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We have modeled and numerically simulated the performance of a dielectric-loaded graphene sur-
face-plasmon-polariton (DL-GSPP) waveguide as a biochemical sensing device. In our device, the
conventionally used gold layer is replaced with a graphene microribbon for the detection of bio-
chemical molecules. The graphene layer is incorporated to minimize ohmic losses and to enhance
the adsorption of biomolecules so that the sensor sensitivity is increased significantly. The sensor
performance is quantified through numerical simulations carried out by varying device parameters
such as waveguide length, effective mode index, dimension of the dielectric ridge, and the length
and the number of graphene layers. One of the prominent features of our DL-GSPP waveguide sen-
sor is that its length is in the millimeter range, an essential requirement for realistic plasmonic
waveguide sensors. The average sensitivity of DL-GSPP structure is found to be in the range of
3-6 uRIU (refractive index units), which is comparable to the values obtained using surface-
plasmon resonance (1-10uxRIU) and long-range waveguide sensors (0.1-5uRIU). © 2015
Author(s). All article content, except where otherwise noted, is licensed under a Creative

Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4922124]

I. INTRODUCTION

Plasmonics has attracted significant attention over the
past few decades, owing to the revolutionary impacts that it
has on both the fundamental physics and practical applica-
tions in various disciplines.'™ As surface-plasmon-polariton
(SPP) modes are laterally confined on a sub-wavelength scale,
plasmonics have been employed to realize many efficient
nano/micro devices."” As one of the first commercial applica-
tions of plasmonic techniques, SPPs are used to build biologi-
cal and chemical sensors with greater sensitivity compared to
conventional sensing methods.” Biosensors are used in the
fields of drug discovery, medical diagnosis, and detection of
harmful pathogens. The sensing material responds selectively
to biological targets (or analytes) via a specific molecular rec-
ognition probe and converts this biological recognition event
into a sensing signal via a proper transducer based on optical,
thermal, or electrochemical effects.*® The analyte molecules
can be antibodies, enzymes, proteins, immunosystems, tis-
sues, organelles, or whole cells.® The commonly used bio-
receptors are DNA molecules, aptamers, antibodies, ligand,
enzymes, microorganism, cells, and tissues.’

Surface-plasmon resonance (SPR) biosensors use SPPs
to probe the interaction between analyte molecules and the
sensor surface. Since SPPs are extremely sensitive to
changes in the dielectric constant at the surface, even a rela-
tively small change in the molecular density on the sensor
surface can be detected accurately. For this reason, SPPs are
often used for improving the resolution of chemical and
biological sensors through a technique called label-free
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sensing.™® Typically, SPR sensors based on prism coupling
have resolution in the range of 1-10 uRIU (refractive index
units).”® Efforts are being made to improve biosensors so
that they are in the form of compact portable devices that
can be used for rapid and high-throughput measurements of
analytes to provide real-time information. This can be
achieved by using proper materials with new device architec-
tures.® In this context, SPP waveguides are of considerable
interest. A metal-dielectric waveguide structure supports
SPPs that can be used to probe biological substances by
measuring the mode amplitude, with a resolution around
0.5—1 uRIU.>'2 To improve the performance further, several
different SPP waveguide configurations have been consid-
ered in recent years.'*'® But most of them do not have long
enough propagation length to be practical as a biosensor.
The longer propagation length and larger sensing depth of
long-range SPPs (LRSPPs) provide a larger interaction
length and enhance adlayer sensitivity.'” Essentially, these
contribute to lower the detection limit and increase the over-
all sensitivity of the sensor. Several SPP waveguide designs
have been proposed to balance the trade-off between the field
confinement and propagation length.'®?*? The dielectric-
loaded SPP (DLSPP) waveguide employs a dielectric ridge
on top of the metal substrate that confines the mode to the
dielectric region and leads to longer propagation lengths
compared to the strip, slot, and grove conﬁgurations.18’23’24
In this paper, we consider graphene, a one-atom-thick
platform for infrared and terahertz (THz) metamaterials,
which can support surface electromagnetic waves.”> A
monolayer of graphene with very low chemical potential
behaves like a semiconductor and supports guiding of a
transverse-electric (TE)-polarization SPPs.%° If graphene is
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highly doped, it behaves like a thin metal film and allows for
the guiding of transverse-magnetic (TM)-polarization SPPs.
Similar to a thin metal stripe that supports low-loss, LRSPP
stripe modes, graphene microribbons can guide long-range
graphene SPP (LR-GSPP) stripe modes. Such modes exhibit
an average extinction ratio of 19dB at a wavelength of
1.31 um and have been used successfully in experiments for
data transmission at a bit rate of 2.5 Gb/s.””?° The devices
fabricated with metals suffer from large Ohmic losses and
cannot be tuned once the geometry of the structure is fixed.
In sharp contrast, electronic properties of graphene can be
tuned via electrical gating or chemical doping. Graphene’s
electronic sensitivity to biomolecular adsorption on its sur-
face has also been studied for many applications.**>* It is
found that graphene can adsorb biochemical molecules more
efficiently than gold.*® In this paper, we demonstrate that a
dielectric-loaded graphene SPP (DL-GSPP) waveguide can
be exploited as a sensing device. We discuss in Sec. II the
guiding properties of a DL-GSPP waveguide and calculate
the effective refractive index of its modes. In Sec. III, we
employ the waveguide as a biosensor and calculate its sensi-
tivity. The main results and major findings of our study are
summarized in Sec. IV.

