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H I G H L I G H T S

• Metasurfaces can be realized employing laser ablation as fabrication technique.

• Transmission of metasurfaces present resonances with high quality factor.

• Full wave simulations show a very high control of transmission characteristics.

A B S T R A C T

We report on the realization of high Q metasurfaces operating in the THz frequency range by femtosecond laser ablation applied to a nanometric metallic layer over a
silicon substrate. Two different fabrication methods are used to develop periodic patterns whose basic elements are in form of an array of through-holes or metallic
islands. The response of the resulting structures is characterized using a time-domain spectrometer in the frequency range 0.3–1.5 THz. The experimental findings are
compared with the predictions of full wave electromagnetic simulations. The fairly good agreement between simulation predictions and experimental findings
evidences that the proposed approach can offer a facile way to the elaboration of THz metasurfaces.

1. Introduction

A metasurfaces (MS) is a two-dimensional artificial material whose
electromagnetic (e.m.) response is determined by design, depending on
both the geometrical features of a unit cell (UC) – that plays the role of a
“meta-atom” - and the periodic spatial arrangement of the UCs them-
selves [1–3]. A MS consists of a structured dielectric, semiconducting or
conducting layer deposited on a low loss insulating substrate. In the
limit of large wavelengths, a MS behaves as a homogeneous material
with engineered electrodynamic properties. Thus, a MS can be designed
to manipulate the impinging light to realize, for instance, elements
showing selective absorption [4], beam steering [5] or super focusing
properties [6], polarization converters [7], or to control the overall
dielectric function of a sample [8,9].

Depending on the frequency range of operation the UCs of a MS can
be realized resorting to a number of different techniques. UV [10] and
soft lithography [11] are usually used when line resolution of a few
micrometers is required. This applies to MSs operating in the THz fre-
quency range (0.1–10.0 THz), since they have unit cell sizes of tens of

micrometer [12,13].
Femtosecond Laser Ablation (FLA) is gaining interest as a fast and

reliable fabrication method for 1- and 2-dimensional photonic crystals
[14–17] and quasi-crystals [18,19], and recently MSs [20–26]. FLA is a
versatile process since it does not need the usage of a photo-mask for
the surface patterning. Specifically, it operates through selective re-
moval or alteration of pre-determined areas from a conducting or di-
electric layer juxtaposed over a substrate, leading to the realization of
the MS through appropriate laser beam delivery strategies. In this paper
we show that the electromagnetic response of different MSs can be
tailored by applying FLA to a gold film deposited on silicon substrate.
Full wave simulations provide the control on the MS realization along
with the reproducibility of very high quality resonances.

2. Experimental techniques

In an attempt to extend previous works [20–22,24], we have fab-
ricated various conducting MSs using the FLA process in two different
configurations, as illustrated hereafter. The fabrication setup comprises
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a Ti:Sa laser source (~35 fs, 800 nm, Gaussian spatial intensity dis-
tribution), a high precision three-axis stage for sample movement and
an electromechanical shutter. The system is electronically controlled by
in-house software that allows irradiating the sample surface at normal
incidence with sequences of laser pulses in air. The sample is an Au film
(thickness 180 nm) over an intrinsic (1 0 0) silicon substrate (thickness
400 μm). An intermediate CrNi layer (thickness 20 nm) is used to im-
prove the Au film adhesion. The metallic thickness t is chosen to be
larger than the skin depth (about 100 nm for gold at 1 THz [27]), so
that the impinging radiation passes through a MS only via the ablated
holes. Under this configuration MSs with sharp resonanμce features can
be obtained.

