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Graphene Tunable Plasmon—Phonon Coupling in Mid-IR

Complementary Metamaterial

Nan Chen, Dihan Hasan, Chong Pei Ho, and Chengkuo Lee*

Metamaterial-based plasmonics has become an overwhelming research field
due to its enormous potential and versatility in molecular sensing, imaging,
and nonlinear optics. This work presents a new tunable plasmonic platform on
which the metamaterial resonance is coupled with infrared vibrational bond

in the presence of graphene electrostatic modulation. The maximum electric
field enhancement factor induced by mode coupling is 14 and the quality

factor (Q-factor) of phonon mode is increased approximately by fourfold.

The graphene electrostatic modulation based on the parallel-plate capacitor
configuration enables a wavelength shift of 1.57 nm V-, resonance intensity
and Q-factor modulation depth of 103.34% and 70%, respectively. Metamaterial
based plasmon polariton perfectly matched with phonon mode yields the
highest Q-factor of 40. However, this perfectly matched resonance appears to
be prohibitively “switched off” in the electrostatic tuning, which is reported for
the first time. Mode splitting investigation reveals the largest coupling strength
of 8.1 meV (1.96 THz) that results in the insensitivity to the perturbation caused
by graphene modulation. Finally, an averaged sensitivity of 1.677 pm RIU™" and
a tunable figure of merit are reported, depicting the versatility of this platform

concentration monitoring.!! In order
to improve sensing accuracy, the engi-
neered photon-electron oscillation reso-
nant along the interface or confined in
the subwavelength metamaterial can be
utilized.?) This collective electromagnetic
oscillating behavior known as plasmonic
resonance is able to express the unique
optical features under different condi-
tions. Among the various types of plas-
monic resonances, Fano resonance is
characterized by the sharp asymmetric
line shape, created by the interference
of a narrow discrete state (black or sub-
radiant mode) with the broadband con-
tinuum state (bright or super-radiant
mode) and is favorable for constructing
slow light or nonlinear optical platform to
launch the high-Q enhanced applications,
such as biochemical sensing.’3®l The
most popular approach to the excitation

for multiplexed sensing applications in various conditions.

1. Introduction

The vibrational fingerprints of molecular compounds are
abundant at mid-infrared. The technique of infrared spec-
troscopy enables a wide range of sensing applications from
molecular identification to hazardous gas detection and
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of Fano resonance in the mid-infrared

frequency range is to break the symmetry

of metamaterial geometry.”® There
are other methods including the multistacking of thin metal
and dielectric layers!'”! and making use of material intrinsic
damping as the subradiant mode.l''"!3! For example, with the
mid-infrared vibrational absorption resonance (phonon band)
of silicon dioxide as the dark mode, the strong Fano cou-
pling between the SiO, thin film and metamaterial split ring
resonator (SRR) is observed such that it leads to mode split-
ting featured as frequency anticrossing.'}l In the asymmetric
SRR metamaterial, polymethyl-methacrylate (PMMA) pro-
duced Fano resonance is enhanced as well. The Fano reso-
nance from metamaterial plasmon coupled with the phonon
vibration of PMMA is varied through changing metamaterial
geometry.'] Moreover, the realization of the ultrasensitive
detection of polymer molecule is obtained through matching
the polymer phonon resonance with the Fano resonance of
periodic nanostructures.l'l The alteration of Fano resonance
can be achieved by the individual or simultaneous control of
dark and bright resonance. The aforementioned geometry vari-
ation of subwavelength metamaterial can be used to shift the
broad bright mode resonance. The alternative approaches such
as mechanical stress,['”] liquid crystal,'® micro electrome-
chanical system technology*! are exploited to either modify
the optical properties of the surrounding material or actively
reconfigure the structure. Recently, the dynamic manipulation
of Fano resonance by graphene electrostatic tuning has been
demonstrated by some groups.[2-2!]
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Monolayer graphene has been explored to enrich the mid-
infrared plasmonic sensing performance due to the remark-
able flexibility and feasibility offered by the unique monoatom
structure.???3] The significance of monolayer graphene also
refers to the sensitivity in detection and the controllability by
the means of electrostatic doping, chemical doping, thermo-
electric, magnetic, optical mechanism, etc.?*% For instance,
graphene plasmon enhanced vibrational carbonyl resonance in
PMMA thin film is experimentally revealed.*!] Combined with
spectroscopy technology, the tunable graphene plasmon at mid-
infrared is successfully demonstrated for the advanced detection
of protein amide I and II and monolayer graphene manifests
its advantage over the noble metals with respect to the superior
spatial light confinement.ll' Additionally, monolayer graphene
has been widely used as the tunable medium: changing met-
amaterial-based resonance damping is realized with the aid of
graphene electrical modulation®?l; extraordinary optical trans-
mission of the metallic complementary metamaterial is electri-
cally controlled by the patterned graphene ribbon*3; Fano reso-
nance originated from the designed nanostructure is able to be
manipulated by the electrostatic tuning of graphene with the sil-
icon back-gating and ion-liquid gating configuration,* as well
as by electrical switching in the source-drain configuration.!

