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A theoretical design of evanescent
wave biosensors based

on gate-controlled graphene
surface plasmon resonance

Ruey-Bing Hwang

A surface plasmon resonance (SPR) sensor based on gate-controlled periodic graphene ribbons array is
reported. Different from the conventional methods by monitoring reflectivity variations with respect
to incident angle or wavelength, this approach measures the change in SPR curve against the variation
of graphene chemical potential (via dynamically tuning the gate voltage) at both fixed incident angle
and wavelength without the need of rotating mirror, tunable filter or spectrometer for angular or
wavelength interrogation. Theoretical calculations show that the sensitivities are 36,401.1 mV/RIU,
40,676.5 mV/RIU, 40,918.2 mV/RIU, and 41,160 mV/RIU for analyte refractive index (RI) equal to

1.33, 1.34, 1.35 and 1.36; their figure of merit (1/RIU) are 21.84, 24, 23.74 and 23.69, respectively.
Significantly, the enhancement in the non-uniform local field due to the subwavelength graphene
ribbon resonator can facilitate the detection in redistribution of protein monolayers modeled as
dielectric bricks.

The emergence of the respiratory virus COVID-19 outbreak allows us to know the unprecedentedly urgent need
of a rapid and accuracy diagnostic test method. Among the known diagnostic techniques, label-free optical bio-
sensors provide high sensitivity and robustness solutions. Most importantly, such a biosensor can be integrated
into a compact device and enables the possibility of bedside (or point-of-care) testing!. Optical biosensors moni-
tor variations of the scattering characteristics of incident light including intensity, phase, wavelength, and angle
due to interaction between the target analyte and bioreceptor such as nucleic acid sequences, proteins, antibody,
enzymes, and etc. Optical fiber with a tapered small core for single-mode operation designed to serve as a high
sensitivity RI sensor was reported?. The resonant waveguide gratings were extensively reviewed?, particularly
including applications of sensors for detecting the RI change on the waveguide grating surface.

Surface plasmons are collective oscillation of the free electron gas density on the surface of noble metals or
graphene. Through the electromagnetic wave coupling between photon and plasmon, the excitation of SPPs
(surface plasmon polaritons) is present with its field exponentially decaying (evanescent wave) along the direction
perpendicular to the surface*. Additionally, enhanced absorption of surface plasmons on a periodic array of
graphene ribbons for TM-polarization (the magnetic field is along the ribbon axis) was reported!®-"3. Specifically,
the obvious optical absorption due to the SPR on graphene ribbons, particularly on its fundamental resonant
mode, was demonstrated'’.

Moreover, the sensed medium attached to the position where SPR occurs strongly affects the resonance effect.
Such a phenomenon has been widely applied in the design of biosensors for detecting the change in RI of an
analyte. To mention a few, the literature focused on SPR sensors, which were designed for detecting chemical
and biological species, based on the unlocalized surface plasmons propagating along wave-guiding structures
were intensively reviewed'*. A nanodevices for detection and real-time monitoring of biomolecular events using
SPR and SPR imaging were thoroughly reviewed; the signal modulation schemes including angle, wavelength,
amplitude and phase were discussed, as well as their coupling mechanism'®. The SPR imaging techniques incor-
porating wavelength scanning based on solid-state wavelength filter were reviewed from the perspective of
detection speed, sensitivity and portability'®. RI sensor using long-range surface plasmon mode, which exhibits
symmetric field pattern, was shown to have high sensitivity compared with conventional SPR ones due to low
loss'’. The plasmonic nanograting was employed to tailor the dispersion of plasmonic response; more specifically,

institute of Communications Engineering, College of Electrical and Computer Engineering, National Chiao Tung
University, Hsinchu 30050, Taiwan. 2Center for mmWave Smart Radar Systems and Technologies, National Chiao
Tung University, Hsinchu 30050, Taiwan. email: raybeam@mail.nctu.edu.tw

Scientific Reports |

(2021) 11:1999 | https://doi.org/10.1038/s41598-021-81595-9 natureresearch


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-81595-9&domain=pdf

www.nature.com/scientificreports/

z-axis J-axiy

Z-axis
ta
Vdc x-axis —>|UJ_(/ |<— _L
Sensing medium

Grapheﬁe- ribbons array

Si0y tﬁ —|wsj— T

70N

light source detector

(a) (b)

