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ABSTRACT: We propose here a new platform to realize a
plethora of graphene-based plasmonic nanodevices for
frequency-agile terahertz (THz) frontend circuits. We demon-
strate that a class of hybrid electronic-plasmonic nanodevices
combining active graphene field-effect transistors (GFET) and
graphene plasmonic waveguides (GPWG) supporting tightly
confined propagation of THz signals, with tailored phase
velocity and characteristic impedance controlled by the gate and
drain voltages of GFET. We propose a variety of reconfigurable

graphene-based nanodevices based on this general architecture, | . \‘
including reconfigurable and electronically programmable 7
phase-shifters, filters, transformers, modulators, and termina- Gate Voltage [V]

tors. We envision the integration of these THz circuit elements
into a fully reconfigurable THz system as a fundamental step toward new design architectures and protocols for THz
communication, sensing, actuation, and biomedical applications.
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G raphene is an ideal gapless semiconductor (or semimetal) tunable filters and metamaterials,'® oscillators,*** modula-
and truly two-dimensional (2-D) carbon nanomaterial* tors,'® 2% photomixers,*”>® chip-scale THz nanopatch anten-
that has attracted large attention since its discovery in 2004." nas,””*® and phase-shifters.’’ These become even more
It uniquely possesses massless, linear electron—hole dispersion interesting if we consider that recent layouts of electronic and
and high carrier mobility and Fermi velocity v = 10° cm/s at photonic devices support on-chip integrated THz wave sources,
low energies.3 Due to its electronic structure, a broad range of such as quantum cascade lasers (Q_CL),32’33 graphene-based
charge-carrier densities can be induced in graphene by either photomixers,”*™** or millimeter-wave sources followed by
chemical or electronic doping, allowing the shift of Fermi level multiple nonlinear stages of harmonic generation.>>>

over a large range.' * Recently, graphene plasmonics at THz Interestingly, when two graphene sheets are separated by a
and infrared frequencies has drawn widespread attention due to deeply subwavelength distance, a monomodal parallel-plate
its anomalous physics of tunable, collective oscillations of waveguide®** is formed, supporting tightly confined, quasi-
massless Dirac Fermions and the numerous exciting applica- transverse-electromagnetic (quasi-TEM) modes with no cutoff
tions that it could enable.* 724 Graphene opens many frequency.31’34 Due to the fact that the electric field is
possibilities to tailor the collective excitation and propagation symmetric and its transverse components are negligible at the
of surface plasmon polariton (SPP) waves in the THz and center of the waveguide,”"** the same mode can be supported
infrared spectrum.4_24 In this frequency range, graphene’s by a graphene monolayer deposited on a dielectric coated
complex-valued conductivity o, = 6, — ic! [S] is tunable by conducting ground plane, as shown in the bottom panel of
varying the Fermi energy Ep (eV; see Supporting Information, Figure 1b. This structure supports a “half-mode” waveguide®®
Figure S1); here an ¢ notation is adopted. Besides, high- and is commonly used to reduce the 3ssize of planar waveguiding
quality graphene enables the eflicient coupling of electro- structures in high-frequency circuits.

magnetic fields to localized surface plasmons with a significantly In this paper, we propose models and designs of vertically

shortened guided wavelength. With the rapid advent of integrated GFET-GPWG nanodevices, as in Figure 1c, in which
6, a monomodal GPWG is connected to the source input (S) and

drain output (D), and the THz signal transmission is controlled
by the gate-to-source voltage Vg and gate-to-drain voltage Vp.

nanofabrication techniques, ®** graphene arguably provides
an important path toward reconfigurable THz and infrared
plasmonic, electronic and optoelectronic systems.'>* Gra-
phene plasmonics have already found a variety of potential
applications, including flat-land transformation optics,'® invis- Received: February S, 2014
ibility cloaks,""'? absorbers,'>'* broadband polarizers,15 Published: July 7, 2014
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Figure 1. (a) Basic components for reconfigurable THz transceiver/receiver front-end circuit components. Their practical realization using graphene
nanodevices is shown in (b—d). (b) Tunable graphene plasmonic waveguide formed by two monolayers (top panel) and a monolayer backed by a
metal ground (bottom panel). (c) Top panel shows the hybrid electronic-plasmonic nanodevice, comprising of a graphene field-effect transistor
(GFET) and a graphene plasmonic waveguide (GPWG). Bottom panel shows the transmission-line model (TLM) for different biasing scenarios:
homogeneous and inhomogeneous transmission lines are obtained by setting Vg = 0 and Vgl > 0, respectively. (d) Integrally gated graphene
transmission line with digitized, spatially varying phase velocity and characteristic impedance.