When it comes to engineering the metamaterial-based
plasmon resonance, one way is to manipulate the geometric
dimension of unit cell. The other way is to utilize the tun-
ability of graphene. Both methods are employed in this work
so that (a) the coupling of phonon mode with metamaterial
induced plasmon resonance and (b) this coupling modulated
by graphene can be insightfully observed. Besides, the meta-
material plasmonic resonance is engineered to align with the
intrinsic vibrational carbonyl bond of PMMA for Fano-like
line shape at mid-infrared. With further improvement of gra-
phene electrical tuning made based on Wan et al.’s work,'
the progressive tuning effect on the coupled resonance could
be obtained. During graphene electrostatic modulation, the
perfectly matched plasmon—phonon resonance is surpris-
ingly resistant to change. To the best of our knowledge, such
plasmon—phonon coupling behavior enabled by graphene
modulation is first observed to date. Meanwhile, the theoretical
explanation made by mode splitting and coupling strength,
fills the gap that most of the vacuum Rabi splitting from
nanocluster, nanoaggregate, or plexciton are discussed in
visible light.®>-3% Although there are some works applying
mode splitting theory for mid-infrared exploration,?1:1340 no
study of the tunable behavior in the presence of graphene has
been made yet. Therefore, our work reports the mode splitting
analysis of graphene tuning coupled resonance in mid-infrared
region for the first time. This is a newly applied approach to
investigate how the graphene electrical modulation could
control the coupled resonance, such as by coupling strength.
Incorporating graphene as an active medium will also cater the
need for dynamic reconfiguration for performing multiplexed
sensing in various conditions on the single platform.

The overall organization of the paper is as follows. The first
section will introduce the metamaterial enhanced high-Q Fano-
like resonance. Next, monolayer graphene’s electrostatic modu-
lation of the plasmonic resonator will be shown and the spectral
change will be discussed. Afterward, the numerical analysis
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using three-level model is presented with the extracted parame-
ters of resonance coupling. The subsequent section mainly con-
centrates on the coupling process in terms of mode splitting
and coupling strength. Last but not least, the potential applica-
tion of molecule sensing on the proposed platform is discussed
and demonstrated. The new feature realized by graphene
tuning can be viable to achieve better sensing performance.

2. Results and Discussion

2.1. Mid-Infrared Responses of High-Q Fano Resonance

This paper presents three cross-shaped metamaterial designs,
each of which is comprised of 30*30 unit cell array with
2.5 um periodicity. They are distinguished from one another
in different lengths: 1.9 um, 2.1 pm, and 2.3 pm as shown in
Figure 1d-f, while the width is fixed at 100 nm. In a two-step
state-of-the-art fabrication, beginning with single layer gra-
phene substrate and coating with PMMA resist, the device was
written by electron beam lithography and then developed to
obtain the periodic subwavelength structures, followed up with
gold deposition shown in Figure 1la—c. Figure Sla—c (Supporting
Information) clarifies that the gold layer is formed along the
developed PMMA void gap and attached with the bottom gra-
phene layer. This metal layer, on one hand, is served as the plas-
monic platform to enhance surface localized plasmon polariton
confinement. On the other hand, it is the terminal for electro-
statically doping the sandwiched monolayer graphene in the
parallel-plate-capacitor configuration, while the doped silicon
substrate connected to ground is the other terminal. The con-
ceptual schematic measurement setup is shown in Figure 1g.
Adjusting the applied terminal bias to actively control the
Fermi level of the monolayer graphene is able to alter the spec-
tral location of the localized surface plasmon resonance (LSPR).