Figure 1. (a) Conceptual view of the evanescent wave biosensor, and (b) 2D model for electromagnetic full-
wave simulation.

the enhancement in quality (Q) factor further improves the figure of merit (FOM) of the biosensor'®. The nano-
plasmonic biosensor plays an important role in optical sensors because of its high sensitivity to the change in
RI. More specifically, the biomolecular recognition elements on the surface of biosensors recognize and capture
analyte in a liquid sample, causing an increase in the average RI on the sensor surface; several approaches for
detecting the RI change were reported'>'?-**. An effective design approach for achieving the high FOM of a
guided-mode resonance sensor made of a grating-waveguide was numerically studied®*. Furthermore, by add-
ing a dielectric thin film having a high real part of permittivity for dramatically improving the sensor sensitivity
was reported”. In their study, the guided-wave SPR structure can enhance the evanescent field at the interface
between silicon and cover. Additionally, by spin-coating the GeSe nanosheets on the surface of noble metal (Au),
a SPR sensor can significantly enhance its sensitively?*.

Regarding the biosensors made of graphene ribbons, the researchers detected multiple SPR absorption bands
on graphene ribbons by changing the graphene chemical potential®’. A transmission type SPR-based sensor made
of graphene nanoribbons array in infrared (IR) wavelength range was proposed to detect the wavelength shift
of the resonant transmission dip due to the RI change of the analyte medium placed on the sensor surface®. A
graphene-based tunable mid-IR biosensor was demonstrated on the protein characterization including both
complex RI extraction and vibration fingerprints. The gate-controlled self-biasing graphene ribbons array is
dynamically tuned to selectively excite the local SPR mode at different frequencies®.

This research reports the computational design of a biosensor for RI sensing at mid-IR wavelengths. Specifi-
cally, the SPR modes supported by graphene nanoribbons are excited by evanescent wave rather than plane wave.
The excitation of SPR modes in the nanoresonators (nanoribbons) enables the local-field enhancement around
the slit (the region between two adjacent ribbons) edges. The placement of analyte on the surface of nanoresona-
tors strongly affects the resonant condition of surface plasmons, particularly on the fundamental mode. As is well
known, the wavelength- and angle-interrogation are the two major approaches for detecting the RI change due
to a shift in SPR-curve. Significantly, in this research, graphene chemical potential scan is employed to replace
the sophisticated wavelength modulation or incident angle scan. By electronically tuning the gate voltage (dc)
to change the chemical potential (Fermi energy) in graphene, one can detect the smallest resolvable RI change
of an analyte through the shift in SPR curve (against the variation of gate voltage). Furthermore, the tunable
gate voltage can be provided by a high-resolution digital-to-analog converter (DAC) equipped with an amplifier.
Furthermore, a periodic dielectric bricks array was employed to model discrete sensing mediums such as pro-
tein monolayers. The perturbation on SPR curve due to their redistribution and variation of surface percentage
coverage (concentration) were also examined. Such a mechanism can be a potential candidate for designing a
cost effective biosensor with acceptable performance parameters.

Results and discussion

Figure la,b show the structure configuration of the biosensor under study; Fig. 1a is the conceptual view and
Fig. 1b is the corresponding 2D electromagnetic model for full-wave simulation. The periodic graphene rib-
bons array (with period dy) has ribbon width w, and slit width w; along the x-axis; they are deposited on a silica
(Si0,) having a frequency-dependent RI (ns5i0, + ik)*° and thickness of #;. Below the silica is a graphene sheet
serving as an electrode; the self-biasing configuration including graphene ribbons array and graphene sheet is
adopted’"**. Additionally, the graphene employed here is assumed to be zero thickness and its optical conductiv-
ity is a function of temperature (in Kelvin degree), carrier relaxation time (z.) and chemical potential (x.) that
can be altered by the gate-controlled dc voltage applied between graphene sheet and ribbons array. Below the
graphene electrode is a wedge-shaped silicon (Si) substrate with RI of ng; = 3.4401.
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The single layer graphene inserted between the crystalline silicon and gate oxide has been successfully imple-
mented in the structure of a graphene photodiode-oxide-semiconductor field effect transistor (PDOSFET) shown
in Fig. 8 of**; the PDOSFET behaves like a normal n-channel MOSFET. The magnitude of the channel current of
this phototransistor showed a logarithmic dependence on the illumination level; therefore, such a transistor can
be a potential candidate for high dynamic range (HDR) image detection. The detail process of graphene trans-
fer in fabricating the crystalline silicon-graphene-gate oxide structure can be found in Fig. 9 of**. Additionally,
the graphene layer between Si and SiO, was proposed to develop a tunable graphene-based hybrid plasmonic
modulator (GHPM)*. As was reported by the authors, this device is compatible with the conventional integrated
circuits process. Regarding the issue of interaction between graphene and SiO, surface, in the paper of Novoselov
et al.*®, the electronic measurement showed that the single layer graphene on SiO; surface is possible to be doped
chemically, enabling the spatially inhomogeneous doping effect of graphene supported by SiO; substrate. This
can explain the intrinsic doping of a built-in chemical potential produced by charge transfer from the silica®.

