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The dynamic tunability of a terahertz (THz) passband filter was realized by changing the Fermi energy (Ep) of
graphene based on the sandwiched structure of metal-graphene—metal metamaterials (MGMs). By using plane wave sim-
ulation, we demonstrated that the central frequency (fy) of the proposed filter can shift from 5.04 THz to 5.71 THz; this
shift is accompanied by a 3 dB bandwidth (Af) decrease from 1.82 THz to 0.01 THz as the EF increases from 0 to 0.75 eV.
Additionally, in order to select a suitable control equation for the proposed filter, the curves of Af and f; under differ-
ent graphene Ep were fitted using five different mathematical models. The fitting results demonstrate that the DoseResp
model offers accurate predictions of the change in the 3 dB bandwidth, and the Quartic model can successfully describe
the variation in the center frequency of the proposed filter. Moreover, the electric field and current density analyses show
that the dynamic tuning property of the proposed filter is mainly caused by the competition of two coupling effects at dif-
ferent graphene EF, i.e., graphene—polyimide coupling and graphene—metal coupling. This study shows that the proposed
structures are promising for realizing dynamically tunable filters in innovative THz communication systems.

Keywords: metamaterial, terahertz, filter, mathematical model, tunability, graphene
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1. Introduction

Terahertz (THz) waves have shown promising techno-
logical potential for use in many applications, such as medi-
cal imaging, biomolecular sensing, fingerprint detection, and
identification.!'~”! However, using THz devices to effectively
manipulate THz waves for increasing their suitability to more
applications is a challenge. The control of THz radiation by
natural materials is very inefficient owing to the weak electro-
magnetic responses of these materials.[®”) Recently, metama-
terials, which are composed of artificial sub-wavelength struc-
tures, were proposed; the effective permittivity and/or perme-
ability of these materials can be altered in large degrees of
freedom owing to their extraordinary electromagnetic prop-
erties, such as a negative refractive index, which do not ex-
ist in natural materials.?!%-1® Such properties of metamateri-
als allow for the development of an efficient method for real-
izing potentially functional components for THz technology.
THz metamaterial-based filters have been reported in other re-

search works owing to their superior properties.!'”!8] How-
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ever, the narrow operational bandwidth and signal distortion of
these filters significantly limit the development of functional
communication devices and limit their applications in many

U9 Fyrthermore, the traditional metamaterial-

practical fields.
based filters cannot tune the electromagnetic properties of THz
waves dynamically in actual cases. Although the coplanar
hybridization of graphene with metamaterials has been re-
ported because of the tunable Fermi level of graphene, Ef,
the transmission efficiency of filters using such materials is
greatly reduced owing to the large loss in THz frequency. This
makes it difficult to apply THz filters in THz communication
systems. (20-22]

In this study, we demonstrate a unique platform for dy-
namically tunable THz filters based on metal—graphene—metal
metamaterials (MGMs), in which the passband frequency re-
gions are tuned over a wide range. To examine the corre-
sponding transmission spectra of the proposed filters, a THz
frequency domain calculation was carried out. The results in-
dicated that MGMs can dynamically tune THz transmission

spectra with only a slight reduction in efficiency. The trans-
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mission spectra of MGMs largely shift from 2 THz to 4 THz
as a result of tuning the Ef of graphene. Instead, few changes
in the range 4-8 THz were observed. In addition, to select
a suitable control equation for the proposed filter, the curves
of the 3 dB bandwidth (Af) and the center frequency (fy) of
the graphene Er were fitted using five different mathemati-
cal models. The DoseResp model offers accurate predictions
for control of the 3 dB bandwidth, and the Quartic model can
successfully describe the variation in the center frequency of
THz passband filters. Finally, the results indicated that the pro-
posed structure exhibited satisfactory performance in the THz
region, particularly in terms of tunability.

(b)

2. Structural design and simulations

The periodic structures of the metamaterial are schemati-
cally shown in Fig. 1(a); the bottom structure and design of an
individual unit cell of the metamaterial are shown in Figs. 1(b)
and 1(c), respectively. The unit cell contained a mono-
layer graphene sheet sandwiched by a polyimide (PI) layer of
10 um. The material of the top layer was the same as that
of the bottom layer, which was composed of a 200-nm-thick
metal film with an electrical conductivity of 4.09 x 107 S/cm;

the monolayer graphene sheet was treated as a zero-thickness
23]

conductive medium.!