PMMA, a widely used photoresist in micro/nanofabrication,
has strong asymmetric fingerprint of carbonyl stretching bond
vibration at 5.77 um.®l In Figure 1h, the spectra of the device
before and after metal deposition are compared to give a pro-
found insight that this carbonyl mode can be greatly enhanced
by LSPR mode and its Q-factor substantially increases from
5.01 to 21.74. Furthermore, as shown in Figure 1i of the simu-
lated electric field enhancement distribution of 0° polarization
B s 14.02
[Ei|
residing along the cross slot. LSPR’s coupling with phonon
resonance has strengthened electromagnetic field confinement
with plasmon polariton modifying the near-field permittivity.

In order to realize the maximum plasmon—phonon enhance-
ment, the carbonyl vibration band is expected to overlap the
LSPR mode. Here we vary the length of the metamaterial
cross pattern and investigate the following dimensions in the
finite-difference time-domain (FDTD) simulation (Figure 2a):
1.9 um (device A), 2.1 um (device B), and 2.3 um (device C) in
length; 100 nm in all widths. The LSPR wavelength is propor-
tional to the length of cross pattern because shorter “dipolar”
effective length excites resonance at higher frequency (see Sec-
tion 3, Supporting Information). The simulated magnetic field
distributions of device C at 6.40 um and 2.48 um under 0°

at 5.77 um, the maximum enhancement factor
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Figure 1. a—c) The schematics of device in fabrication progress; d—f) SEM photos of device A, B, and C; g) The schematic of device under electrical
tuning with incident light; h) The measured reflection spectra of device without and with top metal layer; i) The electric field enhancement of device

with metal versus nonmetal at 5.77 um at 0° polarization.

polarization are depicted in Figure 2b,c from which the strong
“dipole” mode and weak “quadruple” mode can be clearly iden-
tified and notably these two LSPRs are along 90° polarization,
consistent with the Babinet’s principle.*#2

The material models in FDTD are: Falkovsky model (mid-
infrared) for monolayer graphene with the effective thickness
of 1 nm, Palik model for gold, silicon dioxide, and silicon sub-
strate. For the optical property of PMMA at mid-infrared, the
Lorentz oscillator model is applied as!'¥l
Epmma =& +8L0)0/( —2i00— @ ) (1)
where the relative permittivity of PMMA g, is 2.2, the oscil-
lator strength g is 0.04, the Lorentz resonance frequency aj is
3.269 x 10%rad s™! (5.77 um or 52 THz), and the damping rate
& is chosen as 2.8 x 102 rad s (0.446 THz) to match with the
experiment results. The impact of different line widths on the

Adv. Mater. Technol. 2018, 1800014

1800014 (3 of 12)

overall resonance spectrum refers to Figure S2 (Supporting
Information).

Figure 2d,e is the measured spectra of fresh and post-
thermal-treated device after bonding. The accumulated
thermal effect in the bonding process leads the undesired
residual stress to the structure and changes material prop-
erty to some extent,l so the spectral shift and shrink are
observed other than severe distorion at 6.5-7 pm (in the
Supporting Information). However, device B exhibits the
matched plasmon-phonon coupling which is aligned with
simulation. Q-factors of Fano-like peaks are 22.32, 40.19,
and 7.12 for postdevice A, B, and C, respectively. Thus, tai-
loring LSPR to be spectrally overlapped with the carbonyl
mode can successfully launch the high-Q Fano resonance.
Figure S3b,d,f (Supporting Information) of the simulated
E-field distributions at the Fano-like peak frequencies
of three devices reveal the maximum magnitude of |E?
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Figure 2. a) The simulated reflection spectra of device A, B and C. The highlighted yellow band indicates the location of PMMA carbonyl resonance
band; b) The simulated magnetic field distribution of LSPR “dipole” mode at 6.40 um of device C; c) The simulated magnetic field distribution of
LSPR “quadrupole” mode at 2.48 um of device C; d) The measured reflection spectra of device A, B, and C before bonding; e) The measured reflection

spectra of postthermal-treated device A, B, and C after bonding.

spatially localized over the narrow slot in the following order:
Device B> Device A> Device C, in agreement with the respective
Q-factors. The next section will focus on manipulating the
optical response by graphene electrostatic tuning.

