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Abstract
We show that the even order ungated modes can be excited under normal incidence while the
odd order ungated modes cannot in traditional single-side grating-gate graphene field-effect
transistors. The odd order ungated modes will suppress the excitation efficiency of the gated
modes. In order to realize multiband detection by effectively exciting the higher order gated
modes, the frequency of the 1st order ungated mode should be tuned up, which can be realized
by shortening the length of the ungated region. We propose to use the dual-side grating-gate
structure to shorten the length of the ungated region. Gated mode up to 21st order can be
realized in complementary dual-side grating-gate structure. The ultra-multiband absorption can
be actively controlled to cover 1.06–10 THz when the graphene Fermi energy is tuned from
0.2 eV to 0.6 eV. Even order gated modes will be excited by gradually overlapping the two
grating layers because of the break of symmetry. Broadband detection from 0.1–8.2 THz can be
realized by the effective excitation and overlap of the odd and even order gated modes.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The optoelectronic technologies have been well developed
in the past few decades. However, the so called ‘terahertz
(THz) gap’, which consists of the electromagnetic waves
with frequencies ranging from 0.1 THz to 10 THz, is yet to
be covered. Currently, commercial THz devices either lack
tunability or need to work in cryogenic environment [1, 2],
limiting their practical applications. Surface plasmons, the

collective oscillation of charge carriers is promising to solve
the problems. Once excited by the spatial electromagnetic
waves, plasmons can help to confine the energy of the incident
waves at the vicinity of the insulator/conductor interface [3–6].
Since the proposal by Dyakonov and Shur of directly detect-
ing THz waves by generating plasmon-induced photocurrent
[7], researchers began to study such self-rectified photocur-
rent in single gate MOSFET devices [8–10]. Later research-
ers began to study grating-gate MOSFET devices [11–24].
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Two kinds of plasmon modes, referred to as gated modes and
ungated modes, can be excited in channel regions right below
the gratings (gated region) and the openings (ungated region),
respectively. The plasmon drag effect and the plasmon ratchet
effect, which can be utilized to detect the THz waves, were
theoretically predicted and their responsivities were calculated
[10, 22, 23]. Record response of 22.7 kV W−1 at 0.2 THz
was experimentally demonstrated and attributed to the plas-
mon ratchet effect [20]. Despite the great success achieved in
III–V grating-gate MOSFET detectors, the performances of
these devices are greatly influenced at room temperature [12].
the theoretical calculations show that the responsivity of the
two effects are relatedwith the scattering rate [23]. As a kind of
two-dimensional material with Dirac energy band, the scatter-
ing rate is predicted to be on the order of picosecond for high-
quality graphene (mobility > 2 × 105cm2 V s−1). Therefore,
high-quality graphene-based grating-gate MOSFET detectors
are promising to yield higher responsivity.

One of the advantages of semiconductors/semimetals plas-
mons is the post-fabrication tunability: as plasmons’ disper-
sion is related to the carrier density, the frequency of a res-
onance mode excited in semiconductors/semimetals can be
easily changed by tuning the carrier density with an applied
gate voltage. However, the post-fabrication tunability cannot
promise to cover the whole THz region with a single reson-
ance mode. For III–V materials and graphene, the plasmon
angular frequencyωsp ∝ n1/2 [13–17] andωsp ∝ n1/4 [25, 26],
respectively. Therefore, it is difficult to tune the frequency of
a resonance mode, e.g. from 1 THz to 3 THz, because of the
breakdown. As a result, graphene fermi energy can only be
tuned within a limited range. In order to cover as broad fre-
quency range as possible with only one device, strong mul-
tiple resonance modes are required. Unfortunately, the excit-
ation efficiencies of the resonance modes are related with the
net dipole moment [27]. Therefore, the excitation efficiencies
of the lower order modes are always higher than those of the
higher order modes. Thus, it is difficult to realize simultaneous
near-critical coupling for multiple resonance modes.

