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Inspired by recent advancement of ferroelectric-gated memories and transistors, we propose a

design of ferroelectric-gated nanoplasmonic devices based on graphene sheets clamped in

ferroelectric crystals. We show that the two-dimensional plasmons in graphene can strongly couple

with the phonon-polaritons in ferroelectrics, leading to characteristic modal wavelength of the

order of 100–200 nm at low temperature and low-THz frequencies albeit with an appreciable

dissipation. By patterning the ferroelectrics into different domains, one can produce compact

on-chip plasmonic waveguides, which exhibit negligible crosstalk even at 20 nm separation

distance. Harnessing the memory effect of ferroelectrics, low-power operation can be achieved on

these plasmonic waveguides. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807762]

The emergence of graphene research in the recent years

has triggered a significant interest in two-dimensional

plasmonics.1–6 The charge carriers in graphene exhibit per-

fect electron-hole symmetry and high mobility at low

concentration.7–11 The concentration (or the Fermi level) can

be conveniently adjusted via chemical doping and electro-

static gating, which give rise to tunable plasmonic excitation

in the terahertz frequency regime. In combination with its re-

markable character of single-atom thickness and the ability

of subwavelength light confinement, graphene has become a

promising platform for the new-generation nanoplasmonic

devices.2–6 So far, the most widely studied graphene plas-

monic structures are fabricated on silicon dioxide (SiO2) sub-

strates or suspended in air,12,13 where the SiO2 and air serve

as the dielectric claddings for the creation of surface

plasmon-polaritons (SPPs).14 In contrast with conventional

dielectrics, ferroelectrics such as lithium niobate (LiNbO3)

and lithium tantalate (LiTaO3) bear giant permittivity and

birefringence at terahertz frequencies.15,16 This peculiarity is

associated with the coexistence of terahertz phonon-

polariton modes17,18 and static macroscopic polarization.19,20

It is thus of particular interest to investigate whether the

unique properties of ferroelectrics can be integrated into

nanoplasmonics,20–22 and especially, display a strong cou-

pling with graphene plasmonics in the same terahertz range.

In this paper, we propose a design of ferroelectric-gated

graphene plasmonic devices operating at low-THz frequen-

cies. Figure 1 illustrates the building blocks, while more

complex structures can be made based on the same idea.

This type of architecture has at least two appealing features

that are not present in the common dielectric-graphene-

dielectric architecture, and may bring fresh insight into the

design of (classical or quantum) optical circuits. The first

feature originates from the extremely large permittivity and

comparatively high Q-value near the optical-phonon

resonances of ferroelectrics at terahertz frequencies.15 When

the two-dimensional plasmons in graphene become coupled

with the phonon-polaritons in ferroelectrics by exchanging

photons across their interfaces, they form the so-called sur-

face plasmon-phonon-polaritons (SPPPs) and lead to around

100 nm modal wavelength, even if the driving frequency

remains at a few THz. These subwavelength modes are fun-

damentally supported by the atomic-level oscillations of fer-

roelectric ions and are limited by the dissipation through

anharmonic phonon processes.17,23,24 (By contrast, the typi-

cal modal wavelength would be ten times greater in SiO2

cladding, owing to the much smaller permittivity in the same

frequency range.25) The second feature lies in the large mac-

roscopic polarization in ferroelectrics of the order of

10 lC cm�2, corresponding to a large surface bound-charge

density of the order of 1014 cm�2.18,19 The parallel- and

antiparallel-poling configurations can induce drastically dif-

ferent charge-carrier densities on graphene, which effec-

tively switch off and on the Fermi energy by about 1 eV.

These features may be employed for constructing nanoplas-

monic elements (waveguides, resonators, antennae, etc.)

through the electrostatic gating by ferroelectrics.20,26 Thanks

to the memory effect of ferroelectrics, an intended design

can sustain itself without a need of constant input bias, and

can be conveniently refreshed at will, similar to the low-

power operation in the ferroelectric random-access memories

(FeRAM) and ferroelectric field-effect transistors

(FeFETs).19,27,28

Let us first study the eigen-modes on an infinite

ferroelectric-graphene-ferroelectric structure. Suppose the

layered materials are stacked along the z-axis, and infinitely

extended in the xy-plane, with the coordinate system indi-

cated in Fig. 1. The graphene sheet is situated at z¼ 0 with a

zero thickness yet a nonzero two-dimensional conductivity

rg.1,3,4 The two ferroelectric crystals occupy the semi-

infinite regions z < 0 and z > 0, respectively. We assume

the macroscopic polarizations of the ferroelectrics to be

aligned with either þ z or – z direction, so the optical axes of

the crystals always coincide with the z-axis.18 The static po-

larity mainly affects the electron density on graphene while

has little impact on the optical properties in bulk crys-

tals.19,27,28 The eigen-solutions of the entire structure can be

labeled by the frequency x and the in-plane wavenumbers kx

and ky across all the regions. Within each region, the electric

field E and the magnetic field H are linear combinations of
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plane waves containing an out-of-plane wavenumber kz. For