This three-terminal (common-source) nanodevice may enable
the modulation of phase velocity, characteristic impedance and
signal integrity over a large range of values in the GPWG by
electrical means. The source/drain line may be realized as
conventional metallic parallel-plate waveguides or microstrip
lines, with the top metal layer connected to a DC bias through
proper high-frequency chokes. The source line, drain line, and
the monomodal GPWG share a ground plane. The input and
output signals are also quasi-TEM guided modes, and
impedance matching can be achieved by adjusting the heights
of the source/drain line (microwaveguide interconnects) and
the gate line (GPWG). Similar matching technique for
discontinuous waveﬁguide junctions has been applied in
microwave circuits.>*>” With this nanodevice architecture,
signals can be guided and modulated in ultracompact graphene
channel waveguide, fully compatible with existing planar
CMOS technology, and therefore, they may constitute a
wafer-level, integrated front-end module for THz/infrared
sensing and communication systems. Figure la shows various
THz circuit components and their proposed realization using
graphene nanodevices in Figure 1b—d, which will be discussed
in the following. We also propose in the Supporting
Information a realistic nanofabrication route for this hybrid
electronic-plasmonic graphene nanodevice platform using
semiconductor processes.

B RESULTS AND DISCUSSION

Figure 1c presents the proposed hybrid graphene-based
nanodevices. For the GFET design, we choose a thick
amorphous (a-) or polycrystalline (poly-) silicon gate with
permittivity &, = 11.9¢,, boron nitride (BN), or silicon oxide
(SiO,) gate oxide with ¢, = 4¢, and thickness t,, = 25 nm,
where & is the free-space permittivity. For the GPWG design,
we choose a graphene monolayer with width w much larger
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than the gap d, and we assume that the waveguide is filled with
aluminum oxide (ALO;), with €4 = 9¢, and thickness d = 20
nm. The mode supported by this waveguide has a transverse
magnetic field H = 2H,/(y) expli(fx — wt)] satisfying a
dispersion equation that can be obtained by imposing the
surface impedance boundary condition at the graphene
interface (see Supporting Information, Figure S2):

6 (et
— R0 — i

€ A
ox

pd(ng'S — iwe,) tanh(p,d) — i€y,
tanh(p, t,.) tanh(p,d) a

EiE Pl

€, tanh(p,d)

(1)

where Pox = (ﬂz - kéx)l/zl Pa= (ﬁz - kﬁ)l/zl Pa= (ﬂz - ké)l/zl kd
= a)(/’losd)l/zl kox = w(ﬂogox)l/zl kg = w(ﬂoeg)l/zl and Ho is the
free-space permeability. We can extract from this equation the
complex wavenumber B. For graphene plasmonic waveguides,
typically slow-wave in nature,*** the fields are strongly
localized between the graphene monolayer and the conducting
ground plane, while evanescent fields outside the waveguide
decay exponentially (see Supporting Information, Figure S2).
The characteristic impedance of this monomodal graphene
waveguide, defined as the ratio of voltage V = — gEydy to
current I = H,, can be expressed as Z = Eyd/Hz = pd/
we;>"?* 7% Then, the transmission line model (TLM) and the
transfer matrix method (TMM)>***® can be used to describe the
signal transmission/reflection (or insertion/return loss of signal
power) in the proposed devices (see Supporting Information).
For the generalized structure in Figure 1d, for instance, the
exact Fermi energy in graphene, as a function of terminal
voltages Vpg and Vg, must be appropriately evaluated in order
to evaluate graphene’s spatially variant conductivity and
associated phase, impedance, and propagation properties of
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THz wave in the GPWG. Our graphene’s conductivity model is
presented in the Supporting Information. Here we assume a
temperature T = 300 K and a relaxation time 7 = 1 ps, as
predicted for the ballistic-transport graphene with ultrahigh
carrier mobility.*' ™ To date, a carrier mobility as high as 2 x
10° cm?/(V s) has been measured in the suspended graphene,*'
~ 4900 cm*/(V s) in chemical-vapor-deposited (CVD)
graphene on evaporated copper films,** and ~1.78 x 10*
cm*/(V s) in CVD graphene on oxidized silicon substrate.*
Therefore, the scattering rate used here is close to experimental
results. As expected, the progress in developing high-quality
graphene monolayer may further improve the insertion loss,
phase error, and return loss of the proposed graphene
nanodevices.