In this work, we show that even order modes in the ungated
region can be excited by normal incidence (referred to as
ungated bright modes) while odd order modes cannot (referred
to as ungated dark modes). If the frequency of a gated mode
is close to that of an ungated dark mode, the excitation effi-
ciency of the gated mode will be suppressed by the ungated
dark mode. In order to achieve multiband absorption by effi-
ciently exciting the higher order gated modes, such suppres-
sion should be avoided. Then the frequencies of the gated
modes should be lower than that of the 1st order ungated dark
mode. We propose to use dual-side grating-gates to increase
the frequency of the 1st order ungated dark mode, thus the
gated modes within the 1st order ungated dark mode will
be enhanced and their absorption rates are nearly the same.
We further show that the even order gated modes will be
excited by overlapping the top and bottom grating-gates
because of the break of symmetry. Broadband absorption can
be realized by appropriately overlapping the grating-gates.
The proposed structure may be applied as active controllable
multiband or broadband THz detectors, sensors and switches.

2. Traditional single-side grating-gate structure

Figure 1(a) schematically shows the simulated traditional
grating-gate structure. The simulation is performed by the
finite-difference-time-domain method. The metal is modeled
as perfect electric conductor. Because the refractive indices of
many dielectrics are nearly constant in the THz frequencies
[28], the refractive indices of the barrier layer and the sub-
strate are assumed to be constant 1.7. The thickness of the bar-
rier layer is h = 40 nm. Graphene conductivity is modeled by
the Kubo formula [29]. The scattering rate γ throughout the
full text is calculated by 1/γ = µEF/evF2, with µ the graphene
mobility, EF the graphene Fermi energy, e the electron charge,
and vF = 108 cm s−1 the graphene Fermi velocity. In this sec-
tion, µ is assumed to be 10000 cm2 V s−1 and EF is assumed
to be 0.8 eV. Although the experimental results show that µ
varies with EF [30–34], the relationship between µ and EF var-
ies with the substrate because the dominating scattering mech-
anism are different for graphene on different substrates [35].
Therefore, µ is assumed to be irrelevant of EF for simplicity.

Gated modes and ungated modes were once considered as
plasmon modes localized in the gated regions and the ungated
regions, respectively. However, as plasmons can be considered
as in-plane electromagnetic waves, the lateral periodic altern-
ation of the gated/ungated regions should be considered as lat-
eral one-dimensional plasmonic crystal [36–38]. Therefore,
the gated regions and the ungated regions are actually con-
ductively connected with each other. The gated modes are
influenced by the ungated regions and vice versa. Popov et al
noticed that the gated modes become weaker when the elec-
tron density in the ungated region tends to zero, which demon-
strates that the ungated region plays an important role in the
excitation of the gated modes [13]. In the following, we show
the importance of the ungated region to the excitation of the
gated modes from another perspective.

As the plasmon modes excited in the grating-gate structure
are considered as electromagnetic waves in the lateral one-
dimensional plasmonic crystal, the dispersion relation under
zero source-drain bias can be calculated as [37, 38]

cos(θ) = cos(kgW)cos(kuS)−Z× sin(kgW)sin(kuS) (1)

Z= 1− 2
r+r−
t+t−

(2)

where θ is the Bloch wavevector. kg and ku are the wavevectors
in the gated and ungated regions, respectively. W and S are
the lengths of the gated and ungated regions, respectively. r+,
r−, t+, t− are the reflection and transmission coefficients at
the ungated/gated boundary. It can be seen from equation (1)
that a resonance mode is excited when kgW or kuS is close
to nπ. Since kg is larger than ku [11, 39], for the ungated
modes, the electric field at the gated/ungated boundary in the
ungated region is close to anti-node. Therefore, even order
modes (n = 2, 4, 6…) can be excited under normal incidence
while odd order modes (n = 1, 3, 5…) cannot for the ungated
modes. On the contrary, for the gated modes, odd order modes
can be excited while even order modes cannot.
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Figure 1. (a) The traditional single-side grating-gate structure. (b) The proposed dual-side grating-gate structure.