Irradiation with a sequence of multiple fs pulses (typically between
2 and 5) is used to perforate the thin metallic film on the Si substrate.
Controlled scanning of the sample under the beam allows exposing
different areas in a predefined geometry realizing the final MS. This is
done following two different procedures. In the first case, the laser
beam hits the sample surface at some specific locations producing an
array of circular holes. This array is replicated over a large area by step
scanning, which allows the realization of a periodic pattern of the base
array. This fabrication procedure realizes metagrids (MG) and is here-
after indicated as discrete mode (DM). In the second case, the laser is
continuously scanned over the sample surface progressively removing
“channels” of the metallic film, to realize a periodic pattern of con-
ducting islands constituting the UCs of the MS. This second way is in-
dicated as continuous mode (CM). DM is useful to produce diluted
metals having a reduced plasma frequency, which is the “knob” for
tuning the onset of surface plasmon polaritons [31,9], whereas CM al-
lows realizing MS constituted by an array of micro-resonators. Laser
repetition rates of 100 and 500 Hz, respectively, are used in the DM and
CM procedures. Two different plano-convex lenses with focal length
35 mm and 75 mm are employed in the experiments and the value of
the laser pulse energy, EL, is appropriately selected to achieve the final
dimensions of the structures. In the DM case, circularly polarized laser
pulses are used to minimize any deformation in the circularity of the
hole formed in the metallic film [9], while linear polarization is
exploited for CM.

Various MS are realized and their THz response is analyzed by Time
Domain Spectroscopy (TDS) exploiting a standard setup (Tera-K15,
Menlo Systems). The technology is based on photo-conducting antennas
(PCA) made of low temperature gallium arsenide (LT-GaAs), generating
a transient electric field pulse of 1–2 ps when excited by a 90 fs pulsed
laser at 1560 nm. Signals are acquired over a time scale of about 220 ps
guaranteeing a frequency resolution of about 2.5 GHz. Experiments are
performed in a dry nitrogen controlled environment to reduce un-
wanted water vapor peaks in the frequency spectrum. The linearly
polarized beam is collimated using TPX lenses before impinging on the
MS, so that one can safely assume an incident plane wave approxima-
tion. In the following we will refer to the system of coordinate as in
Fig. 1 for the orientation of polarization, with x and y axes

corresponding to horizontal and vertical directions, respectively. In
particular, Fig. 1(a) reports a sketch of the UC of a representative
sample (MG3, see below) and the incident electric field polarized along
the vertical y-axis. Fig. 1(b) shows the corresponding THz signal vs
time, where the dotted line and the continuous curve represent the
transmission signals through MS and free space, respectively.

Full-wave simulations of the signal are carried out using a com-
mercial software for e.m. simulations (CST Microwave Studio). Periodic
boundary conditions are set on the UC edges to mimic an infinite MS.
The transmission coefficient =T E E/S R of each MS is extracted from the
ratio between the Fourier transform of the electric field passing through
the sample (ES) and the reference field (ER) through the free space. The
THz response of silicon is measured across a bare substrate, retrieving
an average value of the complex dielectric function = +ε i11.90 0.08Si ,
with a negligible dispersion of the real part and a variation of the order
of 10% for the imaginary part in the investigated spectral range.

3. Results and discussion

In the following, we illustrate the characteristic THz response of
some selected samples, whose geometrical features are summarized in
Table 1. Here, Px,y is the UC periodicity along the x- and y- directions;
analogously, dx,y is the edge-edge distance between adjacent holes, for
samples realized using the DM approach, and between adjacent rec-
tangles, for samples realized using the CM approach (see below). In the
case of metagrids, D represents the diameter of the single hole of the
UC.

The corresponding optical images of these MSs are reported, as in-
sets, in the panels of Figs. 2 and 3.

We consider first the MSs fabricated by DM, namely the MGs. In this
case, each MS consists of a patterned metallic film with mutually con-
nected UCs having a periodicity smaller than the excitation wavelength
λ= c/f [28,9], c being the speed of light and f the frequency. Under this
condition, the MS behaves as a homogenous medium.

The sample MG1 is composed of a single array of holes with a
diameter D = 77 μm and periodicity P = 190 μm (see inset in
Fig. 2(a)). The holes of sample MG1 were realized by using laser pulses
with an energy EL≈ 85 μJ and the lens with 75 mm focal length. For the

Fig. 1. (a) The sketch shows the UC of a re-
presentative sample (MG3) irradiated by a plane
electromagnetic wave polarized along the (vertical)
y-axis. (b) Amplitude of the corresponding signal
transmission (dotted line) as a function of time. Black
diamonds represent the reference signal passing
through free space. The transmitted signal through
MG3 is represented as red circles and it has been
amplified by a factor 7 for easiness of comparison.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Table 1
MS geometrical parameters. Px,y is the UC periodicity in the plane. D represents
the hole diameter of the MGs, whereas dx (dy) refers to the edge-edge distance
along × (y) between adjacent holes (MG case) or rectangles (MS case).

