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Metasurfaces offer a highly flexible platform for controlling the propagation and localization of
electromagnetic waves. Due to the relatively large size of commonly used resonators, various undesir-
able effects including spatial dispersion and spurious diffraction occur, thus limiting the metasurface
performance. To overcome these problems, one straightforward approach is to utilize deeply sub-
wavlength meta-units. In contrast to conventional approaches that minimize the resonator size by
reshaping the metallic patches, we reshape the capacitive gaps, an approach which is more robust
to material loss, minimizing the problem of overdamping. As an example, we introduce a novel
design based on interdigital capacitors (meander gap) with extremely subwavelength gaps for use
in the terahertz frequency range. The size of our new resonator can be reduced to below A/30
in a reflective-type terahertz metasurface, while maintaining the 27 phase shift required for full
wavefront control. Using an advanced electron-beam lithography technique, we perform a proof-of-
concept experiment and fabricate a 5mm X 5mm beam deflector, with the capacitive gaps as small
as 300 nm (~ A/1130). The device performance is characterized using angle-resolved time-domain
spectroscopy. Our study provides useful insight for ultra-compact metadevices based on deeply
subwavelength meta-units working at terahertz frequencies and beyond.

KEYWORDS increases. As a result, the level of discretization, as is

ultimately limited by the size of the meta-units, deter-

metasurfaces, deeply subwavelength, terahertz, under- mines the maximal phase variation that can be approxi-
damped, wavefront mated by the discretized metasurface without being un-

dersampled, setting an upper limit on the achievable lens

diameter for a given numerical aperture [16]. A recent
1. INTRODUCTION study further showed that if evanescent modes are also
involved, the number of meta-units required within each
supercell can be significantly larger due to the smaller
wavelength of evanescent modes, and highly subwave-
length meta-units (< A/14) are required to achieve the
desired performance [17].

At low frequencies such as radio and microwave fre-
quencies, resonators can be highly miniaturized due to
the availability of reactive lumped elements, high index
substrate materials, high conductivity metals, and the
high resolution of lithography relative to the wavelength
of operation [18-23]. However, at higher frequencies such
as terahertz (THz) and infrared, reactive lumped ele-
ments are no longer available, and the miniaturization
of meta-units typically relies on the novel design of dis-
tributed structures. The typical size of meta-units is of
the order of A\/5 in most THz metasurfaces for wavefront
control demonstrated to date [24, 25]. Deeply subwave-
length resonators (< A/10) have recently been demon-
strated at THz frequencies, based on the concept of spoof
localized surface plasmons [26-28], or a direct scaling
down of the widely employed meanderline structures [29].
However, it remains unclear whether these concepts can
mingkai.liu@anu.edu.au be applied directly for efficient wavefront shaping, since

Metasurfaces have shown tremendous capability to ma-
nipulate the propagation, scattering, polarization and
localization of electromagnetic waves [1-4], extending
previous studies of blazed gratings [5-7] and phased-
array antennas [8, 9]. Typically, metasurfaces are dis-
cretized into many subwavelength resonant elements
dubbed meta-atoms or meta-units [10, 11], each of which
controls the local impedance as well as the amplitude and
phase responses of the scattered wave. Although sparse
discretization and large meta-units are favoured for ease
of fabrication [12, 13|, the influences of mutual interac-
tion, spatial dispersion and discretization error also be-
come prominent [14], and they need to be taken into
account accurately during the design process [15], which
can be very demanding for non-periodic metasurfaces.
For challenging requirements including large metalenses
with high numerical aperture, the required phase change
becomes more and more dramatic as the lens diameter

*



the effect of over-damping in these deep-subwavelength
resonators was not specifically examined.