The electromagnetic plane wave with TM-polarization (the magnetic field vector is along the y-axis) is nor-
mally incident upon the wedge surface shown in Fig. 1a. Here we assume that the structure dimension along the
y-axis is much greater than the operating wavelength; the electric- and magnetic-fields have no variation along
that direction. Therefore, a simplified 2D electromagnetic model depicted in Fig. 1b was developed to carry out
the scattering analysis. Specifically, an electromagnetic plane wave is obliquely incident from the more dense
medium (Si-substrate) to the less dense medium (silica) with incident angle 6;,., which is greater than the critical
angle (6, = sin~!(nsi0,/nsi)). The total internal reflection takes place and the evanescent wave is excited in the
silica layer. Moreover, such an evanescent wave*® exponentially decaying along the z-axis excites the SPR modes
on the graphene ribbons. Notably, because that the period of graphene ribbons array (dy) is much smaller than
that of the operating wavelength under consideration, all the higher-order space harmonics are below cutoff; no
transmit power is observed. The periodic array employed here, in fact, is to increase detection area. The struc-
ture dimensions of the biosensor employed in the numerical simulation are wg = ws = 20 nm, t; = 50 nm, and
BOinc = 30°, respectively. The thin silica layer used here is to reduce the required gate dc voltage; the maximum
electric-field strength is smaller than 1V/nm, which is below the breakdown field in SiO, and graphene®”-.

Figure 2a,b shows the contour of constant reflection coeflicient against analyte RI and graphene chemical
potential (gate voltage). The relationship between gate voltage and chemical potential can be found in the later
section. The analyte is modeled as a uniform dielectric layer with RI designated as n4 and thickness of 20 nm.
The operating wavelength of a TM-polarized electromagnetic wave (light) is 2 = 4 wm, which can be generated
by a quantum cascade (semiconductor) laser emitting in the mid-infrared spectrum®. The region in blue color
exhibits low reflectivity, corresponding to the SPR condition where the incident power is dissipated mostly
on the graphene ribbons array. As will become clear later on, there are plenty of SPR modes existed on the
graphene ribbons; however, only the fundamental SPR mode is considered because of its strongest absorption
compared with the other modes. Alternatively, the plot in Fig. 2a reveals that the SPR relates to both graphene
chemical potential and analyte RI subject to given incident condition and structure parameters. Therefore, for
a designated analyte RI, a unique chemical potential can be found in Fig. 2a to achieve SPR. From the perspec-
tive of experimental measurement, we may draw the SPR curve by measuring the reflectance against ji. (via
tuning V) for a prescribed n4. Once n4 changes, the SPR curve shifts accordingly due to the position change
of the reflectance dip. By detecting the SPR-curve shift, the variation in analyte can be observed. In Fig. 2b, the
curve is piecewise linear; that is, we may define the sensitivity as S(V.) = AV,./Ang in each subsection of 4.
In fact, parameter S is the slope of the curve with the unit of mV/RIU. Notably, instead of measuring SPR shift
with respect to wavelength or incident angle scan in conventional approaches, such a scheme merely scans the
gate voltage provided by a high-resolution digital-to-analog converter (DAC); therefore, it is more feasible and
efficient than the commonly used methods.