The Fermi energy of graphene, which is controlled by the
GFET, is related to the voltage and the graphene quantum
capacitance Cy: V(%) = Ex(x)/q = (Co/ (Cor + C3/2)) (Vs —
Veg — V(x) ),4%_47 where Vg is the flat band voltage (here Vg
= 0 is assumed), and C,, = €,,/t,, is the oxide capacitance. The
channel voltage in graphene can be modeled by the gradual
channel approximation as V(x) = (x/L)Vpe.*™* For a
relatively thick gate oxide with C; > C,,, Ex(x) = Awg(7Co (Vs
— (x/L)Vps)/q)""* is obtained (see Supporting Information for
the detailed evaluation of Eg). The proposed device has two
operation schemes: (1) when both source and drain terminals
are unbiased (Vpg = 0), the uniform and spatially invariant
propagation constant f and impedance Z of GPWG can be
tuned by Vg forming a tunable and homogeneous THz
transmission line; (2) when the drain terminal is biased (IVpgl >
0), the value of Eg varies along the graphene sheet,*® showing
tapered, spatially variant (x) and Z(x) in the GPWG. The
electron density variation in the graphene channel has been
recently mapped experimentally for favorable bias conditions
via scanning thermal microscopy (SThM) measurements,
confirming the above assumptions.** If Vgl > 0, a spatially
inhomogeneous carrier concentration was measured, resulting
in a nonuniform local conductivity.*® The corresponding TLMs
for these two operations are illustrated in Figure lc.

We first focus our discussion on the case in which the
proposed graphene nanodevice is biased with Vpg = 0 and Vg
> 0. Figure 2a and b, respectively, show the contours of the
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Figure 2. Contours of (a) transmission and (b) reflection of the
graphene nanodevice in Figure 1c for Vg = 0, varying the frequency
and Vg; (c) Transmission (red) and reflection (blue) spectra for Vi
= 1V; (d) is similar to (c), but for Vgg = 0.12 V.
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magnitude of the transmission coeflicient S,; and reflection
coeflicient S;;, varying the operating frequency and Vg The
results are calculated using the TLM-TMM combined with the
GFET’s device model. Here we chose the gate (waveguide)
length L = 380 nm, the height of waveguide at the source and
drain ends dg = dp, = 4d, and the impedance of source and drain
lines as Zg = 174ds = 4174d and Zp, = n74dp = 4n4d, where n4 = (uo/
£4)"? is the intrinsic impedance of the filling material in the
source, drain, and gate lines. It is seen that at certain
frequencies the transmission (S,;) can vary from low (ie,
unbiased) to high (i.e, high Vgs), with complementary
reflection (S;;), presenting distinct ON and OFF states, as
highlighted in Figure 2a,b. Figure 2c and d, respectively, show
the magnitude spectra of S,; and S, for this THz switching
device with Vg = 1 V (onset) and Vg = 0.12 V (offset). The
maximum transmission (onset) is obtained when the signal is
constructively phased in the gate line (6 = f[Vgs]L = mx, m is
an integer), while the minimum transmission (offset) is
obtained when the signal is destructively interfered. Based on
the GFET physical model, when a large gate voltage is applied,
the Fermi level of graphene is shifted up, resulting in reduced
and, correspondingly, smaller phase shifts in the gated line (see
Supporting Information, Figure S4). For instance, when Vg =
1V, the induced Fermi energy of 0.57 €V leads to Bly__v =

(8.17 + i0.14) x 10° [rad/m] and Zly__,y = (26 + i 0.43)n,d.