surface-wave solutions, kz is mostly imaginary-valued like

kz ¼ ij. Due to anisotropy, we may define the ordinary and

extraordinary two evanescent wavenumbers with respect to

the optical z-axis, j2
o � �k2

z ¼ ðk2
x þ k2

yÞ � ðx2=c2Þ�o; j2
e

� �k2
z ¼ ðk2

x þ k2
yÞ�o=�e � ðx2=c2Þ�o, respectively, where �o

and �e are the ordinary and extraordinary permittivities of

the ferroelectrics.15,16 We shall eventually obtain the disper-

sion relation (in the cgs units),

2
�o

je

¼ 4prg

ix
; (1)

which is an anisotropic generalization to the dispersion rela-

tion in dielectric-graphene-dielectric structures.1

In graphene plasmonics, the Fermi energy EF measured

from the Dirac point usually ranges from about 60:05 eV to

61:0 eV, equivalent to an electron or hole concentration nc

varying from 1:84� 1011 cm�2 to 7:35� 1013 cm�2 accord-

ing to the relation nc ¼ ðjEFj=�hvFÞ2=p, where vF is the Fermi

velocity being about 1� 108 cm s�1.7–11,29 For the experi-

ments below 10 THz, the simple Drude formula can quite

accurately describe the graphene conductivity,1–4

rg ¼ ie2jEFj=p�h2ðxþ icgÞ, where cg is the relaxation rate.

For an ultra-pure sample, the mobility limitation comes from

the electron scatterings with the thermally excited acoustic

phonons in graphene and the remote optical phonons from,

e.g., SiO2.8–12,30 Referring to the existing literature for

high-j substrates,30,31 we tentatively estimate the carrier

mobility l in our structure to be in the range of 1� 104 to

8� 104 cm2 V�1s�1 at room temperature (�300 K), and 1�
105 to 2� 105 cm2 V�1 s�1 at low temperature (�100 K).

The relaxation rate can be calculated from the mobility via

cg ¼ ev2
F=ljEFj,10,11 where l is assumed to be independent

of nc or EF. Nevertheless, it is worthwhile to point out that

the carrier mobility in graphene typically decreases with

increasing carrier concentration and also decreases with

increasing dielectric constant of its surroundings, as shown

in Refs. 8–10, 30, and 31. Direct measurement to our pro-

posed structure is necessary.

For further studies, we choose LiNbO3 as the ferroelec-

tric material, which is especially convenient for low-THz

experiments, because the extraordinarily polarized THz

waves can be triggered by 800 nm femtosecond laser pulses

via nonlinear optical response inside LiNbO3.15 According

to the Raman scattering data,18,32,33 LiNbO3 has two funda-

mental transverse optical-phonon frequencies xTo and xTe,

corresponding to the ordinary and extraordinary waves,

respectively. The main behaviors of the permittivities �o and

�e in the 0.1–10 THz frequency range can be fitted by the

Lorentz model,15,17 �oðxÞ ¼ �oð1Þ þ ð�oð0Þ � �oð1ÞÞx2
To=

ðx2
To � x2 � icoxÞ, �eðxÞ ¼ �eð1Þ þ ð�eð0Þ � �eð1ÞÞx2

Te=

ðx2
Te � x2 � icexÞ, where �oð1Þ, �oð0Þ; �eð1Þ; �eð0Þ are the

high-frequency and low-frequency limits of �o and �e, co and

ce are the relaxation rates associated with anharmonic

optical-phonon decaying. We adopt the following values

for the dielectric properties, �oð1Þ ¼ 19:5; �oð0Þ ¼ 41:5;
�eð1Þ ¼ 10:0; �eð0Þ ¼ 26:0, xTo ¼ 2p� 4:6 THz;xTe ¼ 2p
�7:6 THz, and the following values for the dissipation

strength, co ¼ 0:51 THz; ce ¼ 0:84 THz, at room temperature

(�300 K),15 and co ¼ 0:17 THz, ce ¼ 0:28 THz, at low tem-

perature (�100 K). The phonon decaying at low temperature

decreases to only about one thirds of the room-temperature

strength.32,33 �e and �o undergo near divergence and sign

change around xTo and xTe, signifying the high-Q resonant

coupling between photons and optical phonons. They turn

back to positive at the longitudinal optical-phonon fre-

quencies xLo ¼ xTo

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�oð0Þ=�oð1Þ

p
¼ 2p� 6:7 THz and

xLe ¼xTe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�eð0Þ=�eð1Þ

p
¼ 2p�12:3THz in this model.15,17

For plane waves, we set ky ¼ 0 without loss of general-

ity, and explicitly derive kx as

k2
x ¼ �eðxÞ

x2

c2
þ �oðxÞ�eðxÞ
ð2e2jEFj=�h2Þ2

x2 xþ i
ev2

F

ljEFj

� �2

: (2)

