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Graphene plasmon propagation on
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The scheme of graphene on a silicon substrate is potentially compatible to the microelectronic technology. But the
maintained plasmons have considerable ohmic loss because of silicon’s large permittivity. We introduce air grooves
in the silicon surface to reduce the optical thickness of substrate and hence decrease the propagation loss. The
properties of graphene plasmons on the corrugated substrates are numerically investigated, in terms of the photon
frequency and the geometrical parameters of the corrugated layer, considering both ohmic loss and scattering loss.
The plasmons propagation lengths for the corrugated substrates can exceed twice of those for flat silicon in a broad-
band in mid-infrared. This study may be useful for designing of compact mid-infrared waveguides based on

graphene for future photonic integrated circuits.
OCIS codes:
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When mid-infrared photons coherently oscillate with the
collective motions of the charge carriers in doped gra-
phene, tightly confined plasmon polaritons are excited
[1-4]. Graphene plasmons (GPs) have much greater
momenta than the free space photons exciting them, en-
abling manipulation of mid-infrared lights at sub-micron
scales [3—6]. Owing to the tight confinement of GPs and
the one-atom thickness of graphene, the optical proper-
ties of the guided plasmons, including the wave propaga-
tion and energy loss, are considerably affected by the
dielectric environment [7,8]. For instance, GPs of ener-
gies above 0.1 eV are strongly hybridized with the surface
polar phonons of silica in the typical experimental con-
figuration of graphene on a silica substrate [5,6], yielding
inelastic scattering and extra damping of the plasmons
[6-7]. Thereby, substrate materials play a critical role
in routing and manipulating of GPs.

Use of a nonpolar substrate, such as silicon [9] and
diamond-like carbon [5], can avoid the hybridization
between GPs and substrate phonons. In particular, gra-
phene-silicon heterostructures are potentially compat-
ible to the mature microelectronic technology [9-11].
In addition, silicon is transparent in a broad range in
the infrared domain (its extinction coefficient is less
than 102 for photon energies below 1.1 eV [12]). Several
applications of GPs using the graphene-on-silicon con-
figuration have already been demonstrated, such as
excitation of GPs by diffractive grating etched in silicon
[13] and tunable Bragg filter [14]. However, limited by the
fundamental trade-off between the mode confinement
and the propagation loss, the GP propagation is seriously
degraded due to the extremely small mode volume
resulted from the large permittivity of silicon.

In this report, we propose to lower down the propaga-
tion loss of the plasmons by replacing the flat silicon
substrate with a corrugated one. The corrugated layer
is optically thinner than the bulk silicon due to the intro-
duced air grooves, yielding increased mode volume and
hence reduced ohmic loss. When the corrugated layer
is fine enough (e.g., when the groove array period is
one twentieth of the GP wavelength) along the wave
propagation direction, the scattering loss can be
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negligibly small, and the corrugated region can be viewed
as an effective anisotropic layer according to the effec-
tive medium theory (note that the limit case of GPs on
half-infinite uniaxial substrates has been studied in
[15]). However, such fine structures are often not easy
to fabricate for today’s state of the art. And grooves with
finite widths bring light scattering, which still lacks an
in-depth study. Here we focus on GP propagation on
corrugated substrates with finite groove widths, taking
into account the scattering loss from the grooves.

Figure 1(a) shows the geometry and notations of the
proposed plasmonic waveguide consisting of graphene
on a corrugated silicon substrate. The groove array
period, f, is assumed to be several times less than the
GP wavelength, Agp. For short array period limit (SAPL,
f/Aqp — 0), the optical responses of the corrugated layer
are equivalent to those of an anisotropic material layer
[Fig. 1(b)] with the nonzero elements of the relative
permittivity tensor given by [16]
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Fig. 1. (a) Configuration of plasmonic waveguide consisting
of a graphene sheet on silicon penetrated by an array of air
grooves. (b) Effective structure of short array period limit
(SAPL, f/igp — 0), where the anisotropic layer has the same
thickness as the air grooves, with its permittivity given by
Eq. (1). (c) Snapshot of longitude electric field at frequency
of 30 THz, assuming w = 15 nm, k=50 nm, f = 2w and
graphene Fermi level of 0.4 eV.
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Here ¢,;, and ¢eg; are relative permittivities of air and
silicon, respectively. The effective permittivity depends
only on the groove width-to-period ratio, w/f. For con-
venience, we assume w/f = 1/2 throughout this report.

Finite element method is used to calculate the plasmon
behaviors in the structures shown in Figs. 1(a) and 1(b).
The guided wave is excited at the leftmost boundary of
the calculation domain and propagates along the gra-
phene sheet. Graphene’s surface conductivity is given
by the Kubo formula (see graphene modeling details
in [17]), assuming a moderate graphene Fermi level
of 0.4 eV, and charge mobility of 10,000 cm?/(V -s)
(Ref. [18]). The substrate is assumed to be highly trans-
parent intrinsic silicon, whose refractive index is given
by the Herzberger-type formula that is fitted from empiri-
cal data [12], ng = 3.419 + 0.1232L + 0.02655L?, where
L=1/ (/1(2) -0.028), and 4, is free space wavelength in
micron unit. Note that here we ignore the ohmic loss
from substrate, which however has to be considered
for heavily doped silicon [19].

