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Abstract. On-chip focusing of plasmons in graded-index lenses is important for imaging, lithography, signal
processing, and optical interconnects at the deep subwavelength nanoscale. However, owing to the inherent
strong wavelength dispersion of plasmonic materials, the on-chip focusing of plasmons suffers from severe
chromatic aberrations. With the well-established planar dielectric grating, a graded-index waveguide array
lens (GIWAL) is proposed to support the excitation and propagation of acoustic graphene plasmon polaritons
(AGPPs) and to achieve the achromatic on-chip focusing of the AGPPs with a focus as small as about 2% of
the operating wavelength in the frequency band from 10 to 20 THz, benefiting from the wavelength-independent
index profile of the GIWAL. An analytical theory is provided to understand the on-chip focusing of the AGPPs and
other beam evolution behaviors, such as self-focusing, self-collimation, and pendulum effects of Gaussian beams
as well as spatial inversions of digital optical signals. Furthermore, the possibility of the GIWAL to invert spatially
broadband digital optical signals is demonstrated, indicating the potential value of the GIWAL in broadband digital
communication and signal processing.
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1 Introduction
On-chip integrated photonic devices exhibit great potential for
applications in many fields, including optical communica-
tions,1,2 quantum gates,3,4 signal processing,5,6 and computing.7,8

To fully demonstrate the functionalities of integrated photonic
devices, it is essential to manipulate on-chip photonic modes
like controlling free-space light beams, such as beam focusing,
bending, and steering.9,10 As primary functions, these manipu-
lations are basic elements for the creation of further devices
and systems. For example, the graded-index waveguide-based
on-chip focusing lenses have been used as mode spot size
converters and 4f systems,11–14 Eaton lenses have been utilized
as on-chip waveguide bends,15,16 and Maxwell’s fish-eye lenses
have been demonstrated as multimode waveguide crossings.17,18

However, owing to the sensitive wavelength dependence of the

waveguide mode, these lenses are usually only suitable for
specific operating wavelengths. Moreover, due to the diffraction
limit of light, lateral dimensions of these structures are often
relatively large, resulting in a much lower level of integration
and miniaturization than that achievable in modern electronics.

The continued pursuit in highly integrated nanophotonic cir-
cuits has fueled the flourishing of surface plasmon polaritons
(SPPs) (electromagnetic waves coupled to collective oscillations
of free electrons in a conductor)19–21 because they can circum-
vent the diffraction limit and confine light to deep subwave-
length scales, enabling nanoscale optoelectronic components.
With the rapid development of material science and nanofabri-
cation, many photonic functionalities based on the on-chip
focusing of the SPPs supported by the graded-index waveguide
structures have been realized, such as the sorting of the orbital
angular momentum of light,22,23 the manipulation of the longi-
tudinal trajectory of the beam,24,25 and the spatiotemporal oper-
ation of optical pulses.26,27 Nonetheless, the on-chip focusing*Address all correspondence to Zhengji Xu, xuzhj27@mail.sysu.edu.cn
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of the SPPs still faces a formidable challenge of the severe
chromatic aberration due to the inherent strong wavelength
dispersion of plasmonic materials, which limits its further appli-
cations in the multicolor manipulation and broadband operation.
Furthermore, to process ultrashort on-chip optical pulse signals
at the nanoscale, it is very urgent to achieve the achromatic on-
chip focusing of the SPPs,28 which also enables expanding the
capacity of nanoscale on-chip photonic devices.

Because of its two-dimensional nature and thus all surfaces,
as well as its negative effective permittivity, graphene has been
shown to support SPPs called graphene plasmon polaritons
(GPPs)—electromagnetic waves coupled to collective oscilla-
tions of conduction band electrons within graphene—in the
mid-infrared (MIR) to terahertz (THz) spectrum,29–31 considered
an important frequency band for the molecular fingerprint de-
tection and next-generation communication technology.32–34 The
excellent properties of the extreme confinement and low loss
of the GPPs enable many miniaturized on-chip optoelectronic
devices in the long-wavelength spectrum.35,36 Unfortunately,
the on-chip focusing of the GPPs supported by single-layer
graphene still exhibits large chromatic aberrations37 due to the
quadratic dispersion relationship of the GPPs.30 Very recently,
a class of highly confined antisymmetric GPP modes called
acoustic GPPs (AGPPs) has been demonstrated by placing
graphene near a metallic surface.38–40 The AGPPs show a linear
dispersion relationship between the energy and momentum,30,39

suggesting the possibility of the achromatic on-chip focusing of
these polaritons. Furthermore, recent experimental observations
prove that the AGPPs with a mode size of only a few nanometers
can be excited by both near-field and far-field methods, unques-
tionably confirming the practicality of the on-chip generation
and manipulation of the AGPPs.38,41,42