2.2. Electrostatic Modulation of Monolayer Graphene on the
Plasmonic Resonator

The free carrier concentration of monolayer graphene can be
easily modulated by applying external bias, so is Fermi level
related to surface conductivity. The relationship of surface
conductivity of monolayer graphene o, from both intraband
and interband transitions and Fermi level Ep is expressed as
following (including spin effect)

ik, T E

el1 1 (hw—ZEF) i (ho +2E;)
+—| =+—arctan| ————— |-—1In > >
4nl2 & 2k T 21\ (hew — 2B +(2ksT)
(2)

where e is the electric charge, 7 is the reduced Planck constant,
kg is the Boltzmann constant, T is the temperature, and o is
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the frequency of incident light. The carrier relaxation time is
T=UEg/evi, and u is the carrier mobility. At mid-infrared fre-
quencies, the contribution from interband transition is negli-
gible. For simplicity, the conductivity of graphene at mid-infrared
2ie’ky T E:
=———"—— In| 2cosh .
wh'(w+i/7) 2k T
The permittivity of graphene &, governed by optical conductivity
0, can be written as below!?>#4l

is approximated t0 Oy (®)

&, (0)=1+ Tom (@) (3)
wEt,

where g, is the permittivity of vacuum. t,is the thickness of

monolayer graphene. Consequently, the permittivity of mono-

layer graphene is electrically controllable by Fermi level linked

to the total carrier density N in Equation (4)

Ey = hveJaN (4)

where vg is the Fermi velocity and commonly taken as 1 X
10° m s'. In the parallel-plate capacitor configuration, the
total carrier density can be quantified by the applied Vi, as
in N = CyVbias — Venel/e = €8] Vbias = Venel/eta where

C, is the gate capacitance per unit area and &, is the relative
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Table 1. Calculated Fermi level at different applied bias.

Applied bias 20V 40V 60V 8V 100V 120V 140V 160V 180V

Fermi level [eV] 0.071 0.100 0.123 0.142 0.158 0.174 0.187 0.200 0.213

permittivity of silicon oxide.*’! The thickness of silicon oxide
dielectric isolation layer t4 is 300 nm. Then the correlation
between the applied bias and the Fermi level of monolayer gra-
phene can be expressed as

e = [T =Vorl g g1 [V Vo ©)
d

Venp is the charge neutral point (CNP) also known as the
Dirac point of the E-k dispersion of monolayer graphene. At
this point there is no energy state in between thus envisioning
the lowest electrical conductance. The pure monolayer gra-
phene has a positive CNP because of the p-doped silicon sub-
strate. But the additional electrons imposed by PMMA, metal
layer, and thermal annealing can possibly balance the original
CNP. Assuming Vcyp equal to 0 V, the calculated values of
Fermi level corresponding to different applied bias are listed in
Table 1. To theoretically verify the trend of the observed spec-
tral shift, the Fermi levels of monolayer graphene model are set
from 0.1 to 0.25 €V, in step of 0.05 eV in FDTD simulation.
The permittivity of graphene FDTD model at various Fermi
levels can be found in Figure S4 (Supporting Information). The
real part of graphene permittivity is decreased at high doping
concentrations.

The measured and simulated spectra of the three devices
modulated by different graphene doping concentrations are
shown in Figure 3. The insets provide the close-up view of
the tuning trend of LSPR dip or the fixed Fano-like peak and
the arrows indicate the direction of tuning.

As seen in Figure 3a,e, there is blueshift in LSPR wavelength
and increase in the reflection intensity of LSPR dip as the
applied bias ranging from 0 to 180 V for device A and C. How-
ever, such trend is hardly observed for device B in Figure 3c.
The electrostatic modulation barely takes effect in the Fano-like
peak generated from the perfectly matched plasmon-phonon
resonance in device B: tunability being “shut off” under the
exact same electrostatic tuning condition of graphene as device
A and C. Overall, the trend of experiment data is observed in
good consent with the corresponding simulation results.