Figure 1(c) shows a typical snapshot of the longitude
electric field of the guided plasmon at frequency of
v = 30 THz, with geometrical parameters of w = 15 nm
and 2 = 50 nm. Stable propagating GP mode is sustained
in this configuration, although the corrugated layer has a
coarse groove period (f ~ Agp/5). The GP on the corru-
gated silicon experiences alternative regions of air—
graphene-air-silicon and air—graphene-silicon, resulting
in a nonsinusoidal field profile along the propagation
direction, especially in the substrate. Nevertheless, the
field profile above the graphene sheet is almost a
(damped) sinusoid along the propagation direction.

We describe a guided GP mode by its effective refrac-
tive index, m.g, Which is the propagation constant, kgp,
normalized by the free-space wavevector, k,. To obtain
Nefr, discrete E,, data at y = 80 nm are extracted and fit-
ted by the damped oscillation function of the type
E, = A exp(-k;x) exp(ik,x). Thus the GP propagation
constant is given by kgp = k, + ik; and n.g = kgp/ko-
Next, we first discuss the dispersive properties of GPs
on the corrugated substrate with fixed guide geometries,
and then demonstrate how these properties are affected
by the geometrical parameters.

Figures 2(a) and 2(b) show the numerically calculated
frequency-dependent effective refractive index (real and
imaginary parts, respectively) of GPs on corrugated sub-
strates, as well as that of GPs on flat silicon and the scat-
tering-free configuration of SAPL (denoted by w = 0) for
comparison. To ensure the correctness of the numerical
model, we also exploit the analytical formula that is de-
duced from Maxwell equations [1] to calculate the curve
of n.s versus v for GPs on flat silicon surface (not
shown), which presents no observable difference from
the numerically simulated one, suggesting high accuracy
of our numerical method.

The real part of the effective refractive index, Re(7¢),
monotonously raises as the photon frequency increases
for both the flat and corrugated substrates. Thus GP
wavelength monotonously decreases according to
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Fig. 2. Dispersion of GPs on silicon, corrugated silicon
(w=10,15, 20 nm) and substrate of SAPL (denoted
by w = 0). Thickness of corrugated layer is A = 100 nm.
(a) Real part of effective refractive index (left axis) and GP
wavelength (right axis) with respect to photon frequency.
(b) Imaginary part of effective refractive index (left axis)
and propagation length (right axis) with respect to photon
frequency.

Agp = 4o/Re(nqg), and the mode volume, which is deter-
mined by Agp [1], also decreases. In contrast, the imagi-
nary part of the effective refractive index, Im(n.¢), has
very different dispersion behaviors for a flat substrate
and corrugated substrates. Unlike the monotonously
raised Im(nqs) of GPs on flat silicon, Im(n.y) of GPs
on the corrugated substrates, including the one assuming
SAPL, first falls and then raises as the photon frequency
increases. Nonetheless, the propagation length, defined
by L, = 1/2k,Im(ne), falls monotonously for both the
flat and the corrugated substrates. GPs on the corrugated
substrate of SAPL have less values of Re(n.s) and less
Im(n.¢) compared with those on flat silicon, and hence
possess longer wavelengths and longer propagation
lengths. For finite groove array periods, both the real
and the imaginary parts of n.y are greater than those
of the SAPL configuration. As the photon frequency in-
creases, when the groove array periods are eventually
comparable to Agp/2, the scattering losses become



extremely large, and GPs cease to propagate. Before
reaching the cutoff frequencies, GPs on the corrugated
substrates propagate longer than that on flat silicon
[Fig. 2(b)]. For example, for substrates with w =
15 nm and ~ = 100 nm, L, exceeds twice of that of flat
silicon for v < 35 THz.

The deviation between n.; of GPs on corrugated sub-
strates with finite groove array periods and that of GPs
on the SAPL configuration originates from the GPs scat-
tering from the grooves. For the scattering-free SAPL
configuration, GP propagation constant k’é},’o is simply
determined by the permittivity and thickness of the
effective anisotropic layer. Whereas for the corrugated
substrate with a finite array period, the fields penetrate
much deeper in the air grooves than in silicon, resulting
in impedance mismatch between the fields in the air—
graphene-air-silicon and air-graphene-silicon regions,
and generating unavoidable back-scattered field.

Consider that a corrugated substrate with a finite
groove array period evolves from the one with SAPL
as the air groove array period widens from infinitesimal
to a finite value. We suppose during this evolution the
combined momentum of the scattered fields, i.e., the
forward and backward guided fields and that scattered
off to the free space, keeps a constant as long as the
normalized groove array period, f/Agp, is small. Due to
the momentum conservation, the forward GP wavevec-
tor, Re(kgp), is greater than Re(ké_P’O), when the back-
scattered field exists. Moreover, the normalized groove
array period raises as the photon frequency increases,
yielding elevated momentum of the back-scattered field,
thus widening the deviation of Re(n.¢) of the waveguide
with a corrugated substrate from the limit value of

Re(k’f};o)/ko [Fig. 2(a)]. Meanwhile, the scattered field
results in greater Im(n.;) of the waveguide with a
corrugated substrate than that with SAPL. And when in-
creasing the photon frequency, the deviation of Im(n)

from the limit value Im(lcé},’o) /ko widens due to the
elevated field scattering [Fig. 2(b)]. Herein, the difference

between n.; and the limit of k’é}’o /ko can be considered
as a measurement of the scattered field.

