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Improving the interaction of graphene with terahertz (THz) waves in experiment - through
experimental measurement is a challenge for THz detectors, modulators, and other THz
photonic components based on graphene. Hybridization of graphene with metamaterials
leads to a strong THz response enhancement. Here, we observed maximum enhancement
of 33.0% in non-resonant region and 23.8% in resonant region with the hybridization of
graphene and metamaterials in experiment. A coupling model as well as numerical calcu-
lation has been carried out to fully investigate the influence of this coupling. The results
suggest that there exists an exponential relationship between coupling strength and THz
response in both resonant and non-resonant region, while the resonant frequency shift
shows a linear growth with coupling strength. The bandwidth of the resonance shows
exponential increasing with the damping constant. Correspondingly, the numerical calcu-
lation shows the similar dependency with the electrical conductivity of the graphene over-
layer. This suggests a higher conductivity for stronger coupling. Substrates could also bring
the remote phonon scattering, charge transfer, and dielectric effect, which show the influ-
ence such as low dielectric constant for high coupling.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction high-speed communication. A long search for efficient

materials for THz science and technology is a key issue to

Different with the visible-infrared and microwave region, ter-
ahertz (THz) region is regarded as a ‘gap’ in the electromag-
netic spectrum resulting from a lack of efficient devices to
manipulate THz wave, but is full of potential applications
such as finger-print spectroscopy, biological imaging,

* Corresponding authors: Fax: +86 29 88303336.

bridge the ‘gap’ in THz community [1].

Graphene, two-dimensional carbon atoms in honeycomb
lattices, has exhibited remarkable electrical and mechanical
properties such as high carrier mobility (200,000 cm? V-*s™%)
[2], flexibility, high mechanical strength, and good stability,
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which have stimulated extensive attention in recent years [3].
Its optical properties are also fascinating [4] for photonics and
optoelectronics. For instance, its quantum constant transpar-
ency for each layer in the visible-infrared region [5] and giant
broadband nonlinear optical absorption [6], result in
promising applications in the next generation of photonic
and optoelectronic devices. Unlike the carrier dynamics in
the visible-infrared region, which is dominated by the inter-
band transitions, THz carrier dynamics demonstrates intra-
band transitions in graphene [7,8]. The intraband carriers of
graphene in THz region exhibit sensitive, broadband, and
ultrafast Drude response [7-10], which are tunable due to
the bipolar electric field effect. Significantly, owing to the
carrier concentration of pristine graphene on the scale of
10°-10'2 cm 2, the plasmon resonance in graphene can reach
the THz region [11], which is also tunable by patterning. Based
on these THz properties, graphene becomes a promising
material for the development of detectors [12,13] and modula-
tors [9,14,15] operating in THz region. However, THz wave has
a relatively weak interaction with graphene and the
responsivity of the previous graphene-based THz detectors
is relatively low. In Vicarelli’s work [12], their THz detector
based on graphene field-effect transistors structure shows a
maximum responsivity of 150 mV per watt, which is quite
low compared with other detectors (22.7 kV per watt) [16].
This is mainly due to the limited THz absorption when only
pristine graphene is used [4]. The relatively weak THz
response of graphene limits its applications in future THz
devices.

Metamaterials afford efficient method to design and tailor
nature materials for naturally unavailable properties [17] and
enhanced optical processes [18,19] owing to their surface
plasmon effects. In order to further enhance the optical
response of graphene and to extend the photonic applica-
tions of graphene, the coupling of graphene and metamateri-
als has been investigated [18-24]. Significantly, this coupling
is quite spectral dependent due to different dynamics of
intraband or interband carrier transition of graphene in dif-
ferent spectrum region. Many researches focus on visible-
infrared region as the interband carrier coupling with the
metamaterials. In Papasimakis’s work [20], they show that
the graphene-metamaterial interband carrier coupling shows
more than 250% variation in the infrared spectral response.
Similarly, Zou et al. [22] also proved this efficient interband
carrier coupling in the infrared region through numerical
simulations. Sarau et al. [18] demonstrated that this graph-
ene-metamaterial coupling can enhance Raman scattering
of graphene. Wu et al. [24] proposed a graphene-Au nanopar-
ticle hybrid structure and indicated the presence of multi-
layer graphene shell imparted significantly low scattering
with red-shifted peaks for encapsulated Au nanoparticles in
visible region. However, to our best knowledge, there are only
few reports on the intraband carrier coupling between graph-
ene and metamaterials in THz region [19,23]. Graphene is
suggested for the broadband THz materials but low respon-
sivity and metamaterials are suggested for sensitive THz
devices but narrowband responsivity. This intraband carrier
coupling could improve the properties of both metamaterials
and graphene to achieve win-win characteristics in THz
region. Even though Valmorra et al. [19] realized the active

control of metamaterials with graphene, more information
such as the mechanism of this coupling and the specific con-
tribution of the substrate effects to this coupling are still
unclear in THz region.