In order to achieve efficient and arbitrary wavefront
shaping, the metasurface needs to compensate for the
phase difference between the incident field and the de-
sired scattered field. This typically requires a resonant
response, with which the transmission or reflection phase
varies over the full 27 range. One strategy to real-
ize a 2m phase shift is to spectrally overlap two reso-
nant modes with opposite field parities. This concept
has been applied to realize all-pass transmission filter
based on photonic crystal slabs [30] and ultra-compact
wave plates based on impedance-matched metamateri-
als [31, 32]. Recently, this concept was rejuvenated and
generalized in the context of Huygens’ metasurfaces and
metadevices [33-37]. Another well-known meta-unit con-
sists of a patch on top of a metallic ground plane, with
a dielectric spacer in between [38-41]. To realize a 2w
phase shift, it is essential that the resonant meta-units
are under-damped, i.e. the radiative decay rate is greater
than the nonradiative decay rate [42, 43]. This condition
can be met by an appropriate design of the meta-unit, but
it is challenging to make the meta-unit highly subwave-
length while remaining under-damped [42], in particular
at high frequencies where the conductivity of metal de-
creases [29, 44].

In this work, we demonstrate both theoretically and
experimentally that reshaping the capacitive gaps be-
tween the metallic patches is the preferable approach to
create deeply subwavelength meta-units. This strategy
minimizes the problem of over-damping due to the poor
conductivity of metals at high frequencies. This is in
contrast to the strategy of reshaping the metallic patch
into very thin and long shapes to increase the effective
inductance, which readily leads to over-damping. Re-
shaping capacitive gaps is a practical route to shrink the
meta-units below 1/25 of the operating wavelength, while
remaining under-damped. Such deeply subwavelength
meta-units provide more localized responses, minimizing
the undesirable effects of mutual interaction, spatial dis-
persion and discretization error in metadevices.

2. RESULTS AND DISCUSSION

2.1. Two approaches for deep subwavelength
meta-units

Each meta-unit support a series of resonances, and
the impedance contribution of each resonance can be de-
scribed by an effective RLC circuit. The simplest configu-
ration of the patch is a rectangle (Figure 1a). To red-shift
the resonance, there are two possible paths to reshape the
meta-unit. The first path, which is widely applied, is to
increase the effective inductance by reducing the width
while increasing the total length of the metallic patch
(Figure 1b); the second path is to increase the effective
capacitance by reducing the separation while increasing

(b) L & R increase

(a) simultaneously
meta-unit
Evolve into deep
subwavelength
R C L meta-unit
H
e
k ) A
THz wave ©) Cincreases
o predominantly
uartz
—

Au metasurface
H| Air gapI l

Au ground plane

:

/A
45 30 20 15
L R NP

Irl

0.2

- (f)
I I I I -180t I !

05 08 11 1.4 05 08 11 14
Freq (THz) Freq (THz)

Figure 1. (a) Schematic of a reflective metasurface. The
metallic patches can evolve into deep subwavelength meta-
units by either (b) increasing the effective inductance L using
a meander line or (c) increasing the effective capacitance C
with a meander gap (interdigital capacitor). The simulated
reflection (d) amplitude and (e) phase spectra of a metasur-
face with a meander line structure, for different values of the
conductivity of gold. The corresponding responses of a meta-
surface based on the meander gap design are shown in (f) and
(g). For the simulations from (d) to (g), we used the following
geometries: A =15 yum, W =0.3 pym, H=6 pym, G =1 um,
S =10 pm, and the number of interdigitated fingers N = 14.
The thickness of the gold ground plane is 200 nm, and that
of the patterned metallic layer is 100 nm.

the effective area of the gaps between metallic patches
(Figure 1c).

Interestingly, the same type of shape transformation
for the metallic patch to increase the effective inductance
can also be applied to the dielectric gaps between patches
to increase the effective capacitance. For example, the
patch can be transformed into the well-known meander



line to increase the inductance [18, 22, 23, 45], while the
gap can also be transformed into a meander gap (also
known as interdigital capacitor [46-48]). However, due
to the strong Ohmic loss in the metal, the nonradiative
decay rate quickly exceeds the radiative decay rate in
the meander line, as it becomes longer and thinner. As
a result, the resonance becomes over-damped and the 27
phase shift is destroyed when the resonance is red-shifted
to a certain level. Our numerical study shows, that when
the conductivity of metal is not high, the meander line
design can not offer a significant size reduction without
becoming over-damped. In contrast, the meander gap
transformation is much more robust to material loss.

