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Abstract: Metamaterial absorbers consisting of metal, metal-dielectric, or dielectric materials
have been realized across much of the electromagnetic spectrum and have demonstrated novel
properties and applications. However, most absorbers utilize metals and thus are limited in
applicability due to their low melting point, high Ohmic loss and high thermal conductivity.
Other approaches rely on large dielectric structures and / or a supporting dielectric substrate
as a loss mechanism, thereby realizing large absorption volumes. Here we present a terahertz
(THz) all dielectric metasurface absorber based on hybrid dielectric waveguide resonances. We
tune the metasurface geometry in order to overlap electric and magnetic dipole resonances at
the same frequency, thus achieving an experimental absorption of 97.5%. A simulated dielectric
metasurface achieves a total absorption coefficient enhancement factor of FT=140, with a small
absorption volume. Our experimental results are well described by theory and simulations and
not limited to the THz range, but may be extended to microwave, infrared and optical frequencies.
The concept of an all-dielectric metasurface absorber offers a new route for control of the
emission and absorption of electromagnetic radiation from surfaces with potential applications
in energy harvesting, imaging, and sensing.
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1. Introduction

The study of guided electromagnetic waves began in earnest after the establishment and ver-
ification of Maxwell’s equations in the late 1800s. In 1897 Lord Rayleigh investigated the
transmission of electromagnetic waves in hollow perfectly conducting tubes [1], while in 1899
Arnold Sommerfeld investigated waves guided by wires [2–4]. In 1909 Sommerfeld’s work was
extended by his student - Demetrius Hondros - who obtained a more complete solution to the
propagation of surface electromagnetic waves on wires [5]. Hondros went on to work with Peter
Debye and they predicted that a solid lossless dielectric of circular cross section could support a
TM electromagnetic wave that is confined within the dielectric – except for a small portion lying
outside of the cylinder which decreases exponentially [6]. Although experimental verification
of the TM guided wave was performed only a few years later [7–9], it would take another two
decades before a full mathematical analysis was carried out in 1936 [10]. It was found that both
transverse electric (TE) and transverse magnetic (TM) modes exist on a dielectric with a circular
cross section, where the electric or magnetic field is transverse to the cylindrical axis. Further,
the fields for both the TE and TM modes were shown to be axisymmetric and thus have no
azimuthal dependence. Notably, it was also shown that a cylindrical dielectric guide can support
hybrid modes which lack azimuthal symmetry, and thus possess angular dependence[10]. As
we will show these hybrid modes are of great utility for potential applications, since they are
approximate electric dipole (EH) and magnetic dipole (HE) modes, which can be independently
tuned through modification of the waveguide geometry [11, 12].

Dielectric waveguides have been proposed for many applications including dielectric res-
onators [13] for bandpass and bandstop filtering applications, antennas, frequency-selective
limiters, and various types of oscillators [14, 15]. Dielectric based resonators further have the
advantages that they avoid Joule heating – which may occur in a comparable metallic based
system – and further may be fashioned from materials which yield good temperature stability
for applications. Although traditionally the utility of an all-dielectric waveguide is to transmit
electromagnetic waves with little loss, here we form a 2D array of short cylindrical waveguide
stacks and use them in the opposite sense. That is, through modification of the geometry, we
can tune the lowest order HE and EH modes to overlap in frequency, such that incident energy
is not transmitted nor reflected, but rather is completely absorbed entirely within the dielectric.
The resulting composite material thus functions as a sub-wavelength metasurface with tunable
permittivity and permeability permitting the realization of an all-dielectric absorber [16].
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2. Design and simulation

We begin by describing the nature of the hybrid modes which are supported by a dielectric
cylinder when the k-vector lies parallel to the cylindrical axis (z-axis). A common notation for
the two hybrid mode groups is HE and EH, where Hz/Ez « 1 for the HE mode and Ez/Hz « 1
for the EH mode [17]. Thus the EH mode is TE-like since Hz is dominant and HE is TM-like
since Ez is dominant. In order to denote the field variation within the cylinder, three indices are
added, i.e. HEnml and EHnml . Here n indicates the azimuthal variation of the fields and is of
the form sin nφ and cos nφ, m denotes the field variation along the radial direction, and l along
the z-axis. Before moving on we note that when the length of the guide is not relevant, and we
are only considering the azimuthal and radial modes, we use δ in place of the l-index [17].