In this work, based on the well-established planar dielectric
grating and the concept of graded-index materials, we propose a
practical stratagem to achieve the achromatic on-chip focusing
of the AGPPs by devising a graded-index waveguide array lens
(GIWAL). By studying the mode properties of the AGPPs sup-
ported by the GIWAL, we provide an analytical model to under-
stand the complete physics underlying the on-chip focusing and
other beam evolution behaviors, such as self-focusing, self-
collimation, and pendulum effects of Gaussian beams as well
as spatial inversions of digital optical signals, which are attrib-
uted to the superposition of all orthogonal AGPP modes along
the propagation direction. The designed GIWAL, which resem-
bles the Mikaelian lens developed from well-known Maxwell’s
fish-eye lens by utilizing conformal transformation optics,43,44

can converge periodically light waves at the central axis of
the lens. By adjusting the filling factor of the dielectric grating
in the GIWAL, the modal index of the lens is designed and thus
the desired graded index profile of Mikaelian lens is obtained,
which can be analytically understood and quantitatively pre-
dicted with the effective index method of the AGPPs propagat-
ing in a periodic two-medium slab waveguide. The theoretical
designs certified by numerical simulations prove how the ach-
romatic on-chip focusing of the AGPPs with a focus as small as
about 0.02 λ (λ is the working wavelength in free space) within
the frequency band from 10 to 20 THz can be achieved in the
GIWAL. As an application case, we establish the possibility of
using the GIWAL as a spatial inverter for broadband digital op-
tical signals. The high agreement between theoretical results and
numerical simulations from COMSOL Multiphysics confirms
the immense potential of the presented analytical scheme for

greatly simplifying the design of such a configuration in exper-
imental fabrication.

2 Results and Discussion
Figure 1(a) schematically reveals the proposed scenario to sup-
port the excitation and propagation of the AGPPs and to achieve
the achromatic on-chip focusing of the AGPPs based on the
GIWAL, which could be fabricated by covering graphene onto
a dielectric grating on top of a metallic substrate. In such a struc-
ture, as one of the possible methods, with the diffraction from
the coupling grating, the z-polarized light incident along the
y direction could be coupled to the AGPPs maintained at the
dielectric grating between the metallic substrate and graphene
and traveling along the z axis (see Sec. 3 in the Supplementary
Material for coupling details). The cross section of the GIWAL
is shown in Fig. 1(b). In the frequency band we consider, the
metallic substrate acts like a perfect electrical conductor, which
can insulate the diffusion of the electromagnetic field, thereby
reducing the size of the AGPP modes and further increasing
the concentration of the electromagnetic energy. The whole
configuration is surrounded by air, and thus ε1 ¼ ε22 ¼ 1.
Furthermore, the dielectric grating is envisioned as SiO2 of
thickness d ¼ 20 nm and relative permittivity ε21 ¼ 2.25. The
grating periodΛ is fixed at 150 nm, whereas the dielectric strip’s
width a in each unit cell is variable, which allows one to obtain
a desired mode index profile by rationally arranging dielectric
strips of suitable widths.