To show such a difference, we compare the responses of
two metasurfaces based on the meander line and meander
gap meta-units for different values of conductivity of gold
o4 (Figure 1d to 1g). Note that to mimic the conditions
in our subsequent experimental demonstration, the THz
wave is incident from and reflected back to a quartz en-
vironment (permittivity around 4.4) in the simulation.
Both designs of meta-units have the same lattice con-
stant A, number of fingers N, width W, finger length S,
as well as height H of the air gap (for detailed geometries,
see caption of Figure 1). The parameters are chosen such
that the size of meta-units is around 1/25 of the resonant
wavelength when o 4, = 5x 107 S/m, which is much more
subwavelength than conventional designs. For the mean-
der line design, the resonance is severely over-damped
when a realistic level of conductivity o4, is applied (in
the order of 5 x 10% to 5 x 107 S/m [49]). Even when
the conductivity is increased by 3 orders of magnitude,
the resonance remains close to critically damped (near
perfect absorption) due to the intrinsically low radiative
decay rate (Figure le). In contrast, the 2w phase shift
remains achievable in the meander gap design even when
the conductivity is set to one order of magnitude below
the realistic level (Figure 1g). This is because the radia-
tive decay rate in this structure is much higher than the
one of meander line structure, as can be inferred from
the difference in the linewidths of the resonances.

2.2. Equivalent circuit model

To have a more in-depth understanding of why the me-
ander line approach is more sensitive to material loss, we
extract the resonant frequency wq as well as the radiative
and nonradiative decay rates I';.,q and I'yps by fitting the
simulated complex reflection coefficients around the res-
onance to the following model based on single Lorentzian
resonance [50]:

120wl q4
wd —w? +iw(Lraq + Laps) |’
(1)
where additional parameters 5 and « are introduced as

the effective propagation and decay constants, in order
to have a better match with the nonresonant background
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Figure 2. The change of radiative decay rate I',,q and non-
radiative decay rate I'qps as a function of the finger length S,
for different values of conductivity. (a) to (c) Meander line
structure, (d) to (f) Meander gap structure. All geometric pa-
rameters other than S are identical to those used in Figure 1d
to 1g.

continuum. These two parameters change gradually as S
increases, and they are different for meander line and me-
ander gap structures. Compared to the simplified model
based on coupled mode theory [42], our model also works
well for low-Q resonances and ensures that |r| — 1 when
w — 0. The two decay rates I',,q and I'ps are plotted in
Figure 2 as functions of the finger length S, for different
values of the conductivity of gold.

For both meander line and meander gap designs, I';.qq
and T'y5s decrease as the finger length S increases (see Fig-
ure 2a,b and d,e). Under the same conductivity o4, =
5x 107 S/m, meander line structures have a smaller I';.qq
and a larger I',ps than the meander gap structure. The
most important difference is that I',.,q follows a differ-
ent scaling rule in the two structures: 1/T,.q4 S2 in
meander lines while 1/T,q & S in meander gaps (see
Figure 2a and 2d). This difference eventually leads to a
drastic different behavior of the ratio I'yps/I'rqq, which
grows in a quadratic-like fashion in meander line struc-
tures, but almost linearly in meander gap structures (Fig-
ure 2¢ and 2f). The dotted lines in Figure 2¢ and 2f
mark IT'gps/Traq = 1, which is the phase transition point
between the under-damped state (Tgps/Traa < 1) and



the over-damped state (I'gps/Traa > 1). It is clear that
in meander line structures, the resonance becomes over-
damped much faster with increasing S.