We redraw the reflectance against chemical potential shown in Fig. 2¢c, and reflectance versus gate voltage
depicted in Fig. 2d, respectively. The curves from left to right represent the reflectance of various refractive indices
of analyte ranging from 1.33 to 1.34 with a step of Ans = 0.001. As shown in Fig. 2¢,d, the shift in SPR curve is
clear enough to observe the change in RI. In Fig. 2d, the relationship between AV, and Any is approximately
linear; the average voltage difference is (A V) = 43.7187 mv, which can be provided by a commercial available
DAC.

To understand the physical insight of wave process involved in the structure, the absorption against wave-
length for the same biosensor employed in the previous example is calculated subject to an arbitrary analyte
RI such as n4 = 1.34. In Fig. 3a, the curve in blue color shows the absorption spectra of the periodic graphene
ribbons array, while the red one depicts that on the graphene sheet served as an electrode. The curve in orange
color is the absorptance of a reference structure consisting of a single graphene sheet sandwiched by the Si-
substrate and silica (two semi-infinite mediums) without considering the graphene ribbons array but having
the same evanescent-wave excitation. Obviously to see that the two curves with red and orange ones are close to
each other; it indicates that the absorptance except for SPR regions, in general, can be predicted by that simple
model. From the transmission-line network representation shown in Fig. S1 (Supplementary Information), the
graphene sheet is modeled as a shunt admittance having Yy = 0. The power absorption on the graphene sheet
can be calculated by Py = 0.5Re[VIT] = 0.5|V[*Re[o] ] = 0.50,,,|V|*, where oy, is the real part of graphene
optical conductivity (o, = 0g, + iog,;) and Vis the VoIgtage induced on the graphene sheet.

Furthermore, the three wavelength-selective (resonant) absorption (in blue color) occurring at A = 4.0 um,
A =2.6086 um, and 4 = 2.1842 pm were observed. It is apparent to see that resonance indeed can enhance
absorption. To explore the exact nature of resonant absorption on the periodic graphene ribbons array, we plot
the real part of E, (normalized to the incident field) in the unit cell composed of graphene ribbon and slit region.
Owing to the edge condition, its x-component current density (Jx) vanishes at ribbon edges (x = 0 mm and
x = 20 nm), and so does its E, because of Jx = o Ey. Figure 3b shows the first (fundamental) mode resonant at
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Figure 2. Contour of constant reflection coefficient for the biosensor excited by a light source operated at

A = 4 um with incident angle = 30°, and sensing medium layer thickness 20 nm: (a) reflectance against
chemical potential 1, and 14, (b) reflectance against applied gate voltage V. and n4, (c) reflectance versus
chemical potential for various analyte RI, and (d) reflectance against applied gate voltage for various analyte RI.
The refractive index of the analyte is ranging from n4 = 1.33tons = 1.34 with step Ana = 0.001.

A = 4.0 umy; it is an even mode with symmetric field distribution with respect to the strip center. On the other
hand, a small bump occurring at around 4 = 2.6086 jum attributes to the second order mode with anti-symmetric
field pattern (odd mode) depicted in Fig. 3c. The excitation of odd mode, in general, is caused by the incidence of
an asymmetric E,-field, for example, the oblique incidence in this case. Again, the third order mode resonant at
A = 2.1842 pm exhibits symmetry pattern (an even mode) shown in Fig. 3d. Such a graphene ribbon, in fact, can
be regarded as a 1D nanoresonator. Moreover, let us look at the first mode with obvious absorption peak shown
in Fig. 3b. The electric field (E,) strength is considerably enhanced compared to the incident field, particularly
at around the ribbon center and near both edges of slit. This can explain why even a small perturbation upon the
location with strong E, can cause a significant change in the light scattering process, hence leading to the shift in
SPR curve. In comparison with the enhanced evanescent-field uniformly distributed along the silicon surface®,
although the fundamental SPR field, shown in Fig. 3b, around nanoribbon is enhanced, it is non-uniform along
the x-axis. It is the reason why the guided-wave SPR (GWSPR) structure has a significant sensitivity enhance-
ment. Nevertheless, due to the non-uniform evanescent field, the developed sensor can detect the redistribution
of discrete analyte as shown in the later section.

