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Abstract: We present a bulk metamaterial with negative refractive index
in the terahertz frequency range. The structure is composed of pairs of
metallic crosses embedded in Benzocyclobutene (BCB). The design is
specifically chosen to provide a low-loss, free-standing material which
operates under normal incidence and independently of the polarization of
the incident radiation. These qualities allow the fabrication of 3D structures
by mechanical stacking of multiple thin films.
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1. Introduction
Electromagnetic metamaterials, composed of metallic elements which are smaller than the operating wavelength, have gained a lot of attraction during the last decade. The possibility of
creating an effective medium with controllable permittivity and permeability makes this kind
of materials very interesting for many applications [1–12]. From a scientific point of view
media not naturally occurring are of interest, in particular those with a negative index of refraction [13, 14]. Since in such media the vectors of the electric and the magnetic field and
the wave vector form a lefthanded coordinate system, these materials are also referred to as
lefthanded materials. The most common design for lefthanded metamaterials in the terahertz
regime [15–17] is a combination of split ring resonators [18] with thin metallic wires [19]. However, the resulting material is very sensitive to the polarization of the incident electromagnetic
field. Moreover, to ensure optimal coupling to the resonant elements, the propagation direction
of the electromagnetic waves has to be parallel to the plane of the split rings. Since for higher
operating frequencies only planar structures can be fabricated by standard techniques, this requirement is equivalent to propagation parallel to the boundary between the metamaterial and
the surrounding medium. Therefore, some new metamaterial concepts for waves propagating
normal to the plane of the structures have been proposed and realized for the infrared and optical region [20–24]. The realization of bulk devices for frequencies beyond 200 GHz remains
a big challenge. Recently, two different approaches have been made concerning the fabrication
of multi-layer metamaterials [25, 26]. However, the fabrication process of the three-functional
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layer fishnet-structure [25] includes a sensitive lift-off procedure and is limited to a small number of layers. In the second approach a lot of effort has to be made in order to get the optimal
arrangement of the different layers because of the polarization dependent behavior of the used
metastructures [26]. The ability to manufacture bulk metamaterials is an inevitable requirement
for nearly all possible applications, like plane parallel lenses [1,2], cloaking and invisible materials [3–6], as well as the construction of polarization manipulating devices [7–10] and tunable
metamaterials [11, 12].
2. Structure design and fabrication
To avoid the aforementioned problems, we have chosen a structure built up by pairs of metallic
crosses which has been theoretically analyzed in the microwave regime [27]. A schematic drawing of four unit cells of the implemented structure with all geometrical data is shown in Fig. 1.
The basic functionality of this structure is similar to that of the cut wire pair design [20]. The
two perpendicular pairs of crossbars represent two independent sets of wire pairs. These wires
act as small electrical dipoles which lead to a negative effective permittivity. Additionally, two
opposing crossbars within one elementary cell form some kind of LC-resonance circuit, which
can be excited by a magnetic flux through the area between the two wires. This mechanism
drives the effective permeability to negative values. Therefore, if the frequency bands of the
electric and the magnetic response overlap, a lefthanded behavior can be observed for a plane
wave impinging perpendicularly to the cross plane. Due to the symmetry of the cross structure,
this functionality is independent of the polarization of the wave.
The fabrication of a single layer of elementary cells of the cross pair structure is done in a
multilayer process with alternating layers of BCB 3022-67 and copper and is illustrated in Fig.
2. The sequence starts with spinning two layers of BCB with an overall thickness of 25 μ m
on a silicon substrate. After thermal curing in a vacuum oven at 300 °C for about 5 h, the first
200 nm thick layer of crosses is produced on top using standard UV-lithography techniques
performed with an EVG 620 mask aligner. A microscope image of the resulting cross layer is
shown in Fig. 1. After spinning and curing a 9.5 μ m thick intermediate layer of BCB the second
layer of crosses is fabricated precisely above the first. Since strict alignment of the two single
crosses within each elementary cell is necessary to ensure the functionality of the structure,
we use alignment marks providing an accuracy in the order of 1 μ m. The layer of elementary
cells is completed by spinning and curing another two BCB layers with an overall thickness
of 27 μ m. The metallic structures are now completely embedded in films of BCB providing a