We can achieve a highly absorbing state by utilizing the lowest order magnetic dipole (HE11δ)
and electric dipole (EH11δ) modes of the cylindrical dielectric waveguide. However, for a single
(isolated) dielectric cylindrical waveguide, the HE11δ and EH11δ modes do not necessarily
possess the same resonant frequency. Notably, the HE mode has zero cutoff and thus may lie
at much lower frequencies than the EH mode [11]. However, through understanding of the
underlying mechanism responsible for occurrence of the two hybrid modes, we may chose a
cylindrical geometry to optimize their frequency overlap. Here we assume that the k-vector of
external radiation will be incident parallel to the cylindrical axis – and to the surface normal of
a supporting substrate – of our all-dielectric metasurface, and thus only hybrid modes will be
excited [18].

We next calculate the minimum height and radius of a dielectric cylinder that supports both
electric and magnetic dipole-like hybrid resonant modes at some target frequency ω0. Our
goal is to achieve a sub-wavelength all dielectric metasurface which realizes high absorption
with minimal scattering. We therefore utilize high dielectric materials such that the individual
cylindrical resonators are as small as possible – in all dimensions – with respect to the incident
wavelength. For a material with a high relative dielectric constant ε r and for a target frequency
with maximum absorptivity of A(ω0), the wavelength in the guide will be,

λg =
λ0
√
ε r

=
2π
ω0

c
√
ε r
. (1)

The desired minimum height h of the guide will support the l=1 lowest order mode, and thus
can be approximated as a half-wave dipole with,

h =
λg

2
. (2)

Although the HE11δ mode exists to zero frequency, the EH mode will have a cutoff determined
by the radius and dielectric constant of the waveguide. We thus calculate the cutoff radius of a
dielectric cylinder that can support the lowest order EH11δ hybrid mode. We note that although
some portion of the wave will lie outside the guide, we want the majority of energy to be
contained within the boundary of the cylinder. Thus we constrain the radial k-vector (kr ) such
that the wave undergoes total internal reflection (TIR) inside the cylindrical waveguide. For a
guide embedded in vacuum the condition of TIR – in terms of radial wavevector – is then,

kr = kg

√
1 −

1
ε r
, (3)

where the wavevector in the guide is given by kg=2π/λg . The condition placed on kr is used to
determine the cutoff radius of our waveguide, which we may find by noting that the solutions
to the boundary conditions for modes within the cylinder are determined by roots of the Bessel
function of the first kind, i.e., J1(kr r) = 0, where r is the radius of the cylinder [11]. Again we
desire a minimum size of our dielectric metasurface, thus we want to solve for the argument
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Fig. 1. Dependence of absorbance for HE111 (gray dashed curves) and EH111 (black dashed
curves) cylindrical modes as a function of geometrical parameters. (a) Simulated frequency
dependent absorbance with dimensions of height h=50µm, radius r=40µm, and a periodicity
of p=210µm. The first absorption peak at 1.186 THz results from the magnetic dipole
resonance and the second peak at 1.294 THz is due to the electric dipole resonance. (b)
Dependence of the absorbance on frequency and radius with h=50µm and p=210 µm,
plotted as a color map (color bar). (c) Dependence of the absorbance on frequency and
height with r=60µm and p=210 µm. (d) Dependence of the absorbance on frequency and
periodicity with h=50µm and r=60 µm.

of J1 which yields the first nontrivial zero – a value of 3.83. We thus find the cutoff radius is
determined by,

r =
3.83
kr

. (4)

For experimental realization of the all-dielectric metasurface absorber, we chose boron doped
silicon as the guide material since it realizes a relatively high dielectric value εSi = 11.0 with
moderate loss at THz frequencies. We choose a target frequency of 1.0 THz and thus, using Eqs.
(1)–(4), we calculate the dimensions of our cylindrical waveguide – ignoring the host substrate –
to have a height of hSi = 45µm and a radius of rSi = 58µm (see Appendix C for more detail).
Although we expect an all-dielectric metasurface with the above calculated dimensions to yield
high absorption, we first simulate the absorbance for values far away from optimal in order to
study the individual hybrid modes and their dependence on geometry.