Nitrogen-doped (N-doped) graphene as another graphene-
based material can tune the carrier concentration due to the
change of molecular bond properties [25]. In N-doped graph-
ene, the Fermi level shifts above the Dirac point [26] and the
density of state near the Fermi level is suppressed [27]. As a
result, N-doped graphene shows the n-type semiconductor
carrier dynamics [28], leading to absolutely different carrier
dynamics and carrier coupling with metamaterials compared
with the pristine graphene. To the best of our knowledge, the
relevant report of the coupling between N-doped graphene
and metamaterial has not been available in literatures yet.
As the N-doped graphene show mainly electron response (n-
type doped), this investigation could promote the exploration
of electron interaction of N-doped graphene with
metamaterials.

In this work, large-area graphene and N-doped graphene
synthesized by atmospheric pressure chemical vapor deposi-
tion (APCVD) are transferred onto metamaterials. THz time-
domain spectroscopy (THz-TDS) is utilized to evaluate the
THz response of graphene-metamaterial hybrid structure.
The results suggested that the hybridization of graphene (or
N-doped graphene) with THz metamaterials can dramatically
enhance THz response of both metamaterials and graphene
in both non-resonant region (maximum enhancement of
33.0%) and resonant region (maximum 23.8%). THz response
of this graphene-metamaterial hybrid structure in non-reso-
nant region can be broadband (0.48 THz in bandwidth) and
can be further tuned by metamaterial design. THz resonant
response is red-shifted and is sensitive to the micro-environ-
mental dielectrics. To understand this enhancement, both a
coupling model and a numerical calculation are employed
to reveal the interactions of intraband carrier of graphene
with the metamaterials in THz region. The analysis suggests
that there exists exponential relationship between coupling
strength K. and THz response in both resonant and non-reso-
nant region, while the resonant frequency shift show a linear
growth with coupling strength K.. The bandwidth of the reso-
nance shows exponential increasing with the damping con-
stant a4, which mainly determines the shape of resonance
as well as the bandwidth of resonances with a higher damp-
ing for broader spectral response. Corresponding to the cou-
pling model, the numerical calculation shows the similar
dependency with the electrical conductivity of graphene over-
layer. This suggests that a higher conductivity for stronger
coupling, which can be achieved by the sample preparation,
and the change of this coupling under the modulation of
the electrical conductivity always realize via the coupling
strength K. and damping constant I',gq. Meanwhile, sub-
strates could bring the remote phonon scattering, charge
transfer, and dielectric effect, which show the influence such
as low dielectric constant for high coupling. This intraband
carrier coupling in graphene-metamaterial in THz region
shows promising applications in THz photodetector and
conductivity sensor. Our results further deepen the
understanding of intraband carrier in graphene coupled to
metamaterials in THz region.
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2, Experimental
2.1.  Material fabrication

Our metamaterials are fabricated on both Si (800 um in thick-
ness) and SiO, (thickness of 500 pm) substrates in the format
of U-shaped split ring resonators (SRRs). The structural
parameters of SRRs are as follows: the length of a SRR
43 um, the width 43 pm, the gap 4 um, width of the line
4 um, period 55 um, and the thickness of Au film 80 nm (in
Fig. 1). The whole scale of the metamaterials can reach
1x1cm? The detailed fabrication process of SRRs is shown
in the Supplementary Material.

Large-area graphene and N-doped graphene films were
grown on 25 pm Cu foils (Alfa-Aesar, 99.8% purity) by APCVD
at temperature up to 1000 °C through the same synthesis pro-
cess as demonstrated in our previous work [25]. We used CH,
as the carbon source in graphene synthesis. CH; and NHs,
which served as carbon source and nitrogen source respec-
tively, were used to synthesize N-doped graphene. The
detailed process is depicted in Supplementary Material. After
growth process, Cu foil was dissolved in the etchant
(Fe(NOs)3:HCI:H,0 =1 g:1 mL:20 mL). Then, graphene and
N-doped graphene were directly transferred onto SRRs as
demonstrated in Fig. 1. The transfer process of graphene
and N-doped graphene onto SRRs was finished by the wet
transfer technology with the metamaterial samples fixed in
the sample stage and the detailed transfer process is shown
in the Supplementary Material.