Fig. 1. (color online) Illustration of a metamaterial with graphene and the structural design. (a) Schematic illustration of the periodic arrange-
ment of the unit cell. (b) Bottom structure design of the metamaterial. (c) Structural design of an individual unit cell.

The spacing between the top layer and the monolayer
graphene sheet is defined as 4. In the simulation, the real
part of the permittivity and the loss tangent for PI are 3.1 and
0.05, respectively, when the center frequency is 5 THz.**! Fig-
ure 1(c) shows the pattern design of the top metal film, which
is made up of a cross-like pattern Boolean with a hexagonal
hole inside and a circular ring at the center. The corresponding
structural parameters are d = 22 um, w = 18 um, r = 3 um,
R =8 um, and L = 10 um. To investigate the transmission
spectra of the proposed filters, the THz transmission property
was studied using the CST microwave studio. In the simula-
tion, the incident THz waves of the metamaterial were along
the z-axis to permeate the top layer of MGMs. The boundary
conditions of PEC and PMC for the unit cell of the MGMs
were simultaneously set along the x and y directions, respec-
tively. Then, we simulated the THz beams from 2.0 THz to
8.0 THz with a resolution of 0.03 THz.

3. Mathematical model for control kinetics

Table 1 presents the five different mathematical models
that can be used to describe the control process of the 3 dB
bandwidth or the center frequency for the dynamic tuning
passband filter. The best mathematical model for depicting the
control process of the 3 dB bandwidth or the center frequency
was chosen based on its statistical parameters, which include
the root mean square error (Erms ), reduced mean square of the
deviation (x?), and the coefficient of correlation (R%). In other
words, these statistical parameters were applied as the primary
criteria to select the mathematical model that best predicts the

variation in the 3 dB bandwidth or the center frequency as the
Er was varied. More specifically, a higher R? value and lower
Erms and x2 values were selected as the criteria for the good-
ness of fit for the transmission spectra. [25-27] 1y addition, Erms
gives the deviation between the predicted and simulation val-
ues; R? gives the predictive power of the model relative to the
control behavior of the filter, and its highest value is 1. To
determine the superior mathematical model for describing the
control process of the 3 dB bandwidth or the center frequency,
linear and non-linear regression analyses were implemented to
estimate the coefficients and parameters of the five mathemati-
cal models. The simulated 3 dB bandwidth, the predicted 3 dB
bandwidth, the simulated center frequency, and the predicted
center frequency were subjected to one-way analyses of vari-
ance (ANOVA). The statistical parameters (Erys, X2, and R?)

were calculated as follows: [28-30]
1 N
ERMS = N Z (fpre,i - fsim,i)27 (1)
i=1
y 2
‘;1 (fsim,i - fprc,i)
= @
N N
Z (fl - fpre,i) Z (fl - fsim,i)
R2 _ i=1 i=1 7 (3)

\/ | £ i i) | £ - fims?]

where fgim,; is the i-th simulation 3 dB bandwidth or center
frequency, fpre, is the i-th predicted 3 dB bandwidth or center
frequency, N is the number of observations, n is the number
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of constants in the mathematical model, and i is the number of
terms.

Table 1. Mathematical models applied to control the 3 dB bandwidth
or the center frequency.

Model Model equation
Gaussamp f(Er) =a+be [0.5((Er~c)/m)?]

S . _ b—a
DoseResp f(Ep) =a+ P )
Parabolic f(EF) = a+ bEg + cE2

Quartic f(Er) = a+bEg +cE2 +dE} + mE}
Line f(Er) =a+DbEr

In Table 1, f represents the 3 dB bandwidth or the center
frequency of the graphene metamaterial filter, Er represents
the Fermi energy level of graphene, and a, b, ¢, d, and b repre-
sent the coefficients of the five different mathematical models.

