispersion in undoped graphene given by

with being the electron momentum and
being the 2-D Fermi velocity, which is a constant for graphene
( m/s). The linear electron energy spectrum implies
zero effective electron mass in graphene. The massless electron
“inertia” in graphene is described by a fictitious “relativistic”
effective mass , where is the Fermi energy.
Plasmon dispersion in a gated graphene can be formally written
in the same form as in a conventional semiconductor structure
with substituting the effective electron mass by the “relativistic”
effective mass [31]:

(3)

It should be noted that the plasmon frequency in graphene
exhibits different dependence on the gate voltage as
compared with gated plasmons in conventional semiconductor
structures . Moreover, potentially very large electron
mobility in graphene would allow resonant condition to be sat-
isfied at lower frequencies while providing higher -factors at
higher frequencies.
Room temperature operation is a crucial aspect for the prac-

ticality of the THz devices for many practical applications like
medical imaging, security and sensing. Plasma resonances in
a grating gate device can be best excited when the radiative
damping is equal to the dissipative damping caused
by the carrier scattering [32]. In this case the maximum ab-
sorbance is given by where is the reflectivity
when there is no resonant surface layer. Dissipative damping

of a plasmon mode increases with temperature. Therefore,
matching condition of requires strong radiative
broadening at room temperatures. Since the radiative broad-
ening is directly proportional to the conductivity of the channel,
graphene layers are especially promising for room temperature
resonant absorption of THz radiation. Radiative dampening is
also directly proportional to the strength of coupling between
the plasmon modes and the incident THz radiation. Strong elec-
tric near field induced in narrow spacings between the circular
grating gate metals greatly enhances the coupling and hence the
radiative dampening. Slit width ( – ) in the investigated de-
vices was chosen to be about 15% of the metal ring width to
achieve high resonant absorbance.
A commercial FDTD simulation tool Lumerical™ is used to

investigate the electromagnetic field profile of the plasmons and
absorption spectrum of the plasmons at THz frequencies.1 The
modes are excited with a broad band plane wave source per-
pendicular to the plane of the structure. A reflection and trans-
mission monitor is placed to calculate the absorption spectrum
of the device. An electric field profile monitor is placed in be-
tween the 2DEG and circular gratings to record the electric
field profile of the plasmons. The 2DEG is defined as a plasma
layer with specific plasma frequency and collision frequency ex-
tracted from the experimental results [33]. The simulation is au-
tomatically stopped when the total electric field converges down
to a small electric field that is orders of magnitude smaller than
the initial electric field.

1Lumerical Solutions, Vancouver, Canada.
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Fig. 2. (a) Electric field density under the central ring and under the outer rings. The total electric field under the central and outer rings are divided by the total
area of the rings. (b) Electric field density ratio under the central ring to the electric field density under the outer rings. The ratio gives the strength of the electric
field confinement at the central ring. m, m, cm .

Fig. 3. (a) Simulated electric field mode distribution for the fundamental mode in between the grating and 2DEG and (b) second mode. (c) Electric field intensity
on the diameter, parallel to the polarization of the incident THz radiation for the fundamental mode.

III. RESULTS

A. Electric Field Profile of the Plasmons

AlGaN/GaN heterostructures have simultaneous high mo-
bility and high electron concentration compared to the other
semiconductor materials which lead experimental demonstra-
tion of GaN-based THz plasmonic devices which could be used
for validation of our simulation method. Moreover, GaN based
material and device fabrication technologies have reached
maturity. Therefore, we first investigated the plasmonic lens
devices on AlGaN/GaN heterostructures (see Fig. 1). Later
in this paper, graphene THz devices are investigated due
to their potentially much larger mobility and sheet charge
carrier concentration. Thickness of the AlGaN barrier layer
was 28 nm, and the sheet carrier concentration was taken as

cm . A 60 nm thick layer of gold was
used as gate metal. To observe the resonant absorption clearly,
rather high electron mobility of 10 000 cm /V s which could
be attained at 77 K was chosen. These values are close to the
experimental ones reported in a recent study of linear grating
gate devices [33]. The period L was varied in range of 1.0–2.0
m, whereas the lens gate length was varied in the range