According to the idea of the effective index method,45–47 for
the propagating of the AGPPs along the z direction, each unit
cell constituting the GIWAL can be regarded as a homogeneous
medium characterized by an effective refractive index neff .
Moreover, the inherent loss of the AGPP mode caused by the
metallic substrate and graphene is implied by its propagation
length L. Based on the proposed analytical model (see Sec. 1
in the Supplementary Material for details), the dependences
of the effective refractive index and the propagation length of
the AGPPs on the width of the dielectric strip are calculated,
as shown in Figs. 1(c) and 1(d), respectively. The fact that
neff is much larger than the refractive index of the SiO2 grating
indicates that the AGPPs have high mode confinement, as
shown in Fig. S1(d) in the Supplementary Material. Figure 1(d)
indicates that the AGPP modes can propagate tens of microm-
eters’ distance, which is much larger than the AGPP wavelength
in the GIWAL. As a increases, the dielectric strip of a greater
refractive index occupies more space in the grating, resulting in
a larger neff, corresponding to a stronger mode field confinement
usually. A stronger field confinement is accompanied by a larger
mode loss and thus a smaller propagation length of the AGPPs.
Furthermore, reducing the wavelength of the incident light
brings a greater mode field concentration and thus a larger neff
and a smaller L, as shown in Figs. 1(c) and 1(d). The circles,
triangles, and squares on the corresponding curves in Figs. 1(c)
and 1(d) are the results from numerical simulations performed
by COMSOL Multiphysics. The great agreement between theo-
retical results and numerical simulations confirms the validity of
the proposed analytical approach. Most importantly, the trend of
neff versus a is wavelength-independent, as shown by the nor-
malized neff in Fig. 1(c). As discussed later, this performance is
a precondition for achieving achromatic on-chip focusing of the
AGPPs in the GIWAL. In addition, the effect of other parame-
ters, such as the relaxation rate and the chemical potential of
graphene and the thickness, period, and relative permittivity of
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the dielectric grating, on this performance is also discussed in
Sec. 2 in the Supplementary Material. Moreover, our proposed
theoretical model can directly include the analysis for the hybridi-
zation between the AGPPs and phonons of the SiO2 grating.

30 As
discussed in Sec. 4 in the Supplementary Material, the AGPP–
phonon hybridization significantly reshapes the dispersion curve
of the original pure AGPPs and leads to the emergence of
new mixing modes. As a proof-of-concept demonstration, this
hybridization effect will not be considered in the following
analysis. In practical experiments, to avoid the plasmon–phonon
hybridization, dielectric gratings with phonon resonances out-
side the operating frequency band should be selected.

To achieve the achromatic on-chip focusing of the AGPPs,
the effective refractive index distribution of the GIWAL needs to
satisfy a certain function. To find the form of the function, we
briefly turn our attention back to the well-knownMikaelian lens.
The refractive index profile of Mikaelian lens, which can be
extracted from Maxwell’s fish-eye lens by an exponential con-
formal mapping, exhibits a symmetrical distribution of nðxÞ ¼
n0 sechðξxÞ,43,44,48 as shown by the red curve in Fig. 2(a), where
ξ is the gradient coefficient and n0 is the maximum refractive
index at the central axis of the lens. Within the framework of
geometric optics, light is regarded as classical particles, and
the only thing that matters is its trajectories. According to the
eikonal theory and the variational method, the trajectory equa-
tion of the light ray incident perpendicular to the x axis on the
y ¼ 0 plane in the Mikaelian lens can be derived as (see Sec. 5
in the Supplementary Material for details)

xðzÞ ¼ 1

ξ
sinh−1

�
sin

�
ξzþ π

2

�
sinhðξx0Þ

�
; (1)

where x0 is the incident point of the ray on the x axis. It can be
found from Eq. (1) that the rays converge periodically at
z ¼ ð2v − 1Þπ∕ð2ξÞ (v ¼ 1,2; 3;…) on the central axis of the
lens by setting x ¼ 0. Thus we can extract the focal length
of the Mikaelian lens as fL ¼ π∕ð2ξÞ. Importantly, the focal
length fL does not depend on the specific value of the refractive
index (i.e., n0), but only on the changing trend of the refractive
index, i.e., ξ. Based on Eq. (1), the trajectories of rays as shown
by red curves in Fig. 2(d) indicate that the Mikaelian lens is
naturally free of spherical aberration, since off-axis and paraxial
rays converge to the same focal point. This property makes the
lens useful in high-quality imaging systems and optoelectronic
components independent of mode field distributions, such as
mode-independent spot-size converters, because the electro-
magnetic energy of the off-axis portion of higher-order modes
can be brought to the same focal point on the central axis.

