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Abstract This paper presents the design and fabrication of
an artificial multilayer lens comprising ten layers of metal
rectangular chips on a cyclo olefin polymer, which has low
loss in the terahertz band. Measurements of the focusing
effect are also presented. The focusing effect is produced
by the rectangular metallic chips which act as an electri-
cal dipole. Simulations are performed using ANSYS HFSS.
The lenses are fabricated by laser processing or semiconduc-
tor etching. The focusing effect is confirmed by measure-
ment using terahertz near-field microscopy, although some
discrepancies are observed between the simulated and mea-
sured results.

1 Introduction

Due to the increasing use of the terahertz wave band, the need
for high-performance optical devices in the terahertz band
is expanding. However, the realization of a desired refrac-
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tive index using naturally-occurring materials can be quite
difficult. When a material is directly used to construct an
optical device, the material properties determine the device’s
optical characteristics. High density polymer lenses, Tsu-
rupica lenses, and silicon lenses with refractive indices of
1.52, 1.56, and 3.41, respectively, are typical terahertz band
lenses. Microwave-band lenses composed of electromagnetic
metamaterials were proposed in [1–5].

For the terahertz-band, a metamaterial absorber is pre-
sented in [6–9], a metamaterial with an unnaturally high
refractive index is presented in [10], an antireflection coating
is presented in [11], and flat metamaterial lenses in [12–16].
The work in [17] presented an artificial dielectric lens with
metallic rectangular chips for the terahertz band. The fab-
rication of terahertz electromagnetic metamaterials by laser
processing, metallic processing, semiconductor etching and
chemical reduction [18,19] is relatively easy compared with
fabrication of metamaterials in the optical range since the
dimensions of the unit element are on the order of microns.
Furthermore, the unit cell of the electromagnetic metamate-
rial, which controls the refractive index, is of prime impor-
tance with respect to design flexibility and cost performance.

This paper presents a terahertz-band artificial multilayer
lens with ten layers of metal rectangular chips [17] on a cyclo
olefin polymer, which has low loss in terahertz band. In this
metallic lens, each of the rectangular metallic chips acts as
an electrical dipole and the behavior is similar to a dielec-
tric material. The rectangular chips with macroscopic dimen-
sions are used for the artificial dielectric lens instead of the
molecules and atoms with microscopic dimensions for the
dielectric lens. This artificial dielectric lens does not work
by taking advantage of resonance effect [1,20], so the lens is
not narrow band. The work in [17] presented the operational
principle of this artificial dielectric lens and the determination
of the performance. The artificial lens is depicted in Fig. 1.
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(a)

(b)

(c)

Fig. 1 Lens with metal rectangular chips on cyclo olefin polymer. a
Bird’s-eye view, b top view, c side view

The benefit of this lens is that the refractive index can be
spatially controlled by the unit parameters of the rectangular
chips. Furthermore, measurements of the focusing effect are
also presented. The focusing effect is produced by the rectan-
gular metallic chips that act as an electrical dipole. Two types
of lens are fabricated as shown in Fig. 2. One lens is fabri-
cated by laser processing and has a chrome buffer layer. The
other lens is fabricated by semiconductor etching and does
not have a buffer layer. The focusing effects are measured
by terahertz near-field microscopy [21]. Section 2 explains
the lens parameters. Section 3 presents the full wave analysis
model with and without the buffer chrome layer. Section 4
discusses the measurement results.

Fig. 2 Fabrication method. a Laser process, b etching process

Fig. 3 Unit cell models. a Bird’s-eye view, b top view

Table 1 Parameters for lens with chrome buffer layer

a 75 µm

px 100 µm

py 100 µm

t1 0.35 µm

t2 100 µm

t3 10 nm

R 2.2 mm

Table 2 Parameters for lens without chrome buffer layer

a 120 µm

px 160 µm

py 160 µm

t1 0.5 µm

t2 50 µm

R 3.0 mm
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Fig. 4 Transmission loss with buffer layer

(a)
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Fig. 5 Full wave analysis results for lens with buffer layer at (a) 0.63
and (b) 0.30 THz

2 Lens parameters

Figure 3 depicts the unit cell model. The rectangular chips
are fabricated on a cyclo olefin polymer which has a refrac-
tive index of 1.53 and has low loss in the terahertz band.
Table 1 shows the parameters of the lens with the chrome
buffer layer. The chrome layer has a thickness of 10 nm,
which produces losses, and is used as buffer layer. The lens
with the chrome buffer layer is fabricated by laser process-
ing. The laser process can realize the microfabrication, but
it partially sears the metal. Table 2 shows the parameters of
the lens without the chrome buffer layer. The lens without the
chrome buffer layer is fabricated by semiconducting etching.
Both lenses have ten layers of chips. The number of chips is

Fig. 6 Configuration with lamination errors

(a)

(b)

Fig. 7 Full wave analysis results that include lamination error for lens
with buffer layer at (a) 0.63 and (b) 0.30 THz

different for each layer, and the number of chips decreases
along the top of the lens. The dimensions of all chips are the
same in all layers. The etching process can be used to fabri-
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(a)

(b)

Fig. 8 Full wave analysis results for lens without buffer layer at (a)
0.48 and (b) 0.30 THz

cate a large area in one process, but it cannot realize smaller
lens features than the laser process.

3 Loss of buffer layer

Low electrical conductivity results in relatively high conduc-
tor loss, which leads to the transmission loss. Figure 4 shows
the analysis result of the buffer layer loss with ten layers. The
lens parameter are listed in Table 1. The periodic boundary
walls model is used to analyze the reflection characteristics
S11 and transmission characteristics S21. It is confirmed that
a portion of the incident power is lost due to conductor loss.