Fig. 1. The cross pair structure. a) Schematic drawing of four unit cells with lattice constants
ax = ay = 90 μ m, az = 62 μ m, length of a crossbar = 81 μ m, width of a crossbar = 21 μ m,
separation of a cross pair = 9.5 μ m. b) Microscope image of a single cross layer.
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Fig. 2. Illustration of the fabrication process of one layer of cross pairs embedded in BCB.

homogeneous background as well as symmetry along the direction of propagation. On top of
some samples the whole procedure is repeated to obtain films with two layers of cross pairs.
The films are then removed from the substrate in a 30 % solution of KOH. Furthermore, we
prepared metamaterials with three and four layers of cross pairs by simply stacking a two-layer
film on top of a one- and two-layer film, respectively.
3. Experimental results and numerical simulations
We analyzed the transmission properties of the metamaterials by a standard THz time domain
spectroscopy system, performed with linearly polarized waves and a frequency resolution of
5 GHz. The transmission spectra for different layers of cross pairs are measured and normalized
by a reference spectrum without sample. The resulting amplitude transmittance spectra are
compared with numerical simulations, which are performed with a commercially available time
domain solver for the Maxwell equations. The required dielectric parameters of BCB have been
determined by previous measurements on bulk BCB in the same frequency range, yielding a
dielectric constant ε = 2.67 and a loss parameter tan δ = 0.012. To improve the accuracy of the
simulation algorithm the dielectric dispersion of copper is included by a Drude model.
The resulting curves are shown in Fig. 3 and reveal a well-defined transmission peak at about
1.02 THz in the middle of a broad stop band. As the number of layers is increased, the contrast between the transmission band and the stop band grows. The measured spectra are not
affected by the orientation of the metamaterial sample with respect to the polarization direction of the THz waves. From the preliminary considerations, it is expected that the observed
peak is lefthanded. In order to confirm this prediction we compare the measurements of a one
layer thick cross-pair metamaterial with transmission data of a structure fabricated with only
one cross per elementary cell. In this modified design the magnetically resonant LC-circuit is
no longer present and only the electric response of the structure can have an effect [28]. The
corresponding measurements in Fig. 4 show that the modified structure leads to a termination
of the transmission peak. The unaffected stop band thus represents the region where the electric
resonance of the structure causes a negative permittivity. Since transmission can only take place
if both the permittivity and the permeability are negative, this experimentally indicates that the
observed transmission peak at 1.02 THz is lefthanded [28].
Furthermore, as can be seen in Fig. 3, there is no direct influence from the mechanical stacking process, which is performed without any control of the alignment between the individual
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Fig. 3. Amplitude transmittance of metamaterial slabs consisting of 1 – 4 layers of cross
pairs. Comparison of the measured spectra (upper figure) with directly simulated curves
(lower figure, solid lines) and curves derived from the transmission matrix of a one-layer
structure under the assumption of independent layers (dashed lines).

films, on the transmission properties of the metamaterial. The spectral position of the transmission peak remains centered around 1.02 THz and the agreement with the numerical simulations,
where all layers of cross pairs are perfectly aligned, is very good. To numerically verify the
statement that the relative alignment of consecutive layers is not crucial, we compare the simulated amplitude transmittance of a metamaterial slab consisting of 2 – 4 layers with the results
derived from the transmission matrix T of a simulated one-layer structure. If the layers can be
treated as independent the transmission matrix T (n) of an n-layer structure is given by
T (n) = T n

(1)

The resulting curves are plotted in Fig. 3 as dashed lines. In the relevant frequency region below 1.5 THz there is nearly no difference between the directly simulated curves and the curves
calculated under the assumption of independent layers. In particular, since the single cross pair
layers are inherently independent of the polarization, the validity of Eq. (1) implies that the
composite medium is insensitive of both the relative position and orientation of the individual
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Fig. 4. Comparison of the amplitude transmittance between the cross pair and the single
cross design for one layer of elementary cells.