To have a straightforward understanding of graphene’s
electrical tuning effect, the LSPR wavelength and intensity as a
function of applied bias are plotted in Figure 4a,b for device A and
C. With the applied bias varying from 0 to 180 V, the resonance
wavelength of device A experiences blueshift from 5.4232 um
to 5.3850 pum, by 38.2 nm; resonance intensity is increased
from 38.95% to 53.58%, by 37.56%. Device C also undergoes
the blueshift from 6.4586 um to 6.2993 um by 159.3 nm; the
reflection intensity is increased from 32.61% to 66.31% by
103.34%. Monolayer graphene with higher carrier density being
more metallic enables blueshift of LSPR wavelength as well as
higher reflection intensity. Figure 4c depicts the blueshift of
LSPR wavelength of device A and C with the reference point
of 0 V. Device A has the complete linear modulation range with
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the sensitivity of 0.21 nm V-1, while the linear region of device
C is 40-120 V with much higher sensitivity of 1.57 nm V! and
saturated at high voltages of 140-180 V. The fitted equations of
device A and C are available in the Supporting Information.
Aside from wavelength shift and intensity change of LSPR,
resonance’s Q-factors of device A and C also deliver the tunability
in Figure 4d (refer to Table S1 for specific values, Supporting
Information). The Q-factors of Fano-like peak of device A and
C are ascended and descended by 70.12% and 52.13%, respec-
tively, while the LSPR Q-factors for device A and C are declined
and elevated throughout the entire tuning process. As discussed,
graphene electrical modulation is not significantly applicable
to device B, which will be further analyzed by the coupled level
model and mode splitting theory in the following sections.

2.3. Numerical Investigation of Plasmon—Phonon Coupling
by Graphene Modulation

The three-level model in quantum optics is able to provide an
account for the resonance stemmed from photon—phonon-—
electron coupling by modeling the motion of density matrix
elements.[** The existence of ground state |0), excited state
|1), and metastable state |2) allows three level transition, akin
to two driven coupled harmonic oscillator.®3150-2] The possible
energy level transition paths are: (1) |0) — |1) bright mode of
LSPR excitation and (2) |0) — |1) — |2) — |1) dark mode of phonon
resonance coupled with LSPR, whereas |0) — |2) route is strictly
forbidden. The coupling process can be described as

9 | ipaQc
2 2
P ©
2

Pro=1i (w — Wispr +1Y1spR ) Pro+

ﬁzo = i(w—wLSPR = 6+1Yomuma ) P+

Where P = pio € and Py = pap €17 are the density
matrix elements of bright and dark modes. Qp(®) and Q¢(w,)
represent the power of the pumping and coupling lights.
Yiser and Ypyuma are denoted as the damping rate of bright
and dark resonance, equal to the corresponding full width at
half maximum (FWHM). o is angular frequency of the inci-
dent field and g is the frequency of bright mode. @pyyia
and Ymma are 52 and 0.446 THz, respectively. § = o, — @y, is
the detuning of dark and bright excitations that quantifies the
resonance asymmetry. Detuning J being away from zero diverts
the symmetric Lorentzian lineshape from the asymmetric Fano
lineshape. In adiabatic regime when Py, and py, are both zero,
Pio can be obtained as

Q . ,
J(w —@ 15pr — 0 + WPMMA)
Bro = 2 7
P1o Qé ) - ] ' (7)
T_(w_wLSPR+VyLSPR)(a)_wLSPR_(S"—VyPMMA)

The reflection spectrum of the proposed device can be
obtained by Im (—py ) which portrays energy dissipation.
Through equation fitting, the related parameters (i.e., cou-
pling coefficients, detuning factors, damping rates, reso-
nance frequencies) are extracted in Tables S2—-S4 (Supporting
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Figure 3. a,c,e) The measured reflection spectra at different applied voltages from 0 to 180 V of device A, B, and C; b,d,f) The simulated reflection

spectra at different Fermi levels from 0.1 to 0.25 eV of device A, B, and C.

Information) and displayed in Figure 5. Figure S7a,c.e
shows the comparison of the measurement spectrum with
the fitted curve of device A, B, and C at the applied bias of
0 V. The errors in the fitted values of device C are estimated
to be 0.15-1.1 THz which are higher than the previous fit-
tings of device A and B. Figure S7b,d,f (Supporting Informa-
tion) displays the fitted curves from 0 to 180 V of all three
devices.
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From the fitted results, one clear observation is that the
detuning 0 of device A and C has the opposite sign which
is congruous with the asymmetric Fano line shape. Besides,
the detuning of device A is proportional to the increased gra-
phene doping level, whereas device C is inversely proportional
to that, which exerts that asymmetry of Fano line shape can
be tuned by graphene modulation. The detuning of device
B is close to zero so its peak can be treated as the moderate
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Figure 4. a) The measured LSPR wavelength and reflection intensity change versus the applied voltage of device A; b) The measured LSPR wavelength
and reflection intensity change versus the applied voltage of device C; c) The measured LSPR wavelength shift as a function of the applied voltage of
device A and C. The fitted data are conveyed by the solid line; d) The measured Q-factors of LSPR dip and Fano-like peak as a function of the applied

voltage of device A and C through multipeak fitting.