On the other hand, when Vg = 0.12 V, with a lower Fermi
energy of 0.11 eV, larger values of complex phase constant and
impedance are obtained as fly__g 1oy = (19.98 + i0.34) X 10°

and Zly__g 1oy = (63.58 + i1.1)17,d. We note that IS, shows a

larger than 15 dB contrast between ON and OFF states at the
operating frequency f, = S THz. Due to the shortened guided
wavelength fulfilled by GPWG,*"** the device dimension is
deeply subwavelength, offering new possibilities for rapid
switching and modulation of nanoscale propagating plasmonic
modes in the THz and infrared spectrum.

More interestingly, the integration of more than one gate
may realize a number of THz nanodevices and nano-
components, with reconfigurable and electronically program-
mable phase-shifting, filtering, coupling, and matching
functionalities. Figure 1d, as a practical example in this
direction, shows an integrally gated (multigate) graphene
nanodevice and the corresponding TLM at Vg = 0, which can
be modeled as a multistage, tunable transmission-line. We first
consider the design of a THz phase shifter for phased-array
antennas and dynamic digital beamformers based on this
concept. In this case, each gated segment is seen as a binary bit,
which is properly biased to provide a phase shift A¢, = (B, —
o)Ly where B, and 3, . are the phase constants of the ON-
state and OFF-state, respectively. For an N-bit phase shifter
with N integral gates, the total phase shift A¢ = YN Adp, is
obtained. In order to minimize the multiple reflections and
return loss, the gate length of each binary bit is designed to be
half of the guided wavelength in the ON-state (f,,,L; = 7),
while in the OFF-state, the real-part impedance of a bit Z, g is
designed to be the same as that of the input/output ports
(source/drain lines). Under these assumptions, in order to
achieve the desired phase shift and the impedance matching for
all binary states, the following requirements for the “i"-th
section need to be fulfilled:
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Figure 3. (a) Phase shift vs frequency for a 3-bit graphene-based phase shifter using three integrated gates. (b) Transmission (dashed) and reflection
(solid) for the device in (a). (c) Transmission (dashed)/reflection (solid) vs frequency for a reconfigurable bandnotch filter constituted by the
multigate graphene nanodevice in Figure 1d; (d) is similar to (c), but for a bandpass filter with modified gate length and biasing conditions.

Zi,off =Zs="17p
(ﬂi,on - ﬂi,off)Li = A¢x
ﬂi,onLi =7 (2)
Figure 3a shows the numerical results for a 3-bit phase shifter
consisting of three cascaded gated lines, which respectively
provide phase shifts of 45° (bit 0), 90° (bit 1), and 180° (bit 2)
at the operating frequency f, = S THz. By simply switching on
and off of three binary bits, eight differential phase states A¢ =
0/45/90/135/225/270/315° can be obtained. As seen in
Figure 3a, quite precise phase angles are obtained for different
bias conditions. The optimum gate lengths and bias conditions
can be obtained from (2). Here we choose the gate oxide
thickness: t,.; = t,,3 = 22 nm, £, = 25 nm, the gate length: L,
= 190 nm, L, = 230 nm, L; = 305 nm, and the impedance of
source/drain lines: Zg = Z, = 60774d. In the OFF-state, the bias
voltage Vg, = Vs = Vs = 0.11'V, yielding for the real-part
impedance of the gated line the same value as the source/drain
lines. The onset voltages of three binary bits are Vg, = 0.18 V,
Vgsa = 027 V, and Vg, = 0.54 V, which respectively provide
the desired phase differences of 45°, 90° and 180° at the
operating frequency. Figure 3b shows the transmission and
reflection of this phase shifter, showing excellent input return
loss and insertion loss at 5 THz. This graphene phase shifter
may pave the way toward practical realization of THz
beamforming, beamshaping, and spatial-multiplexing systems.
In addition to phasing THz signals within a short distance,
the proposed integrated graphene nanodevice can also
modulate the characteristic impedance of GPWG by varying
Vis; here we still assume Vg = 0. One straightforward and
practical application consists in realizing a THz low-pass filter
(LPF) or “high-Z, low-Z filter”® realized within the same
multigate graphene nanodevice in Figure 1d. When a large Vg
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is applied to a gated short segment (which leads to a significant
shift-up of Fermi level), its impedance can be much lower than
the source/drain line, thereby being equivalent to a shunt
capacitor. On the other hand, when a low Vg is applied, a
gated short segment may give a high impedance, being
equivalent to a lumped inductor. A stepped-impedance LPF
can therefore be realized by electronically programming
multiple gated lines connected in series, with real-time
tunability.