Returning to Fig. 3b, the effective refractive index of the surface plasmon, defined as ngg = ky/k,, at the first
resonant mode can be determined from the Ex-distribution on the graphene ribbon. We employed the Matrix
Pencil method* by fitting a sum of exponential functions to the sampled data of E, at equal spacing from x = 0
to x = wy; that is, Ex(xz) = E i—1 Aj exp (Bjxi), where x is assumed equally spaced. The two significant modes,
which include forward- and backward propagating ones, with neﬁr equal to 92.6 + 0.51i and —92 + 0.4i were
obtained, respectively. Notably, this resonance mode yields k,wy ~ 0.927; it is distinct from the conventional
resonator having k,w, = .
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Figure 3. (a) Absorption against the incident wavelength for the periodic ribbons array (blue color) and
graphene sheet (red color). The curve in orange color is that of the reference structure described in the main
text. Real part of electric field component E, (x, z) over the unit cell for the three resonant modes at (b)
wavelength equal to 4 um, (c) wavelength equal to 2.6086 jum, and (d) wavelength equal to 2.1842 um.

na (RIU) 1.33 1.34 1.35 1.36

S (mV/RIU) 36,401.1 |40,676.5 |40,918.2 | 41,160
FWHM (mV) 1667.1 1695 1723.4 1737.3
FOM (1/RIU) 21.84 24 23.74 23.69

8 Vgate (Resolution: 1 x 10-6 RIU) 36.4uV 40.68 WV | 4092V | 41.16 puV
8 Vgate (Resolution: 5 x 10~7 RIU) 182V [ 20.34uV | 2046wV | 20.58 uV

Table 1. Sensitivity (S), full width at half maximum (FWHM), and figure of merit (FOM) of the biosensor
evaluated for the four samples.

Performance evaluation: Rl sensitivity and figure of merit. To evaluate the performance of this sen-
sor, we calculate the RI sensitivity and figure of merit. The analyte under test is modeled as a uniform dielectric
layer with refractive index 14 and thickness of 8 nm. Here, four samples with ny = 1.33,n4 = 1.34,n4 = 1.35,
and n4 = 1.36 are considered. Table 1 shows the performance parameters of the biosensor. The first row is RI
of analyte under test. The second row lists the sensitivities each of which evaluated in the vicinity of respective
RI with an increment §n4 = 0.001. The third row shows the full width at half maximum (FWHM) of the SPR
curve against gate voltage for each case. Moreover, FOM (defined by FOM=S/FWHM) of each sample is listed
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Figure 4. (a) Reflectance versus gate voltage for various (lateral) shift position (x,) of the sensing targets, each
with dimensions of 20 nm x 8 nm, modeled by a periodic dielectric layer with period dy. (b) Reflectivity again
applied gate voltage for various surface percentage coverage (or concentration: C).

in the fourth row. Apparently, the variation among those FOM is not obvious. It may be conjectured by the good
linearity in the dip position change against n4, shown in the Fig. S3 of the Supplementary Information.

The typical RI detection resolution is around 5 x 10~/ RIU for angular interrogation and 1 x 10~ RIU for
wavelength interrogation, respectively. Notably, the signal-to-noise ratio is the primary factor that dominates the
instrument’s sensitivity resolution. Although the measurement uncertainties caused by mechanical noise can be
eliminated by our approach (without moving parts), the temperature drifts, occurring evenly across all sensing
schemes, is still an issue affecting the system performance. Therefore, the sensitivity resolution is dominated by
the gate-voltage resolution in our approach.

Returning to Table 1, the 5th and 6th rows show the minimum gate voltage required for achieving the pre-
scribed sensitivity for each RI. From implementation perspective, the gate voltage can be provided by a DAC.
Notably, the output voltage, in fact, is discrete with a minimum step equal to § Vpac = Vrer/ (2N — 1), where
N is the bit number of a DAC and Vygr is the reference voltage (full scale output). Since the maximum voltage
needed to measure SPR curve is around 36V for ny = 1.36 (see Fig. S3 in Supplementary Information), the
reference voltage is set to be Vrgr = 36V. The minimum voltage step is § Vpac = 34.3 LV for a 20-Bit DAC,
8Vpac = 8.6 LV for a22-Bit DAC, and § Vpac = 2.1 WV for a 24-Bit DAC, respectively. Apparently, to achieve
a high resolution in RI sensing, a high resolution DAC is indispensable.