2.2.  Material characterization
X-ray photoelectron spectroscopy (XPS) and Raman spec-

trometer were used to characterize graphene and N-doped
graphene (NG1 and NG2). The XPS spectra of NG1 and NG2

G —— NG2(4.7%)+SRRs
D, 15% =y —— NG1(3.1%)+SRRs
D‘ —— Graphene+SRRs

2D

Raman Intensity(a.u.)

1500 2000 2500 3000
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Fig. 2 - Raman spectra of pristine graphene and N-doped
graphene with 3.1 (NG1) and 4.7 (NG2) at.% doping
concentrations on SRRs array surface. Inset: optical image at
the collection-point for Raman spectrum. (A color version of
this figure can be viewed online.)

(Figs. S1 and S2 in Supplementary Material) confirm the exis-
tence of N atoms in graphene lattice and show the atomic
percentage of N atoms in NG1 and NG2 are 3.1% and 4.7%
respectively (Sensitivity factor method is employed to calcu-
late the atomic percentage of N [29]). As shown in Fig. 2, the
Raman spectrum of the pristine graphene (black curve) dem-
onstrates a small D mode located at 1350 cm ™, a strong and
sharp G mode located at 1581 cm™?, and a 2D mode located
at 2700 cm™. The intensity ratio of D and G mode is very
small which reveals the pristine graphene is of high quality
with few defects [30]. Compared with pristine graphene,
N-doped graphene (red curve for 3.1% (NG1) and blue curve
for 4.7% (NG2) doping concentrations) has a stronger D mode,
a broader G mode, a strong blue-shifted G mode, and a

~ -~
L Quartz or Silicon
substrate

Fig. 1 - Schematic of graphene-SRRs hybrid structure. Top-left shows the optical image of SRRs and structural parameters of

SRRs. (A color version of this figure can be viewed online.)
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decreased 2D mode. This is due to the reason that N as for-
eign atoms can largely change the lattice of the pristine
graphene and tune its molecular bond properties [25]. The
low conductivity of N-doped graphene has already been pro-
ven in our previous work, leading to a low intraband carrier
concentration. The inset is the optical image at the collec-
tion-point for Raman spectrum. Owing to the enhancement
by SRRs [18], Raman scattering of graphene increased with
good signal-to-noise ratio (SNR). The difference between the
Raman spectra of graphene samples on SRRs and Si sub-
strates is shown in Fig. S3 in Supplementary Material. Raman
multiple spot analysis is employed to reveal the uniformity
and continuity of our graphene overlayers (shown in Fig. S4,
S5 and S6 in Supplementary Material).

THz responses of SRRs on Si and SiO, substrate before
and after graphene deposition were measured by a
custom-designed THz-TDS system as shown in Fig. S7 in
Supplementary Material (Ti:Sapphire femtosecond laser:
MaiTai Spectra-Physics, repetition rate 80 MHz, pulse width
70 fs, central wavelength 800 nm).

3. Results and discussion

3.1.  THz response and simulation

In our previous work [25], flat and characterless THz
responses of pristine graphene and N-doped graphene have
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been obtained. The pristine graphene shows the THz trans-
mission of ~0.73 in our effective frequency region, while the
N-doped graphene with 3.1 (NG1) and 4.7 (NG2) atomic per-
cent doping concentration show 0.95 and 0.97 in THz region,
respectively. Graphene-SRRs and N-doped graphene-SRRs
hybrids exhibit remarkable spectral response variations.
When the polarization of the incident THz wave was parallel
to the gap-bearing side of SRRs, the THz transmission
responses of SRRs before and after graphene deposition on
different substrates were shown in Fig. 3(a) and (c). In
Fig. 3(a), the THz transmission responses of graphene-SRRs
and N-doped graphene-SRRs hybrid structures on Si substrate
reveal two resonant responses in SRRs, corresponding to low
frequency resonant mode (LFRM) at ~0.4 THz and high fre-
quency resonant mode (HFRM) at ~1.2 THz. LFRM is related
to the circular transient current induced by the incident
THz field and can be explained by an inductance-capacitance
(LC) oscillator model (31), while HFRM is a plasmonic reso-
nance described by a plasmonic dipole resonance [32].