By properly modulating the phase and impedance, various
filtering functions can be achieved at THz frequencies. In the
following, we design bandpass and bandnotch filters using the
proposed integrally gated graphene nanodevice comprising of
five gates, as shown in Figure 1d. Here we assume a source/
drain line impedance Zg = Z, = 65174d. For the bandnotch filter
design, gates 1, 3, and 5 are biased with a high voltage, while
gates 2 and 4 are biased with a lower voltage. We choose the
gate lengths L; = L = Ly = 140 nm, L, = L, = 60 nm, and the
gate oxide thicknesses ;| = f,y3 = toys = 25 nm, 5 =t 4 =22
nm. Similar to a direct-coupled resonator filter, which utilizes a
quarter wavelength transmission line as the J-admittance
inverter,” the bandstop effect can be obtained by cascading
several coupled quarter-wavelength sections separated by
reactive diaphragms. Figure 3c shows the numerical results
for this band-notch filter with different bias voltages setups. The
band-notch function is clearly obtained around the center
frequency of S THz, at which the first, third, and fifth gated
transmission line segments are approximated as quarter-
wavelength sections (L, = f3L; = fsLs = 90°) separated by
the short second and fourth gated sections with much higher
impedance, behaving like the postwall sections in a cavity
filter.® From Figure 3c, we specifically note that the notched
band is tunable by varying the bias voltages. Figure 3d is similar

dx.doi.org/10.1021/ph500046r | ACS Photonics 2014, 1, 647—654
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Figure 4. (a) Fermi energy and (b) characteristic impedance along the graphene waveguide channel (gated line) for the three-terminal (S—G—D)
nanodevice in Figure ¢, with different biasing conditions. Here source and drain terminals are respectively located at x = 0 and 0.5 ym, and Z, > Zs.
(b) Reflection and (c) transmission spectra for a graphene-based broadband transformer, adaptable for different values of Zj,/Zg (solid); results
without transformer (dashed) are also presented for comparison. (e) Reflection (solid) and transmission (dashed) spectra for a dual-bandwidth
(Chebyshev - A/4) transformer constituted by the integrally gated graphene nanodevice in Figure 1d. (f) Reflection spectra for a broadband THz
terminator constituted by the graphene nanodevice in Figure lc, with its drain open-circuited.

to Figure 3¢, but for a bandpass filter. In this case, we use the
same device structures, but change the gate lengths and the bias
voltages. Here we choose the gate lengths L, = L; = Ly = 55 nm
and L, = L, = 300 nm. Gates 1, 3, and S are biased with low
voltage, yielding high-impedance short segments, while gates 2
and 4, sandwiched by these high-impedance segments, are
biased with a suitably high voltage to form half-wavelength
resonators at the center frequency, thus, achieving the bandpass
effect.’ It is also seen in Figure 3d that the passband is also
tunable by varying the bias voltages. The insertion loss of these
graphene-based phase shifters and filters can be improved by
using clean graphene with much higher carrier mobility and
lower intraband scattering rate than the one considered here.
So far, the device operation has been limited to using a zero
Vps, while in the following we show that the three-terminal
operation with nonzero Vg and Vg may realize even more
complex operations, such as achieving spatially-variant, tapered
impedance and phase profiles along the gated line, introducing
new possibilities for designing broadband reconfigurable THz
components. Considering the three-terminal graphene nano-
device in Figure 1c, Figure 4a, and Figure 4b, respectively, show
the variations of Ep and characteristic impedance along a 0.5
um long GPWG for such a device. When Vgl > [Vpgl, Eg
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decreases along the direction of signal propagation (x-axis),
effectively producing a tapered transmission line, with
impedance varying as a function of Vg and V. When [Vl
< [Vpgl, the ambipolar field effect is obtained in GFET,*~*
and therefore, Ep varies from positive (n-type channel) to
negative (p-type channel).* Owing to the symmetry of the
electronic band structure in graphene, both negative and
positive signs of Ep provide the same complex surface
conductivity.