4. Results and discussion
4.1. Effect of structural parameters on the filter

The THz transmission responses of the proposed filter
with different spacing A are shown in Fig. 2(a). As seen in
Fig. 2(a), the THz transmission response of MGMs increased
as h was varied from 1 um to 5 um when the Er was set to
0.3 eV. The THz transmission responses of MGMs reveal two
resonant responses, namely, f; and f,,, which can be described
by a plasmonic dipole resonance induced by the incident THz
field.['%31 To a certain extent, a higher value of 4 is more
beneficial for enhancing transmission responses. The trans-
missivity was increased by 13% and 19.9% at f, and f;, re-
spectively, with the increase of & from 1 um to 5 pm. To illus-
trate the THz transmission behavior of MGMs at a fixed Ef,
we simulated the unit cell structure without metallic patterns,
remaining graphene and PI substrates (GPs). The spacing h
was tuned from 1 pm to 9 um to determine the effects of the
geometric parameter on the transmission spectra, and the re-
sults are shown in Fig. 2(b). From Fig. 2(b), it can been seen
that the transmissivity of the GPs was significantly affected
by the spacing h. In particular, the transmission responses
with 7 =5 pm were the strongest, whereas for 7 = 1 um,
the transmission responses were the weakest. In other words,
when the location of the graphene sheet was in the middle of
the PI substrate, the transmissivity was the highest. By con-
trast, when the graphene sheet was closer to the top or bottom
layer, the transmission efficiency became weaker. Compared
to the transmissivity of the GPs, the transmissivity of MGMs
is related to the location of graphene in the PI. Furthermore,
in order to determine the effect of the other unit cell struc-
tural parameters of the metamaterial, we discussed the effect
of the other structural parameters in more detail. As can be
seen from Fig. 2(c), we first defined the width of the metal

ring AR = R —r, where R is the outside radius and r is the in-
side radius of the metal ring. When AR was fixed at 3 um, by
changing R from 4 um to 8 um and r from 1 pm to 5 wm un-
der a fixed graphene Ef of 0 eV, we found that the bandwidth
of the filter widened with the increase in the metal ring size.
In addition, the transmission of the metamaterial filter also in-
creased with the increase in the metal ring size (Fig. 2(c)).
A possible explanation for this might be that, as the size of
metal ring increases, the loss of structures reduces. On the
other hand, we also studied the effect of AR on the transmis-
sion efficiency; R was fixed at 7 um, and r was changed from
2 pm to 6 pum. It can be seen from Fig. 2(d) that the band-
width of the filter widened when r was increased from 2 um
to 6 um. At the same time, the transmission increased from
0.67 to 0.74, which implies that the growing linewidth of the
metal ring may result in a decrease in transmission as well.
Furthermore, we also found that the parameter w and the tem-
perature have little effect on the transmission of our designed
filter, as shown in Figs. 2(e) and 2(f). Thus, the difference in
transmission response can be deduced from Figs. 3(a)-3(c),
which show the current density distribution of the graphene
layer with 2 =1 um, 3 um, and 5 um in MGMs. Evidently,
the surface current density decreased as 4 was increased from
1 pm to 5 um. Comparing Fig. 3(a) and Fig. 4(a), figure 4(a)
shows a strong coupling effect between the graphene film and
Au film when 4 =1 um. Consequently, the current density
and the dissipative power density in graphene can be deter-

mined by the following equation: 3]
Jy = 0 Eres, “
W = 04| Eres| %, ©)

where Jp is the current density, o, is the conductivity of
graphene, W is the dissipative power density, and E is
the resonant electric field. Both Egs. (4) and (5) imply that
the current density J, is proportional to the resonant electric
field E..s. The dissipative power density W is represented by
a quadratic function of the resonant electric field when the
conductivity of graphene is fixed. When /4 was tuned from
5 um to 1 um, a resonant electric field enhancement effect
was observed with an increase in current density, and thus, W
greatly increased. As a result, the transmission responses were
damped by the dissipation of the graphene layer. Therefore,
the noticeable difference in transmission response at 28 THz
had a strong relationship with the coupling effect between the
GPs. In addition, when the spacing & was changed from 5 pum
to 1 um, the coupling effect between the graphene film and
metal film became stronger, and an evident coupling effect
was observed between the graphene film and the metal film
at 1 pm.
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Fig. 2. (color online) (a) Transmission spectra of MGMs treated with different spacing 4. (b) Transmission spectra of the unit cell structures
consisting of graphene and PI substrates (GPs) with different spacing /. (c) Dependence of transmission on different AR values. (d) Dependence
of transmission on different r values of the metal ring when the outside radius is fixed at 7 um. (e) Effect of w on the transmission spectra of
MGMs. (f) Effect of graphene temperature on the transmission spectra of MGMs.
A/m
. . .1000
0
(a) 1 pm (b) 3 um (c) 5 pm
Fig. 3. (color online) Distribution of the surface current density in the graphene sheet with different spacing 4: (a) 1 pm, (b) 3 um, and (c) 5 pm.
A/m
. . .Oooi
0
(a) 1 pm (b) 3 pm (c) 5 pm
Fig. 4. (color online) Distribution of the surface current density in the top Au film with different spacing 4: (a) 1 um, (b) 3 pm, and (¢) 5 pm.