Figure 2. (a) The absorption contour of the single-side grating-gate structure as a function ofW. Pabs and Pinc represent absorbed power and
incident power, respectively. (b) The absorption contour of the single-side grating-gate structure as a function of S. The blue dashed lines
represent the gated odd order modes, the red dash-dotted lines represent the ungated even order modes and the pink dash-dot-dotted lines
represent the ungated odd order modes. (c) The Re(Ey) distributions corresponding to G1, G3, G5 and G7 as given in (b). (d) The Re(Ey)
distributions corresponding to U2, U4, U6 and U8 as given in (b). The black dashed rectangles indicate the gates.

Figure 2(a) shows the contour plot of the resonance
absorption as the gate length W is increased from 2 µm to
8 µm and the length S of the opening is fixed at 4 µm. The
blue dashed curves are calculated by [25] ω =

√
e2EFkg,u
2πℏ2ε0ε∗

(3)
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where kg,u stands for either kg = nπ/W (n = 1, 3, 5, 7) or ku,
ℏ is the reduced Plank constant, ε0 is the vacuum dielectric
constant and ε∗ is the effective relative dielectric constant cal-
culated by equation (4) [11, 13, 14].

ε∗ =
1
2
[εs+ εb coth(kgW)] (4)

The red dash-dotted lines are calculated by equation (3) and
[11]

ε∗ =
1
2

[
εs+ εb

1+ εb tanh(kuS)
εb+ tanh(kuS)

]
(5)

with ku = nπ/Seff (n = 2, 4, 6, 8). Because of the existence of
the metallic gratings, the effective dielectric constant is larger
than that calculated by equation (5) and then the real ku is lar-
ger than that calculated by equation (5). Therefore, an effect-
ive length Seff = 3.3 µm is used as the denominator instead of
S = 4 µm in calculating ku to get a larger ku. Obviously, the
blue dashed lines correspond well with the simulated gated
modes, which are proved to be 1st, 3rd, 5th and 7th order
gated modes by the Re(Ey) distributions shown in figure 2(c).
The red dash-dotted lines, however, do not seem to correspond
with the simulated ungated modes as a result of the frequent
anti-crossing between the gated modes and ungated modes.
U2, U4, U6 and U8 are chosen as absorption peaks away from
the anti-crossing regions, where the red dash-dotted lines cor-
respond with the absorption peaks. The Re(Ey) distributions
of U2, U4, U6 and U8 show that they are 2nd, 4th, 6th and 8th
order ungatedmodes. Thus, the simulation results demonstrate
the above analysis: even order ungated modes are excited.

Here it should be noted that all the gated modes will gradu-
ally become weak and finally disappear around the pink dash-
dot-dotted lines. The pink curves are calculated by equations
(3) and (5) with ku = nπ/Seff (n= 1, 3, 5, 7). Figure 2(b) shows
the contour plot of the resonance absorption as S is increased
from 0.2 µm to 8 µm and W is fixed at 4 µm. Similarly, the
gated modes disappear around the ungated dark modes. Then
It can be inferred that the gated modes will be suppressed at
the vicinity of the ungated dark modes, further implying an
important role that the ungated region plays on the excitation
of the gated modes.

3. Dual-side grating-gate structure

According to the results shown above, the frequency of the
1st order ungated dark mode should be higher than 10 THz so
that the excitation efficiencies of the higher order gated modes
within 10 THzwill not be suppressed by it. Popov et al showed
the efficient excitation of the gated mode up to the 11th order
by reducing the slit length in single-side grating-gate struc-
tures [11, 13]. Experimentally, reducing the slit length to sub-
100 nm will bring difficulties in the lift off process. To avoid
such experimental difficulties, we propose to use dual-side
grating-gate structure, as shown in figure 1(b). If the open-
ings of the top gratings and the gates of the bottom gratings
are aligned, the ungated region is nearly physically eliminated.
Here the barrier thickness is reduced to 20 nm. The mobility of

graphene is assumed to be 40000 cm2 V s−1 in order to clearly
show the gradual excitation of the even order gated modes,
which will be discussed later. Because of the slight difference
in the effective dielectric environment between the top-gated
and bottom-gated regions, the top gate length Wt and the bot-
tom gate lengthWb are set as 6 µm and 6.15 µm, respectively.