To understand this intriguing behavior, we employ a
circuit model (see Figure 3). The model starts with a
transmission line that has an impedance of the incident
environment (semi-infinite quartz superstrate), then a
series RLC circuit (top metasurface) connected with a
short transmission line that represents the air gap, end-
ing with a short circuit (ground plane) [51]. The resonant
frequency is given by wy = 1/v/LC and the linewidth
Taps = Raps/L, where the effective circuit parameters
take into account the interaction between the top meta-
surface and the ground plane. Simulations show that
for both meander line and meander gap structures, the
resonant frequency decreases approximately as 1/S, i.e.
wo o 1/S,; while T'yps only shows a slow decrease (Fig-
ure 2b and 2e). These features indicate the approxi-
mate linear scaling rule of the effective circuit param-
eters: L ~ Lo+ arS and C = Cy + acS such that
wo x 1/S, and Rups & Ro+agrS such that T'gps only shows
a slow change with S. ar,ac and ag are constant coeffi-
cients that describe the variation of L, C' and R as linear
functions of S. The change of the effective inductance L
and the non-radiative resistance R,ps is more prominent
in meander lines, while the change of the effective ca-
pacitance C is the major contribution in meander gaps.
These approximate relations are consistent with the geo-
metric dependency of the effective circuit parameters in
monolithic meander line inductors and interdigital capac-
itors [52], and the first order approximation is valid when
the size of the element is highly subwavelength.

Meanwhile, I';..4 decreases rapidly, following approxi-
mately a 1/S? relation in the meander line structure but
an approximate 1/S relation in the meander gap struc-
ture, as shown in Figure 2a and 2d. For excitation
at normal incidence, the input surface impedance of the
meta-unit Z; can be expressed as

ZgZ
Zi= ———, 2
Zd + Zs ( )
where
Zs =iwLgs 4+ 1/(iwCs) + Ry (3)

is the effective impedance of the top layer of the metasur-
face. Assuming the nonradiative loss is only contributed
by the top layer of the metasurface, we have Ry = Rgps.

inwH

= ide (4)

Zy = %tan(l@H\/@) ~
is the effective impedance of the optically-thin dielectric
layer on the ground plane, which acts as an effective in-
ductor Ly = nH/c. 1 = +/po/€o is the wave impedance
of vacuum, and €5 is the permittivity of the dielectric
layer (in our case eo = 1, kH ~ 0.1).

Since we are interested in the radiative decay rate, for
simplicity, we neglect the nonradiative loss (Rs = 0 such

Figure 3. Schematic of the transmission line model of the
metasurface.

that Fabs = 0)
expressed as

Then the input impedance Z; can be

[iwLs 4+ 1/(iwC5)](iwLy)

iw(Ls + Lg) + 1/(iwC5)

_ iCw(—w?Ls +1/C5)
wi — w?

where wg = 1/4/(Ls + Lq)Cs is the resonant frequency
and ¢ = Lg/(Ls + Lg) is the ratio of the effective in-

ductance of the thin dielectric layer to the total effective
inductance of the meta-unit.

The reflection coefficient of the meta-unit can be cal-
culated from the impedance mismatch

 Zi— 2
C Zi+ 7y

Z; = (5)

)

r

(6)

Zy=n/ /€1 is the impedance of the incident environment
(in out case e; = 4.4). Substituting Equation (5) into
Equation (6), we have

_iCw(1/Cs —w?Ly)/Zy — (wf — w?)
" T Cw(1]Cy — W2y Z1 + (2 — w?)
i2wC(1/Cy — w?Ly)/Z

wd — w? +iwC(1/Cs — w?Ly)/Z;

(7)

If we compare Equation (7) with the bracket part of
Equation (1) (assuming I'gps = 0), it is clear that

¢ 1

Trag = 7(7 - w2LS) (8)

At the resonant frequency, w = wg = 1/+/(Lg + Ls)Cs,

the relation between the radiative decay rate and the
effective reactive parameters is given by:

L? 1 1
—d x 7
Zy (Lg+ Lg)?Cs — L2C

(9)

Frad =

where we denote C = C5 and L = Ly + L, as the ef-
fective circuit parameters of the meta-unit, as shown in
Figure la. Since Ly only depends on the thickness of the



dielectric layer H, the change of L with respect to the
finger length S is contributed by L.

Equation (9) indicates that when tailoring geometry
to reduce the radiative decay rate, increasing the effec-
tive inductance is much more beneficial than increasing
the effective capacitance. This feature explains the dif-
ferent scaling rules of I',.,4 observed for the meander line
and meander gap structures in Figure 2. Therefore, to
create deeply subwavelength meta-units which are not
over-damped, it is preferable to increase the effective ca-
pacitance while minimizing the change of the effective
inductance and non-radiative resistance. Increasing the
finger overlap in the meander gap structure follows this
desired trend, making it an attractive implementation of
deeply subwavelength meta-units.