Sample PX (μm) PY (μm) D (μm) dX (μm) DY (μm)

MG1 190 190 77 113 113
MG2 180 180 37 8 8
MG3 180 180 37 8 8
MS1 186 123 64 66
MS2 186 78 63 62
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sample MG2 the UC is formed by eight separated holes with D = 37 μm
composing a square pattern (see inset in Fig. 2(b)) and the period is
P = 180 μm. Finally, MG3 has the same geometrical parameters of MG2
but seven holes forming a UC arranged in a C-shaped structure (see
insets of Fig. 2(c) and 2(d)). For the samples MG2 and MG3 laser pulses
with an energy EL≈17 μJ were focused on the sample with the lens
having a focal length of 35 mm.

These MSs present enhanced transmission phenomena [29] mani-
festing themselves as peaks in the frequency spectrum. These maxima

are triggered by impinging photons that couple with High Order Sur-
face Plasmon Polaritons (HOSPP) mediating in such a way light tun-
neling across the MS [30]. For normal incidence transmission, each
peak qualitatively fulfills the following cutoff relation:

=
∙ +

∙
f

c m m
P nmax

x y

eff

2 2

(1)

where = ⋯m 0, 1, 2x y, and

Fig. 2. Transmission coefficient for MG selected
samples: (a) MG1, (b) MG2, (c) MG3 (y-polarization),
(d) MG3 (x-polarization). The dots are the measure-
ments whereas continuous red lines represent the
full-wave e.m. simulations. In each panel the highest
quality factor for the corresponding MS is reported
(see text). Insets show a detailed view of the UC of
each MG obtained by optical microscopy. The double
headed arrow in panels (c) and (d) indicates the po-
larization of the impinging electric field. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Fig. 3. Transmission T for vertical (y, left panels
(a) and (c)) and horizontal (x, right panels (b)
and (d)) polarizations for sample MS1 ((a), (b))
and sample MS2 ((c), (d)). In each panel the
inset show an optical microscope image of the
MS along with the polarization direction (double
headed arrow) of the electric field E. Black dots
are experimental data, while continuous curves
represent the corresponding full wave-simula-
tion results.
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is the effective refractive index at the interface between the metal,
characterized by the complex function = +ε ε iεm m m

' '' , and the dielectric
substrate, described by = +ε ε iεd d d

' ''.

The frequencies ≈f c P ε/( )d
1 ' and =f c P/D identify the lower and

upper limit respectively of the spectral band where the metagrid re-
sponse fulfills the homogeneity condition, and the output radiation can
be still considered a plane wave before entering the diffractive regime.
The expression for f 1 is easily obtained through Eq. (1) with =m 0, 1x y,

and ≈n εeff d
' , since ≪ε εd m

' ' [31]. Considering an average period
P μm185 and using the extracted dielectric constant εd

' for Si, we qua-
litatively get as first resonance mode f 0.471 THz and as diffraction
frequency f 1.6 THzD [32]. Hence, in order to study the enhanced
transmission phenomena under homogeneity condition, we focus our
attention in the 0.3–1.5 THz spectral range, reporting in Fig. 2 the
experimental transmission coefficient T as dots. In each panel, the red
continuous line represents the result of a full-wave e.m. simulation that
reproduces the experimental data fairly well. In particular, Fig. 2(a)
shows data for sample MG1, whose transmission, qualitatively
speaking, displays the highest number of peaks/resonances in the band
of interest, as a consequence of its highest number of symmetries [33].
Instead, samples MG2 and MG3 (see Fig. 2(b) and 2(c)-(d), respectively)
show a similar number of resonances, but less than MG1 since their UCs
differ just for a single hole, keeping the symmetry only for integer π/2
rotations in the x-y plane.

