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(1). Conductivity of graphene

The extraordinary (opto)electronic properties of graphene have been intensively
investigated and the conductivity can be adjusted by electrostatic doping (changing
the Fermi energy in graphene).'” The conductivity of graphene in the mid-infrared

wavelength range modeled with random-phase approximation can be expressed as **

2 .
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T o+t 1)
e’ 4iov » , H(e)-H(w/2)
+—[H(w/2)+——| d
4h[ (@/2) 7Z'IO S ]
Where
H(z) sinh(nie / kgT) @)

" cosh(E, / k,T) + cosh(he/ k,T)

The first term corresponds to contributions from intraband transitions and the
second term arises from contributions from interband transitions.® ° Here, e is the
electronic charge, kg the Boltzmann constant, 7 the Planck constant divided by 2z and
T the temperature. The analytical expression of graphene conductivity shown above
holds for electron and hole bands which exhibit a linear energy dispersion near the
zero band-gap points (Dirac points).' We restricted our numerical calculations in a
wavelength range greater than 3 pum as the linear dispersion relationship can extend

into the visible spectrum, shown by a recent experiment.* !

Here, to compute the
conductivity of graphene, the following parameters were used: temperature 7=300 K,
intrinsic relaxation time rZuEF/evzp, where Fermi energy level Er (0~0.6 eV), Fermi

velocity vp=10° m/s and moderate carrier mobility =10 000 cm*/(V's) (as u can range

from ~1000 cm?/(V.s) in chemical vapor deposition synthesized graphene'? to ~230
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000 cm?/(V.s) in suspended exfoliated graphene.'® In addition, we has experimentally
synthesized graphene with carrier mobility as high as 16 000 cm*/(V's) on SiO,
substrate by chemical vapor deposition (CVD). '*).

Fig. Sla and b show the real and imaginary part of graphene conductivity,
respectively, as a function of Fermi energy level and wavelength in the mid-infrared
regime. It can be seen that the conductivity changes with Fermi energy level Er. In
particular, the sign of conductivity imaginary part flips due to the absorption
transition because the interband absorption and intraband absorption contribute to the
imaginary part of conductivity with different signs.'> As a result, there is a reversion
in the sign of real part of dielectric constant, where “dielectric graphene” is
transforming to “metallic graphene”.> > In addition, the plasmonic dispersion
property can be tuned by electrical gating due to the massless electrons resting in
graphene.'> '® As a result, we can tune the resonant wavelength without changing
structure parameters. Fig. Slc and d shows the transmission spectra from same
structure of p=2w=400 nm but with two different Fermi energy levels of graphene.
The resonance wavelength shifts from 7.262 pm for Ep=0.2eV to 4.8 pum for
Er=0.4eV. Fig. Sle shows the local electric field enhancement around
graphene-PMMA (polymethyl methacrylate) substrate interface at 7.262 pum for
p=2w=400 nm and Er=0.2eV, with the inset showing the corresponding size of the

structure in the lateral direction. The field enhancement is about 28 times at the edge

of graphene and decays exponentially with a decay constant of 9.8 nm into the
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structure. The intense field enhancement generates strong light-sensing medium

interactions, which leads to strong sensing abilities.
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Fig. S1 (a) Real part and (b) imaginary part of the conductivity of graphene as a

function of Fermi energy level and wavelength (7=300 K). Simulated transmission

spectra with graphene Fermi energy level of (c) 0.2 eV and (d) 0.4 eV, respectively. (e)
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Distribution of electric field intensity in the interface between graphene and PMMA
substrate as a function of position in the lateral direction at 7.262 pum for p=2w=400
nm and Er=0.2eV.

(2). Computational method

The proposed structures were simulated with the finite element method using the
commercial software Comsol Multiphysics (COMSOL 3.5a), which is a widely

accepted method in optics'”"’

. For modeling the structures with two infinite
horizontal dimensions, the computational domain was considered as a single unit cell
surrounded by either periodic boundary conditions or by perfectly matching layer
(PML). The light was incident to the structure surface and the transmittance was
calculated from the electromagnetic field distributions obtained.'®

The wavevector of graphene plasmons is given by'"**:

(e, +&,)&,C
k==l g 3)
o

Where, k, is the wavevector of plasmons in graphene, kj is the free space wavevector,
&1 and g are dielectric constants of the material above and below the graphene film,
respectively, g is the permittivity of vacuum, c is the velocity of light in the vacuum
and o is the conductivity of graphene.