In Fig. 1(a) we show the absorbance – calculated as A(ω)=1-R(ω)-T(ω) – for a 2D array of
cylinders (substrate not included) with a radius of r=40 µm, a height of h=50 µm, and a pitch
of p=210 µm. At these dimensions simulation indicates two peaks in the absorption – over the
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Fig. 2. (a) Simulated spectral reflectance (blue), transmittance (black) and absorbance (red).
The inset plot shows the unit cell geometry of the design, where r=62.5 µm, p=172 µm,
h=50 µm and t=35 µm. (b) Electric field in the xz-plane (right half) and the magnetic field
in the yz-plane (left half), both shown at the same phase and resonant frequency.

frequency range investigated – at 1.186 THz and 1.294 THz. We find that the lower frequency
peak (indicated by the dashed vertical gray line) is due to the magnetic dipole resonance HE111,
while the higher energy peak (dashed vertical black line) is due to the electric dipole resonance
EH111 [19, 20]. In order to investigate the specific dependence of the lowest order HE and EH
modes on geometry, we simulate the spectral absorbance as a function of the silicon disk radius
from 30 µm to 80 µm, while keeping all other parameters fixed. In Fig. 1(b) we plot a color
map of the absorbance as a function of both frequency and radius. We observe that as the radius
increases, both the electric (dashed black curve) and magnetic (dashed gray curve) dipole modes
shift to lower frequencies. However, simulations reveal that the electric mode is more sensitive
to radius which results in a merging of the resonant frequencies as the radius of the disk is
increased. We find that near a radius of 60 µm, a highly absorptive mode occurs due to overlap of
electric and magnetic resonant frequencies at approximately 1.1THz [16, 21]. We also study the
dependence of HE and EH modes as a function of height Fig. 1(c) and periodicity Fig. 1(d). The
frequency of peak absorbance as a function of height yields a similar dependence as to that of
the radius - see Appendix C for more detail. Since our absorbers utilize relatively large dielectric
values, the fields fall off rapidly outside of the waveguide. We thus find that A(ω0) is relatively
independent of periodicity and remains large, except for low p values where nearest neighbor
interactions become significant, and for p & λ0, where periodic scattering becomes important.

Simulation results presented in Fig. 1 verify the feasibility of achieving high absorption with
an array of cylindrical metasurfaces. However we must incorporate a substrate into simulations
in order to support our metasurface for eventual fabrication. We chose a Polydimethylsiloxane
(PDMS) as a substrate material owing to its low dielectric loss and low thermal conductance.
Guided by Eqs. (1)–(4) and simulation results shown in Fig. 1, we select cylindrical dimensions
of hSi = 50µm and rSi = 62.5µm, with a periodicity of p = 172µm. In Fig. 2(a) we show the
simulated spectral dependence of the reflectance (blue curve), transmittance (black curve) and
absorbance (red curve). As is evident from Fig. 2(a), just above 1 THz both T and R acquire
values near zero and thus simulation indicates that our all-dielectric metasurface achieves a sharp
absorption peak at 1.02 THz with a value of A=93.8%. In order to understand the impact of
the asymmetry due to the substrate on the hybrid modes, we further investigate the electric and
magnetic field distributions at ω0. In Fig. 2(b) we plot the electric field in the xz-plane, and the
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magnetic field in the yz-plane at the resonant frequency of 1.02 THz. Fields shown in Fig. 2(b)
are plotted at the same phase and we find that they are strongly localized within the dielectric
metasurface, with a small portion lying outside (see Appendix A for more details).

3. Experimental results

In order to fabricate our dielectric metasurface, a 50-µm thick Boron doped silicon on insulator
(SOI) substrate is utilized. A Bosch process was used to pattern the device layer to form an array
of silicon disks. The scanning electron microscopy (SEM) image of the patterned SOI sample is
shown in Fig. 3(c). The buried 2-µm oxide layer was etched by 49% Hydrofluoric acid to make
enough undercut for the following releasing process. Next a 35 µm thick PDMS was spin-coated
on a second silicon substrate. The patterned SOI sample was flipped and bonded to the PDMS
film by curing at 80 ◦C for 2 hours. The top SOI handle substrate was then stripped off through
application of a lateral force. Finally, the released silicon on the 35-µm PDMS was bonded to a
free-standing thick PDMS frame [inset of Fig. 3(c)].