Sensing performance for protein monolayers. In Fig. 4a, we replace the uniform dielectric layer by
discrete dielectric bricks with n4 = 1.4393 + i0.00040824 at A = 4 um, which is the refractive index of protein
monolayers® (see supplementary information S4), in each unit cell (which can be regarded as a 1D periodic
structure shown in the inset). The protein has width of 20 nm and thickness of 8 nm along the x- and z-axes,
respectively. The distance between two adjacent proteins is fixed to dy. The protein in each unit cell simultane-
ously changes its position along the x-direction (a lateral shift of the periodic layer) to mimic their redistribu-
tion. Figure 4a depicts the reflectivity versus gate voltage for various shift positions (x,); for example, parameter
Xo = 0nm means that the protein placed on the graphene ribbon, while x, = 20 nm represents that the protein
is directly on the slit. Different lateral shift gives rise to different level of perturbation on the subwavelength rib-
bons array due to the non-uniform distribution of local field (E,). The strongest absorption occurs when the
proteins are directly placed on the slit having the strongest edge field. Interestingly, we may detect the redistribu-
tion of proteins by the shift in SPR curve (or change in absorption dip location).

In the second example, in each unit cell the protein monolayer is positioned at the center of slit, shown in the
inset of Fig. 4b. We define the surface percentage coverage of protein as the ratio of w), to ws (C = w)/dy), where
wpis the width of protein*!. Parameter C, in fact, can also be regarded as the protein concentration. Here, C = 50%
corresponds to the result of green curve in Fig. 4a. As shown in Fig. 4b, the decrease in concentrations (C) from
0.1 to 0.05% with a step 0.01% enables the SPR curve to shift toward low gate voltage. As shown in Supplementary
Fig. S3, SPR curve moving toward lower dc voltage range represents the decreasing in n4. Moreover, the voltage
difference between the adjacent two dips are 4.03 mV, 4.03 mV, 5.03 mV, 4.03 mV, and 4.03 mV, respectively. The
average change in R is about 5.4 x 107°RIU, which is estimated by averaging the RI of protein and air.

Method of mathematical analysis

Fourier modal method (FMM). Vectorial electromagnetic fields satisfying the Maxwell Equations and
boundary conditions in the 2D structure shown in Fig. 1b are considered to approximate the 3D one in Fig. la
due to the assumption of large electrical length along the y-axis in practical manufacture; that is, the electric- and
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magnetic-fields are supposed to have no variation along that direction. Due to the periodicity along the x-axis
(periodic graphene ribbons array), the electromagnetic fields in each uniform dielectric layer and semi-infinite
medium are represented by Rayleigh expansions (or Floquet-Fourier series)**~**. Owing to the zero thickness
approximation of the graphene grating, discontinuity in the tangential component of magnetic fields at the
interface (surface of periodic graphene ribbons array) between two uniform mediums equals to the conduction
current induced on the graphene strips array. The relationship between tangential electric and magnetic fields
can be established via the graphene optical conductivity. Through the conventional mode-matching method, the
scattering characteristics of the graphene ribbons array can be determined; however, the Gibbs phenomenon
in Floquet-Fourier series due to the discontinuity of tangential electric field causes poor numerical conver-
gence in scattering analysis. Specifically, as was reported*®*, traditional approach of rigorous coupled-wave
analysis experienced a poor convergence in particular under the resonance of surface plasmon-polariton wave.
Therefore, local basis functions inherently satisfying the field nature in graphene ribbon and slit regions were
employed to modify the input—output relation of the periodic graphene ribbons array while the whole formula-
tion can still fit into the standard procedure of Fourier modal method!?. Some of the mathematical formulations
together with the numerical convergence check (Fig. S1 in supplementary information), particularly at the reso-
nance condition of SPPs, can be found in supplementary information.