As a demonstration case, the GIWAL is assumed to have 61
unit cells, as shown in Fig. S7 in the Supplementary Material. To
satisfy the refractive index profile of the Mikaelian lens with a
focal length of fL ¼ 10 μm shown by the red curve in Fig. 2(a),
the widths of the dielectric strip of each unit cell in the GIWAL
(a0; a1;…; a30) are set as 130.0, 129.9, 129.4, 128.7, 127.7,
126.4, 124.8, 123.0, 120.9, 118.6, 116.0, 113.2, 110.2, 107.0,
103.5, 99.9, 96.2, 92.3, 88.2, 84.1, 79.8, 75.5, 71.0, 66.5, 62.0,
57.4, 52.8, 48.2, 43.6, 39.0, and 34.4 nm, respectively, accord-
ing to the theoretically calculated dependence of neff on a shown
in Fig. 1(c). The refractive index profile of this precise GIWAL
is shown as the green curve in Fig. 2(a). To improve the toler-
ance for manufacturing errors, the step in the dielectric strip’s
width is chosen to be 5 nm, thus ða0; a1;…; a30Þ become 130,
130, 130, 130, 130, 125, 125, 125, 120, 120, 115, 115, 110, 105,

Fig. 1 Achromatic on-chip focusing lenses and mode properties of the AGPPs propagating within
a single unit cell of the GIWAL. (a) Schematic structure of the coupling grating and the GIWAL.
(b) Cross section of the GIWAL and Cartesian coordinate system employed. Dependences of
(c) the effective refractive index and (d) the propagation length of the AGPPs on the width of
the dielectric strip for different frequencies of the incident lights. The solid and dashed curves
represent analytic results, and the circles, triangles, and squares on the corresponding curves
represent numerical simulations. The inset in (c) represents the cross section of a single unit cell
of the GIWAL.
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105, 100, 95, 90, 90, 85, 80, 75, 70, 65, 60, 55, 55, 50, 45, 40,
and 35 nm, respectively. The refractive index profile of this
stepped GIWAL is shown as the blue curve in Fig. 2(a).
There is no essential difference in the propagation properties
of the AGPPs between the two GIWALs, as shown in Fig.
S8 in the Supplementary Material. We first apply an extended
coupling grating to couple the incident light to the AGPP
modes, which then propagate along the z direction in the
GIWAL. The normalized electric field jEj2 of the AGPPs on
the y ¼ 0 plane in the stepped GIWAL is shown in Fig. 2(e).
The AGPPs achieve periodic focusing at z ¼ ð2v − 1Þπ∕ð2ξÞ
in the stepped GIWAL, confirming the validity of the theoretical
design. Furthermore, owing to the inherent loss of the AGPPs,
the focusing energy gradually decreases with increasing propa-
gation distance. The counterpart of Fig. 2(e) excluding losses is
shown in Fig. S9(a) in the Supplementary Material. By compar-
ing Fig. 2(e) and Fig. S9(a) in the Supplementary Material, it
can be found that losses do not affect the overall behavior of
the on-chip focusing, except for weakening the magnitude of
the electric field of the AGPP modes. Figure 2(f) reveals the
normalized electric field jEj2 of the AGPPs coupled by the local
coupling grating, exhibiting an analog of the optical pendulum
effect. The energy flow is very consistent with the ray trajectory

from geometrical optics shown in Fig. 2(d). For comparison, the
corresponding jEj2 without losses is shown in Fig. S9(b) in the
Supplementary Material. The wonderful identity between ray
trajectories within geometrical optics and numerical simulations
based on wave optics could be attributed to two reasons. On
the one hand, each unit cell can be viewed as a homogeneous
medium characterized by the corresponding effective refractive
index because the AGPP wavelength is much larger than the
period Λ of the GIWAL. On the other hand, since the AGPP
wavelength is much smaller than the GIWAL scale, the light-
ray approximation is satisfied.43 This excellent property suggests
that our proposed GIWAL could work in the geometrical optics
limit and wave optics fields simultaneously.

To further understand the physical process of the on-chip
focusing and the beam evolution, we now analyze propagation
properties of the AGPPs supported by the entire GIWAL based
on wave optics. For simplicity, we ignore losses here, which do
not destroy the physical nature of the on-chip focusing and the
beam evolution, as mentioned above. Continuing the effective
index method used above, the entire GIWAL resembles a wave-
guide with a graded refractive index of nðxÞ ¼ n0 sechðξxÞ.
Since the electric field of the AGPPs lies mainly on the y axis,
they are transverse electric modes propagating along the

