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Abstract Imaging applications at terahertz frequencies are,
in general, limited to relatively low spatial resolution due to
the effects of diffraction. By using a subwavelength aperture
in the near-field, however, it is possible to achieve subwavelength resolution, although low transmission through the
aperture limits the sensitivity of this approach. Plasmonic
lenses in the form of bullseye structures, which consist of
a circular subwavelength aperture surrounded by concentric
periodic corrugations, have demonstrated enhanced transmission, thereby increasing the utility of near-field imaging
configurations. In this paper, the design, fabrication, and
experimental performance of plasmonic lenses optimized
for 300 GHz are discussed. While nanofabrication techniques are required for optical applications, microfabrication techniques are sufficient for terahertz applications. The
process flow for fabricating a double-sided bullseye structure using a precision micromilling technique is described.
Transmission and beam profile measurements using a customized terahertz testbed are presented.
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Introduction
In recent years, there has been growing interest in the use of
terahertz (THz) radiation as a diagnostic tool for differentiating between fat, muscular, and cancerous tissue [1, 2]. The
greatest difference in the absorption of cancerous tissue,
when compared with healthy tissue, occurs at frequencies
around 300 GHz [3]; however, the effects of diffraction limit
the attainable spatial resolution to the order of the wavelength, in this case λ ≈ 1 mm [4]. By using a subwavelength
aperture in a near-field configuration, the spatial resolution
can be improved, albeit at the cost of lower transmission
[5]. For example, in an infinitesimally thin perfect electrical
conductor in the extreme subwavelength regime (kr ≪ 1),
the transmitted power through a circular aperture scales as
r 6 /λ4 , where k = 2π/λ, r is the aperture radius, and λ
is the wavelength of the incident light [6]. Since typical
THz sources have low power, the low transmission through
a subwavelength aperture limits the utility of THz subwavelength imaging unless sensitive, cryogenically-cooled
detector systems are employed.
The discovery of extraordinary transmission (EOT) of
light through subwavelength hole arrays by Ebbesen et al.
[7] has been attributed to the presence of surface plasmon polaritons (SPP), arising when electromagnetic waves
incident from a dielectric medium couple to the oscillation of free charge carriers near the surface of a conductor
[8]. Since the discovery, there has been a rapid development in the design of devices that exploit the properties of
SPP. SPP can be resonantly excited by a periodic grating,
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Fig. 1 A cross-sectional view of a single-sided BE lens of aperture
diameter, d, and thickness, t. The geometry of the coupling structure
is parametrized by its periodicity, p, ring width, w, ring depth, s, and
the distance to first ring, a. The Bragg reflection grating is similarly

parametrized by its period, pr , width, wr , and depth, sr . The device has
a full diameter of 25 mm and is surrounded by a support ring with a
height of 2 mm

the efficiency of which is directly related to the geometrical parameters of the grating structure. With the goal of
increasing the data packing density of optical data recording structures, studies of EOT have primarily focused on
applications at visible wavelengths to enhance transmission
through subwavelength metallic hole arrays, slits, and bullseye (BE) lenses [7, 9, 10]. A similar gain in transmission can
be achieved at THz frequencies by optimizing the grating
parameters for this region.
The BE lens consist a circular aperture surrounded by
concentric corrugations on the input and/or output surface
of the metal (Fig. 1). Structures on the input side of a BE
lens serve to couple the incident radiation field to SPP,
which propagate along the surface of the lens and lead to
enhanced fields above the aperture. As a result, the transmitted power is over an order of magnitude larger than
predicted from classical diffraction theory. An additional
transmission enhancement has been observed by placing
a half-period Bragg grating outside the principle bullseye
structure. The Bragg grating serves to reflect the outward
traveling SPP, further enhancing the field above the aperture
[11]. Structures on the output side of a BE lens serve to couple the SPP to the radiation field [10]. Phase delays induced
by the output structure lead to interference effects that can,
in principle, be tailored to effectively focus the emerging
beam [12, 13].
This paper presents the design, fabrication, and verification of THz BE lenses with input geometry chosen for
enhanced transmission at 325 GHz, and an output geometry
chosen to focus the emerging beam at a distance of 3 mm.