For graphene-SRRs hybrid structure, THz transmission at
LFRM is increased from 8.8% to 18.6% (AT =9.8%), with a
strong red-shift in resonant region from 0.413 to 0.346 THz
(Af =0.067 THz). The THz transmission at HFRM is increased
from 1.8% to 12.9% (AT =11.1%) and its resonant frequency
shifts from 1.225 to 1.096 THz (Af = 0.129 THz). Meanwhile, a
remarkable broadening for LFRM and HFRM can be observed.
On the other hand, the N-doped graphene-SRRs hybrid
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Fig. 3 - THz transmission of graphene-SRRs and N-doped graphene-SRRs hybrid structures on Si substrate (a) and SiO,
substrate (c). Simulated THz transmission of the presented hybrid structures on Si substrate (b) and SiO, substrate (d). The
black shadow shows the non-resonant region of graphene-SRRs and N-doped graphene-SRRs hybrid structures. (A color

version of this figure can be viewed online.)
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structure has a relatively weak variation in resonant region.
THz transmission at LFRM is increased from 8.8% to 14.8%
(AT =5.0%) and its resonant frequency shifts from 0.389 to
0.413 THz (Af=0.024 THz). The THz transmission at HFRM
increases from 1.8% to 5.4% (AT =3.6%) with a broadening
and a red-shift (from 1.225 to 1.223 THz, Af=0.002 THz).
Fig. 3(c) shows the THz transmission response of graphene-
SRRs and N-doped graphene-SRRs hybrid structures on SiO,
substrate. N-doped graphene-SRRs shows the similar varia-
tion tendency as shown in Fig. 3(a). There is an increase of
transmission at LFRM from 4.5% to 28.3% (AT = 23.8%), a red-
shift in resonant region from 0.675 to 0.613THz
(Af = 0.062 THz) and a broadening in resonant region at LFRM.
However, after pristine graphene deposition onto the SRRs/
Si02 surface, THz resonance response at LFRM is smoothed
due to the efficient coupling between graphene on metamate-
rials and SiO, surfaces. Owing to the bandwidth limitation of
our THz-TDS system, the SNR becomes worse after 1.5 THz
and the HFRM at ~2THz is out of the range of our
experiments.

On the basis of these observations, the graphene overlayer
clearly shows the ability to largely modulate the THz absorp-
tion response of SRRs in the non-resonant response region.
As shown in the black shadow in Fig. 3(a) and (c), the non-
resonant spectral response region of both graphene-SRRs
and N-doped graphene-SRRs hybrid structures show flat
and broadband enhancements in THz absorption response.
For Si substrate, the average THz transmission response of
graphene-SRRs in the non-resonant region (from 0.6 to
0.9 THz) decreases from 49.1% to 20.1% (enhancement of
29.0%). N-doped graphene-SRRs has a relatively weak THz
absorption response enhancement of 11.2%. For SiO, sub-
strate, graphene-SRRs shows the maximum THz absorption
enhancement of 33.0% (THz transmission response decreases
from 64.5% to 31.5%) in the non-resonant response region
(from 0.9 to 1.38 THz). N-doped graphene-SRRs on SiO, sub-
strate shows the THz absorption response enhancement of
17.5%. It is worth noting that the significant difference of
THz response enhancements in non-resonant region of SRRs
has strong correlation with the conductivity of overlayer,
namely the varied conductivity of graphene overlay is respon-
sible for the changes in THz response. The results indicate the
promising prospects of the graphene-SRRs hybrid structure
used as the broadband THz photodetector or other THz func-
tional devices for THz wave manipulation.

In addition, the THz transmission of SRRs before and after
the graphene deposition were also measured with the polari-
zation of the incident THz wave perpendicular to the gap-
bearing side of SRRs (Fig. S9 in Supplementary Material). With
the overlayer, the same spectral variation tendency can be
noticed no matter the polarization of the incident THz wave
is parallel or perpendicular to the gap-bearing side of SRRs.
However, when the polarization of the incident THz wave is
perpendicular to the gap-bearing side of SRRs, the presented
hybrid structure shows slight spectral change including the
red-shift of the resonant frequency, the broadening of the res-
onant peak and the THz transmission response variation in
the resonant region. This could be attributed to the novel res-
onance electric field distribution of SRRs induced by certain
polarization of the incident THz wave.