One straightforward application of the proposed tapered
transmission line is to make Klopfenstein-like impedance
transformers used for matching arbitrary real load impedance
over a wide bandwidth.*” A Klopfenstein transformer is
typically realized with multisection matching transformers,
and in the limit of an infinite number of sections, it approaches
a transmission line with continuously tapered impedance.
Figure 4c and d, respectively, show the reflection and
transmission spectra for a broadband THz transformer made
of the graphene nanodevice in Figure 1lc, which matches the
source line (Zg = 25n4d) to the drain line with higher
impedance (here Z,/Zg > 2) over a broad bandwidth provided
that suitable Vg and Vi are applied. Here Vi is fixed to 1.2V,
while Vpg is varied to match different load impedances at the

dx.doi.org/10.1021/ph500046r | ACS Photonics 2014, 1, 647—654
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drain terminal. The reflection and transmission spectra without
impedance transformer are also shown (dashed lines) for a fair
comparison.

We stress that here we have used an approximate method>
to calculate the reflection and transmission response of a
continuously tapered transmission line, discretizing it into a
number of incremental sections (i.e., 1000 sections here) with a
small impedance change from one section to the next, as shown
in Figure lc. Then, signals reflected back to the source line
(S11) and passed to the drain line (S,;) can be calculated by the
transfer matrix method. From Figure 4c,d, we observe
broadband matching, effective for different values of Z,/Z,
thanks to the tunable and tapered impedance Z(x) in the gate
line. Instead of geometrically modifying the impedance like its
passive RF counterpart in the inset of Figure 4b, different
passband characteristics of this graphene-based transformer are
achieved by changing the profile of tapered impedance via bias
voltages Vs and Vpg. We note that the multiple independent
gated segments, as shown above, can also realize inhomoge-
neous impedance profiles, but with the major drawback of
increased design and fabrication complexity, that is, the
requirement of a large number of cascaded gates.

In order to make a comparison, we also propose a
bandwidth-reconfigurable transformer®>*’ composed of a
similar device with three integral gates. The impedance of
source and drain lines are Zg = 22 n4d and Z, = 4 Z
respectively. For broadband Chebychev operation, Vg = 0 and
three gates are properly biased to achieve Re[Z,]/Zs = 1.2662,
Re[Z,]/Zs =2, and Re[Z;]/Z = 3.1591 at the center frequency
fo =5 THz. These optimal values are theoretically derived in ref
49. The physical length of each gate in the biased condition is
designed to be one-quarter of the guided wavelength. For
narrowband operation, the three gates are biased to achieve
Re[Z,] = Zg Re[Z3] = Zp, Z, = (ZDZS)UZ =2Zg and phL, = 7/
2, making a typical quarter-wavelength transformer with
narrower bandwidth. Figure 4e shows the reflection and
transmission spectra of this dual-bandwidth transformer,
showing third-order Chebyshev-type broadband matching and
first-order (4/4-) narrowband matching, which are realized with
the above biasing setups, tunable in real-time. It is noted that
the matching bandwidth is narrower than the three-terminal
operation in Figure 4c,d, while the fabrication complexity is
increased.

The proposed three-terminal devices with tapered prop-
agation properties can also be applied to various broadband
applications, such as terminators and delay eqaulizers, to name
a few. As an example, we design a broadband THz terminator
(matched load), in which the open-circuit drain terminal (Z
— o0) is biased with a DC voltage Vg = Vg = 0.1 V, resulting
in exponentially tapered impedance. The low Vg causes a low
Fermi energy level and relatively high insertion loss in the
graphene channel waveguide. We assume Zg = 697,d and a gate
length L; = 2 pm, which is deeply subwavelength over the
frequency band of interest (1—10 THz). Figure 4f reports the
reflection coeflicient versus frequency for this graphene
terminator. It is noticed that when the device is biased as Vg
= Vgg = 0.1 V, reflections can be less than —20 dB over the
entire bandwidth of interest. In contrast, if Vg = 0, reflections
are increased when operated without tapering the impedance in
the gated line. This ultracompact and broadband terminator
may be of interest for on-chip THz circuits, preventing signal
interference and reverse gain.
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Finally, in Figure 5a we envision a label-free, noninvasive
THz biosensor, realized by the graphene nanodevice in Figure

a)