length along the interface, L, are derived from components
of the SPP wave vector, k [14, 15]. Parallel to the interface,

εd εm
′
′′
,
(1)
kx = kx + ikx = k0
εd + εm

Theory
The characteristic length scales of SPP, namely the metallic
skin depth, δm , dielectric skin depth, δd , and the propagation

where k0 is the free space wave vector, εd is the relative permittivity of the dielectric, and εm is the complex
relative permittivity of the metal. The propagation length
L = 1/2kx′′ is the distance parallel to the interface that the
intensity of the electromagnetic field drops by 1/e.
Perpendicular to the interface, the z-component of the
wave vector towards the metal is given by:
′
′′
+ ikzm
=
kzm = kzm


εm k02 − kx2 .

(2)

′′ , is defined as the
The metallic skin depth, δm = 1/kzm
distance normal to the interface where the field amplitude
decreases by a factor of 1/e. An analogous equation exists
for the z-component of the wave vector into the dielectric,
′
′′
+ ikzd
=
kzd = kzd


εd k02 − kx2 ,

(3)

′′ is the dielectric skin depth.
and δd = 1/kzd
By way of illustration, the characteristic lengths of SPP
on a Au-air interface, calculated in the visible (λ =
632.8 nm) and in the THz (λ = 922 µm) regions, are presented in Table 1. A multi-coefficient model [16] was used
to fit Au permittivity data from Johnson and Christy [17]
for λ ∈ [500 nm, 700 nm], yielding εm = −11.7 + i1.2 at
λ = 632.8 nm. For noble metals at visible wavelengths, SPP
are typically characterized, with respect to the wavelength,
by a strong confinement of their electromagnetic fields near
the surface, a relatively large penetration distance within the
metal, and moderately long propagation lengths.

Table 1 The skin depth in the metal, δm , skin depth in the dielectric, δd , and propagation length, L, of visible and THz SPP on a Au-air interface

Visible SPP
THz SPP

λ (m)

δm (m)

δd (m)

L (m)

6.33 × 10−7
9.22 × 10−4

3.00 × 10−8 ≈ 10−2 λ
1.35 × 10−7 ≈ 10−4 λ

3.00 × 10−7 ≈ 0.5λ
3.00 × 10−1 ≈ 102 λ

1.00 × 10−5 ≈ 16λ
3.30 × 102 ≈ 105 λ
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Fig. 2 a The variation in
transmission with wavelength
for bullseye lenses having
different periods. b The
variation in resonant wavelength
with the grating period

(a)

(b)

THz Plasmonics

Theoretical Modeling

Compared to visible wavelengths, THz permittivity values
are typically 5–6 orders of magnitude larger. Using the
Drude model and parameters given by Ordal et al. [18], the
permittivity of Au at 325 GHz is εm = −1.12 × 105 +
i2.24 × 106 . Repeating the above analysis, THz SPP extend
far into the dielectric medium, have relatively small metallic skin depth, and have propagation lengths many orders of
magnitude larger than the wavelength (Table 1).
It is worth noting that while the SPP length scales at
optical wavelength vary significantly from one metal to
another, at THz frequencies, the permittivity of most metals
approach that of perfect electrical conductors. The choice
of material can therefore be based on other parameters,
such as machinability, cost, etc. Furthermore, since only
the material properties within approximately one skin depth
contribute significantly to the operation of a plasmonic
device, plasmonic devices operating at THz frequencies can
be made thin, with correspondingly greater transmission
[19]. While THz BE lenses have been made using lithographic and chemical fabrication techniques, this requires
access to a nano-fabrication facility [11, 19, 20]. In addition,
the self-masking of the structure makes it challenging to
achieve a relatively large and uniform deposition depth with
a lithographic technique. Since the required precision of a
THz plasmonic device scales with wavelength, it is possible to achieve the same relative accuracy at THz frequencies
using a micromachining approach. In Section “Fabrication”,
we present a novel precision micromachining approach for
the fabrication of BE lenses.