4.2. Influence of different combination models on trans- is not present in the unit cell. In the no-graphene metamaterial
mission model, 7 = 0 pm indicates that the monolayer graphene sheet
As shown in Figs. 5(a) and 5(b), the spacing between the ~ Wwas located on the top metal film of the unit cell, an arrange-

top-layer metal film and the monolayer graphene sheet is de-  ment defined as the top-coplanar hybridization of graphene

fined as &; in the figures, no-graphene indicates that graphene ~ with the metamaterial model. A spacing of 2 = 10 pm in-
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dicates that the monolayer graphene sheet was located on the
bottom metal film of the unit cell, an arrangement that is de-
fined as the bottom-coplanar hybridization of graphene with
the metamaterial model. The different values of spacing &
realize different hybrid models. To further evaluate the rela-
tionship between the spacing & and the THz transmission re-
sponses, the effect of the spacing 4 is shown in Fig. 5(a), in
which the Ef of graphene is fixed at 0.3 eV and the other pa-
rameters are constant. The simulation results indicated that the
change in spacing / significantly influenced the transmissions.
When the spacing & = 5 pum, the transmission spectra showed
better flatness and strong transmission intensity. In fact, in-
creases of 41% and 63.16% were observed in the THz trans-
mission at f, and f;, respectively, in comparison to the trans-
mission with the spacing # = 0 um. On the other hand, for
the spacing 4 = 0 um and . = 10 pum, the transmission spectra
almost overlapped and had similar profiles in Fig. 5(a). In ad-
dition, figure 5(b) shows that the transmission spectrum when
the spacing 2 = 5 pm had the most similar profile to that of
the spectrum of the structure with no graphene. The transmis-
sion showed an approximate decrease of 3.6% and 1.73% at
fa and fp, respectively, in comparison to that of the structure
with no graphene, whereas a slight blue shift occurred when
Er was fixed at 0 eV. Moreover, the decrease in the trans-
mission intensity with 2 = 0 um was the most evident; the
transmission intensity decreased by approximately 80.3% and
69.95% at f, and f;, respectively, in comparison to that of the
structure with no graphene. Figures 5(c)-5(e) show the reso-
nance electric field distributions of different combination mod-
els at 4.49 THz, 4.48 THz, and 4.24 THz for the PI substrate,
respectively. Compared to the resonance electric field distri-
bution, as shown in Figs. 5(c) and 5(d), the electric field in-
tensity distributions under the two conditions are very similar
when the spacing 7 = 5 pum without graphene in the unit cell.
Meanwhile, as shown in Fig. 5(e), the monolayer graphene
sheet was located on the top metal film of the unit cell; thus,
it could generate positive and negative charge redistributions,
leading to an increase in the electric field intensity. Based on
Eq. (5), the decrease in THz transmission for different combi-
nation models is due to the enhancement in the electric field
intensity. On the other hand, generally, the plasmon can be
excited by the THz wave in monolayer graphene, and the non-
local plasmon dispersion relation of monolayer graphene can
be affected by a thick conductor owing to the coulomb cou-
ple. Based on Ref. [33], the nonlocal plasmon dispersion re-
lation of monolayer graphene would be relevant to the vari-
ous values of the distance between the monolayer graphene
sheet and the conductor surface. Specifically, the two plas-
mon branches of the monolayer evolve into a merged spectral
line and the surface plasmon branch tends to be dispersion-
less as the separation is increased. However, as the monolayer

graphene sheet was close to the surface of the conductor, i.e.,
when the distance between the surface and the layer became
less than a certain critical value, the lower acoustic plasmon
branch became overdamped. This conclusion can be suitably
used to explain the phenomenon observed when the monolayer
graphene sheet was located on the metal film of the unit cell
(h =10, 10 pm) in our work. In other words, when h = 0,
10 wm, based on the results of Ref. [33], the overdamping of
the plasmon branch occurs in the monolayer graphene of the
metamaterials filter; therefore, the transmission of the meta-
materials filter decreased greatly. In summary, the effect of
the above mentioned parameters on the transmission of our
designed metamaterials filter has been discussed. These re-
sults show the remarkable transmission variation in spectral
response caused by changing the value of spacing 4.