Graphene optical conductivity. Graphene conductivity (0g = Gintra + Ointer), having a close-form
expression for the condition| w. |3 kgT, consists of both the intraband (0iur,) and interband (o/,ze;) terms:*

2ie’kgT
i) = In (2 cosh(yue/2ky D)), and (1)
o; —i 1 + l arctan w _ L n (@ + iy) + 2] 2)
inter T 4R 2 T 2kgT 2T [Mw + iy) — 2uc]? + (ZkBT)Z >

where —e is the electron charge, 71 is the reduced Planck constant, y is a phenomenological carrier scattering rate
(y = 1/27,, where . is the carrier relaxation time), (4. is the chemical potential, kp is Boltzmann’s constant, and
T is the ambient temperature.

The relationship between dc gate voltage and chemical energy. The carrier density (n;) and the
chemical potential (1) of the graphene layer are related through the equation given below:

2 o0
= e /0 S — o) — fale + poldg 3

where f;(¢) = (e€—ra/kT  1)=1 is the Fermi-Dirac distribution; parameter vy is the Fermi velocity
(~ 10%cm - s~!in graphene) and ¢ is the energy. The self-biasing scheme is considered in Fig. 1a; therefore, the
gate voltage can be determined by V. = en;/2Coy, where C,x = ss(dc)so /ts is the gate capacitance of the silicon
oxide in the unit of Fm~2; £,*” is the relative dielectric constant at dc (about 3.9 for SiO,); the relation between
Ve and p. can be approximated as V. ~ u2(e/2w Coxhzvf)‘”.

Parametric studies

In addition to the performance evaluation for the biosensor design described in the previous section, the effects
of structure dimensions and graphene parameters on the reflectance have also been conducted and discussed in
this section to provide adequate information for understanding the design criterion of such a biosensor.

In the first example, we change the layer thickness of analyte to observe its influence on the SPR-curve. The
thickness of silicon oxide is set to be 50 nm. The widths of graphene ribbon and slit both are 20 nm. The relaxa-
tion time is 0.5 ps. The incident angle and wavelength of the TM-polarized wave are 30° and 4 pm, respectively.
In Fig. 5a, we observe that the SPR curve is shifting toward high dc voltage in accordance with the increase in
analyte thickness (¢4). Additionally, the absorption peak is increasing progressively. Interestingly, those SPR
curves gradually coincide to one another as the layer thickness increases greater than 16 nm; that is, the deepest
location that evanescent wave can penetrate is around 16 nm. Such a depth relates to the attenuation constant
of the SPPs along the z-axis in the analyte. The rapid attenuation of the evanescent wave means that any object
outside 16 nm will not affect the measurement.

As far as the sensitivity of a biosensor is concerned, the reflection dip for the frequency (wavelength)-selective
property of the SPR curve is essential. A clear dip allows us to easily identify the RI change. In Fig. 5b, we pro-
gressively increase the graphene carrier relaxation time (z.) to see the influence on absorption of incident light,
where the analyte thickness is set to be 20 nm. The other parameters remain as given in the previous example.
Apparently, the absorption is increasing in accordance with the increase in carrier relaxation time. Alternatively,
the dielectric constant of a graphene sheet can be written as: &, = 1 + iog /weod,, where § is the graphene thick-
ness roughly equal to 0.335nm. The real part of ¢ is fixed at about — 106.76 at the peak of absorption (u. = 0.64
eV), supporting the SPPs on graphene. However, the imaginary part of ¢ is increasing from around — 1.39 to
— 0.87. Moreover, the quality-factor (Q) of such a graphene layer considered as a thin dielectric layer increases
from 77 to 123; the increase and saturation in quality factor can also be qualitatively observed from the SPR
curves shown in Fig. 5b in accordance with the increase in z..

In Fig. 5¢, we evaluate the resonant absorption spectra for various slit widths ranging from 5 to 50 nm with a
step of 5 nm, while the ribbon width is kept at 20 nm. The other structure dimensions remain as given in Fig. 5a.