The transmission through a BE lens can considered in terms
of three independent components: (1) the coupling of incident light into SPP, (2) the evanescent transmission through
the aperture, and (3) the coupling of SPP back into the
radiation field [8].
Input Coupling
Numerical and experimental studies have demonstrated that
the efficiency of coupling light incident on a BE lens into
SPP is primarily dictated by the grating period, p [21].
Other interconnected structural parameters, such as the ring
width, w, ring depth, s, and the distance to the first ring,
a, also play a role and their values can be optimized to
yield maximum transmission (Fig. 1). At visible wavelengths, rules of thumb have been developed to aid in the
design of a BE lens with a transmission resonance at λR :
p = 1.1λR , w/p = 0.5, s/p = 0.2, and a = p/2
[21]. These relationships were used as a starting point for
modeling the performance of THz BE lenses at λR =
922 µm (325 GHz). Since the permittivity values in the
visible and THz are significantly different, each parameter
was varied in turn to determine the scale laws appropriate for THz frequencies. A commercial simulator based
on the finite-difference time-domain method was used to
optimize the transmission gain, G = Tbe /Tap , defined as
the ratio of the power exiting the BE lens, Tbe , and that
through an aperture having identical thickness and diameter,
Tap [16].

Fig. 3 The variation in
transmission at λ = 922 µm as
the ring width, w and ring depth,
s are varied

(a)

(b)
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Fig. 4 a The variation in
transmission as a function of the
distance to the first ring, a.
Larger transmission resonances
were observed when a was an
odd half-multiple of the period.
b The variation in transmission
as the number of rings increases

(a)

A numerical mesh was adopted that was appropriate to
the spatial dimensions of the lens. In the transmission direction, z, a mesh size on the order of tens of microns is
required to accommodate the small depth of the structures,
while in the transverse xy-direction structures are on the
scale of order of the hundreds of microns and a larger mesh
size can be used. As a starting point, a numerical mesh
of 10 um was chosen for all directions. Simulations were
repeated using finer meshes in each direction until the simulated transmission values converged to within 5 %. It was
found that converged simulations required mesh sizes of
z = 4 µm and x = y = 19 µm. Simulations with
these mesh parameters required 1.5 h to run with an Intel
Xeon X5680 64-Bit, 3.33 GHz processor with 24 cores and
50 GB RAM.
The results of the optimization process, in which the
transmission has been plotted as a function of the variable under consideration, are shown in Figs. 2, 3, and 4.
Figure 2a shows the variation in transmission as a function
of wavelength for different periods. In Fig. 2b, this information is distilled to show the resonant wavelength, λR ,
as a function of the grating period. A linear relationship is
observed given by λR = (1.038 ± 0.001)p. Figure 3 shows
the optimum width-to-period and depth-to-period ratios
when the incident radiation is fixed at design wavelength of
922 µm. A resonance is observed with the optimum parameters of w/p = 0.499 ± 0.001 and s/p = 0.14 ± 0.01,
where the errors represent the uncertainty determined from
parabolic fits to the resonance peaks in Fig. 3. The optimum
starting ring distances takes the form of a = (2m + 1)p/2

(b)

(m = 0, 1, 2, . . .), as shown in Fig. 4a. Furthermore, in
contrast to visible applications where increasing the number
of rings beyond a certain point does not lead to increased
transmission, at THz frequencies Fig. 4b shows that transmission continues to increase with the number of rings. This
result can be explained by the differences in the propagation
length, as given in Table 1. This allows THz BE lenses to
made arbitrarily large to increase the coupling area and thus
the transmission gain.
These theoretical results can be compared directly with
the rules of thumb established for visible wavelengths.
While the width-to-period and the distance to first ring
(for m = 0) are similar, the relationships for the resonant wavelength to period and depth-to-period are found
to be significantly different. These modified rules of
thumb should be adopted for designing BE lenses at THz
frequencies.
Since the propagation length, L, at THz frequencies,
is extremely large (Table 1), an additional gain can be
realized by using a Bragg reflection grating, consisting of
half-period concentric rings placed outside of the main BE
structure, as shown in Fig. 1 [11]. The Bragg grating serves
to reflect, in phase, SPP back towards the central circular aperture, thereby increasing the resulting field at the
aperture location. The Bragg reflector of dimensions given
in Table 2 resulted in an additional simulated transmission gain of 25 %. At the same time, it was noted that
the peak wavelength shifted to 915 µm, which we believe
is due to a small residual phase error introduced by the
Bragg reflector.