Il. DL-GSPP WAVEGUIDE

Graphene, a flat monolayer of carbon atoms packed into a
dense two-dimensional honeycomb crystal lattice, has the merits
of a small effective electron mass, high carrier mobility, and
strong interaction with light over a broad frequency range.” The
conductivity of graphene can be modified by means of chemical
doping, electric fields, or magnetic fields. Additionally, when
the interband optical transition dominates and the imaginary part
of graphene conductivity is negative, graphene can support a
TM-polarized SPP mode, a feature that has enormous potential
for plasmonic waveguide applications.?**°

Graphene is described by a surface conductivity g ,, which
is related to the radiation frequency w, temperature 7, electron
relaxation time 7, and chemical potential (Fermi level, Ej). The
intraband and interband conductivity of the monolayer gra-
phene can be calculated from the Kubo formula in the limit £
> kgT, where kj is the Boltzmann constant>®
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where ¢, is the thickness of the graphene microribbon.
Different from conventional metals, the Fermi level of gra-
phene is tunable by applying an electric field or by doping it
to with p-type or n-type materials. Thus, we can control the
graphene’s carrier density and the rate of interband
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transitions (via excitation of electron-hole pairs). Figure 1
shows how the real and imaginary parts of the permittivity
(g = e’g +1i¢ ;,) and the refractive index (n=n,+ ik,) vary
with the Fermi energy of graphene. Throughout this study,
we assume a fixed operating wavelength, 2= 1.55 um. At
E;=0.4eV, F; and n, attain their peak values, while & g and
K, take their minimum values. Given that SPPs can only be
excited in a metal-dielectric interface, metallic interface
must be present in the waveguide configuration. We achieve
this by manipulating the Fermi potential of graphene. As
clearly depicted in Fig. 1, for values over E,=0.6¢eV, &,
increases and n, decreases, showing transition from dielec-
tric to metallic characteristics of graphene, suitable to sus-
taining SPPs on a graphene interface.

Figure 2 shows how a dielectric-loaded graphene micro-
ribbon based waveguide structure can be used for sensing
applications. The waveguide configuration includes a low-
index substrate (n=1.34), a SiO, buffer layer (n=1.45), a
graphene microribbon, a polymer ridge (n=1.535), and a
microfluidic medium (n = 1.33).