Numerical simulations with the same structure have been
conducted with periodic boundary conditions (CST Micro-
wave Studio) [33]. The overlayer has been modeled by a
dielectric layer with the thickness t=1nm in Zou’s work
[22]. We have subsequently decreased t until we found that
the limit t — 0 is fully converged in our simulations at the
thickness of t=1nm. The used electrical conductivity of
graphene and N-doped graphene overlayers on both Si
and SiO, substrate obtained by four point probe measure-
ments (Beijing ZXYD Technology Ltd TZH24-RTS-9) are
grap-si = 447 x 10° S/m, ongo-si = 5.29 x 10* $/m, ogap-sio, = 1.5
x10°S/m, and oycisio, = 8.04 x 10* S/m, respectively. The
simulated THz transmission response of hybrid structures
on both Si and SiO, substrate are shown in Fig. 3(b) and (d).
These numerical simulations can capture the main character-
istics of the experiments such as the red-shift of the resonant
frequency, the broadening of the resonant mode, and the
THz transmission response variation in the resonant and
non-resonant THz response region.

The corresponding electric field distribution of SRRs at
LFRM without overlayer on Si and SiO, substrates are shown
in Fig. 4(a) and (b). LFRM can be explained by an induc-
tance-capacitance (LC) oscillator model. The resonant fre-
quency can be defined as: fipm = 1/27vLC. Where the
inductance L is determined mainly by the geometry of SRRs
and the capacitance C is highly relevant to both the gap
dimension and the surrounding medium [31]. With the intro-
duction of graphene or N-doped graphene, the total permit-
tivity increases and results in the increase of SRRs total
capacitance, which cause the red-shift of LFRM. Significantly,
the degree of the red-shift depends on the dielectric property
of the overlayer near the gap of SRRs. In THz region, graphene
materials have proved to follow Drude model [34] as:
e~ —opc/(eol) +iopc/(eow) [35]. Where opc is the electrical
conductivity of graphene materials, I' is damping rate and ¢
is the vacuum permittivity. The value of the permittivity of
graphene in THz region is quite larger than that in visible-
infrared region and that of N-doped graphene. It causes quite
larger red-shift of the LFRM of SRRs with graphene than with
N-doped graphene.

HFRM is a diluted plasmonic resonance, which can be
approximately described by a plasmonic dipole with the
resonant frequency at furrm ~ 1/(4nd/eave) [31]. Where d is
the length of SRRs arm and ey is the average permittivity
of the surrounding medium. The simulated electric field
distribution of SRRs at HFRM without overlayer on Si and
SiO, are shown in Fig. 4(c) and (d). When graphene or
N-doped graphene deposit on the surface of SRRs, the ¢aye
would increase, resulting in the red-shift of the HFRM
[36]. Similar to LFRM, due to the quite large permittivity
of graphene materials in THz region, the average permittiv-
ity of the surrounding medium of SRR (eave) is largely
increased by the graphene overlayer and causes the obvious
red-shift of HFRM. With the deposition of the overlayer, a
strong depolarization field is formed around SRRs, which
restricts the movement of electrons in the SRRs driven by
the incident THz field [37,38]. Unlike the LFRM, the HFRM
is highly relevant to the surrounding micro-environment
dielectric variation, giving rise to larger red-shift of the
HFRM.
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Fig. 4 - Simulated electric field distribution at LFRM of SRRs without overlayer and with different graphene overlayers on Si (a)
and SiO, (b) substrate. Simulated electric field distribution at HFRM of SRRs without overlayer and with different graphene
overlayers on Si (c) and SiO, (d) substrate. (A color version of this figure can be viewed online.)

Optical conductivity in graphene involves two processes:
carrier intraband transitions and interband transitions. In
THz region, optical conductivity is mainly affected by the car-
rier intraband transitions in graphene [15]. After the overlayer
deposits onto SRRs, the graphene or N-doped graphene could
make the positive and negative charges near the gap of SRRs
neutralize, leading to the decrease of the electric field inten-
sity near the gap of SRRs at resonant mode. Fig. 4(a) shows
the electric field distribution at LFRM of SRRs without overlay-
er and with different graphene overlayers on Si substrate.
With the overlayers deposition, the resonance electric field
intensity of SRRs at LFRM is largely reduced. For the N-doped
graphene as overlayer, the resonance electric field intensity of
SRRs at LFRM is modulated from 10 to 6.25V/m (AEng=
—3.75 V/m). For the pristine graphene as overlayer, the reso-
nance electric field intensity is modulated from 10 to 1.25V/
m (AEgrap = —8.75V/m). Compared with N-doped graphene
overlayer, the pristine graphene shows double modulation
depth in the electric field intensity of SRRs (AEgrap/AEnG =
~2.3). This is consistent with the modulation depth in the
THz transmission response at LFRM (ATgrap-Lrrm/ ATNG-LFRM =
9.7%/5.0% = 1.94) as shown in Fig. 3(a). This would explain
the increase of THz transmission response of graphene-SRRs
and N-doped graphene-SRRs hybrid structure at resonant
mode. Significantly, the increase of THz transmission at reso-
nant mode is direct proportion to the electrical conductivity
of overlayer due to the neutralization of positive and negative
charges near the gap of SRRs.