�

���������������

��� ��� ��� ��� ��� ��� ���

�����������
�������������
����������

���

���

���

���

���

�

����������
�����������

������

���������������
��� ��� ��� ��� ��� ��� ���

���

���

���

���

���

�

�
�
��

��
�
�
��

�

�

�

� �

�

�

�
�

��
��

�
�

��

���������������

��� ��� ��� ��� ��� ��� ���

���

���

���

���

���

�

��� ���

Fig. 3. (a) Measured reflectance (blue), transmittance (black) and absorbance (red). (b)
Simulated (red dashed curve) and measured (red solid curve) absorbance. The inset shows
the power loss density distribution in cross section. (c) SEM image of the patterned SOI
sample via deep reactive ion etching (view angle is 45◦). The inset image shows the final
fabricated sample. (d) Simulated absorbance of a substrate free dielectric metasurface which
achieves A(1.05THz)=99.6% and has dimensions of h=50µm, r=60µm, and p=210µm.
The inset shows a cross sectional view of the power loss density.
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The spectral transmittance and reflectance of the fabricated sample was characterized with a
THz time domain spectroscopy (TDS) system. The sample was placed at the focal plane for both
reflectance and transmittance setups, and the TDS system was purged with nitrogen gas during
the measurement. The absolute reflectance was obtained by referencing measurements with
respect to a gold mirror and were made at normal incidence using a beam splitter configuration.
Absolute transmittance measurements used an open aperture as a reference and were performed
at normal incidence. The measured reflectance (R), transmittance (T) and absorbance (A) are
shown in Fig. 3(a) and a peak absorption of A=97.5% at 1.011 THz is realized. In Fig. 3(b) we
plot both experimental and simulated A(ω). Good agreement is evident and the slight difference
is due to scattering from the periodic metasurface and surface roughness of the fabricated sample,
which is not taken into account in simulation (see Appendix D for more details).

4. Discussion

The dipole modes supported by the dielectric cylindrical metasurface extend beyond their surfaces
and are thus affected by materials in the surrounding environment. Since a supporting substrate
breaks the symmetry, it is not a prior obvious that experimental realization of a dielectric absorber
is possible, owing to the necessity of overlapping resonate frequencies of the HE111 and EH111
modes. In the inset to Fig. 3(b) the spatial distribution of the power loss density is shown in
the xz-plane. As can be observed, although the supporting substrate breaks the symmetry, the
majority of the power is still dissipated within the silicon metasurface, and only a tiny portion
persists in the substrate. However, in order to verify the ability of the all-dielectric metasurface
to function as a high absorber of radiation we perform a substrate free simulation and plot A(ω)
and the power loss density in Fig. 3(d). Simulation reveals that we can achieve a peak absorbance
of A=99.6% at a frequency of 1.05 THz.

Our simulated substrate-free metasurface is moderately sub-wavelength and realizes a free
space wavelength to particle diameter of λ0/2r=2.4. The ability of metamaterials and metasur-
faces to manipulate electromagnetic waves on a sub-wavelength scales is a salient feature that
permits realization of broad-band and wavelength specific absorptivity [22] and emissivity [23].
Like-wise the all-dielectric metasurface absorbers realized here may permit the same high degree
of tailorable emission and / or absorption of energy from a surface. Thus in order to quantify the
ability of our metasurface to absorb radiation on a sub-wavelength scale, we define an absorption
coefficient (α) enhancement factor,

Fα =
αmm

αSi

, (5)

where αmm and αSi are the absorption coefficients of the metasurface and bulk silicon, re-
spectively, at 1.05 THz (see Appendix B). Our doped silicon yields αSi=42cm−1, whereas
our metasurface achieves αmm=1500cm−1. We thus calculate that the simulated metasurface
absorber shown in Fig. 3(d) achieves an absorption coefficient enhancement factor of Fα=35. We
note that for a bulk silicon layer with εSi = 11.0 the conventional limit [24] is Fα=4n2

Si
=4εSi=44.