To find the SPP modes supported by the structure shown
in Fig. 2, we need to solve the Helmholtz equation satisfied
by the electric field
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FIG. 1. Variation of the real and imaginary parts of the (a) permittivity and

(b) refractive index with the Fermi energy of a monolayer of graphene. We
consider 2= 1.55 um in this study.
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FIG. 2. (a) The configuration of DL-GSPP waveguide nanostructure with (b)
the dimension parameters of the cross section.

where f is in-plane complex propagation constant of the SPP
mode along, ky = w/c is the vacuum wave number, and ¢, is
the relative permittivity of each material. The magnetic and
electric field components of the fundamental SPP mode
(TMgyo) are H=H,and E=E,, E_, respectively.37 Obtaining
an analytical solution for our two-dimensional complex
structure is comparatively challenging. Therefore, numerical
techniques must be used to find accurate solutions. In our
study, a numerical solver based on the finite-element method
(FEM) was used to calculate the modes.*®

Figure 3(a) shows how the real and imaginary parts of
the effective index (n.;= fi/ko) of the SPP mode vary with £
Both of them have peaks at 0.4 and 0.6eV. The propagation
length of the SPP mode is calculated from Ly, = 3Im(nes).
Figure 3(b) shows how L, varies with Ex The SPP mode
dominates when graphene behaves as a metal. This is the rea-
son why Ly, increases significantly after £,=0.6eV. If we
consider a thin layer of gold instead of graphene, the mini-
mum practical thickness is 15nm. Then, Ly, that can be
achieved is only around 60 um at A= 1.55 yum. In contrast, it
can be increased to 16 mm when a monolayer of graphene is
used in place of gold. The millimeter length scale is sufficient
to measure the output power and mode amplitude for sensing
techniques.

It is possible to study variations of mode effective index
and L, with the height £, and width w, of the ridge. We con-
sider &, in the range of 0.5-1.2 um and w, in the range of
0.5-1.4 um and assume that the width and thickness of the
graphene microribbon are w, = 1.4 um and #, = 1 nm, respec-
tively. We set Fermi energy at E,=0.7¢eV to obtain a large
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FIG. 3. Variations with the Fermi energy of graphene of the (a) real and
imaginary components of the effective mode index and (b) propagation
length of the SPP mode.

SPP mode area and to avoid high intrinsic losses (with
increased K,). Figure 4 shows our numerical results as a com-
parison with gold. In Fig. 4(a), Re(n.y) is increasing with A,
and w, and reaches a maximum value of 1.43 for 4, =1.2 um
and w,= 1.4 um. In Fig. 4(b), Im(n.z) is relatively small in
the region of w,. > 1.0 um and 0.5 < A, < 0.8 um. This leads to
a maximum value of about 16 mm for Lg,, as in Fig. 4(c).
This behavior can be understood from Figs. 5(a)-5(c) where
the mode profiles (magnetic field and electric field) in the
structure are shown for three different combinations of w,
and /,. In general, there is a trade-off between mode confine-
ment and propagation length. When there is a high mode
confinement, it increases losses too. However, when £, is
reduced, the mode spreads across the graphene layer into the
low-index buffer and substrate regions, which reduces mode
losses drastically and increases the propagation length. If a
thin metal layer is used instead of graphene, the mode will
not spread in such way [refer Fig. 5(a)]. Mode leaking into
cladding and buffer region is an advantage in sensing applica-
tions, as it increases the mode interaction depth with the ana-
lyte while maintaining the long propagation length.

The minimum thickness of a metal film (e.g., gold) that
can be commercially fabricated is around 10-15nm and x,
is higher when compared to graphene at the same frequency.
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Owing to this, excited mode experiences high intrinsic
losses. Compared to graphene, gold has a very high Im(#,),
that drastically reduces the mode propagation length. Further
reduction of gold stripe thickness (<15nm) will hardly lead
to a significant decrease propagation-loss in practice due to
fabrication difficulties in creating a very thin homogeneous
metal layer.** Some studies have shown that proper SPP
waveguiding was not observed for the thinnest gold films.*°
Further, surface flatness of thin metal films also influenced