However, to a certain extent, there is some deviation
between the simulation and the experiments, such as the
red-shift degree of the resonant frequency, the broadening
degree of the resonant mode and the modulation depth of
the THz transmission response in the resonant and non-res-
onant response region. The deviation of the numerical simu-
lations could be from the reason that the calculations ignore
the charge-transfer between the graphene and metamateri-
als. As soon as graphene contacts with metamaterials fabri-
cated with Au, electrons are transferred from graphene to

Au and graphene is p-type doped on Au [39]. This effect is
important and can further shift the Fermi level of graphene,
causing the variation of the graphene electrical conductivity
[39].
3.2.  Coupling mechanism of metamaterials and graphene
As shown in Fig. 5(a), a coupling model has been proposed to
quantitatively reveal the interaction mechanism between
graphene and SRRs in THz region. Similar to carbon nano-
tubes as overlayer [40], the mechanical oscillator is driven
by an external harmonic force F (THz field). The behavior of
this coupling model can be described by the following
equation:

d’x dx
M1 dt21 =F K1X1 — KC(X1 — Xz) FT; (1)
YA SR LK%t — %) — Tad 22 2)
2 P 2X2 (X1 2 add ~ gy

More details about Egs. (1) and (2) are shown in the Supple-
mentary Material. Here, the resonance of SRRs is represented
by the oscillation with a mass M; and the spring constant Kj,
while a mass M, and spring constant K, for graphene overlay-
er. M, represents excitations in the gap of SRRs and M, repre-
sents carrier excitations in graphene overlayer. The coupling
of graphene overlayer and SRRs is represented by the spring
constant K. Friction I' represents the damping of SRRs and
this damping mainly affects the resonant bandwidth in the
spectral response [41]. With the coupling of graphene and
SRRs, an additional damping (T'aqq) is introduced, which leads
to the broadening as shown in Fig. 5(b) and (c). ['aqq is highly
relevant to the permittivity of overlayers [42]. Fig. 5(b) and (c)
are obtained by solving Egs. (1) and (2) under the initial values
of Mi=1, M,=44, Ki=1, K,=39, K.=11, I'=0.001,
Iaaq = 0.45. According to the analyses shown in Fig. 5(b) and
(c), the variation of THz intensity in resonant region is consis-
tent with the experimental observation of increased THz
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graphene overlayer is represented by a mass M,. K; and K, are the spring constants of the oscillator M; and M,, respectively.
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(A color version of this figure can be viewed online.)

transmission of graphene-SRRs hybrid structure in Fig. 3(a).
The THz response in off-resonant region shows increased
THz absorption. A red-shift can also be observed in THz
intensity spectra (Fig. 5(c)), corresponding to the experimental
results in Fig. 3(a) and (c).

To understand the influence from the coupling and damp-
ing of graphene with metamaterials, we further modulate the
parameters K. and I'pgq as shown in Fig. 5(d) and (e), while

keeping other parameters constant. It is evident that K.
determines both frequency shift and the intensity of the res-
onance, that is, the stronger coupling leads to the larger red-
shift and lower peak intensity. I';aqq mainly determines the
shape of the resonance as well as the bandwidth of the reso-
nance with the higher damping for broader spectral response.

Further calculations suggest that the THz peak intensity is
exponential decay with the K. (black dots and curve in
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Fig. 6(a)). However, the THz intensity in off-resonant region is
exponential growth with the K. (blue dots and curve in
Fig. 6(a)). The red curve shows the linear proportion depen-
dency between the red-shift frequency and K.. Fig. 6(b) shows
an exponential increasing of bandwidth with Tpaq. This is
consistent with our experimental measurements and other
measurements for the similar carrier coupling between
graphene and metamaterials [19]. The results from Fig. 6 also
show the similar spectral response and the magnitude varia-
tion tendency for the interband carrier coupling [20-22].

Valmorra et al. [19] proposed a voltage-tunable coupling of
graphene with metamaterials and analyzed the data with the
lumped-element circuit modes, in which clear intensity vari-
ation but less frequency shift were observed. This implied
that the voltage-tunability may be determined by K, not I'a44,
which is consistent with our results shown in Fig. 6. However,
with the graphene in infrared photonic metamaterials, Papas-
imakis et al. [20] found a strong red-shift of the resonance as
well as broadening, suggesting the contributions of both K.
and Iaaq. The coupling model presented here could help fur-
ther understanding of the carrier coupling between graphene
and metamaterials.