of 0.5–1.5 m. The simulation results indicate that gated plas-
mons in the proposed devices are excited under all the circular
gratings. Plasmons effectively propagate parallel to the radial
vectors of the circles and interfere with each other forming a
standing wave profile.
The plasmonic field intensity is concentrated under the cen-

tral ring and expanded at the outer rings. The plasmons are re-
flected back from the outer boundaries of the circular mesa and
the process continues as they attenuate. When the quality factor
is high enough, the plasmons excited at the outer rings can reach
to the central ring before they attenuate and thereby contribute
to the focusing.
Fig. 2(a) shows the areal electric field densities under the cen-

tral ring and outer rings as a function of frequency. Areal elec-
tric field density is calculated by dividing the total electric field
within a region to its total area. As expected, electric field den-
sity under the central ring presents clear peaks at the resonant
frequencies which are in good agreement with (1). Moreover, at
the plasmonic resonance frequencies, the electric field density
under the central ring is much higher than that of the electric
field density under the outer rings. The electric field intensity at
the central point can be 6 orders of magnitude higher than that at
the points on a line orthogonal to the polarization of the incident
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Fig. 4. (a) Summation of modes from 1 to 5. (b) Electric field intensity on the
diameter parallel to the polarization of the incident THz radiation for the total
electric field summation frommode 1 to 5. (c) Electric field intensity summation
from mode 1 to 5 at the center of AlGaN layer on the diameter parallel to the
polarization of the incident radiation.

radiation. The ratio of the electric field density under the central
ring to the outer rings gives the focusing ratio of the field. As the
Fig. 2(b) shows the electric field under the central ring can be
70 times higher than the total electric field under all outer rings.
The electric field distribution in the entire structure for the

fundamental mode is shown in Fig. 3(a). Two electric field peak
intensities are observed at the center of the structure. Those two
peaks are a result of anti-symmetric nature of the gated plas-
monic mode [9]. The electric field intensity on a line passing
through the diameter that is parallel to the polarization of the in-
cident radiation is shown in Fig. 3(c). Two sharp and high elec-
tric field intensity peaks at 1.3 THz is observed near the center of
the ring. The second mode shows four peaks as seen in Fig. 3(b)
which is again because of the nature of the gated plasmons.
The summation of all electric field distribution over the com-

plete spectrum of 1–6 THz is shown in Fig. 4(a) and (b). The
total plasmonic interference pattern exhibits two peaks under
the central ring that are very close to the central point of the
ring. The distance between these two peaks is a few hundreds
of nanometers.

Fig. 5. Shift of the plasma resonance frequency by electron concentration
changes. (i) cm , (ii) cm , (iii)

cm , (iv) cm .

Vertical distribution of the electric field intensity in the cross
section at the diameter of the plasmonic lenses is shown in
Fig. 4(b). The plasmons are confined in between 2DEG and cir-
cular gratings. Hence, the incident E-field is confined not only
in horizontal plane of plasmon propagation direction due to the
lens structure but also in vertical direction in the 2DEG which
results in a very large field intensity in a small volume under the
central ring.
Considering that the free space wavelength of the first reso-

nant mode is m and the diameter of the central disc
is m, incident electric field is confined into a region
with linear scale. Taking the volume for free space unit
wavelength of the same mode as and the volume under the
central disc in which the electric field is confined as
the volumetric confinement ratio could be found as 3.8 10 .
An important advantage of the proposed devices is tunability

of the resonant absorption frequencies through controlling the
charge concentration by the applied voltage on the circular
gates. Fig. 5 shows the transmission spectra of the investigated
devices. The resonant frequencies clearly shift by the charge
carrier concentration as expected from (1). As the electron
concentration increases, the plasmon resonance frequency
presents a blue-shift. The shift is more prominent at higher
order modes due to linear dispersion of plasmons at different
electron concentrations.