-20 dB |1s21|

c)
0.15
0.14

0.12

0dB
-

L

01 02 03 04 05 06

01 0.2 03 04 05 06

Ves [V] Ves [V]

d) 7 e)

o -10 > @ -10

S / = 15

= -20 e @F = 1.3 820 ——tan5=0.2 —tans=0.1
» 30 —ny= 1.4 ——ny= 1.5 n 25 —tan5=0.05 —tan5=0.01
00 02 04 06 08 00 02 04 06 08

vV, V] V. V]

Figure 5. (a) Schematics of a THz biosensor composed of a
nanofluidic delivery channel and the structure in Figure 1c; here Vg =
0. (b) Contours of transmission for this graphene-based biosensor at §
THz, varying Vg and refractive index of material delivered through
the channel; (c) is similar to (b), but investigating the influence of the
material’s loss (5 = Im[e]/Re[e]). Transmission versus Vg for
materials with different values of (d) refractive index and (e) loss level
at 5 THz, showing good sensitivity to changes in refractive index and
absorption.

2, combined with a nanofluidic delivery channel and lab-on-a-
chip technology. The target molecules, cells, or tissues injected
into the nanofludic channel will flow through the gate line of
the graphene nanodevice, being characterized and tagged by the
transmission response of the THz signal. Since the electric field
is strongly confined in the tunable GPWG, the transmission
through the microcavity structure may sensibly depend on
small perturbations of the refractive index of target biospecies
mpflowing through the gated region of graphene waveguide. We
may adjust Vg (here Vg = 0 V), which in turn changes f[ny,
Eg[Vgs]], to achieve Fabry—Perot-enhanced transmission at a
monochromatic THz frequency of choice. As a result,
biospecies can be tagged according to the measured S,/S,,
versus Vg data. Here the design parameters are L = 2 ym and
Zgs = Zp = 3n4d. Figure Sb shows the transmission contours at
the operating frequency of S THz, varying the index of the
filling material and bias voltage. Figure 5d shows the detail S,,
versus Vg record, with ny, = 1.4 + Any, and An, = 0.1. The S,;
— Vg signals may be able to identify the small refractive index
variations caused by versatile intracellular bioevents. It is also
known that many large proteins and DNA molecules have
absorption due to collective vibrational and rotational modes in
the THz and far-IR region,50 which are considered as another
bimolecular fingerprint. Due to the complex molecular
structures of biomaterials, they may have different levels of
absorption or electric loss tangent in the THz spectrum. Figure
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Sc,e shows similar results varying the electric loss tangent of
injected biospecies tan(5) = Im[g,]/Re[e,] (here Relg,] =
(m,)"/% = 2.1). It is seen in Figure Sc,e that the magnitude of the
transmitted signal is highly sensitive to different levels of loss.
This graphene-based nanosensor may enable high-speed,
coupler-free, and multifunctional lab-on-chip biosensors,
being readily integrated within a THz monolithic integrated
circuit to conduct real-time detection. Potential applications
include genetic sequencing, drug and cancer screening, and
forensic medicine.* In the Supporting Information we envision
a nanofabrication route for the proposed hybrid electronic-
plasmonic graphene nanodevices using semiconductor pro-
cesses.

B CONCLUSIONS

We have introduced a hybrid electronic-plasmonic graphene
platform formed by a graphene plasmonic waveguide and a
single/multiple-gate graphene transistor. we have shown that
the proposed device architecture may be at the basis of a variety
of integrated THz components, by simply tailoring the length
and number of gates, as well as the bias voltages, realizing
electronically programmable and fully reconfigurable integrated
THz modulators, switches, phase-shifters, filters, matching
networks, couplers, and attenuators for THz front-end circuits
and systems. We envision that these graphene nanodevices may
serve as the ideal phgrsical layer for THz wireless communica-
tion, nanonetworks,* biosensing, nondestructive detection, and
actuation due to their real-time reconfigurability and tunability,
with exciting performance.
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