Table 2 The designed and fabricated dimensions (Fig. 1) of the two single-sided BE devices, SS1 and SS2, and the double-sided radially tuned
device, DS1
d (µm)

t (µm)

a (µm)

p (µm)

w (µm)

s (µm)

pr (µm)

wr (µm)

sr (µm)

Design 1
SS1
DS1

300.0
299.8
298.8

50.0
48.6
37.4

1332.0
1336.4
1334.9

888.0
890.4
891.8

444.0
445.2
445.9

130.0
129.0
130.2

444.0
448.8
447.0

222.0
224.4
223.5

65.0
66.6
66.1

Design 2
SS2

200.0
198.8

30.0
20.0

1332.0
1331.5

888.0
884.0

444.0
442.0

130.0
124.0

444.0
444.0

222.0
222.0

65.0
57.5
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Fig. 5 The simulated phase was recorded at the top of the ring and at
the center of the aperture in the plane defined by the top of the ring.
Simulations were performed by varying the width and radius of the
ring

Transmission Through the Aperture
From classical theory, the transmission of light through a
circular aperture decays exponential with material thickness and is well described using a cylindrical model for
d ≤ 0.586λ [22]. For example, an aperture with a diameter of d = 200 µm, which represents one of our fabricated
devices, has an attenuation constant of α = 17.09 mm−1
at λ = 922 µm. As described in Section “Fabrication”,
we were able to fabricated this device with a thickness of
20 µm, which is within a factor of 2 of the limiting transmission possible with a infinitesimally thin device. The
minimum achievable thickness possible with micromachining techniques therefore does not place a serious limitation
on the production of efficient THz plasmonic devices.
Output Coupling
Structures on the output side of the lens can collimate or
focus the emerging beam. This has been shown by mirroring
the input corrugations to the output surface [10, 23, 24] and
by modulating the radial position [25] or depths of the surface structure [26–28]. Phenomenological phase modulation
models have been developed for nano-scaled slit-groove
devices and BE lenses [12, 13, 29]. In these simple models, SPP excited on the output side of the lens propagate
along the surface, scatter off output surface structures, and
subsequently couple back to the radiation field. Individual

corrugations can be thought of as a Huygen emitter with a
specific initial phase, ϕi . The relative phase difference, ϕi,0 ,
between light traveling through the central aperture, ϕ0 , and
that of SPP scattered off surface corrugations, ϕi , can be
found using numerical techniques.
For constructive interference at a focal distance, f , the
phase difference due to SPP scattering off a ring at radius r,
as shown in Fig. 5, must satisfy:


2
2
f + r − f k + ϕi,0 = 2π m, m = 0, ±1, ±2, . . . (4)

To investigate the variation in the phase of the secondary
sources as a function of ring radius and width, simulations
were performed at λ = 922 um for an aperture diameter of
300 um and thickness of 50 um. As an example, a single
ring with a width of 445 um and a height of 130 um was
placed on the output side of the device and its radial position allowed to vary. This principle is illustrated in Fig. 5.
The phases at the location of the ring and the aperture were
recorded to find the phase difference φi,0 as a function of r.
The raw simulated data are shown in Fig. 6a. As expected,
the phase difference φi,0 increases linearly as a function of
ring radius and is wrapped around ±π. After unwrapping
the phase (Fig. 6b), a linear fit to the date yielded a slope and
intercept of mr = 6.8 ± 0.1 mm−1 and br = −2.9 ± 0.1,
respectively.
A single ring was then simulated at radii of r = 700,
1150, and 2500 µm for different widths. Following a similar
procedure, linear fits gave an average slope of mw = −3.5±
0.3 mm−1 and intercepts of bw = 9.8 ± 0.1, bw = 6.4 ± 0.1,
bw = 9.4 ± 0.1, corresponding to the three radial positions
given above.
It is reasonable to express the total phase ϕi,0 as the
sum of the individual contributions due to each structural
parameter:
(5)