The modal wavelength k ¼ 2p=Re½kx�, the attenuation length

n ¼ 1=Im½kx�, and the confining length l ¼ 1=Re½je� can be

defined accordingly. For a Fermi energy between 0.05 and

1.0 eV, and driving frequency in the range of 1–10 THz, the

dispersion relation is primarily controlled by the second term

of Eq. (2). The plasmon behavior is strongly affected by the

optical-phonon resonances. So the combined excitations are

SPPPs. Figure 2 shows the dispersion relation xðRe½kx�Þ
under different conditions. For each given EF, the dispersion

curves mainly stay in the three allowed-bands: x < xTo;
xLo < x < xTe, and x > xLe, but weakly leak into the two

forbidden-bands: xTo < x < xLo and xTe < x < xLe. The

finite-valued relaxation rates broaden the sharp peaks around

the optical-phonon resonances. For a small EF, the dispersion

curves bend more considerably towards the optical-phonon

lines and can give very large kx at low frequencies; for a

large EF, the dispersion curves mostly attach to the THz light

line (very close to the x-axis and cannot be identified in the

scale of Fig. 2). In reality, there exist other optical-phonon

resonances higher than xTo and xTe,32,33 which will make

the curves in Fig. 2 more kinked than as shown. But we will

FIG. 1. Schematics of a ferroelectric-graphene-ferroelectric structure with

parallel- and antiparallel-poling domains of the macroscopic polarization in

the ferroelectrics. Parallel poling does not change the Fermi level of gra-

phene from chemical doping, while antiparallel poling can induce an extra

(positive or negative) electrostatic gating effectively.
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only focus on the frequency region close to the fundamental

optical-phonon resonance xTo ¼ 2p� 4:6 THz from below.

In Table I, we list the calculated characteristic quantities at

about 100 K. For sensitive THz-photon manipulation, a low

temperature is helpful for suppressing the thermal noise or

dissipation.10,11,32,33 In Table I, one can see clearly the huge

effective refractive index and ultra-short modal wavelength

compared with the free-space wavelength of low-THz pho-

tons. Large dissipation occurs at frequencies above 4 THz;

whereas below 4 THz, for EF � 0:1 eV, the wavelength can

indeed be squeezed to 100–200 nm while the confining

length is only about 10–20 nm.

As an example, we now employ the large difference in

the length scale of SPPPs under different Fermi energies to

make subwavelength waveguides. LiNbO3 is known to pos-

sess very large spontaneous polarization Ps. In a bulk crystal

under zero electric field, Ps � 70 lC cm�2,18,34 which is

equivalent to a surface bound-charge density ns � 4:4
�1014 cm�2. In a thin film of about 200 nm thick,

Ps � 5 lC cm�2,34 and the equivalent surface bound-charge

density is ns � 3:1� 1013 cm�2. For our studies, we take the

200 nm thickness for each slab of LiNbO3. As shown in

Fig. 1, for the parallel-poling configuration, the bound

charges of opposite signs from the lower and upper slabs

cancel each other, leaving an approximately zero-potential

setting for the graphene sheet. Thus, the charge-carrier den-

sity on graphene is solely determined by chemical doping.

But for the antiparallel-poling configuration, the bound

charges of the same sign from the both slabs cause a net pos-

itive or negative potential on the graphene sheet. For the

200 nm thin film clamping, the induced charge-carrier den-

sity is nc � 2ns ¼ 6:2� 1013 cm�2, which is equivalent to a

nearly 61 eV electrostatic gating based on the preceding cal-

culation. In the numerical simulation below, we assume a

small EF ¼ 0:05 eV built in graphene from chemical doping,

which is reserved between the parallel-poling domains, but

shifted to EF � 0:05 6 1:0 eV � 61:0 eV between the

antiparallel-poling domains due to the ferroelectric gating.

The small difference in jEFj between the electron and hole

cases is neglected as 0.05 eV � 1.0 eV. The electron-hole

symmetry in graphene plays an important role here.