2.3. Design of beam deflector using meander gap
meta-units

Due to its ability to remain under-damped, the mean-
der gap design is a practical platform to achieve deeply
subwavelength meta-units with a full phase control of
the reflection coefficient. To demonstrate this, we simu-
late the reflection coefficients for different finger lengths
S while keeping other parameters unchanged (Figure 4a
and b). To take into account various loss mechanisms
such as the finite thickness of the gold film, the surface
roughness and the grain boundary effect [49, 53], we use
a conductivity o4, = 5 x 10° S/m, around one order of
magnitude lower than the values typically found in the
literature. As the finger length S increases from 0.3 pm
(i.e. a simple rectangular patch) to 14 pm, the resonant
frequency red-shifts dramatically, and the ratio of the
resonant wavelength to the lattice constant A becomes
larger than 30 (Figure 4a and 4b). We use H = 6 um to
match the experimental condition. The resonant wave-
length can be further pushed to around 40A when H is
increased from 6 pm to 10 pm.

To test if such resonators can be applied to wavefront
shaping, we design a metasurface beam deflector com-
posed of a periodic array of supercells; each of which con-
sists of spatially varying meta-units with different finger
lengths S (Figure 4c). The metasurface works for TE po-
larized waves, and the beam deflection angle in the quartz
is designed to be around 13 degrees at 0.88 THz. The
corresponding length of the supercell is 690 pm, with 46
meta-units. The designed finger lengths S increase mono-
tonically across the supercell, as shown in Figure 4c, and
they are chosen, such that the local reflection phase varies
linearly from —180° to 180° at 0.88 THz (Figure 4d). At
this frequency, the size of the unit A =~ A/23, and the
capacitive gap W &~ A/1136. Note that the 13° diffrac-
tion angle in quartz corresponds to around 30° in air,
which will be confirmed in experiment. With the 690 pym
supercell size, there are five propagating Floquet modes
allowed in air (i.e. the diffraction orders —2, —1,0, 1, and
2), and the efficiency of the diffraction order -1 is the one

we aim to maximize with the linear blazed grating phase
profile [54]. Simulation of the diffraction coefficients r,, of
different orders shows that the optimal working frequency
shifts slightly to around 0.9 THz (see Figure 4e), at which
around 68% of the reflected wave energy is scattered into
the diffraction order -1, 29% is lost as absorption and the
remaining 3% is scattered into other diffraction orders.
The wave deflection performance is further confirmed by
the far-field scattering pattern, where spurious diffrac-
tion and specular reflection are negligible (Figure 4f).
The electric field distribution shown in Figure 4g is the
full-wave simulation of the time-averaged distribution of
the superimposed incident and reflected fields, while the
one shown in Figure 4h is the analytical result of two su-
perimposed plane waves that represent the incident and
the diffraction fields of order -1. A very good agreement
between the two is shown.

One of the advantages of more subwavelength meta-
units is that their responses are more localized and the
effect of mutual interaction is smaller [15], minimizing
spatial dispersion. In addition, the smaller unit size also
indicates that the neighbouring meta-units are geomet-
rically more similar in a spatially varying array, such
that the simulation with periodic boundaries can pro-
vide a much better estimate of the mutual coupling. Al-
though there is a slight change of the optimal operation
frequency in our design due to the change of mutual in-
teraction, the effect on the overall phase profile across the
supercell is minor. Since the diffraction order -1 remains
dominant, while specular reflection and spurious diffrac-
tion are strongly suppressed, the phase response across
the supercell remains well matched to the designed lin-
ear function shown in Figure 4c. In the Supporting In-
formation, we further demonstrate the performance of
beam-deflectors designed for different beam-steering an-
gles at 0.88 THz. Remarkably, simulations show that
even at a large steering angle of 60°, the optimal op-
erating frequency is barely shifted, and the diffraction
efficiency of the order -1 is still as high as 63% (see Sup-
porting Information). This is in stark contrast to meta-
surfaces with larger unit-cell size, which generally require
global optimization of all geometric parameters for each
designed diffraction angle. In the design of metasurfaces
with sparse discretization, mutual interaction and spa-
tial dispersion can have significant impacts and need to
be taken into account [15].