electromagnetic induced transparency (EIT) analogous reso-
nance. The damping rate of PMMA is nearly constant from
the fitted results, less than 0.446 THz. Imposed by the
rising graphene doping level, the coupled LSPR’s line shape
becomes narrower and shifted to higher frequency except for
device B which is reluctant to the electrical modulation. Like-
wise, the power of the coupling light Qc(w,) is decreased for
device A, increased for device C and leveled for device B. It is
suspected that due to the nonnegligible error in curve fitting,
the value Qc(w,) of device B is between device A and device C.
In total, the three-level model can satisfactorily reproduce and
explain the coupling of phonon mode with plasmon polariton
in the presence of graphene electrostatic tuning, especially

—#— Device A —@— Device B —&— Device C

o

0 20 40 60 80 100 120 140 160 180
Voltage Applied (V)

(@)

that device A and C are under substantial influence while
device B is not.

2.4. Mode Splitting and Coupling Strength

Figure 6 shows the coupling process between resonances.
Here we conduct the FDTD simulation by replacing the
PMMA thin film with a dielectric medium with the sim-
ilar refractive index but zero extinction to reconstruct the
uncoupled LSPR. The uncoupled LSPR and phonon mode
of three devices are separately delineated in Figure 6a,c,d
and the coupled counterparts in Figure 6b,d,f. The strong

—=— Device A —8— Device B —A— Device C
—eo—9o—o oo 9o oo

2080 ’:’:":.hitl%
= 0.25]

MH*‘\H-
-—-—-—-—-—-\.\.\‘.

0 20 40 60 80 100 120 140 160 180
Voltage Applied (V)

(b)

Figure 5. a) The extracted parameters Qp, @ispr, and § of three-level model for device A, B, and C at voltage applied from 0 to 180 V; b) The extracted
parameters Yopma, Qc , and Yiser of three-level model for device A, B, and C at voltage applied from 0 to 180 V.
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Figure 6. a) The uncoupled LSPR of device A and PMMA carbonyl resonance; b) The coupling of LSPR and PMMA carbonyl resonance leads to
mode splitting in device A with the reinforced Fano and Lorentz resonance; c) The uncoupled LSPR of device B and the PMMA carbonyl resonance
in vicinity; d) The coupling of LSPR and PMMA carbonyl resonance leads to mode splitting in device B with the EIT analogous resonance due to the
highly overlapped uncoupled resonances; e) The uncoupled LSPR of device C and PMMA carbonyl resonance; f) The coupling of LSPR and PMMA
carbonyl resonance leads to mode splitting in device C with the reinforced Fano and Lorentz resonance. The uncoupled LSPR spectra in a,c,e) are

from FDTD simulation.

coupling of the two resonances in close proximity not only
initiates the opening of the Fano-like reflection window
but also engenders the split hybrid modes w_ and o, sepa-
rated by split gap Q, in the form of energy transfer.!""!3l
Similar to vacuum-Rabi splitting, the coupled hybrid modes
can be found through the energy state in the adiabatic
Hamiltonian[36:40:49.53]

Orspr — j—YL;PR \4
H=n y (8)
Vpyma — J%

where V is the coupling strength. The eigen-frequencies w_ and
o, can be calculated as

@ 1spr + Opyivia JY 1ser + JY puma +

;= - x
2 4
0 2 . 2 4 . .
@ 1spr — Wpmma LVi_ Y 1spr — VpMma N ((0 LSPR — wPMMA)(JY LSPR — _]yPMMA)
2 4 4
O, — ©)
. . . p— + — .

Incorporating Equation (9) with = Y (€, is

quantified as half of frequency difference of w_ and w, and

nQ, is the Rabi energy gap) the general expression of coupling
strength isf?!

. 2 . 2
V= \/Qf _((DLSPR _szMMA ) +(7LSPR _47/PMMA ) (10)

Adv. Mater. Technol. 2018, 1800014

1800014 (8 of 12)

, 2
When & = 0, a brief expression V=, |Q+ WJ

can be derived and applied to device B. Mode splitting condition

v > | T “Vowma |4 oo tisfied in all the cases of this work. 58

Figure 7a is the anticrossing dispersion that describes the
mode splitting of the coupled plasmon—phonon resonance.l*”]
The data points are grouped into three parts due to the distinct
splitting occasions for three devices and each subset contains a
pile of hybrid states @, corresponding to the increased uncou-
pled LSPR frequencies in the sequence of 0-180 V. The inset is
the magnified view of the coupled upper state @, of device C,
for instance, that the frequencies of the coupled hybrid states
are increased with the applied voltage. The lower state of device
C and upper state of device A are the coupled LSPRs which are
under strong influence by graphene electrostatic modulation.
However, the split modes of device B can hardly be influenced.