The top and bottom gates are initially assumed to be com-
pletely complementary, that is, the lengths Lo of the overlap-
ping regions and the lengths Lu of the ungated regions are both
0µm. Figure 3(a) shows the absorption spectra of the proposed
structure. It is seen that the absorption peaks with absorption
exceeding 30% cover the frequency range from 1.06–10 THz
when the graphene Fermi energy is increased from 0.2 eV to
0.6 eV. The Re(Ey) distributions given in figure 3(b) show that
the gatedmodes from the 1st order to the 21st order are excited.
It should be mentioned that the absorption at resonance can be
calculated by [15, 21]

A=
2γradγdis

(γrad+ γdis)
2

(
1−

√
R0

)
(6)

for such no-reflector structure, where A stands for absorption,
γrad for the radiative damping, γdis = γ for the scattering
rate, R0 for the reflection at the air/substrate interface. Then
the maximum absorption for n = 1.7 is about 37%, which is
achieved by the absorption peaks. The efficient excitation of
gated mode up to the 21st order should be attributed to the
shrinkage of the ungated region.

Although the even order gated modes cannot be excited
under normal incidence in single-side grating-gate structures,
they may be excited once the symmetry is broken. The break
of symmetry can be achieved by oblique incidence or by cre-
ating structural asymmetry. Todorov et al reported the excita-
tion of even order localized surface plasmonmodes by oblique
incidence [27]. In the following, we show that the even order
gated modes can be excited by structural asymmetry. As seen
in figure 4(a), more absorption peaks will be gradually excited
from higher frequencies to lower frequencies when the bot-
tom gates are gradually translated leftward. The Re(Ey) dis-
tributions as given in figure 4(b) show that peaks I, II and III
are 2nd, 4th and 6th order gated modes. Then it can be con-
cluded that these new resonance modes are the even order
gated modes. In the top gated region, the effective dielectric
constant in the overlapping region is larger than that in the
non-overlapping region, so that the symmetry in the dielec-
tric environment is broken by the structure and the net dipole
moment of the even order gated modes are not 0. The smal-
lest value of Lo for the efficient excitation of a ‘2nth’ order
gated mode can be roughly estimated as follows. According
to equation (4), the effective dielectric constant in the over-
lapping region is about 21/2 times that in the non-overlapping
region. Assuming that the efficient excitation of a ‘2nth’ order
gated mode requires nodes at the boundary of the overlapping
region, the smallest value of Lo can be calculated as

L2no =

1
/√

2

1
/√

2+ 2n− 1
×Wt (7)
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Figure 3. (a) The absorption spectra of the dual-side grating-gate structure with EF tuned from 0.2 eV to 0.6 eV. (b) Re(Ey) distributions
corresponding to peaks A, B and C. The black dashed rectangles indicate the gates.

Figure 4. (a) The absorption spectra of the dual-side grating-gate structure with Lo increased from 0 µm to 3 µm and the period length fixed
at 12.15 µm. (b) The Re(Ey) distributions corresponding to peaks I, II and III. (c) The absorption spectra of the dual-side grating-gate
structure with Lo fixed at 3 µm and Lu changed from 0 µm to 3 µm. Here the graphene Fermi energy is EF = 0.4 eV.
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Figure 5. (a) The absorption spectra of the overlapping dual-side grating-gate structure with parameters: Wt = 2.4 µm, Wb = 2.5 µm,
Lo = 0.8 µm, Lu = 0.1 µm, h = 10 nm, EF = 0.1 eV. (b) The absorption spectra of the overlapping dual-side grating-gate structure with
parameters: Wt = 1.9 µm, Wb = 2.0 µm, Lo = 0.7 µm, Lu = 0.1 µm, h = 10 nm, EF = 0.1 eV. The separation between graphene and the
metal reflector are 3 µm (black), 4 µm (blue), 5 µm (red), 6 µm (green) and 7 µm (magenta).