by the roughness of cladding/substrate surface.*® There are
limitations for fabrication of homogenous ultra-thin metal
films using industrial fabrication techniques such as large
scale uv-lithography and lift-off process conditions.'®*!
Thus, graphene is a viable low-loss alternative to gold thin
film as graphene waveguides inherit all of the advantages
and unique features of graphene such as high adsorption effi-
ciency, electrochemical tunability, mode confinement, low
losses, and crystalline structure.
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FIG. 5. (a) The H, component for gold, (b) H, component and (c) E, component for graphene, for 4.=0.5, 0.7, 1.0 yum. w, = 1.2 um, w, = 1.4 um, 1, = 1 nm,

E;=0.7eV,and 2= 1.55 um.

lll. OUTPUT POWER AND SENSITIVITY

The SPP mode is highly sensitive to the permittivity
distribution in the plasmonic structure. Even relatively
small changes in the permittivities of various materials can
drastically change the effective index, amplitude, power,
and propagation length of the SPP mode. Power measure-
ments are commonly used as a sensing technique to probe
analyte in the microfluidic medium. In this section, we
investigate the sensing performance of the proposed struc-
ture by considering refractometric measurements of the
output power. Borrowing from optical waveguide theory,
thizoutput power P, is related to the input powers Pj,
as

Pout = Pin eXP(*Zﬁ”Ls) = Pin exp(fo/Lspp)a (5)

where we used the fact that the imaginary part of f is related
inversely to the SPP length Ly,,.

Presence of a substance (such as moles of biomole-
cules—AM) in the microfluidic medium perturbs fluid’s re-
fractive index by an amount of An. The sensitivity (s;;) of
the sensing device depends on changes in the output power
(AP) in response to these changes and is defined as™®

P AP AP An
MTAM T An AMT
Noting that E;= An/AM is the adsorption efficiency of the

target molecule and defining sensitivity to refractive index
change as s = AP/ An,***2%3 e obtain the simple relation

Si Ed, (7)

(6)

P
Sy =

where s” is in units of W/RIU.
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Another important parameter of the sensor is Limit of
Detection (LOD) for homogenous sensing, which is defined
as the minimum detectable refractive index change of the
analyte solution. The LOD is inversely proportional to the
refractive index sensitivity, s” . Owing to this dependency,
to improve the performance of the device, it is usually
desired to increase s” and decrease LOD as far as possible.
The LOD can be calculated as the ratio of the minimum de-
tectable signal of the power probe, dp, to the refractive index
sensitivity, s (Ref. 45)

-1
LOD = lp X op = (ij) op. 8)
LOD defines in RIU. Since AP is a function of L, it can be
maximized by operating the device near jf — 0. This rela-
tion defines the optimum value for L, that leads to maximum
output power variations in terms of the perturbed and unper-
turbed Ly, values*?

L L/ /
Lop = —In| 7™ |. ©)
L Lapp Lpp

spp

To illustrate the sensitivity of our proposed device, we
assume that the presence of a specific analyte substance
changes the refractive index of the microfluid in the range of
1.33-1.4. Figures 6(a) and 6(b) show variations of L, with
h, and w, in the given range of n. When w, = 1.0 um, for the
values of 4, in the range of 0.5-1.2mm, L, varies from 7.5
to 10 mm and increases with 7. For the values of w, varying
from 0.5 to 1.2 mm with 4, = 0.8 um, Lg,, varies from 6.9 to
12mm and decreases with w,. According to Eq. (9), Loy, falls
in between this range for each ny value, which decides the
length of waveguide, L;, to obtained maximum sensitivity.
Figures 7(a) and 7(b) illustrate variations of normalized out-
put power (P,=P../Pi,) and sensitivity (s) with #4,, and
Figs. 8(a) and 8(b) illustrate the same with w,. P, gradually
increases with ny for all values of /., showing a minimum
power level for h,=0.8um. Similarly, P, gradually
increases with ny for all values of w,, and power level is
reduced with increasing w,, with a maximum for
w,=0.5 um. As seen in Figs. 7(b) and 8(b), the sensitivity
varies in between 0.25-1.1 W/RIU and 0.1-1.0 W/RIU for

1.331.34 1.35 1.36.1.37 1.38 1.39 14
nf (RIU)

the two cases. If we assume the resolution of power probe is
0.0004%,** for s = 0.6 W/RIU as an average value, LOD
can approach the value of 6.67 uRIU.