Fig. 7 shows simulated THz transmission response of SRRs
covered by graphene overlayers with different electrical con-
ductivity on both Si (a) and SiO, (b) substrate. The minimum
electrical conductivity in our simulation is set to the mini-
mum electrical conductivity in our experiments, correspond-
ing to o, = ongs-si = 5.29 x 10* S/m. The electrical conductivity
of the overlayer is changed from 3¢, to 260, as shown in
Fig. 7. We focus on both resonant and non-resonant THz
response region and define the parameters Iirrm, Inrrm, and
Inon to reveal the variation of THz response with the change
of the electrical conductivity. I;rr is employed to describe
the variation of LFRM at resonance and Iirryv = Tirrm — Tsets
where Tiprm represents the THz transmission of overlayer-
SRRs at LFRM. T, is the THz transmission of overlayer-SRRs
hybrid structure at the fixed frequency (0.6 THz for Si sub-
strate and 1.0 THz for SiO, substrate). I, is employed to

a
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describe the THz absorption variation in the non-resonant
response region, corresponding to Inon = Tsrrs — Tave. Where
Tsrrs is the average of THz transmission of SRRs without over-
layer in the non-resonant response region and T,y is the aver-
age of THz transmission of overlayer-SRRs hybrid structure in
the non-resonant response region. The non-resonant
response region ranges from 0.6 to 0.9 THz for Si substrate
and from 0.9 to 1.38 THz for SiO, substrate as shown in the
black shadow area of Fig. 7(a) and (b). The highly sensitive
response of the ggverayer With Irrm can be expressed by an
exponential fitting for both SRRs on Si and SiO, substrate
(Fig. 7(c)). The response on SiO, is more sensitive than that
on Si due to the substrate effect with metamaterials
[43].There are two interfaces between graphene and metama-
terials in a microscopic level. One is the interface between
graphene and the substrate (In our experiment metamaterials
are thoroughly covered by graphene and the extra parts of
graphene overlayer will contact with substrate) and the other
is the interface between the graphene and the Au pattern.
When a graphene sheet directly contacts with a dielectric
substrate, the electrons in graphene along the interface will
couple to the electric field induced by the surface phonon
mode of the dielectric substrate. This causes a remote elec-
tron-phonon interaction generated at the interface between
graphene and substrate [44,45]. This interaction can be
described by a Hamiltonian [46]: H,pn = Y ;Mzpq(bl +b_3),
where b% and b_; represent the creation and annihilation
operators for the surface phonons of substrate with momen-
tum q parallel to the graphene-substrate interface. p; is the
graphene electron density operator. The previous work has
already proven that this remote scattering with the substrate
phonons is the main limiting factor of the carrier mobility in
graphene through the solution of the Hamiltonian. This cor-
responds to the polarizability of the substrate material [46].
The polarizability of material (y,) is relevant to its permittivity
(¢) and the relationship can be described by ¢ = (1 + y,)¢. In
our experiment, the permittivity of Si substrate (11.4) is much
larger than SiO, substrate (3.84). Thus, it would explain the
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Fig. 6 — (a) Dependency between THz intensity in resonant region and K. (black dots). Dependency between THz intensity in
off-resonant region and K. (blue dots). The curves are the exponential fitting. Dependency between the red-shift frequency
and K. (red dots). The curves are the linear fitting. (b) Dependency between bandwidth and I'y44. The curves are the
exponential fitting. (A color version of this figure can be viewed online.)
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viewed online.)

quite larger carrier mobility of graphene overlayer contacted
with SiO, substrate than that with Si substrate. On the other
hand, when the graphene sheet directly contact with SiO,
substrate, the surface oxygen dangling bonds of SiO, sub-
strate could bind to graphene through the formation of the
C-O bonds, causing the charge transfer from graphene to
the oxygen dangling bonds [47]. This charge-transfer interac-
tion between graphene and SiO, substrate could induce
p-type doping, resulting in the increase of the carrier concen-
tration in graphene. The modulation of the carrier mobility
and carrier concentration in graphene will further modulate
the electrical conductivity of graphene overlayer. This also
can be supported by the electric field pattern difference at
LFRM of graphene-SRRs hybrid structure on Si and SiO, sub-
strate as shown in Fig. 4(a) and (b). Based on these, we suggest
the remote phonon scattering and charge-transfer effect
could influence the properties of the carrier dynamics in
graphene, which cause the variation of the electrical conduc-
tivity of graphene overlayer. This will result in the influences
of the intraband carrier coupling between graphene and SRRs
in THz region. Since the electrical conductivity of graphene
can be tuned by absorbed molecules such as NO, [48], NH;

[49], HNO; [50], F4-TCNQ [51], the results in Fig. 7(c) also sug-
gested that this kind of hybrid structure can be used as high
sensitive conductivity sensor.