4.3. Tunability dependence of transmission on Fermi en-
ergy

The transmission spectra of MGMs can be dynamically
tuned via the tuning of the Ef of graphene. The transmission
spectra under different Er values when the spacing 4 =5 pm
are shown in Fig. 6(a). The transmission spectra exhibit sig-
nificant tunable filtering properties, and two resonant frequen-
cies contained the resonance frequencies f, and f;,. When the
Fermi energy increased from O to 0.25 eV, f, blue shifted from
4.478 THz to 4.64 THz, accompanied by a decrease in the
transmission efficiency from 84.6% to 76.2%. When the Ep
was over 0.25 eV, f, disappeared and only f;, was left. The
THz resonance response at both f, and fi, became smooth with
an increase in Er from 0 to 0.75 eV. To obtain a clearer expla-
nation, we defined a 3 dB bandwidth A f = f; — f}, to character-
ize such a passband transmission and demonstrate the center
frequency as fp. To illustrate the dynamic tuning property of
graphene for the proposed filter, the center frequency fy and
Af as a function of Ef are exhibited in Fig. 6(b), respectively.
As Ep increased from 0 to 0.75 eV, fj increased from 5.04 THz
to 5.71 THz, accompanying a decline in Af from 1.824 THz to
0.0144 THz. On the other hand, the frequency f; blue shifted
from 4.172 THz to 5.642 THz, whereas f; shifted towards
lower frequencies (red shifts) from 5.996 THz to 5.786 THz.
Moreover, when the Fermi energy was set from 0.05 THz to
0.75 eV, the THz transmission of MGMs at 4.48 THz de-
creased from 84.6% to 35.4%, and the modulation depth in the
THz transmission reached 49.2%. Figure 6(c) shows the trans-
mission spectrum of GPs when 7 =5 um. As shown in the
figure, when the frequency ranged from 2 to 4 THz, the trans-
mission spectrum of GPs showed an obvious change, and the
transmission in the frequency range decreased when the Fermi
energy was increased. However, as the frequency ranged from
4 THz to 8 THz, the transmission spectrum at different Ep
values achieved an aggregating state. Considering the tuning
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mechanism, as the transmission spectra of MGMs are influ-
enced by GPs, when the frequency changed from 2 THz to
4 THz, the transmission of MGMs declined much faster than
that when the frequency was changed from 4 THz to 8 THz.
Furthermore, the transmission spectrum of MGMs had more
shifts between 2 THz and 4 THz than between 4 THz and

1o (a) —h=10 um

h =5 pum
0.81 40%7.7](;&; ,f,b‘,—‘rh:() pm 7
0.6} \

163.16%
L

Transmission

0.4} : | -

8 THz. In other words, the shift in the transmission spectrum
of MGMs is determined by the changing trend of the transmis-
sion spectrum of GPs. To verify the coupling effect of GPs, we
simulated a transmission spectrum of the single layer graphene
at a Fermi energy between 0.15 eV to 0.75 eV, and the results
are shown in Fig. 6(d).