Figure 9(a) illustrates how the propagation length of
SPP mode varies with 7, when width w, of the graphene
microribbon varies in the range of 1.0—1.6 um. As seen there,
Ly, gradually increases with 7, but it decreases with w,. In
these simulations, values of w,, h,, and Ej are fixed as 1 um,
0.8 um, and 0.7 eV, respectively. Figure 9(b) depicts varia-
tions of normalized output power and exhibits a trend similar

to that observed for Lg,,. As shown in Fig. 9(c), sensitivity is
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FIG. 7. The variation of (a) normalized output power and (b) sensitivity
with 4, and n;for w, = 1.0 yum. w, = 1.4 yum and 7, = 1 nm and P;, =1 W.
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FIG. 8. The variations of (a) normalized output power and (b) sensitivity
with w,. and nyfor h, = 0.8 um. w, = 1.4 um and 7, = 1 nm and P;, = 1 W.

the lowest for n; around 1.36. If we assume values
we=12pum and n,=1.34, LOD can be take the value of
3.6 uRIU. The waveguide structure has a low-index dielec-
tric buffer and substrate with refractive indices 1.45 and
1.34, respectively. The lower sensitivity around analyte-
index 1.35 can be seen due to the symmetry around buffer
layer leading to high mode confinement. That slightly lowers
the output power and the sensitivity in the range 1.34—1.36.

Thickness of the graphene microribbon can be changed
by adding more graphene layers. In the THz range, the opti-
cal conductivity of graphene is approximately proportional
to the number of layer N, i.e., N =N6pono- Figures 10(a)
and 10(b) show variations in the normalised output power
and sensitivity with ny when N is increased from 1 to 6.
Sensitivity goes down when increasing the number of layers.
The graphene microribbon with two layers gives average
sensitivity values, s =0.9W/RIU and LOD =4.45 uRIU
for ny=1.39.

IV. DISCUSSION AND CONCLUSIONS

In this paper, we focused on designing a graphene-based
SPP waveguide as an efficient sensing device in the THz re-
gime. Our proposed dielectric-loaded SPP waveguide helps
to realize a graphene-assisted biological sensor whose ridge
configuration makes it relatively easy to integrate the SPP
waveguide with the microfluidic system. Since the propaga-
tion length of the SPP mode can be maximized at the
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FIG. 9. (a) Variations of mode propagation length with the width of the gra-
phene microribbon for different Fermi energies. Variations of (b) normalized
output power and (c) sensitivity with n, for different widths of graphene
microribbon. Assumed parameter values were w, =1 um, h,=0.8 um, and
E;=0.7eV.

interface between the graphene and the ridge, sensitivity of
such a biosensor can be greatly enhanced. Proposed DL-
GSPP waveguide has a cross section area of 4 x 4 um?* with
a maximum ridge height of 1.4 um for a 1.6 um width of the
graphene microribbon. As shown in Fig. 1, doped graphene
with the Fermi energy of 0.7¢eV leads to metallic properties
with less lossy conditions compared to noble metals.