As the photon energy considered is less than 2Ef, where Er is the Fermi energy
level of graphene, interband transitions in graphene are forbidden by the Pauli

exclusion principle.” The conductivity accounting only for intraband transitions can

be simplified as’:

(4)

o(w)=
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The resonant wavelength for a nanoribbon width w can be approximated:

ZiC 7780 (grl + gr2 )W

kp
A, = 277wRe(k—) = Re(

0

) (5)

Where

n=2"E. (a(w+it " i’ kw)

is a dimensionless constant, which represents the electrodynamic responces of the

nanoribbon array and is related to the Fermi energy of graphene, intrinsic relaxation

time 1, frequency , dielectric constant k£ of material around graphene and nanoribbon

width w. Minimum transmission of incident light takes place at a specific # value,

which determines the plasmon resonance frequency w for given values of Ef, t, k and

From Equations (4) and (5), the resonance wavelength is given by'’'*2’:

/1 _ 272710 7750(81"1 +8r2)w
P e EF (6)

In the simulations, the graphene film was modeled as a thin layer of an atom thick
with dielectric function 1+4mio/(eowt), where, o is the surface conductivity, @ is the
incident light frequency and ¢ is the graphene layer thickness of 0.34 nm.” In the
simulations, the dielectric constants of MgF,, PMMA (polymethyl methacrylate), PS
(polystyrene), ion gel, SiO,, SiC and Si were taken from Refs [12, 21-23]. For
modeling the structure used for biosensing, the sensing medium to be detected is
placed in direct contact with the structure surface. The biomolecules were modeled as
a thin layer adsorbed on graphene nanoribbons in water solutions** and their dielectric

constants were taken from Refs [25-27].
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Firstly, to confirm the feasibility of our simulation method, we compare our
simulation results with the experimental data reported in Ref [28] by using the same
structure and graphene conductivity (Fig. S2). From the figure, it can be seen that the
simulated results are consistent with the reported experimental data and fit well with
the modeled curve as well. The agreement of our simulation results with the reported
experimental optical spectra enables us to use similar method and conductivity of

graphene to predict the optical behavior of graphene plasmons.

— Experimental data
= \odeled curve
— Simulation results

11 11
s si
T 11,

0.1 02 03 04

Energy (meV)
Fig. S2 Transmission spectra for graphene/Si structure (Transmission T) and bare Si
substrate (Transmission Ty), respectively. The black line shows experimental data
from Ref [29], the blue lines were drawn according to the formula (1) in Ref [29] and
the red lines are results obtained by simulation in our work.
(3). Effects of substrate dielectric constants
People have demonstrated that graphene can adsorb biomolecules through the

m-stacking interactions between its two dimensional hexagonal cells and the

carbon-based ring structures present in biomolecules (e.g., ss-DNA).” In addition, the
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high surface to volume ratio of graphene provides a large surface area to adsorb
biomolecules.’® As a result, the incorporation of graphene improved the sensitivity in
biosensing due to its adsorption.”* Fig. S3a shows the simulated normal-incidence
transmission mapping with varying dielectric constant &, of substrate for graphene
Fermi energy level Er of 0.1, 0.2, 0.3 and 0.4 eV, respectively. A wavelength range of
8 um for each Fermi energy level was selected for comparison. It can be seen that the
resonance wavelength shifts to shorter wavelength ranges and the FWHM gets
narrower with increase in Er for same ¢, which is consistent with Equation 2. Fig.
S3b presents the simulated normal-incidence transmission spectra with different
substrates when the sensing medium is changing from water (n=1.312) to IgG (human
g-immunoglobulin, #=1.41), HSA (human serum albumin, n=1.445),25 ss-DNA
(single-standed DNA, n=1.462), and to ds-DNA (double-standed DNA, n=1.53) in
water solutions.”* Here the Fermi energy level Er is selected as 0.2 eV and structure
parameters of period p=400 nm and nanoribbon width w=200 nm, respectively. To see
the detailed effects of the substrates on detecting accuracy and sensitivity and to
compare easily, a wavelength range of 0.5 um for each substrate was selected. We can
see that the plasmon resonance shifts to longer wavelength region and the FWHM
gets broaden with the increase of dielectric constant of the substrate, indicating
decreased detection accuracy. At the same time, the shift of resonance is getting
smaller with increase in the dielectric constant of substrate, which results in decreased
sensitivity. Also, the change of transmission intensity with a fixed incident

wavelength can be used to detect the RI changes of biomolecules. For example, the
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sensitivity is 1.2122 RIU" with fixed incident wavelength of 7.06 um and PMMA
substrate when changing the sensing medium from water to IgG, HSA, ss-DNA, and

to ds-DNA in water solutions, respectively.
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Fig. S3. (a) Simulated normal-incidence transmission mapping with varying dielectric
constant &, of substrate and incident wavelength for graphene Fermi energy level Er

of 0.1, 0.2, 0.3 and 0.4 eV, respectively when p=2w=400 nm. (b) Simulated

normal-incidence transmission spectra when the sensing medium is changing from
water to IgG, HSA, ss-DNA, and to ds-DNA in water solutions for MgF,, PMMA
(polymethyl methacrylate), PS (polystyrene), ion gel, SiO,, SiC and Si substrate,
respectively.