ϕi,0 = ϕr + ϕw ,

where ϕr = mr r + br and ϕw = mw w + bw . Combining
terms, the total phase can be expressed as
(6)

ϕi,0 = mr r + mw w + b,

where mr = 6.8 ± 0.1 mm−1 , mw = −3.5 ± 0.3 mm−1 ,
and b = br + bw = −1.3 ± 0.1. Using the output ring

Fig. 6 a The phase difference
between light transmitted
through a d = 200 µm aperture,
ϕ0 , and that light scattered off a
ring having a s = 100 µm,
w = 445 µm at increasing radial
distances. b The unwrapped
phase difference fitted with a
linear function

(a)

Simulated wrapped phase values.

(b)

Unwrapped phase values with linear fit.
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Fig. 7 a A comparison of the
simulated transmission gain for
the designed and as-built lenses
with dimensions given in
Table 2. b The simulated beam
profile of DS1, designed to have
a focus 3 mm behind the lens. c
Cross section of the beam profile
through the minimum waist at
z = 3.2 mm, demonstrating
beam confinement

(a)

(b)

(c)
phase relation, ring radii were generated for a wavelength of
922 µm and a constant width of w = 445 µm with the goal
of producing a focus at a distance of 3 mm.

Figure 7b shows the simulated output beam profile for
DS1. The position of the focus has been determined to be at
a distance of 3.2 mm (Fig. 7c), in good agreement with the
design phenomenological phase model discussed above.

Simulated Performance
From the modified THz rules of thumb (“Input Coupling”) and the output ring phase relations (“Output Coupling”), two single-sided lenses (SS1 and SS2) and one
double-sided lens (DS1) were designed with identical
input ring dimensions, as given in Table 2. The simulated transmission gain from the designed BE structure
is shown in Fig. 7a along with the simulated transmission computed for the actual dimensions of the fabricated
devices.

Fig. 8 The Kugler Microgantry nano5X micromachining system. This
modular, multi-functional unit is capable of fly cutting, micromilling,
and micromachining

Fabrication
Fabrication of the BE lenses was accomplished using
a Kugler Microgantry nano5X micromachining system
(Fig. 8) in the National Research Council of Canada’s
Automotive and Transportation Division [30]. The system integrates several micromachining technologies and
measurement instrumentation and is capable of fabricating optical surface quality (Ra < 10 nm) and
high aspect ratio (1:280) components and performing
advanced micromachining processes such as picosecond
laser polishing.
The system uses three micromachining technologies: (1)
fly cutting with a 2000 rpm spindle, (2) micromilling with
an 180,000 rpm spindle, and (3) micromachining with a
picosecond laser. A Renishaw touch probe with a measurement accuracy of ±500 nm was used for measuring
workpiece geometry before and after machining and during
alignment. A Blum laser tool setting sensor with a measurement repeatability (2σ ) of 100 nm was used for measuring
cutting tool geometry (e.g., diameter and overhang length).
The system is equipped with an air-bearing motion stage
with a position measuring resolution of 10 nm. The positioning accuracy is within ±250 nm in the xy-direction and
±500 nm in the z-direction. Straightness is within ±800 nm
per 500 mm travel for all linear axes. The system includes
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(a)

(b)

(c)

(d)

Fig. 9 The fabrication process flow for a double-sided BE lens (not
to scale). a The main blank is fabricated with a diamond cutter. b The
main blank is fixed and output rings are micromilled. c A PMMA hotpress process provides structural integrity. d The device is flipped and

input rings are micromilled. The final step involves electroplating a
1 µm gold coating (not shown)

an automatic tool changer that is able to accommodate up to
60 cutting tools.
The design of the BE lens presented three main challenges for fabrication. First, accuracy on all dimensions
was to be within ±10 µm. Second, precise axial alignment
between both faces of the device was required since drilling
the aperture is the last step in the process. Third, and most
challenging, was to keep the thickness at the center of the
lens as thin as possible to enhance throughput while maintaining structural integrity. The process flow used in the
fabrication of the double-sided BE structure and is shown
Fig. 9.

on the output surface (Fig. 9b) with a flat end diamond
cutter having a diameter of 300 µm, a rotational speed of
30,000 rpm and feed rate of 120 mm/min, removing 20 µm
depth for each cutting path within a channel.