We choose the frequency 3.5 THz for all our finite-

difference time-domain (FDTD) simulations. The free-

space photon wavelength is 85.7 lm. For the domain poling

configuration shown in Fig. 3, a single EF ¼ 0:05 eV chan-

nel is produced in between two EF ¼ 1:0 eV barriers. As

can be inferred from our previous discussion, a low-EF

channel is more “dielectric” in the sense that it carries less

charges but hosts more photons, whereas a high-EF channel

is more “metallic” in the sense that it carries more charges

but permits less photons. Thus, the deep subwavelength

SPPP modes preferably flow in the middle channel with

tiny penetration into the barriers on the two sides. The

lower panel of Fig. 3 shows the real and imaginary parts of

the effective refractive index ~n changing with the channel

width. The waveguide mode undergoes exponentially stron-

ger attenuation and weaker subwavelength when the chan-

nel width goes down to below 100 nm, consistent with the

93 nm plane-wave modal wavelength at 3.5 THz in Table I.

FIG. 2. Dispersion relations of surface plasmon-phonon-polaritons for different Fermi energies on a graphene sheet clamped in LiNbO3 crystals in the low-

temperature (�100 K) and room-temperature (�300 K) conditions. The carrier mobility is taken as (a) 2� 105 cm2 V�1s�1, (b) 8� 104 cm2 V�1s�1, and (c)

2� 104 cm2 V�1s�1, all assumed to be independent of the concentration (or Fermi energy).

TABLE I. Calculated effective refractive index ~n, modal wavelength k,

attenuation length n, and confining length l of the surface plasmon-phonon-

polaritons with several representative Fermi energies and frequencies at low

temperature (�100 K).

EF (eV) x=2p (THz) ~n k (nm) n (nm) l (nm)

0.05 2.5 532þ41i 225 467 27

3.5 921þ71i 93 192 10

4.5 2807þ1126i 24 9 1

0.10 2.5 266þ12i 451 1594 53

3.5 461þ25i 186 545 19

4.5 1412þ538i 47 20 3

0.50 2.5 53þ1.0i 2252 18 381 266

3.5 92þ3.3i 929 4102 96

4.5 284þ104i 235 102 13

1.00 2.5 27þ0.4i 4504 43 933 532

3.5 46þ1.6i 1858 8757 192

4.5 142þ52i 469 206 26
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We choose 100 nm to plot the profiles of each electric-field

component in the upper panel of Fig. 3. For the effective

refractive index ~n ¼ 810:42þ 81:93i in this case, the

modal wavelength k ¼ 105:7 nm, and the attenuation

length n ¼ 166:4 nm. In this regard, the dissipation is still

appreciable even with relatively weak optical-phonon

decaying and large carrier mobility at low temperature.

We may increase the propagation distance by tuning to a

lower driving frequency or higher Fermi energy (refer to

Table I), but will unavoidably sacrifice some subwave-

length features.

The exceptional confining quality of the prescribed

ferroelectric-gated channel can be manifested by putting two

such channels close to each other and see how the modes in

the two channels become coupled by varying the separation

distance.13,35,36 We may define a dimensionless crosstalk

number,

C � �10log10

Re½~na� þ Re½~ns�
4ðRe½~na� � Re½~ns�Þ

����
����; (3)

where ~na and ~ns are the effective refractive indices of the

antisymmetric and symmetric coupling modes, respectively.

This crosstalk number estimates (in terms of dB) the number

of modal wavelength needed, for an injected power initially

in one channel to be transferred into the other and then be

transferred back. In Fig. 4, we can see the simulated cross-

talk number falling in the range of �30 to �55 dB. For the

plotted pattern of even just 20 nm separation distance,

C ¼ �29:5 dB, still far below zero. Although dissipation has

come in at a much shorter distance before the waves really

travel that far,36 this number does show the extreme

confining quality in these ferroelectric-graphene waveguides

compared with conventional dielectric and plasmonic wave-

guides. For example, silicon waveguides with the similar

dimensions at the infrared frequencies have a crosstalk num-

ber of the order of �10 dB in accordance with our defini-

tion.35 Ba0:5Sr0:5TiO3-metal inter-layer plasmonic

waveguides at visible-light frequencies can have a crosstalk

number of the order of �30 dB, but need a much larger sepa-

ration distance.21 There is a singular drop at about 50 nm on

the calculated curve in the lower panel of Fig. 4. We find it

to be due to a competition between the relative magnitudes

of field components in this particular system. A large Ey

favors a higher index for the symmetric mode, while a

large Ex or Ez favors a higher index for the antisymmetric

mode. The 50 nm separation distance between two 100 nm

waveguides happens to be the turning point, where

Re½~na� � Re½~ns� ’ 0.
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