4 Full wave analysis results

4.1 Full wave analysis results with chrome buffer layer

The full wave analysis results are obtained by ANSYS HFSS,
where the incident electric field is 1 V/m. Only one quarter
of the full model is analyzed using image theory [22]. Figure
5a shows the full wave analysis results with chrome buffer
layer at 0.63 THz and Fig. 5b shows the results for 0.30 THz.
The loss of the cyclo olefin polymer is not considered in the
full wave analysis to reduce computation time and because
the loss is expected to be low. The local maximum value of
the electric field magnitude is 2.5 times that of the incident
wave at 2.59 mm (5.44λ0) for 0.63 THz. The local maximum

(a)

(b)

Fig. 9 Full wave analysis results that include lamination error for lens
without buffer layer at (a) 0.48 and (b) 0.30 THz

value of the electric field magnitude is 4.3 times that of the
incident wave at 4.16 mm (4.16λ0) for 0.30 THz.

Figure 6 shows the configuration with the lamination
errors d. Figure 7 shows the results taking the lamination
errors with d = 50 into account. The red and black lines
respectively show the results with lamination errors and with-
out lamination errors. The focusing effects are not influenced
much by the lamination errors at either 0.63 THz or 0.30 THz.

4.2 Full wave analysis results without buffer layer

Figure 8a and b shows the full wave analysis results without
buffer layer for 0.48 and 0.30 THz respectively. Since the full
10 layer model is computationally huge, to reduce computa-
tion time, the analysis model is taken to be a 5 layer model
with the same curvature radius as the fabricated model. In
addition, the analysis does not include the loss in cyclo olefin
polymer. The value of the electric field magnitude is 2.3 times
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Fig. 10 Measurement results for aperture distribution of electric field
through lens with buffer layer at 0.63 THz. (a) 1.23, (b) 1.73, (c) 2.23,
(d) 2.73, (e) 3.23, (f) 3.73 and (g) 4.23 mm

that of the incident wave at 9.85 mm (15.6λ0) for 0.48 THz.
The value of the electric field magnitude is 2.2 times that
of the incident wave at 9.77 mm (9.78λ0) for 0.30 THz.
Figure 9 shows the results that include the lamination errors
with d = 80. The red and black lines respectively show the
results with lamination errors and without lamination errors.
Again, the focusing effects are not influenced much by the
lamination errors at either 0.48 THz or 0.30 THz. However,
the lamination errors seem to have more influence for the
lens without the buffer layer than for the lens with the buffer
layer.

Fig. 11 Measurement results for aperture distribution of electric field
through lens with buffer layer at 0.30 THz. (a) 1.23, (b) 1.73, (c) 2.23,
(d) 2.73, (e) 3.23, (f) 3.73 and (g) 4.23

5 Measurement results

5.1 Measurement result for lens with chrome buffer layer

Figure 10 shows the measurement results for 0.63 THz and
Fig. 11 shows the results for 0.30 THz. The measurements are
performed using terahertz near-field microscopy [21]. The
detection technique is electric optical detection using EO
crystal. The diameter of incident beam size is 1.5 mm. The
bandwidth is below 2.0 THz, and the amplitude is expressed
using dB scale. The focusing effect increases from 1.23 to
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Fig. 12 Artificial dielectric lens with metal rectangular chips for tera-
hertz wave band

4.23 mm at both 0.63 and 0.30 THz. The focus distance for
0.63 THz is shorter than that for 0.30 THz. These phenomena
are also confirmed by the full wave analysis results shown in
Fig. 5. The discrepancy of the local maximum values between
the measurement and analysis may be the result of fabrica-
tion errors as well as deflection and chrome residues on the
cyclo olefin polymer. The trends between the simulation and
measurement results can be compared. The fabrication error
and deflection are due to the fabrication of the lens base using
a three-dimensional printer, which can fabricate the lens base
relatively easily.

5.2 Measurement result for lens without buffer layer

Figure 12 shows the artificial dielectric lens with metal rec-
tangular chips without the chrome buffer layer. The fabri-
cation error of this lens’s base is less than a few microns.
The lenses were stacked manually and the air gap is about
12 µm. Figure 13 shows the measurement result for 0.48 THz
and Fig. 14 shows those for 0.30 THz. The measurements
are again performed using terahertz near-field microscopy,
and the amplitude is expressed in dB. The focusing effect
increases from 5.0 to 10.0 mm at both 0.48 and 0.30 THz.
The trends between the simulation and measurement results
can be compared. The terahertz wave is seen to focus along
a line at 0.30 THz.

Fig. 13 Measurement results for aperture distribution of electric field
through lens without buffer layer at 0.48 THz. (a) 5.0, (b) 5.5, (c) 6.0,
(d) 6.5, (e) 7.0, (f) 7.5, (g) 8.0, (h) 8.5, (i) 9.0, (j) 9.5 and (k) 10.0 mm
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Fig. 14 Measurement results for aperture distribution of electric field
through lens without buffer layer at 0.30 THz. (a) 5.0, (b) 5.5, (c) 6.0,
(d) 6.5, (e) 7.0, (f) 7.5, (g) 8.0, (h) 8.5, (i) 9.0, (j) 9.5 and (k) 10.0 mm

6 Conclusions

We designed and fabricated artificial dielectric lenses with
metal rectangular chips on a cyclo olefin polymer for the
terahertz wave band. Two types of lenses were fabricated.
The focusing effect was measured using terahertz near-field
microscopy. The lens fabricated by laser processing has a
chrome buffer layers which causes conductivity loss. The
discrepancy between the measurement and analysis is pri-
marily due to fabrication error and deflection from the three-
dimensional printer. The lens fabricated by semiconductor
etching does not have the buffer layer.
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