Subsequently, coupling strength V is investigated for all
cases (Table 2). It is shown as a function of the uncoupled
LSPR frequency in Figure 7b as well as the applied voltage in
the inset.’ Device B possesses the largest coupling strength
of around 8-8.1 meV (1.94-1.96 THz), to which the insensi-
tivity to electrical tuning of the Fano-like resonance thus can
be ascribed, i.e., the electrical pumping induced perturbation
is not strong enough compared to the plasmon—phonon cou-
pling strength. As opposed to device C, the coupling strength of
device A is gradually reduced with the increased applied voltage.
In other words, coupling strength decreases as the uncoupled
LSPR mode departs from the carbonyl phonon mode.
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Figure 7. a) The frequency anticrossing dispersion of mode splitting occurred in the coupled LSPR
and PMMA carbonyl resonance. The horizontal dash line indicates PMMA carbonyl resonance.
The upper and lower hybrid states are scattered above and below this line. The diagonal dash line
indicates the situation when the frequency of the coupled resonance is equal to that of the uncou-
pled LSPR. Inset: the zoomed-in example of the upper hybrid state of device C from 0 to 180 V;
b) Coupling strength of three devices from 0 to 180 V as a function of the uncoupled LSPR fre-
quency. Inset: The change of coupling strength of three devices as a function the applied voltage.
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and geometric diversity of metamate-
rial, ultrasensitive sensing is under con-
tinuous development by means of Fano
resonance,’>®  nanocavity,’”l  etc. The
dynamic sensing can be attributed to the elec-
trical controllability of monolayer graphene
in such hybrid platforms."*8-¢0 Figure 8a
conceptualizes molecular sensing on our
proposed graphene-based tunable sensing
platform on which the real-time, dynamic
and label-free detection can be realized. The
complementary metamaterial of the cross
microvoid is able to generate the volumetric
electric field enhancement and accordingly
shows a characterization of sensitive detec-
tion when functionalized by molecule.

Figure 8b exhibits the distinctive reflection
spectra of device C simulated under different
background refractive indices (RI) ranging
from 1.1 to 1.5 under various Fermi levels of
monolayer graphene. LSPR is moved toward
longer wavelength due to the increased
refractive index of the sensing medium,
while shifted to shorter wavelength due to
the altered optical permittivity of the heavily
doped monolayer graphene. The LSPR wave-
length is reversely proportional to Fermi level
for each case as shown in Figure S8 (Sup-
porting Information). The detection range
is extended by graphene electrostatic tuning.
Figure 8c shows the linear redshift in LSPR
wavelength with the sensing refractive index
for each graphene Fermi level varying from
0.1 to 0.3 eV in a step of 0.05 eV. The slope
of the refractive index dependence OA/dn
(in um RIU7Y) represents the sensitivity of RI
plasmonic sensing. The inset table shows the
sensitivity values of different doping cases,
1.677 um RIU™! in average which is not very
much affected by the Fermi level of mono-
layer graphene. The refractive index induced
redshift is replicated in the experiment for
device C (Figure 9a) freshly fabricated on
graphene monolayer. Here, we apply a large
droplet of 100 x 1073 M glucose solution in
DI water onto the sample (not postthermal
treated due to bonding process) and desic-
cate it to minimize the effect of water absorp-
tion during the measurement. The measured
results show a LSPR wavelength shift of
120 nm. The observed wavelength shift indi-
cates an increase of the effective refractive
index of the surrounding by 7.2% due to the
presence of the deposited glucose molecules.

2.5. Possible Application: The Tunable and Dynamic Molecular Under the tuning-sensing condition of the 100 x 10~* M glucose
Sensing Platform with the applied voltage varying from 0 to 80 V, the blueshift of

LSPR wavelength is 40 nm, across from 6.509 pm to 6.470 um,
The plasmonic sensing utilizing LSPR is reported to be ultra-  and the referenced LSPR of the nonglucose/bare device is at

fast and fairly sensitive.P*>
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Considering the scalability = 6.387 um in Figure 9b. For both this sensing case and the bare
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Table 2. Coupling strength of device A, B, and C at different applied
voltages.