However, our dielectric metasurface absorber utilizes significantly less material volume, i.e. the
filling fraction is F = πr2/p2=0.256. Strikingly, our metasurface realizes increased absorption
in a reduced volume, and thus we find a total absorption coefficient enhancement factor of [25],

FT =
αmm

αSi

F−1 = 140. (6)

Thus although various dielectric materials may function as absorbers [26,27], they utilize sizes
large compared to the wavelength, and / or have a significant portion of absorption occurring
within the support substrate.
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5. Conclusion

We have designed, fabricated and demonstrated an all dielectric THz metasurface absorber. The
cylindrical geometry allows independent modification of the EH and HE hybrid modes and
we thus realize a highly absorbing state that is localized within the metasurface particles. The
absorption mechanism is independent of host substrate and we find a small absorption volume
with a total absorption coefficient enhancement factor of 140. Experimentally we realize an
absorbance of 97.5% at 1.011 THz and find a good match with simulation. The availability of high
thermal insulating properties of dielectric substrates suggest our all dielectric absorber can create
a new route in THz thermal imaging/sensing applications. The results demonstrated here are not
restricted to the THz frequency range, but like metallic based metamaterials and metasurfaces,
may be scaled to operate in nearly any sub-optical band of the electromagnetic spectrum. In
contrast to metal-based approaches, an all-dielectric absorber may utilize high melting point and
low loss near infrared materials, and thus will be relevant for thermophotovoltaic, imaging, and
other sensing applications.

Appendix A: Simulated field distribution at the resonant frequency
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Fig. 4. (a) Cross sectional view of the simulated electric field distribution in a plane normal
to the y-axis at the center of the disk. (b) Cross sectional view of the simulated magnetic
field distribution in a plane normal to the x-axis, at the center of the disk. (c) Top view of the
simulated electric field distribution at a plane inside the disk, normal to z-axis, and 11.76
µm from the bottom of the disk. (d) Simulated magnetic field distribution from top view
(same plane as (c)).

As discussed in the main paper, through optimizing the radius and height, both electric and
magnetic resonances can be achieved at the same frequency resulting in an impedance matched
condition. To further understand how a free-standing silicon metasurface itself can achieve near
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unity absorption, we simulated the field distributions at the resonant frequency and the results
are shown in Fig. 4. According to Fig. 4, at the resonant frequency both electric [Figs. 4(a) and
4(c)] and magnetic [Figs. 4(b) and 4(d)] dipole resonances are excited inside the cylinder and are
polarized perpendicular with each other. As is evident from Fig. 4, both the electric and magnetic
fields are highly localized within the silicon disk.

Appendix B: Optical properties of bulk silicon and free standing silicon metasur-
face

In order to verify that the near unity absorption arises from the geometry of the metasuface
particles, rather than the bulk material properties itself, we investigated the absorbance of the bare
silicon film, while keeping the silicon film thickness the same as the cylinders. As shown in Fig.
5(a), the maximum absorbance of the free standing silicon film is 27.6% at 0.5 THz and decreases
to only 14% around 1 THz, which is significantly lower than the near unity absorbance from
the cylinders. In addition, we calculated the absorption coefficient of our free standing silicon
metasurface (αMeta) from the imaginary part of its extracted refractive index (Imag(nMeta )).
We plotted the absorption coefficient and the imaginary part of the refractive index of both the
bulk silicon and our free-standing silicon metasurface in Fig. 5(b).
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Fig. 5. (a) Simulated reflectance (black curve), transmittance (blue curve) and absorbance
(red curve) of 50µm thick Boron-doped silicon. (b) Absorption coefficient (α, solid curve)
and imaginary part of refractive index (Imag(n), dashed curve) of both bulk silicon (blue)
and metasurface (red).