1.0

b Ja 1.73%

R R
- 0.8f 3.6% Qv
2 ‘
& o06r
g 80.3% ‘
Z ’ 65.95%
= 0.4Ff :
&= no-graphene

| J/ —h=5um :
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0

2 3 4 5 6 7 8
Frequency/THz

V/m

y 6X106

Fig. 5. (color online) Transmission spectra of the proposed filter with different combination models. (a) Effect of the transmission spectra when
Er is 0.3 eV. (b) Effect of the transmission spectra when the Er was set at 0 eV. (c) Distribution of the resonant electric field with no graphene.
(d) Distribution of the resonant electric field with 7 = 5 pm. (e) Distribution of the resonant electric field with 7 =0 pm.
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Fig. 6. (color online) Transmission spectra of the proposed filter treated with different Fermi level energies. (a) Transmission spectra
of MGM:s. (b) Effect of f and Af. (c) Transmission spectra of GPs. (d) Transmission spectra of a single graphene sheet.
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By comparing Fig. 6(c) and Fig. 6(d), we can make sure
that the transmission spectrum of GPs is caused by the cou-
pling effect of GPs with different Er values. Furthermore, fig-
ures 7(a)—7(d) show the electric field distribution of a graphene
sheet with different Er values at 3.86 THz. As the Er was
tuned from 0.15 eV to 0.75 eV, the electric field density be-
came stronger in the middle region of graphene, and an emer-
gence of small regions for very weak electric field intensities
on the edge of graphene was observed. Figures 8(a)-8(d) show
the electric field distribution of the top-layer Au film. As the
Fermi energy was changed from 0.15 eV to 0.75 eV, a strong
electric field density emerged on the edge of the internal ring
and regular hexagon thin plate; however, as the electric field
intensity was very weak near the apex of the hexagon, we
can infer that a coupling effect between metal films and the
graphene was present. In addition, more THz in graphene
was lost because regions of stronger electric field intensities
were much larger than those of weaker electric field inten-
sities. This observation can be explained by the dissipative
power density W as a function of the resonant electric field
E..s and the conductivity of graphene (Egs. (4) and (5)). As
the Fermi energy was tuned from 0.15 eV to 0.75 eV, the res-
onant electric field and conductivity due to graphene enhance-
ment were observed with increases in Ef; then as the dissipa-
tive power density W increased, the transmission was damped
by dissipation in the graphene layer caused by varying of the
Fermi energy. Therefore, the transmission shows a strong de-
pendence on the Fermi level. The relationship between Fermi
energy and the conductivity of graphene can be explained by
Kubo’s formalism. In the THz region, the carrier intraband
transitions play a key role in influencing the optical conduc-

[23

tivity in graphene.!?! The optical conductivity of graphene is

(a) 0.15 eV

(b) 0.35 eV

B/
i '0
8

(c) 0.55 eV

dominated by intraband and interbond transitions. It can be
modeled using Kubo’s formalism[3-343]

o(o, I, u,T)
= Ointer (0, ", fhe;, T) + Oinra (@, T, e, T, (6)
Ginter (@, ", e, T)
iez(a)+izr)/°°

h?

fa(=8) — fa(&)

/ (o+i2r)7-4(¢ 4 @

Gintra(warakyT)
i@ [l (=)
- ) 0/ é( )dé, ®)

mh? (o +i2l 9¢ ¢
fa(&)
1

= (=) () 41 ©)

where o is the angular frequency, I" is the scattering rate, {i.

is the chemical potential, T is the environment temperature,
fa(&) is the Fermi—Dirac distribution, e is the electron charge,
7 is the reduced Planck’s constant, and & is the photon en-
ergy. The scattering rate I" and the environment temperature
T are respectively set to be 0.0001 eV and 293 K. The chemi-
cal potential and the carrier concentration of graphene can be

described as follows: 36371
He = Tvg(mn) /2, (10)
”l:&'()SVg/ed, an

where [ is the chemical potential, n is the carrier concentra-
tion, vr is the Fermi velocity of the graphene, V; is gate volt-
age, & and € are the free space and insulated substrate ma-
terial permittivity, respectively, and d is the thickness of the
insulated substrate material.

/m

\%
2X10°
0

(d) 0.75 eV

Fig. 7. (color online) Distribution of resonant electric field in the graphene sheet treated with different Fermi level energies.

(a) 0.15 eV

(b) 0.35 eV

(d) 0.75 eV

Fig. 8. (color online) Distribution of resonant electric fields on the top-layer Au film treated with different Fermi energies.

098101-7



Chin. Phys. B Vol. 27, No. 9 (2018) 098101

4.4. Selection of the superior mathematical model
4.4.1. Best mathematical model for control of the 3 dB
bandwidth

The results of statistical analyses on the modeling of the
3 dB bandwidth for the THz passband filter are listed in Ta-
ble 2. Generally, the values of R2%, Rygs, and X2 for the
five different mathematical models were 0.97576 to 0.9970,
0.04683 to 0.18872, and 0.00091 to 0.01285, respectively (Ta-
ble 2). Based on the evaluation criteria mentioned above, the
superior mathematical model that suitably depicted the con-
trol process of the 3 dB bandwidth was chosen as the one
with the highest R? value and the lowest ¥ and Rygs val-
ues. Table 2 confirms that the values of R? for the models
were greater than 0.95, indicating that the five different math-
ematical models had good fitness.!?°! However, the line model
had high Ryes and x? values, which made it a weaker model
in comparison to other mentioned models for depicting the
control process of the 3 dB bandwidth. In addition, Table 2
shows that the DoseResp model provided the highest value of
R? (0.9970), and the lowest values of x2 (0.9970) and Rys
(0.04683) for control of the 3 dB bandwidth. Accordingly,
the DoseResp model was selected as the superior mathemat-
ical model to represent the behavior for control of the 3 dB
bandwidth. In order to further demonstrate that the DoseResp
model was the most suitable mathematical model for depict-
ing the control process of the 3 dB bandwidth, the predicted
3 dB bandwidth by the DoseResp model and the simulated