2.4. Experimental confirmation

To further demonstrate the feasibility of a meander
gap metasurface, we fabricated a beam deflector sample
(around 5 mm X 5 mm) using electron-beam lithogra-
phy (EBL) (Figure 5b). The challenge of such fabrica-
tion is achieving nanoscale gap size (300 nm) across a
centimeter-scale area. Photo-lithography, which is the
conventional method for fabricating THz metasurfaces,
is not applicable for such nano-fabrication. Therefore, to
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Figure 4. (a) and (b) Simulated reflection coefficients of a
meander gap metasurface as a function of the finger length
S. Except where specified, parameters are identical to those
used in Figure 1f and g. The conductivity o4, = 5x 10° S/m.
(c) The chosen finger lengths over a supercell of a metasur-
face beam deflector and (d) the corresponding local reflection
coefficients at 0.88 THz. (e) The amplitude of reflection into
each diffraction order supported by the metasurface. (f) Sim-
ulated farfield scattering pattern in quartz and (g) the time-
averaged interference pattern of the incident and reflected
electric fields. (h) Analytical result of the time-averaged in-
terference pattern of two plane waves, with one propagating
at normal incidence and the other propagating at the angle
of the diffraction order -1 (6 ~ —13°).

fabricate the beam deflector sample, we developed a new
recipe, with optimised doses and step-sizes, via 30 kV
EBL (Raith 150). First, 3 nm Cr was evaporated as an
adhesion layer, onto a 1 mm thick quartz substrate, fol-
lowed by 100 nm Au evaporation. Subsequently, 500 nm
positive tone ZEP electro-resist was spin coated on the
sample, followed by EBL patterning. After developing
the resist, the patterns were transferred to the Au film
via ion milling. Finally, the resist was washed away. In
parallel, another silicon substrate was covered by 200 nm
Au, to act as a ground plane mirror. The scanning elec-

tron microscope (SEM) images confirm that the meander
gap size is indeed around 300 nm (Figure 5d and 5e). To
create an air gap, plastic balls with nominal dimensions
5 pm to 6 um, commonly used as spacers in liquid crys-
tal displays, were evenly distributed on the un-patterned
regions of the metallic film (Figure 5a). The metasur-
face sample was then covered with the ground plane sub-
strate, and the two samples were bonded to each other
using ultraviolet curing glue “Norland Optical Adhesive
60”.

The performance of the sample was measured using
angle-resolved THz time-domain spectroscopy [55]. As
shown in Figure 6a, a pair of fiber-based terahertz an-
tennas were employed as the transmitter and receiver.
The antennas were mounted on the guide rails and the
rotator controlled the incident and detection angles of
the terahertz wave. The incident terahertz wave was col-
limated by a lens before illuminating the sample. The
sample was positioned at the center of the rotator and
illuminated by the transmitter at normal incidence. The
reflected signals were picked up by the receiver at differ-
ent angles #. In order to minimize the spectral fringes
due to the Fabry-Perot effect from the quartz substrate,
the measured time-domain signals were time-gated before
being Fourier-transformed into the frequency-domain.

The measured angle-resolved spectra are plotted in
Figure 6b, and they are normalized to the specular re-
flection spectrum from a mirror, which was measured at
10 degrees. As shown by the dashed curve in Figure 6b,
the peaks of the measured reflection amplitudes have a
good match with the angles of the diffraction order -1,
predicted by the grating formula: §_; = —arcsin(\/P),
where P = 690 pm is the size of the supercell lattice.
Note that the measured angle of diffraction is not around
—13° but around —30°, due to refraction at the interface
between quartz and air (Figure 6d). We further confirm
that the reflected wave is predominantly diffracted in a
single direction, as the signals picked up in the oppo-
site angle direction —6 are at the noise level. However,
the measured maximal amplitude of reflection into the
desired order is around 0.3, accounting for around 9%
of the incident energy. The measured peak diffraction
coeflicients under different angles 6 from Figure 6b are
re-plotted in Figure 6¢ as [r_1 egpl-