Appendix C: Detailed analysis on designing radius and height for perfect absorp-
tion with different dielectric constants

In the main paper, we showed that the radius and height of the dielectric cylinder can be
determined from the dielectric constant (ε r ) of the cylinder and the designed resonant frequency.
According to Eqs. (2)–(4), the height is:

h =
λg

2
=
λ0

2
ε
− 1

2
r =

c
2 f0

ε
− 1

2
r (7)

The radius is equal to:

r =
3.83
kr

=
3.83λg

2π
√

1 − 1
εr

=
3.83λ0

2π
(ε r − 1)−

1
2 =

3.83c
2π f0

(ε r − 1)−
1
2 (8)
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c is the speed of light in vacuum and f0 is the target frequency. To show our theoretical
calculations generally work for metasurface absorber designs with different dielectric materials,
we calculated the radius and height for designing a dielectric metasurface absorber at 1.0 THz
with different dielectric constants, and compare with those from the simulations as shown in Fig.
6. In the simulation we kept the periodicity fixed (p = 210µm) and varied the radius and height
with the dielectric constant. The calculated results (red solid curves) are close to the simulations
(blue open circles). In the calculation, we assume all the fields are within the disk. However,
according to simulations shown in Fig. 4, some portion of the fields extend beyond the boundary
of the cylindrical particles, and this field leakage results in deviation of the simulated radius
from the theoretical calculations. Based on Eq. (8), We fitted the simulations with power law:
a(x − 1)−

1
2 and the curves are plotted as the red dashed curve in Fig. 6(a). The fitted curve for the

radius matches well with the simulated results with the factor a = 200.34µm, and is only 8.7%
different from the the calculated factor of 3.83c/(2π f0) = 182.87µm. Similarly, the height of the
cylinder was fit with power law: a′x−

1
2 and the fitted curve is shown as the red dashed curve in

Fig. 6(b). Curve fits match the simulation very well with the fitting factor a′ = 175.58µm, which
deviates from the theoretical data of c/(2 f0) = 149.90µm by 14.6%. As a result, the height and
radius of the dielectric cylinders from our calculation are close to those from the simulation over
a very broad range of the dielectric constants.
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Fig. 6. (a) Calculated (red solid curve) and simulated (blue open circle) radius as a function
of dielectric constant. The simulated results are fit with power law (red dashed curve).
(b) Calculated (red solid curve) and simulated (blue open circle) height as a function of
dielectric constant. The simulated results are fit with power law (red dashed curve). The
periodicity for both simulations were retained at 210 µm.

Appendix D: Analysis on scattering effect

In our simulations we use unit-cell boundary conditions, where any scattered radiation is collected
by Port 1 (reflection) or Port 2 (transmission). Thus, in simulation, scattering would enter into
the reflectance (Rsim) and/or transmittance (Tsim), where Asim = 1 − Rsim − Tsim . On the other
hand, in experiment, the majority of scattered light does not make it back to the detector, and
thus the reflectance (Rexp) and/or transmittance (Texp) would be smaller. The end result is that
Aexp = 1 − Rexp − Texp is larger than that in simulation. Thus, the scattering (S) may be equal
to the difference between the experimental and simulated absorbance, i.e. S = Aexp − Asim . For
the case studied here, the scattering calculated in this way would be S = 97.5% − 93.8% = 3.7%.

We performed a simulation in order to gain more insight into the impact of the scattering. A
frequency domain simulation of the exact dielectric absorber structure shown in Fig. 2(a) was
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performed, and again found the peak absorbance to occur at a frequency of 1.02 THz with a value
of A = 93.8%. Our simulation software uses a default emitted port power of 0.5 Watts for each
frequency investigated, i.e. at 1.02 THz. We then simulated the distribution of power loss density
and integrated it over the dielectric absorber and support dielectric in order to obtain the total
absorbed power. We found an integrated power loss of 0.467 Watts to occur within our material
and host substrate. The absorbance can be calculated as Apower = 0.467/0.5 = 93.4%. Thus
we find an absorbance with a value that is only 0.4% different from the absorbance evaluated in
simulation using Asim = 1 − Rsim − Tsim = 93.8%. Although Apower ≈ Asim , it is important
to note that they are both unable to determine the amount of scattering. However, in Fig. 3(d) we
obtained Asim = 99.6%, for geometrical parameters nearly equal to the case discussed above.
Thus since Apower ≈ Asim , the scattering must be negligible since the absorbance determined
by power can account for 99.6% of all energy in the simulation, indicating that the scattering is
at most 0.4% in this case.

We take the above computational analysis to indicate that, if we are able to fabricate a perfect
sample, the scattering would be small for the geometrical parameters used for our study. However,
in any realistic experimental realization, there would be random errors due to fabricational
tolerances and scattering would enter in some amount. The upper bound on scattering in our case
is 3.7%.
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