B. Analytical Model

Starting with the approach of Steele et al. [34], the 2D electric
field distribution of the plasmons can be expressed in cylindrical
coordinates as

(4)

where is the constant, is the mode number, is the period,
is the plasmon propagation length. First sinusoidal term de-

scribes the mode confined under the individual grating. Expo-
nential term defines the propagation or dissipation loss of the
plasmons [35] as they propagate in the radial direction. Plas-
mons have a field distribution dependence on the distance
from the center [36] as they concentrate. The last sinusoidal term
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Fig. 6. (a) Calculated electric field intensity of the fundamental mode in between the circular grating and 2DEG, (b) second mode; and (c) summation of modes
from 1 to 5. (d) Relative electric field intensity on the diameter parallel to the polarization of the incident radiation (i) numerical simulation and (ii) analytical
calculation using (4).

Fig. 7. (a) Normalized electric field intensity under the central disc vs. frequency for different duty cycle of circular gratings. Total electric field profile for: (b)
87% duty cycle; (c) 60% duty cycle; and (d) 33% duty cycle.

is the contribution of the polarization effect of the incident radia-
tion on the circular grating. The -dependence of the E-field has

with different values for different mediums [34] which
is not included in the equation.
The fundamental mode was calculated using the (4) with
and the results are presented in Fig. 6(a). The highest intensity
is observed under the central ring and 2 high electric field peaks
are distinct. The second mode was calculated for and
resulting electric field profile shows four high intensity peaks
under the central ring as seen in Fig. 6(b). The summation of
electric field intensity distribution from mode 1 to mode 5 is
presented in Fig. 6(c). The total electric field distribution reflects
the actual grating structure assuming with high duty cycle. Rel-
ative electric field intensity on the diameter parallel to the po-
larization of the incident radiation calculated by numerical sim-
ulations and analytical calculations using (4) are presented in
Fig. 6(d). The results of the analytical model are in good agree-
ment with the simulation results.

C. Effect of Duty Cycle on Focusing

The duty cycle ( ) has a dramatic effect on the quality
factor of the plasmonic modes. The electric field intensity under
the central ring versus frequency for different duty cycles is

presented in Fig. 7(a). Two trends are observed in the plot: 1)
electric field intensity increases with the increasing duty cycle
and 2) electric field intensity increases with the resonant fre-
quency to a maximum value and then starts decreasing. The
latter trend is observed also in Fig. 2. As explained earlier, the
resonant absorption in periodic gate structures reaches to a max-
imum when the radiative damping is equal to the dissi-
pative damping caused by the carrier scattering. Radia-
tive damping strongly depends on relation between wavelength
of the incident radiation and geometry of the structure and in-
creases as the slit size gets smaller [37]. Once it becomes equal
to the dissipative damping the absorption and therefore the field
intensity under the central disc reaches to a maximum. Further
decrease of the slit size makes radiative damping larger than dis-
sipative dampingwhich causes absorption rate starts decreasing.
The maximum also corresponds to an optimum slit width to
wavelength ratio. As the wavelength changes for higher res-
onant modes, the radiative and dissipative damping becomes
no longer equal or close to each other causing a reduction of
absorption which results in the second observed trend. Higher
electric field confined under the central ring due to larger duty
cycles is shown in Fig. 7(b). Focusing effect is observable only
if the quality factor of the modes high enough to reach the
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Fig. 8. (a) Relative electric field intensity under the central disc versus frequency for the graphene circular grating devices with different electron mobilities in
the channel; (i) cm /V s; (ii) cm /V s; (iii) cm /V s. Right panel shows the total electric field distribution in the circular
gratings for: (b) cm /V s; (c) cm /V s; and (d) cm /V s.

central disc. Decreasing duty cycle increases the damping of
the plasmons in the ungated regions and thereby prevents them
forming a standing wave reaching to the central disc. Instead,
plasmons in low duty cycle devices are confined under the outer
circles. Fig. 7(c) and (d) clearly shows that as the duty cycle
is modulated to lower values, the electric field intensity of the
outer rings becomes comparable with the central ring. More-
over, as the duty cycle decreases, the cavities under the cir-
cular gates become isolated from each other approaching to the
single gate case in plasmonic FETs reported in the literature. In
this case, the dispersion relation is still given by (1) however,
plasmon wave vector becomes where is the
single gate length. This is clearly observed in Fig. 7(a) where
the resonant peaks shift for the lower duty cycles.