To understand the energy loss, we measured the zeroth
order reflection amplitude |rg, czp| from the sample, which
is more than 0.65 (Figure 6¢), meaning that more than
42% of the energy is reflected specularly. The remaining
50% is lost due to absorption and spurious diffraction.
The simulated and measured spectra are shown in Fig-
ure 6¢ for comparison. Despite the discrepancy between
the measured and the simulated coefficients due to the
unexpectedly large specular reflection, the overall trend
of the measured spectra shows a good qualitative match
with the simulation. The increased specular reflection
and reduced diffraction efficiency in the measured spec-
tra could be attributed to several factors. The first is
that the conductivity of the deposited gold layer could
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Figure 6. (a) Schematic of the fiber-based THz time-domain
spectroscopy system for the angle-resolved reflection spec-
tra measurement. (b) The measured angle-resolved reflection
spectra. The white dashed curve indicates the angles of the
diffraction order -1 calculated by theory. (c) Measured and
simulated diffraction spectra of the sample. (d) Simulated
time-averaged field distribution of the sample with a 1 mm
thick quartz substrate.

be even lower than the simulated one (04, = 5 x 106
S/m), even though it is already one order of magnitude
lower than the conventional one quoted in the literature.
The conductivity reduction due to grain boundaries and

surface roughness could be more noticeable due to the
nanometer scale gap size. The second reason is the fi-
nite thickness of the quartz superstrate, around 12.5% of
the energy is reflected at the air/quartz interface when
the Fabry-Perot effect is not taken into account (as we
have filtered it by time-gating the time-domain signals).
The third reason is the non-uniformity of the air gap
thickness. The fourth reason is the finite incident beam
width that effectively introduces components at oblique
incidence. The fifth possible cause could be the resid-
ual of the gold and chromium within a small part of the
capacitive nano-gaps, leading to an increase of the spec-
ular reflection. While further study and examination are
required to understand the difference between the simu-
lation and experiment, the measured result confirms that
the fabricated metasurface functions as a beam deflector
and that tailoring the capacitive gap is a practical strat-
egy for constructing deeply subwavelength meta-units for
metasurface devices.

3. CONCLUSION

To conclude, we have introduced a practical route
to realize deeply subwavelength meta-units in reflective
metasurfaces for terahertz wavefront control. Combin-
ing numerical simulation and a circuit model, we found
that instead of reshaping the metallic patches to red-
shift the resonance, it is more advantageous to tailor the
capacitive gaps, as this minimizes the problem of over-
damping. We compared the performance of terahertz
metasurfaces based on meander lines and meander gaps,
and found that the latter are much more robust against
material loss. Based on the meander gap structure, we
designed and fabricated a terahertz metasurface beam
deflector with highly subwavelength unit-cells (~ A\/23)
and capacitive gaps (~ A\/1136), using advanced elec-



tron beam lithography. The designed beam steering was
confirmed with the measurement using terahertz time-
domain spectroscopy. Since the dielectric spacer in our
design is air, it allows a direct hybridization with vari-
ous platforms based on micro-electromechanical systems
(MEMS) to achieve dynamical tuning of the reflection
phase by changing the size of the air gap [56-59]. The
application of deeply subwavelength meta-units provides
a straightforward approach to mitigate the undesirable
effects due to sparse discretization, including spatial dis-
persion, mutual interaction and discretization error. We
expect that this study will provide useful insight and
new possibilities for the development of ultra-compact
metadevices working at high frequencies.
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SUPPORTING MATERIALS: BEAM
DEFLECTORS FOR DIFFERENT STEERING
ANGLES

To show the advantage of deeply subwavelength meta-
units, we design and simulate the performance of beam
deflectors that steer a normally incident beam towards
different diffraction angles. The results are summarized
in Figure 7. The optimal operation frequencies for differ-
ent designed steering angles change slightly around 0.88
THz (between 0.86 and 0.9 THz), but the overall diffrac-
tion efficiency of the order -1 remains largely unchanged.
Even at 60 degrees of beam steering angle, the diffraction
efficiency of the order -1 is still as high as 63%, while the
specular reflection and spurious diffractions remain well
suppressed.
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