Fig. 2 On-chip focusing and optical pendulum effects of the AGPPs in the GIWAL and mode
properties of the AGPPs supported by the entire GIWAL. (a) Refractive index profile and
(b) the propagation constant of the waveguide modes for Mikaelian lens (red), precise GIWAL
(green), and stepped GIWAL (blue), respectively. (c) Normalized electric field jE j2 of the 0th,
1st, 2nd, and 9th order AGPP modes on the cross section of the stepped GIWAL. The purple
line, the gray box, and the area between them indicate the locations of graphene, metallic sub-
strate, and SiO2 grating, respectively. (d) Both the trajectories of rays and the refractive index
profile on the y ¼ 0 plane in Mikaelian lens. Evolutions of the normalized electric field jE j2 of
the AGPPs on the y ¼ 0 plane in the stepped GIWAL for (e), (f) numerical simulations with losses
and analytical results (g), (h) without losses and (i), (j) with losses, respectively. The broad arrows
in (e), (g), and (i) represent the incident lights coupled to the AGPPs through the extended coupling
grating, whereas the narrow arrows in (f), (h), and (j) represent the incident lights coupled to the
AGPPs through the local coupling grating. The frequency of the incident light is f ¼ 15 THz, and
the focal length of the on-chip focusing is f L ¼ 10 μm.
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z direction for this effective waveguide. Thus the dispersion
relation satisfied by the AGPPs can be written as (see Sec. 9 in
the Supplementary Material for details)

βρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20n

2
0 þ

1

4
ξ2

r
−
�
ρþ 1

2

�
ξ; (2)

where k0 is the wavenumber of the incident light in vacuum, ρ ¼
0,1; 2;… is the mode order, and βρ is the propagation constant
of the ρth order AGPP mode along the z axis. The propagation
constants of the first 10 AGPP modes are shown in Fig. 2(b),
including the analytical results from Eq. (2) and numerical re-
sults of the precise and stepped GIWALs. The good agreement
among these results confirms the validity of the analytical
theory. As the mode order increases, the electric field of the
AGPPs expands from the center to the edge of the GIWAL,
where the refractive index is smaller, resulting in a decrease
in the propagation constant. Moreover, the normalized electric

field jEj2 of the zeroth, first, second, and ninth order AGPP
modes on the cross section of the stepped GIWAL are shown
in Fig. 2(c). The distributions of jEj2 show that the energy of
the AGPPs is almost completely confined into the dielectric gra-
ting between the graphene and the metallic substrate, revealing
the practicality of the on-chip focusing with mode sizes of only
tens of nanometers along the y axis. Furthermore, the distribu-
tions of jEj2 of the AGPP modes on the line of y ¼ 0 in the
stepped GIWAL are also consistent with the theoretical results,
as shown in Fig. S11 in the Supplementary Material.

According to the analytical theory described in Sec. 9 in the
Supplementary Material, the electric field component of the ρth
order AGPP mode along the y axis on the y ¼ 0 plane in the
GIWAL is

Eyρðx; zÞ ¼ AρQρðxÞeiβρz; (3)

where

QρðxÞ ¼
�

2F1½S1; S2; S3;−sinh2ðξxÞ�sechsðξxÞ for ρ ¼ 0; 2; 4;…
2F1½S1 − S3 þ 1; S2 − S3 þ 1,2 − S3;−sinh2ðξxÞ� sinhðξxÞsechsðξxÞ for ρ ¼ 1; 3; 5;…

; (4)

in which 2F1 is a Gaussian hypergeometric function, S1 ¼
ðρ− 2sÞ∕2, S2 ¼ −ρ∕2, S3 ¼ 1∕2, and s¼ ½ð1þ 4k20n

2
0∕ξ2Þ1∕2−

1�∕2, respectively. Moreover, the normalization constant for
the ρth order AGPP mode is calculated using

Aρ ¼
�

1R
∞−∞ jQρðxÞj2dx

�
1∕2

: (5)

The coupling grating can couple the incident light to the
AGPP modes, which then propagate along the z direction to
the incident end of the GIWAL. The polaritons at the incident
end can excite different orders of the AGPP modes supported by
the GIWAL, and these modes then interfere with each other,
generating different intensity patterns in the GIWAL depending
on the profile of the light beam at the incident end. If the electric
field at the incident end of the GIWAL is Eyðx; 0Þ at z ¼ 0, its
evolution on the y ¼ 0 plane in the GIWAL can be represented
by the superposition of all orthogonal AGPP modes as described
as follows:

Eyðx; zÞ ¼
X∞
ρ¼0

cρEyρðx; zÞ; (6)

where cρ is the expansion coefficient of the ρth order AGPP
mode supported by the GIWAL, derived from the orthogonality
of waveguide modes, which can be calculated using

cρ ¼
Z

∞

−∞
Eyðx; 0ÞE�

yρðx; 0Þdx: (7)