The scattered field varies with the geometrical param-
eters of the corrugated layer. Figure 3 shows the effective
refractive index and propagation length of GPs on the
corrugated substrates in terms of the groove width at
fixed frequencies, with fixed corrugated layer thick-
nesses (see caption for parameter values). The normal-
ized groove array period f/Agp is less than 0.3 within
the groove width ranges in Fig. 3. The real part of 7.
almost linearly raises when widening the air grooves
[(a), (d)], indicating that the amount of the back-
scattered field linearly grows with the enlarging groove
width for small values of f /1qp. Because of the scattering
loss, Im(n.y) also linearly raises when widening the
grooves [(b), (e)], and correspondingly L, linearly de-
creases [(c), (f)]. The growth of Re(n.;) with respect
to w is insensitive to the corrugated layer thickness.
But it increases with increasing photon frequency,
because the scattering of GPs is stronger for a higher
frequency. Due to the same reason, the decreasing rate
of L, with respect to w also increases when increasing
the frequency. When the frequency increases from 10
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Fig. 3. Effective refractive index 7.y and propagation length
L, in terms of air groove width w, with fixed air groove thick-
nesses h. () and (d) Real part of n.. (b) and (e) Imaginary part
of neg. (¢) and (f) Propagation length. In (a)-(c), v = 10 THz. In
(d)—(f), v = 30 THz. Along the arrows in (e) and (f), h = 30, 70,
110, 150 nm.

to 30 THz, the value of JdRe(n.)/dw grows from
~0.015 nm™! to ~0.55 nm~!, and |dL,/ow| varies from
~6 to ~20.

Figure 4 shows the effective refractive index and
propagation length of GPs on the corrugated substrates
in terms of the corrugated layer thickness with fixed
groove widths at fixed photon frequencies (see caption
for parameters). As the corrugated layer becomes
thicker, Re(n.y4) decreases [(a), (c)], thus the modes
become less tightly confined. This is because the mean
refractive index of the environment experienced by
GPs lowers as the optically thinner layer becomes
thicker. When the corrugated layer thickness exceeds
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Fig. 4. Effective refractive index and propagation length in
terms of corrugated layer thickness, with fixed air groove
widths. (a) and (c) Real part of n.4. (b) and (d) Imaginary part
of neg (dashed) and propagation length (solid). In (a) and (b),
v = 10 THz, w = 40, 60, 80, 100 nm along the arrows. In (c) and
(d), v = 30 THz, w = 10, 13, 16, 19 nm along the arrows.
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the penetration depth of GPs in the substrate, the curves
of Re(n.) go flat as h increases.

In contrast, when enlarging &, Im(n.) first decreases
and then increases, and hence L, first rises and then falls
[(b), (d)]. This is because the propagation loss is affected
by two simultaneous processes with opposite conse-
quences when thickening the corrugated layer. First,
the reduced field confinement lowers down the ohmic
loss; but secondly, the thickened corrugated layer ele-
vates the scattering loss. The reduced amount of ohmic
loss is greater than the raised scattering loss for thin
corrugated layers, but the scattering loss grows as the
corrugated layer thickens and eventually exceeds the
reduced ohmic loss.

The two processes balance at the minimum of Im(72¢)
in Figs. 4(b) and 4(d), where GPs acquire maximum
propagation lengths. The corrugated layer thickness
for maximum L, slightly decreases with enlarging groove
width, and decreases also with the increasing frequency.
When the frequency increases from 10 to 30 THz, the L,
maximum position falls from & ~ 500 nm to & ~ 50 nm.
Note that unlike the curves for the finite groove widths,
Im(neg) of the scattering-free SAPL waveguide decreases
monotonously when thickening the anisotropic layer.

In conclusion, the dispersion, damping and scattering
of the guided GPs on corrugated silicon substrates have
been numerically studied. In general, the propagation of
GPs on a corrugated substrate suffers from both the
ohmic loss and the scattering loss. Compared with the
scattering-free SAPL configuration, GP momentum is
elevated by the back-scattered field from the corrugated
layer, resulting in tighter mode confinement and higher
ohmic loss. The ohmic loss grows when widening the
air grooves, but falls when thickening the corrugated
layer. Whereas the scattering loss raises when enlarging
either the groove width or the corrugated layer thickness.
As a result of the two distinct loss mechanisms, the
propagation length decreases monotonously when
widening the air grooves, but first raises and then falls
when thickening the corrugated layer. This study is also
helpful in understanding other types of surface electro-
magnetic waves on non-conductive corrugated sub-
strates, and may be useful for future on-chip photonic
applications.
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