layers. Thus, single fabricated films can be simply stacked on top of another to increase thickness and to obtain a real bulk metamaterial. No effort for the alignment of the individual films is
necessary. This is a significant simplification of the fabrication process in comparison to existing multi-layer metamaterials [25, 26]. Since BCB exhibits excellent planarization properties,
the useful number of layers in our design is only limited by the overall absorption of BCB.
The good agreement of the measured transmission spectra with the simulated curves evidences the high accuracy of the used simulation model. Therefore, the field simulation can be
used to further work out reliable characteristics of our metamaterial. In particular, the simulation of the phase progression of a plane wave while propagating through the metamaterial
will further consolidate the prediction that the observed transmission peak is lefthanded. This
is shown exemplarily for a frequency of 1.03 THz in Fig. 5. It can be seen that the average slope
of the phase changes its sign inside the metamaterial. This confirms that the phase velocity and
thus the refractive index are negative within the observed transmission band.













 

 






















 

Fig. 5. Simulated phase of the electric field along a path through the metamaterial for a
plane wave at 1.03 THz.
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4. Parameter retrieval
For a complete quantitative characterization of the electromagnetic properties of our metamaterial we apply a retrieval procedure [29] to calculate the effective refractive index n and the wave
impedance z from the simulated reflection and transmission data. The effective permittivity ε
and permeability μ are then directly obtained by ε = n/z and μ = nz. The retrieval procedure
was carried out with respect to a one-layer cross pair structure. However, the use of multi-layer
simulation data shows no significant effect on the retrieved parameters. The resulting effective parameters are plotted in Fig. 6, where (·)  and (·) denote the real and imaginary part,
respectively.
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Fig. 6. Effective material parameters retrieved from the simulated reflection and transmission data. (·) and (·) denote the real and imaginary part, respectively. The lefthanded
transmission band is shaded. The dashed parts of the curves mark the regions where the
half-wavelength inside the medium is smaller than the lattice constant az and the calculated
effective parameters are not expected to be reliable.

In agreement with the experimental results, there is a narrow band with negative μ  lying in
a relatively broad band with negative ε  . The frequency band where the general condition for
negative refraction [30]

ε  |μ | + μ  |ε | < 0
is satisfied, is located between 0.96 and 1.17 THz. However, because of the high losses n  at
the borders of this region, it is more appropriate to apply the stricter condition

ε  < 0, μ  < 0
for the definition of the lefthanded band, since here the losses remain small and transmission
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Fig. 7. Figure of merit |n /n | for the frequency region with negative refractive index.

can take place [31]. This band is located between 0.99 and 1.07 THz and coincides with the
measured transmission peak.
With regard to possible applications, a well-established measure of the strength of the negative refraction with respect to the losses is the figure of merit
 
 
F =  nn 
As shown in Fig. 7 this value reaches a maximum of F = 11.0 at 1.02 THz and is F = 4.8 for
n = −1. This value is quite high compared with other structures used in this frequency range.
For the classic split ring and wire structure operating at 100 GHz a maximum value of F = 6 is
reported [15]. In the optical range the largest figure of merit F = 3 was obtained with a fishnet
structure at 1.4 μ m wavelength [32].
5. Conclusion
We have demonstrated a lefthanded bulk metamaterial operating in the THz frequency range.
The presented structure operates at normal incidence and is independent of the polarization. We
have used simple multilayer techniques to embed the functional metallic structures completely
in BCB, which allows the removal of the silicon substrate after processing. Due to the simple
structure design and the polarization independence, the lifted structures can be mechanically
stacked on top of another to further increase the thickness and obtain a real bulk metamaterial. The observed transmission spectrum is in good agreement with numerical simulations and
evidences a lefthanded transmission band at about 1 THz with a high figure of merit.
With regard to possible applications, the operating frequency and transmittance of the metamaterial can be adjusted by modifying the structure design. A polarization sensitive behavior
can be included by varying geometric parameters like the length or the width of one pair of
crossbars with respect to the other pair [10]. The metamaterial thus offers a wide variety of
applications in the THz frequency range, like wave plates, band pass filters, beam steerers or
aberration-free, plane parallel lenses. From a scientific point of view, the presented metamaterial allows a direct verification of the negative refraction based on Snell’s law. Such fundamental
experiments have been realized in the microwave regime [33] and a realization at higher frequencies is a target of further research.
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