The interpretation for the beam evolution is mathematically
rigorous, as discussed in Sec. 11 in the Supplementary Material.
When the coupling grating is extended or local, the electric field
at the incident end of the GIWAL can be regarded as Eyðx; 0Þ ¼
1 V∕m or Eyðx; 0Þ ¼ expf−2½ðx − x0Þ∕w0�2g V∕m, where
the latter is similar to a Gaussian beam, and x0 ¼ 3 μm and

w0 ¼ 1.5 μm are the incident point on the x axis and character-
istic width of the Gaussian beam, respectively. According to
Eq. (6), the analytically calculated electric field evolutions are
shown in Figs. 2(g) and 2(h), corresponding to the excitation
from the extended and local coupling gratings, respectively.
The great consistency between analytical results of Figs. 2(g)
and 2(h) and numerical simulations of Figs. 2(e) and 2(f) con-
firms our physical interpretation for the on-chip focusing and
the beam evolution of the AGPPs in the GIWAL. Finally, we
consider losses in the analytical model with a less rigorous way
by adding an absorption coefficient of κ ¼ 0.046 extracted from
the numerical simulation. At this time, the electric field of the
beam evolution becomes Eyðx; zÞ expð−κk0zÞ, and the corre-
sponding jEj2 are illustrated in Figs. 2(i) and 2(j), respectively.
In addition, the self-focusing and self-collimating of Gaussian
beams in the GIWAL are also demonstrated (see Sec. 12 in the
Supplementary Material for details).

One of the outstanding characteristics of graphene is that its
optoelectronic properties characterized by its surface conduc-
tivity σg can be actively tuned by adjusting its chemical potential
μc via electrostatic gates.49 This advantage allows us to in situ
couple the incident light of different frequencies within the
ultrabroad spectrum to the AGPP modes while keeping the
structure of the coupling grating unchanged. As demonstrated
by previous experimental works,50,51 electrical control of the
chemical potential of graphene can be achieved by depositing
metal electrodes on graphene. An additional electron beam
lithography process and electronic beam evaporation could be
used to define the electrodes. As discussed in Sec. 3 in the
Supplementary Material, we set the filling factor and period
of the coupling grating to be fc ¼ 0.5 and Λc ¼ 561 nm; thus,
the wave vector of the first-order diffraction wave along the
z direction is kzc;1 ¼ 1.12 × 107 m−1 according to the grating
equation kzc;m ¼ 2mπ∕Λc (m ¼ 1,2; 3;… is the diffraction
order).52 To satisfy the phase-matching condition kzc;1 ¼
ReðpcÞ, (pc is the propagation constant along the z direction
of the AGPPs supported by the coupling grating) so that the
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incident light can be efficiently coupled to the AGPPs, we elec-
trically tune the chemical potentials of graphene to be 0.22,
0.50, and 0.89 eV for the incident frequencies of 10, 15, and
20 THz, respectively. The coupling grating couples the incident
light to the AGPP modes, which then propagate through the
GIWAL along the z direction. The most impressive performance
is that the on-chip focusing of the AGPPs is free of chromatic
aberration in the GIWAL. As shown in Fig. 3(a), the distribu-
tions of the normalized electric field jEj2 indicate that the focus
hardly moves for the incident light of different frequencies in the
range from 10 to 20 THz. The physics of this dispersion-free
property is attributed to the wavelength-independent refractive
index profile of the GIWAL, as shown in Fig. 3(b). This essen-
tially arises from the wavelength-independent and chemical po-
tentially independent variation trend of neff versus a shown in
Fig. 1(c) and Fig. S2(c) in the Supplementary Material. The ex-
cellent achromatic on-chip focusing capability demonstrates
that the GIWAL is spatially identical for broadband light of dif-
ferent operating wavelengths, enabling on-chip color imaging,
signal processing of ultrashort pulses, and broadband optical
manipulation. Moreover, the full-width at half-maximum of
the focal point is almost always as small as about 0.02 λ for
the incident lights of different frequencies, which is crucial
for broadband high-quality nanoimaging and nanolithography
and miniaturized on-chip optoelectronics for long-wavelength
applications.