Scientific Reports |

(2021) 11:1999 | https://doi.org/10.1038/s41598-021-81595-9 nature research



www.nature.com/scientificreports/

Mpum)=4; 6, =30; T (meV)=0.65821 Mum)=4; 6, =30; t,(nm)=20; n,=1.34
1 1r
0.9 0.9
0.8 0.8
0.7 0.7
c
S 0.6 g 06
o =
505 Sos
17} 2
£
So4 < o4
0:3 03
0.2 0.2
0.4 0.1
0
= 0 ) i i i i i
32 33 34 35 36 37 38
Vdc(V)
(b)
100 nA=T.34; tA(nm)=20; wg(nm)=20; 9i",°=30 " uc(eY)=0.635; Gin?=30; tA(nm)=20; nA=1.34 ‘
w,=5nm 25nm
w5=10nm 50nm
ws=15nm 75nm
. W=20nm 107k ——100nm i
107 E w=25nm ——125nm
= R 30 - ~150m,
i) w=35nm ke} ——175nm
B -
2 w,=40nm a ——200nm
8 102k w_=45nm 8
Nel =50 Q
< WS nm <
107 =
i ] ; 1074 ; ! | | L
3 3.5 4 4.5 5 2 25 3 3.5 4 4.5 5
Wavelength (um) A(um)
(© (@

Figure 5. Parametric studies for the biosensor with typical structure dimensions including silica thickness,
analyte thickness and slit width are 50 nm, 20 nm and 20 nm, respectively. The chemical potential and carrier
relaxation time are 0.635 eV and 0.5 ps, respectively. The RI of analyte is n4 = 1.34. (a) Variation of SPR curve
(absorption efficiency of the graphene ribbons array) against gate voltage for various analyte thickness. (b)
Variation of SPR curve against gate voltage for various carrier relaxation time (z). (c) Resonant absorption
spectra for various slit widths and (d) Variation of SPR curve against wavelength for various silica thicknesses.

The chemical potential and carrier relaxation time are p, = 0.635eV and 7. = 0.5 ps, respectively. The analyte
RI and thickness arenq = 1.34 and 4 = 20 nm. Notably, only the fundamental mode of SPR was shown in this
figure. The SPR is due to the resonant of SPPs along the ribbon-width direction and depends on the ribbon
width®’; however, it is apparent to see that the resonant wavelength is varying in accordance with the change in
the slit width. Additionally, the line width of SPR curve is getting wide when the slit width is decreasing. This may
be explained as the occurrence of strong mutual coupling between two adjacent ribbons for the case of narrow
slit width. Moreover, the coupling is caused by the leakage in resonator!?, reducing the quality factor (increase in
line width) of SPR curve. Contrarily, the SPR curves gradually converges for w; greater than 40 nm; the graphene
ribbons can thus be regarded as isolated ones with negligible coupling.

In Fig. 5d, we change the silica thickness to see the variation on absorption spectra. The resonant coupling
to the graphene ribbons array is due to the evanescent wave in the silica. Moreover, the attenuation constants of
evanescent wave in silica can be determined by o, = k,y/ &si sin Qizm — €si0, > which is about 0.00154 nm~!at
J = 4pum and is around 0.0028 nm ™! at 2 = 2.2 um. For the silica thickness much smaller than a wavelength,
the change in the impinging field on the graphene nanoribbons is insignificant at A = 4 jum, while is distinguish-
able at 4 = 2.2 pm, depicted in this figure.
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Conclusion

The computational design of an evanescent wave biosensor incorporating the SPR on periodic graphene ribbons
array is carried out through the electromagnetic modeling and full-wave simulation. Different from the conven-
tional approach by measuring the shift in SPR with respect to the operating wavelength or incident angle of a
TM-polarized light, the self-biasing scheme by tuning the chemical potential of graphene (via modifying applied
gate voltage) is implemented to track the SPR response. Moreover, due to ultrastrong E-field confinement on
the surface of graphene ribbons array, particularly at around the slit edges, even a considerably small change in
the RI of an analyte placed on its surface can be detected by observing the shift in SPR curve against gate-voltage
scanning. Additionally, the strong evanescent wave, excited by the SPR, can effectively prevent the interaction
with upper fluid, increasing the anti-interference ability. Interestingly to observe that such a non-metallic biosen-
sor can also detect the redistribution (lateral shift) of the analyte modeled as a periodic array of discrete sensing
mediums such as live viruses. This research develops a useful tool, which is based on Maxwell’s equations and
material characteristics, for evaluating the performance of a graphene SPR-based biosensor. It facilitates the
practical implementation and also provides a theoretical basis for understanding its underlying physics.
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