V[THz] Device A Device B Device C
oV 1.860 1.963 1.838
20V 1.859 1.957 1.842
40V 1.854 1.950 1.848
60V 1.843 1.946 1.853
30V 1.839 1.941 1.860
100V 1.829 1.938 1.868
120V 1.816 1.937 1.884
140V 1.788 1.945 1.892
160 V 1.766 1.944 1.906
180V 1.754 N.A. 1.908

device whose LSPR wavelength shift of 40 nm can be reached
at 60 V, the tuning effects are deviated from the ideal case of the
linear correlation between LSPR wavelength shift and graphene

000 —&— Fermi Level 0.1eV
e —e— Fermi Level 0.15eV
€ 800 |—&— Fermi Level 0.2eV
£ —w— Fermi Level 0.25eV/
% —&— Fermi Level 0.3eV
» 600
°
4
= 4004 2
g’ 0.1 1.6741
% 2004 0.15 1.6712
s 0.2 1.6716
= 0.25 1.6783
01 03 1.6871

T T T
1.0 14 12 1.3 14 15
Refractive Index
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Fermi level through simulation. The main reason is due to the
undesired postthermal treatment during bonding process.
Figure of merit (FoM) is defined as the ratio of sensitivity to
FWHM (in um) ,M
FWHM
sensors.>®1%% In Figure 8d, FoM can be presented by both
Fermi level and the sensing medium RI, with the maximum
FoM highlighted for each RI. Fermi level at 0.25 eV ensures
the best sensing resolution for the lower RI of 1 and 1.1 with
the maximum FoMs of 1.042 and 0.899, respectively; the
0.2 eV Fermi level provides RI of 1.2 and 1.3 in the moderate
range with the highest FoM values of 0.934 and 0.849; the
optimum FoMs of 0.853 and 0.864 for higher RI of 1.4 and
1.5 is yielded by the Fermi level at 0.15 eV. This is suggested
that the lower RI sensing can choose higher graphene doping
level, while higher RI sensing medium should switch to lower
graphene doping level to obtain the appreciable sensing reso-
lution. Hence, the electrostatically tunable graphene-based
metamaterial is demonstrated to be a promising hybrid plas-
monic platform that can achieve dynamic sensing, broadened

, to quantify the resolution of LSPR

(b)

Reflection(%)
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50 55 60 65 70 7.5 80
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Figure 8. a) The schematic of the molecule-in-liquid sensing on the proposed graphene plasmonic hybrid sensing platform (device C); b) The
simulated reflection spectra of the sensing medium of different refractive indices under the monolayer graphene modulation at different Fermi
levels (device C); c) The simulated LSPR wavelength redshift at different Fermi levels versus the refractive index (device C). The slope of the
wavelength shifts, or sensitivity at different Fermi levels are summarized in the inset table. d) Figure of merit of the sensing platform (device
C) with different refractive index sensing medium at different graphene doping level. The maximum FoM for each refractive index is marked with

the exact condition.
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Figure 9. a) The experimentally observed sensing performance of device C. The effect of DI water treatment followed by the drying on the device
characteristics is found to be negligible while the presence of glucose molecules on the surface induces strong wavelength shift of the structure;
b) The experimentally demonstrated sensing-tuning effect of device C. With the glucose molecules applied on the surface of device C, the graphene

electrostatic tuning effect is observed.

detection range and the controllable sensing resolution when
in operation.

3. Conclusion

In summary, the electrically tunable graphene metamaterial
resonator is presented in this work. Under graphene electro-
static modulation, significant variations such as wavelength
shift, intensity and Q-factor change of the LSPR and Fano-like
resonances are observed. The first reported experimental dem-
onstration of the perfectly matched plasmon polariton—phonon
case which is blind to graphene electrical modulation is
intriguing. In numerical analysis, the parameters of the three-
level model are extracted to manifest the modulating progress.
The anticrossing feature of mode splitting during graphene
electrostatic modulation is also delivered for the first time. It
is shown that coupling strength is not only predominated by
the device type but also affected by the graphene doping level,
but with an exception for the matched coupling due to its
maximum coupling strength. Finally, a possible application
for the tunable multiplexed sensing is theoretically explained
and experimentally demonstrated. The relationship observed
between FoM and graphene doping level can be advantageous
for real sensing environment where the targeting molecules are
often delivered in various analyte conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
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