We have demonstrated the achromatic on-chip focusing of
the AGPPs in the GIWAL in the previous sections; this may find
applications in miniaturized broadband on-chip photonics devi-
ces for optical communication and signal processing in the long-
wavelength spectrum. As one of the potential prospects based
on this remarkable performance, we here indicate the possibility
that the proposed GIWAL could act as a spatial inverter for
broadband digital optical signals. It is well known that, in com-
puter science and digital signal processing, information is
viewed as a string of bits: “0” or “1.”53 To mimic this binary
concept, we encode the digital optical signal as “0” or “1,” de-
pending on its intensity of 0 or 1, which can be defined by de-
signing the structure of the coupling grating (see Sec. 3 in the

Supplementary Material for details). According to the trajecto-
ries of rays in Fig. 2(d), if the length of the GIWAL along the
z direction is taken as 2fL, the spatial positions of the output
point and input point of the ray are symmetrical with respect
to the line of x ¼ 0. Now replace “rays” with “digital optical
signals,” which are also symmetrical with respect to the line
of x ¼ 0. Therefore, at z ¼ 0 (the input end of the GIWAL),
along the x axis, an incident digital optical signal encoded
as “10001000100010001000” is inverted to the sequence
“00010001000100010001” at the output end (i.e., z ¼ 2fL)
after passing through the GIWAL, as shown in Figs. 4(a) and
4(b). This can also be predicted by our proposed analytical
theory (see Sec. 13 in the Supplementary Material for details).
Moreover, different digital optical signals carried by the incident
lights of other frequencies, which are generated on demand by
designing the structure of the coupling grating, can also be
inverted spatially at the output end after passing through the
GIWAL, as shown in Figs. 4(c)–4(f). The broadband spatial
inverter based on the achromatic GIWAL may play an important
role in advanced optical communication technologies, such as
wavelength division multiplexing.

3 Materials and Methods
All numerical simulations involved in this study are performed
with the commercially available finite-element method package
(COMSOL Multiphysics). The adequately thick metallic sub-
strate is made of aluminum with a relative permittivity of
ε3 ¼ 1 − ω2

p∕ðω2 þ iωΓÞ,54 where ω is the angular frequency
of the incident light Γ ¼ 0.082 eV and ωp ¼ 14.754 eV are
the metallic damping constant and plasma frequency, respec-
tively. Moreover, graphene is regarded as an infinitely thin sur-
face, and its optoelectronic properties are described by a surface
conductivity σg, which can be evaluated using a Drude-like
expression of σg ¼ ie2μc∕½πℏ2ðωþ iγÞ� at the room tempera-
ture and within the frequency band of our interest,30,55,56 where
−e and ℏ are the charge of an electron and the reduced Planck’s
constant, respectively. The relaxation rate and chemical poten-
tial are set as γ ¼ 0.1 meV and μc ¼ 0.5 eV unless otherwise
stated.

Fig. 3 Achromatic on-chip focusing of the AGPPs in the GIWAL. (a) Normalized electric field jE j2
of the AGPPs propagating along the z-direction on the y ¼ 0 plane in the stepped GIWAL for
incident frequencies of 10 THz (lower panel), 15 THz (middle panel), and 20 THz (upper panel),
respectively. (b) Refractive index profiles of the stepped GIWAL for incident frequencies of 10 THz
(red), 15 THz (blue), and 20 THz (green), respectively. The focal length of the on-chip focusing is
f L ¼ 10 μm.
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4 Conclusion
We propose a GIWAL to support the propagation of the AGPPs
and to enable the achromatic on-chip focusing of the AGPPs
with a focus as small as about 0.02 λ in the frequency band from
10 to 20 THz, benefiting from the wavelength-independent re-
fractive index profile of the GIWAL. Furthermore, we demon-
strate the possibility that the GIWAL could be used as a spatial
inverter for broadband digital optical signals, indicating that the
GIWAL has great potential value in broadband digital coding
communication and digital optical signal processing. Moreover,
we provide an analytical understanding to explain the physical
process of the achromatic on-chip focusing and beam evolution
of the AGPPs in the GIWAL, which agrees very well with
numerical simulations. Importantly, the proposed GIWAL can
also operate in other wavelength bands of interest or be used
as other possible optoelectronic devices by rationally tuning
parameters of the structures and materials. In this context, the
presented theoretical design principle and analytical physical
model are more rapid and computationally compact methods to
predict the configuration of such structures.

Code, Data, and Materials Availability
Data underlying the results presented in this paper can be ob-
tained from the authors upon reasonable request.
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