D. Effect of Mobility on Focusing—A Comparison With
Graphene Devices

Graphene has high electron mobility characteristics at room
temperature which makes it a very attractive material for THz
plasmonic applications. We investigated the response of the
graphene based circular gratings to the incident THz radiation
by modulating the electron mobility of the graphene. In our
graphene lens design, a graphene layer is placed on a THz trans-
parent substrate and covered by a thin layer of dielectric layer.
On top of the thin dielectric layer, a circular grating structure
is described as in GaN/AlGaN devices before. The graphene
devices are presented in Fig. 1(c). Compared to the GaN de-
vices in Fig. 1(b), GaN layer is replaced with sapphire layer,
2DEG is replaced with graphene layer, AlGaN layer is replaced
with HFO layer and circular grating structure is kept the same
sapphire layer is replaced instead of GaN layer, graphene layer
is replaced instead of 2DEG, HfO layer is replaced instead of
AlGaN layer and circular grating structure is kept the same.
Electron collision frequency and electron concentration used
in our simulations are extracted from the recently published
data in [24]. Our simulation model is validated successfully by
replicating the experimental data of THz transmission through
graphene micro ribbons. The electron concentration is kept

the same and the plasma collision frequency is modulated. As
the plasma collision frequency increases, it corresponds to a
decrease in plasma collision time or electron relaxation time.
Mobility of the electrons depends on electron relaxation time.
The mobility used in simulations are 2500 cm /V s (CVD
grown graphene on copper [38]), 4500 cm /V s (graphene on
h-BN [38]), 12 500 cm /V s (epitaxial grown graphene on SiC
[39]). The lower mobility causes the propagation loss to be
dominant in the structure and lower the quality factor of the
plasmons. Low quality factor prevents the plasmons reaching
from one gate to another and causes the loss of focusing ability
of the circular grating structure. Fig. 8(a) shows the electric
field density ratios as a function of the incident THz radiation.
The slightly visible shoulders on the peaks are attributed to
the contribution of non-resonant absorption at the edges of the
rings and could be mitigated with much finer mesh and longer
computation time.
The high intensity peaks indicate the resonant plasmonic

modes within the structure. As the mobility increases, the
quality factor and the electric field intensity of the plasmons in-
crease. The width of the first mode is decreasing with increasing
mobility which indicates higher quality factor of the plasmonic
mode. Total electric field distribution is shown in Fig. 8(b) for
graphene device with the highest electron mobility. A focusing
effect can be observed for the highest mobility graphene. As
the mobility decreases down to 4500 cm /V s, the focusing
effect decreases as seen in Fig. 8(c), and the field density ratio
goes down by a factor of 4. As the mobility goes down to 2500
cm /V s, the focusing effect cannot be observed that can be
understood from Fig. 8(d). All these mobility values can still
be used for polarization independent plasmonic tunable THz
sensing because even at low mobility at the order of 2000
cm /V s, THz plasmons can be excited but they are unable
to propagate long enough to form a standing wave. It is pos-
sible to improve the quality factor of the resonant modes by
increasing mobility of the graphene layer. Temperature-depen-
dent phonon-limited transport studies predict room-temperature
intrinsic mobility reaching the values of above 100 000 cm /V
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for graphene [40] while room temperature electron mobility
of 40 000 cm /V s is reported for graphene on boron nitride
substrates [41].

IV. CONCLUSION

We analytically and numerically investigated circular grat-
ings on GaN/AlGaN heterostructures and graphene with the
capability of concentrating THz radiation into a region with

linear scale which translates to volumetric confinement
of 3.8 10 . The response of the concentrator devices is polar-
ization independent due to their cylindrical symmetry. The elec-
tric field distribution over 2DEG/graphene layer shows highest
electric field intensity peaks under the central ring at resonant
plasmonic modes that is a result of constructive interference
of the plasmons. The focusing phenomena is strongly affected
by the duty cycle where high duty cycled structures are able to
focus plasmons better compared to the lower ones. Graphene ac-
tive layer concentrator devices show higher quality factors for
the plasmonic modes with their high mobility at room temper-
ature which allows a more pronounced lens effect. Graphene
devices with their potentially very high mobility could be effec-
tively used for concentrators operating at room temperature in
THz range as well as in the sub-THz range for many important
applications.
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