3 dB bandwidth were compared at different random Ef values
in the range 0 to 0.8 eV. Figure 9(b) shows the evolution of
the simulated 3 dB bandwidth and predicted 3 dB bandwidth
by the DoseResp model as a function of Ef in the range 0 to
0.8 eV. As can be seen, the predicted 3 dB bandwidth data by
the DoseResp model is almost the same as the simulated data.
An ANOVA showed that no significant difference (p > 0.001)
existed between the predicted 3 dB bandwidth and the sim-
ulated data, thus strengthening the view that the DoseResp
model could perfectly predict the variation in the 3 dB band-
width when the Er was changed, as an excellent conformity
between the simulated and the predicted 3 dB bandwidth was
observed. Therefore, the DoseResp model can be success-
fully applied to regulate and control the 3 dB bandwidth of
a THz passband filter. In addition, the values of a, b, ¢, and
m for the DoseResp model were 0.2439, 1.8812, 0.4924, and
—2.9535, respectively (Table 2). a and b are the bottom and
top asymptotes, respectively, c is the value at the center of the
DoseResp value, and m is the hill slope. From the DoseResp
model applied for controlling the process of the 3 dB band-
width (f = —0.2439+2.1251/[1 4 10~ 29335(04924=Er)] it was
found that the 3 dB bandwidth of the THz passband filter could
be regulated from —0.2439 to 1.8812. Moreover, near the cen-
ter of the DoseResp model, where the value of c is 0.4924, the
rate of change for the 3 dB bandwidth is higher than that at
both ends (Fig. 9(b)).

Table 2. Results of statistical analyses on the modeling of 3 dB bandwidth and Ef.

Model coefficients

Statistical parameters

Model
a b c m RymEs R 1’
DoseResp -0.2439 1.8812 0.4924 -2.9535 0.04683 0.9970 0.00091
Gaussamp 1.8562 -1.7822 0.8033 0.2984 0.04738 0.9969 0.00093
Quartic 1.8246 -0.9904 2.7669 -17.555 15.474 0.04737 0.9967 0.00101
Parabolic 1.8529 -0.8419 -2.4034 -0.6566 0.08353 0.9911 0.00222
Line 2.0348 -2.5053 0.18872 0.9576 0.01285

4.4.2. Best mathematical model for control of the cen-
ter frequency

Table 3 lists the coefficients and parameters of the five
mathematical models for controlling the center frequency. The
values of R2, Rygs, and xz range from 0.978997 to 0.999801,
0.003721 to 0.041821, and 0.024805 to 3.086183, respectively
(Table 3). From Table 3, it can be concluded that the line
model is also a weak model in comparison to the other men-
tioned models for depicting the control process of the center
frequency. On the other hand, the quartic model is the most
suitable mathematical model for depicting the control process
of the center frequency as its statistical parameters meet the

criteria for selecting the most suitable mathematical model.
Figure 9(a) shows the evolution of the simulated and predicted
center frequency by the quartic model as a function of Ef in
the Er range 0 to 0.8 eV. As shown in the figure, the predicted
center frequency data by quartic model is almost equal to the
simulated data. An ANOVA showed that significant differ-
ences (p > 0.001) did not exist between the predicted center
frequency data and the simulated data, indicating that an ex-
cellent conformity exists between the simulated and the pre-
dicted center frequencies. Therefore, the quartic model can
successfully describe the variation in the center frequency of a
terahertz passband filter.
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Table 3. Results of statistical analyses on the modeling of the center frequency and Ef.

Model coefficients

Statistical parameters

Model

a b c d m RumEs R? 752
Quartic 5.0643 1.0315 —4.5427 14.8646 -12.341 0.02372 0.9947 0.00025
Gaussamp 5.0707 0.6397 0.7246 0.2777 0.03449 0.9923 0.00049
Doseresp 5.0601 5.8120 0.4299 3.1667 0.03252 0.9908 0.00044
Parabolic 5.0545 0.6572 0.4999 0.05112 0.9789 0.00101
Line 5.0545 1.0027 0.06204 0.9710 0.00139
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