(4). Effects of graphene plasmonic structures

10
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12 as a function of nanoribbon width w. The value

Fig. S4a plots the curve of A,/w
of /lp/wl/ ? is around 0.015 [m]"?, which confirms the predication in the main text. Fig.
S4b presents the simulated normal-incidence transmission spectra with three different
nanoribbon widths (w=100, 200, 300 nm, respectively) for a fixed period p of 400 nm
when changing the sensing medium from water to IgG, HSA, ss-DNA, then to
ds-DNA. Here, we fix the wavelength range as 0.6 um for comparison. We can see
the plasmon resonance wavelength red-shifts and gets broaden when increasing the
nanoribbon width, leading to decreased detection accuracy.

Fig. S4c shows the simulated normal-incidence transmission spectra (also 0.6 pm
range) with four different periods (p=200, 300, 400, 500 nm, respectively) when used
for biosensing. We can see the plasmon resonance wavelength red-shifts and gets
broaden when increasing the period, resulting in decreased detection accuracy. At the

same time, the shift of resonance is getting larger with increased period, which results

in increased sensitivity.

11
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Fig. S4 (a) The function curve of lp/w” * with varying nanoribbon width. Simulated
normal-incidence transmission spectra when the sensing medium is changing from

water to IgG, HSA, ss-DNA, and to ds-DNA for (b) three different nanoribbon widths
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and (c) four different periods, respectively.
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(5). Effects of graphene Fermi energy level

One unique property of plasmonics in graphene is the capability of tuning
nanoscale optical field in graphene.””'*>! The plasmonic spectra can be modulated
in a wide wavelength range of from near-infrared to Terahertz (THz) due to the
dependence on Fermi energy level.’' Fig. S5 shows the simulated normal-incidence
transmission spectra with different Fermi energy levels when changing the sensing
medium from water to IgG, HSA, ss-DNA, then to ds-DNA in water solutions. The
structure parameters of period p=300 nm and nanoribbon width w=150 nm were used.
The transmission minimum shifts to shorter wavelength and the FWHM gets narrower
with the increase of Fermi energy level, indicating increased detection accuracy. At

the same time, the sensitivity drops.
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Fig. S5 Simulated normal-incidence transmission spectra when the sensing medium is
changing from water to IgG, HSA, ss-DNA, and to ds-DNA for Fermi energy level of

(a)0.1eV,(b)0.2eV,(c)0.3eV, (d)0.4eV and (e) 0.5 eV, respectively.

13
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(6). Effects of graphene carrier mobility

The resonance properties in the transmission spectra (intensity and line width)
are influenced by the optical loss in graphene, which is mainly characterized by the
real part of the conductivity of graphene.” The low carrier mobility due to the point
defects, residue impurity or nanostructure can lead to high loss and large line width.> "
'> Fig. S6a shows the transmission spectra with different carrier mobilities of
graphene; higher carrier mobility of graphene has narrower and deeper transmission
notches, indicating increased detection accuracy (Fig. S6c and Fig. S7). However, the
sensitivity changes little (Fig. S6b). Hence, the FOM increases (Fig. S6d). It is worth
noting that it may be has higher detection accuracy when selecting hexagonal boron
nitride (h-BN) as substrate due to higher carrier mobility (as high as 37 000

cm?/(V's)).* >3
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Fig. S6 Graphene plasmonic biosensing with varying carrier mobility of graphene. (a)
Simulated normal-incidence transmission spectra and corresponding (b) sensitivity, (c)
detection accuracy and (d) FOM for different carrier mobilities when Ex=0.3 eV and

p=2w=300 nm.
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Fig. S7 Simulated normal-incidence transmission spectra when the sensing medium is
changing from water to IgG, HSA, ss-DNA, and to ds-DNA for carrier mobility of

graphene of (a) 1000 cm*/(V's), (b) 2500 cm?/(Vs), (c) 4000 cm*/(V's), (d) 5000
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cm?®/(V-s), (e) 7500 cm?/(V-s) and (f) 10000 cm?/(V"s), respectively.