The performance of the device is assessed in terms of
propagation length, mode index (confinement), output
power, and sensitivity under different design conditions,
including dimensions of the dielectric ridge, length of the
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FIG. 10. Variations of (a) normalized output power and (b) sensitivity with
ny for different number of graphene layers. Assumed the following parameter
values: w, =1 um, 4, = 0.8 um, w, = 1.4 um, and E,=0.7eV.

graphene microribbon, and number of graphene layers. One
of the prominent features of our DL-GSPP waveguide sensor
is that its length is in the millimeter range, an essential
requirement for realistic palsmonic waveguide sensors. The
average LOD of DL-GSPP structure is found to be in the
range of 3-6 uRIU, which is comparable to the values
obtained using surface-plasmon resonance (1-10 yRIU) and
long-range waveguide sensors (0.1-5 yRIU).*&!1:12

Placing a thin metal stripe with the graphene layer can
increase the detection limit towards 0.1 uRIU, but it also dras-
tically reduces the SPP propagation length (below 100nm).
To avoid high losses and to keep dimensions closer to sub-
wavelength scale, metal elements are not included in this
design. This is not a problem since graphene adsorbs biomole-
cules (e.g., ssDNA, RNA, glycans, proteins, and peptides)
more strongly and stably compared to the gold surface.® Such
adhesion and differentiation properties suggest that a graphene
microribbon is an excellent bio-compatible material compared
to a metal.”> The adsorption efficiency is expected to be
greater for graphene compared to gold (E, > Ey,,), but it has
to be confirmed experimentally. Therefore, sensitivity is
expected to increase significantly than the previous theoreti-
cally reported values.***” In the case of biomolecules, the re-
fractive index variation occurs mainly in the sensor surface,
therefore defining a detection thickness (an adlayer shown in
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Fig. 11(a)), h, in the range of 1-600 nm is more appropriate
and significantly accurate for sensitivity calculations. Figure
11(b) depicts the variation of sensitivity with ns and h, for
h;=200nm. Figure 11(c) illustrates the variation of sensitiv-
ity with the thickness of adlayer having a refractive index of
1.34. Sensitivity improves non-linearly with the adlayer thick-
ness varying up to 650 nm.

In the proposed structure, TM-polarized SPP mode is
possible to excite in an end-fire/butt-coupled arrangement.
The optical source of the waveguide sensor can be designed
as a CW-tunable diode laser having P;,=10 mW, and
coupled easily to the incident port. The high coupling effi-
ciency of both input and output ports can be achieved with a
taper-shape dielectric waveguide converter.**** A high reso-
lution power-meter (e.g., op <0.0005%) can be used to
detect the propagated signal of the waveguide sensor.** In
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FIG. 11. (a) The adlayer thickness A, illustrated on the sensor surface. (b)
The variation of sensitivity with nsand &, for w, = 1.0 um and ;=200 nm.
(c) The variation of sensitivity with adlayer thickness for A,=0.8 um,
w,.= 1.0 um, and n,= 1.34 RIU.
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addition, for the better agreement with the theoretical model-
ling, a noise minimising technique must be required in the
experimental set up. For the substrate, we chose a low-index
material to confine the mode into the ridge area; however,
additional use of silicon substrate may be required in order
to be compatible with the standard microelectronic fabrica-
tion technology.'" Graphene film can be grown by thermal
chemical vapor deposition (CVD) method. The Fermi level
of graphene can be tuned through surface transfer doping or
substitutional/impurity doping by using appropriately
selected set of dopants.’™! Graphene plasmons are being
experimentally investigated in many occasions.’>>® The THz
and far-infrared SPP in graphene microribbons has been
recently observed.?”*® Apart from sensitivity, selectivity is
probably the most important feature of a biosensor.
Selectivity means that sensor detects a certain analyte and
does not react to admixtures and contaminants.® Antigen-
antibody interaction is considered to have the highest selec-
tivity in a biosensor. Investigation of non-uniformity of
adlayer, effect of bio-receptors, and calculating selectivity
coefficients for the proposed DL-GSPP sensor will be
addressed in the next stage of our research, considering an
analyte-specific experimental approach.>*

In conclusion, the proposed DL-GSPP waveguide is a
potential structure to develop efficient plasmonic sensing
devices. Millimeter-range propagation lengths and high
adsorption of molecules due to graphene microribbon should
lead to improve waveguide sensors compared to other con-
ventional structures. The analysis and discussion presented
here should prove valuable for developing an efficient, high-
precision, biochemical sensing technique.
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