The relationship between the Inon and ooverlayer is also
shown in Fig. 7(c). The highly dependency between I,,, and
Ooverlayer Can be well fitted by an exponential growth function.
Especially for the graphene-SRRs hybrid structure on SiO,
substrate, it shows the remarkable THz absorption enhance-
ment in non-resonant region. The corresponding absorption
increase of ~54.9% is shown in Fig. 7(b). Even though our
experimental data exhibit broadband THz absorption
enhancement of ~33.0% (Fig. 3(c)), this could be optimized
under ideal circumstance for maximum electrical conductiv-
ity of graphene. So far the maximum electrical conductivity
measurements of graphene can reach 2.35x 10’ S/m [52].
Compared with the response of pristine graphene [9,15], this
graphene-SRRs hybrid structure shows more than twice as
much THz absorption as the pristine one. This excellent
THz enhancement means the coupling between graphene
and SRRs can largely increase THz response of both graphene
and SRRs, which achieve win-win characteristics. This will
also increase THz wave detection responsivity with the
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graphene-SRRs hybrid structure and exhibits an excellent
application prospect in THz photodetection. Similar results
for HFRM mode are shown in Supplementary Material
Fig. S10.

Meanwhile, the dependency between the resonant fre-
quency shift (Af) of LFRM and the overlayer electrical conduc-
tivity (doverlayer) are shown in Fig. 7(d). The data in Fig. 7(d)
demonstrate a linear relationship. The higher degree of Af
and doverlayer for SiO, compared with Si suggests that the lower
the dielectric constant of substrate is, the better the sensitiv-
ity will be. This also proves that the coupling between graph-
ene and SRRs is also influenced by the substrate caused by the
difference of the substrate permittivity. More explanations for
the frequency shift and the permittivity difference can be
found in Eq. (3) in Supplementary Material.

Comparing Figs. 6(a) and 7(c), the THz intensity in reso-
nant region shows the similar exponential decay with the K.
as well as the ogyerlayerr The THz intensity in off-resonant
region shows the similar exponential increase with K.
(Fig. 6(a)) compared to Goverlayer (Fig. 7(c)). The red-shift fre-
quency of the THz intensity spectra also shows the similar
linear increase with K. (Fig. 6(a)) compared to ooverlayer
(Fig. 7(d)). This suggests that the coupling parameter K. is
highly related to the conductivity of graphene ooyeriayer and
the variation of K, is equivalent to the modulation of graph-
ene overlayer electrical conductivity. The coupling model also
agrees well with both experimental measurements (Fig. 3(a)
and (c)) and numerical simulations (Fig. 7) for further under-
standing the hybridization of metamaterials and graphene.

4, Conclusion

In this paper, we demonstrate a graphene-SRRs hybrid struc-
ture based on a large-area graphene and N-doped graphene
synthesized by APCVD. Hybridization of graphene and N-
doped graphene with SRRs leads to an intraband carrier cou-
pling between graphene and SRRs in THz region. A coupling
model and the numerical calculation are employed to reveal
this coupling in THz region. The results suggest the coupling
is highly relevant to the electrical conductivity of graphene
overlayer. THz response in resonant region shows exponen-
tial decay with the electrical conductivity of graphene over-
layer, while the THz response in non-resonant region shows
exponential growth with the electrical conductivity of graph-
ene overlayer. Moreover, the resonant frequency shift shows
exponential increasing with the electrical conductivity of
graphene overlayer. Correspondingly, the change of this cou-
pling under the modulation of this electrical conductivity
always realize through the coupling strength K. and damping
constant I'yqq in our coupling oscillator model. In our model,
K. determines both frequency shift as well as the intensity of
the resonance. I'ygq mainly determines the shape of the reso-
nance as well as the bandwidth of the resonance. Also, sub-
strates could bring the remote phonon scattering, charge
transfer, and dielectric effect, which show the influence such
as low dielectric constant for high coupling. The coupling
model as well as the numerical simulations could provide
some clues to optimize the interaction between graphene
and metamaterials. This work could pave the way for the

potential applications of graphene-metamaterial hybridation
for high efficient THz devices.
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