(7). Effects of adsorption efficiency (AE) of biomolecules on graphene surface,

edge defects and thickness of biomolecule films

The biosensing properties are influenced by the adsorption efficiency (AE, defined

as ratio of the adsorption area to the surface area of graphene, i.e. the coverage ratio

of molecules on graphene). Fig. S8a shows the simulated normal-incidence

16
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transmission spectra with five different AE values when changing the sensing
medium from water to IgG, HSA, ss-DNA, then to ds-DNA in water solutions for

Er=0.3 eV, p=10000 em?/(V-s) and p=2w=300 nm. The shift of transmission

minimum gets larger with the increase in the AE value, which indicates increased
sensitivity.In the adsorption AE range studied, the FWHM shows little changes. Fig.
S8b shows the simulated normal-incidence transmission spectra with varying sensing
medium with or without edge defects (edge adsorption). The shift of resonance

wavelength is enlarged by edge defects, which benefits biosensing and improves the

sensitivity.
(a) AE=20% AE=40% AE=60% AE=80% AE=100%
A —water B — water C water D — water E — water
—IgG — IgG —IgG
0.8 HSA — HSA — HSA
—ss-DNA —ss-DNA ss-DNA
g ds-DNA ds-DNA ds-DN
£0.6
.“E
204
o
'_
0.2
0 4.9 5.1 4.9 5.1 4.9 5.1 49 5.1 4.9 5.1

Wavelength (um)

1
(b) A No edge defects||BHaveedge defects|

— water water

o
(@)

©
N

Transmittance

o
N

49 51 53 49 51 53
Wavelength (um)

Fig. S8 Simulated normal-incidence transmission spectra when the sensing medium is
changing from water to IgG, HSA, ss-DNA, and to ds-DNA for (a) five different AE

values and (b) with or without edge defects, respectively.
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Fig. S9 shows the simulated normal-incidence transmission spectra with six different
thicknesses of the biomolecule films (2, 5, 10, 30, 50 and 100 nm) when changing the
sensing medium from water to IgG, HSA, ss-DNA, then to ds-DNA in water solutions.
The transmission spectra are similar for the thickness larger than 30 nm. Hence, the
sensitivity and detection accuracy wouldn’t be significantly affected when varying the
thicknesses of the biomolecule films from 30 nm to 100 nm. We also notice that the
shift of resonance wavelength for different sensing media could be very weak when

the thinness of adsorbed biomolecules is less than 5 nm.
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Fig. S9 Simulated normal-incidence transmission spectra when the sensing medium is
changing from water to IgG, HSA, ss-DNA, and to ds-DNA for the biomolecule films
thickness of (a) 2 nm, (b) 5 nm, (¢) 10 nm, (d) 30 nm, (¢) 50 nm and (f) 100 nm,
respectively.
(8). Effects of rough substrates

To investigate the effect of rough substrate or non-flat graphene, a structure with a
layer of graphene in the horizontal direction or both the horizontal and vertical
direction each having a layer of graphene was simulated and shown in Fig. S10. To

simplify the problem, the vertical graphene has no substrate to support. In fact, it has

18
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found that the calculated result is not sensitive to the height of the vertical graphene.
As shown in the transmission spectra, contrast to the normal one transmission
minimum for the graphene in the horizontal direction, two transmission minima were
observed for the structure consisting of both horizontal and vertical graphene layers.
The two transmission dips were considered to be caused by the tips in the vertical

direction and the graphene edge in the horizontal direction.**>*

0.8}
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0.2} J
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Wavelength (um)

Transmittance

Fig. S10 Simulated normal-incidence transmission spectra for the structure with a
layer of graphene in the horizontal direction or both the horizontal and vertical
direction each having a layer of graphene, respectively.

(9). Biosensing based on nearly perfect optical absorption.

Recently, complete optical absorption has been investigated with excellent
performance in sensing.*” A nearly perfect optical absorption biosensor device based
on graphene plasmonics was also proposed and shown in Fig. S11. Here, a reflection
light is detected to response to the sensing medium change. Similarly, high sensitivity

values of 1243 and 1394 nm/RIU were obtained from the structures with periods of

19
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hysics

300 and 400 nm, respectively (Fig. S11c¢). Correspondingly, the FOM is 2.98 and 3.11

RIU™, a little higher than those obtained by detecting transmission spectra with same

structure parameters and Fermi energy level (2.82, and 2.37 RIU" when detecting

.. .. 6 .
transmission spectra ) due to decreased radiative losses.” This structure can be an

alternative for being used as graphene plasmonic biosensor.
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Fig. S11. (a) Schematic of graphene plasmon nearly perfect optical absorption used as

biosensor. (b) Simulated normal-incidence absorption spectra with different sensing

medium on graphene nanoribbon for p=2w=300 nm and p=2w=400 nm, respectively.

(c) The resonance wavelength A, versus sensing medium RI curve in a range

convering water, ss-DNA and ds-DNA. Dots are simulated data points and lines are

linear fits, giving a sensitivity of 1243 nm/RIU and 1394 nm/RIU for period 300 nm
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and 400 nm, respectively.
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