To find the full metamaterial regime of the presented band, one can
simulate the transmission scattering parameter (S21) of an isolated UC
embedded in a waveguide made of a perfect conductor. For all samples,
the cutoff frequency is approximately fUC = 0.8 THz, corresponding to
the value c/2P valid for a waveguide. Therefore one can identify fre-
quency intervals in a strong ( < <f f fUC

1 ) or weak ( < <f f fUC D) me-
tamaterial regime according to the onset of single UC modes. This be-
havior explains why resonance peaks beyond fUC are more robust, as
clearly shown in Fig. 2.

It is worth noting that within the entire metamaterial band the MGs
produced by FLA present the highest Q factors available in literature in
the THz band [34,35]. In particular, the simplest MG1 shows in full
metamaterial regime at 0.59 THz a ultra-high quality factor Q 90,
whereas samples MG2 and MG3 display record values for the weak
metamaterial band, spanning the range between 30 and 40. The relative
error in the quality factor evaluation δQ

Q
is estimated to be of the order

of 5%.
Moreover, in the case of sample MG3 the geometrical asymmetry

can be exploited to create a dichroic response. At fQ = 0.9 THz, for
example, a drastic change in signal amplitude (about 50%) is measured
depending on the field polarization. It is worth noticing that the di-
chroism of MG3, obtained through a π/2 rotation of the “C-shaped” UC
with respect to the polarization direction of the impinging field, can be
equivalently realized switching “on” and “off”, with an external sti-
mulus, the conductivity of the additional hole in sample MG2. This
property might be exploited for the development of fast switches in THz
optoelectronics.

We turn now to MSs fabricated by exploiting the CM approach.
Applying the FLA process in the CM configuration, it is possible to
realize similarly high performing optical devices. In particular, we
consider here two MSs consisting of an array of conducting rectangles
characterized by the geometrical parameters reported in Table 1, and
exemplified in the optical images reported as insets in Fig. 3. The MSs
were elaborated by using laser pulses with an energy EL≈20 μJ focused
by the lens with a focal length of 35 mm. Black dots in Fig. 3 (a)–(d)
represent the experimental transmissions under x- and y-polarization,
respectively, for the samples MS1 and MS2. The continuous lines in
Fig. 3 represent the corresponding predictions given by full-wave

simulations of the MSs that results in fairly good agreement with ex-
perimental findings.

As in the previous case, these MSs display an onset of plasmonic
resonances in correspondence of f c P ε/ 'x y x y d,

1
, . From the tabulated x-

and y- periodicity of MS1 and MS2 one can easily get
=f MS THz( 1) 0.46, 0.70x y,

1 and =f MS THz( 2) 0.46, 1.10x y,
1 , in full

agreement with experimental results.
Differently from the MGs, the MSs show – because of the inherent

asymmetry in the respective UC geometry - a different periodicity and a
significant change in transmission for the two polarizations, the more
the larger is the lateral size difference.

The variation observed in the transmission for the two polarizations
stimulates an interest in applications where a large change is needed
according to the signal polarization. For example, we record at 0.44
THz a variation = − =T T MS T MS dBΔ | ( 2) ( 2)| 24y x for MS2, while a
similar value, 19 dB, is observed for MS1 at 0.53 THz. Such a variation
in transmission can be employed to realize THz signal decoders, en-
gineering MSs to introduce at specific frequencies a light polarization
control through switchable λ/2 plate [36].

Lastly, devices realized with the FLA approach can be easily used for
the development of sensing platforms. The structures we have pre-
sented, in fact, introduce a comb-like transmission where changes in
resonance positions can be accurately mapped varying the dielectric
constant of the analyte [37].

To summarize, we have exploited FLA of an Au metallic layer over a
Si substrate to realize a number of simple MSs operating in the THz
regime. Two processing modes were used obtaining MSs either by
creating patterns of through holes in the metallic film or by generating
an array of Au islands by selective removal of the Au film. The good
control on the fabrication process and the full match of the THz re-
sponse of the fabricated MSs with electromagnetic simulations render
their production by FLA a promising approach towards the design of
optical devices with robust and superior performances. For example,
novel components with very high quality factors and significant po-
larization control can be developed. In addition, even if the elaborated
MSs are composed by rather simple patterns, our findings demonstrate
the feasibility of the FLA approaches for the elaboration of THz meta-
surfaces, which can surely benefit in the near future by the recent de-
velopment of laser surface processing with complex, structured laser
beams [38,39].
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