which yields Lo = 2.49 µm, 1.14 µm, 0.74 µm and 0.55 µm
for the 2nd, 4th, 6th and 8th order modes, corresponding
to figure 4(a). Therefore, the efficient excitation of a lower
even order gated mode requires longer Lo. If Lo is gradually
increased and the length of a period is kept fixed, however,
Lu will increase accordingly. Then frequency of the 1st order
ungated dark mode will redshift, finally suppressing the excit-
ation efficiency of the higher order gated modes, as shown by
the pink and yellow curves around 10 THz and 9 THz, respect-
ively, as shown in figure 4(a). To avoid such suppression of
the ungated dark mode, Lu should be reduced. Figure 4(c)
shows that all the resonance modes within 10 THz will not
be bothered when Lu is no longer than 1.2 µm.

Since plasmon resonances exhibit Lorentz-shape absorp-
tions, they do not seem to meet the requirement for broad-
band purposes, which are usually realized by thermal-type
or photon-type focal plane array. Recently Bai et al realized
GaAs-based photon-type THz response covering 4.2–20 THz
by the up-conversion technique [40]. However, thermal-type
detectors often suffer from a tradeoff between speed and sens-
itivity, while photon-type detectors need cryogenic environ-
ment. In recent years, plasmonic THz broadband detection
have been demonstrated by the overlap of two or more res-
onance modes [29, 41–44], which cover a limited frequency
range within the THz frequencies. In this work, the efficient
excitation of both the odd and even order gated modes in
the THz range opens the possibility of plasmonic broadband
detection over the whole THz frequencies: as the efficient
excitation of the high order gated modes and the even order
modes have been demonstrated possible, their overlapping
with each other can possibly cover the entire THz range. As
shown in figure 5(a), broadband absorption of more than 30%
over 0.1–8.2 THz range can be achieved. By putting a metal
reflector below the graphene layer, the absorption can be
enhanced to more than 50% with bandwidth exceeding 6 THz
as shown in figure 5(b). In our previous study [45], it was found
that complete absorption is achieved when the reflection from

the device surface and that from the metal reflector interfere
destructively with each other. The requirement can be simul-
taneously met for several absorption peaks occasionally, such
as the peaks around 8.8 THz of the black curve in figure 5(b)
and those shown in [42–44, 46]. For the combination of about
20 absorption peaks, however, the requirement is too difficult
to meet. Therefore, near-complete absorption (>90%) can only
be achieved within a limited frequency range in the proposed
structure.

4. Conclusions

In conclusion, we show that the ungated dark modes will sup-
press the excitation efficiency of the gated modes. The effect-
ive excitation of higher order gated modes can be achieved by
up-tuning the frequency of the 1st ungated dark mode, which
can be achieved by reducing the length of the slit between the
metallic gates. We propose to use the complementary dual-
side grating-gate structure to reduce the slit length to avoid
the experimental difficulty in the lift off process. The efficient
excitation up to the 21st order gated mode can be achieved.
1.06–10 THz can be covered by changing the graphene Fermi
energy from 0.2 eV to 0.6 eV. Even order gated modes will be
excited in the proposed structure when Lo ̸= 0 µm because of
the break of symmetry, leading to ultra-multiband THz detec-
tion. Broadband detection with absorption larger than 30%
from 0.1–8.2 THz can be realized by appropriately overlap-
ping the top and bottom gates with a short ungated region. The
insertion of a metal reflector can help to enhance the absorp-
tion to more than 50% with bandwidth exceeding 6 THz. The
proposed structure may find applications in actively tunable
multiband or broadband THz detectors, sensors and switches.
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