Process Flow
Copper Blank The first step involved fabricating a copper blank with a diameter of 25 mm and thickness of 3 mm
while maintaining a plane and parallel device. This was performed by micromilling with a diamond flat cutter with a
diameter of 2 mm, a rotational speed of 30,000 rpm, and a
feed rate of 240 mm/min (Fig. 9a). The achieved thickness
deviation was better than ±5 µm (with greater precision
possible).

Hot Embossing The input surface was fabricated using
a hot embossing process to provide structural integrity.
(Fig. 9c). A 1-mm-thick PMMA plate was used as a die
and placed between the output corrugations and a Crystal Digital Load Cell E-Z Press, which applies a controlled force and is equipped with temperature controlled
heated platens. The platens were heated above PMMA
glass transition temperature (107 ◦ C). The back supporting plate was made under 300 N force applied for a
period of 10 min to ensure an accurate match with lens
geometry.

Input Rings The input surface was micromilled using the
same cutting parameters and machining strategy as used
for the output surface (Fig. 9d). The final step was to
electroplate a 1 µm gold coating to avoid oxidation.
Fabricated Lens Parameters

Output Rings The main blank was then fixed and circular
channels with a rectangular cross-section were micromilled

(a)

An example of a BE lens fabricated using the technique
described in Section “Process Flow” is shown Fig. 10. The
left figure shows the input surface of the BE lens with

(b)

Fig. 10 a Input side and b output side of the fabricated double-sided
device, DS1

Fig. 11 An example of input ring profile measurements obtained for
SS2 showing feature accuracies better than 10 µm

Plasmonics

same time, the thinner lens results in greater transmission,
as discussed in Section “Transmission Through the Aperture”. While a 20 µm thickness at the aperture location has
been achieved, slight bucking of the substrate of ≈ 10 µm
was observed, as shown in Fig. 11. To avoid buckling, this
method may be adapted to fabricate a precision stainless
steel mandrel that can be used to manufacture BE lenses
using an embossing technique. To our knowledge, this is the
first time a BE lens has been made using micromachining
techniques.

Experimental Configuration
Fig. 12 Schematic of the THz testbed used for transmission measurements. A predominately Gaussian, horizontally polarized, THz beam
is produced by a VDI line source and is optically isolated using a QWP.
Input optics (f/1 and f/3 90◦ OAP mirrors) collect the beam and produce an intermediate image plane (w0 = 5.1 mm) at the location of
the BE lens. The output optics (f/1 and f/1 90◦ OAP mirrors) carry the
beam through a second QWP before detection by the ZBD. For beam
profile measurements, a knife-edge was cut through the intermediate
focus

the integrated support ring, which allows for ease of handing. The Bragg grating can also be seen in this image. The
right figure shows the radially tuned structures on the output surface of the lens which result in beam confinement, as
discussed in Section “Output Coupling”.
Measurements of the diameter, period, width, and depth
of the fabricated lenses were obtained using Veeco WYKO
NT1100 Optical Profilometer with a resolution of 0.1 0nm.
Table 2 compares the designed and fabricated parameters.
It can be seen that the micromachining technique is capable of fabricating the lens wit accuracies typically within
a few microns for the key parameters. Not unexpectedly,
the accuracy decreases the thinner the substrate. At the

−1

Intensity (V⋅mm )

0.4

Power (V)

0.3

0.2

To verify the performance of the fabricated BE lenses,
an optical testbed consisting of a room temperature THz
source and detector was developed, as shown schematically
in Fig. 12. The source is a Virginia Diodes, Inc. (VDI)
line source emitter, which can be tuned over the range of
320–330 GHz (908 − 937 µm) [31] and has a typical output power of ≈ 10 mW. We chose to operate the source at
330 GHz, where it produced a higher output power, while
still remaining within the designed transmission resonance.
The split-block diagonal feedhorn of the THz source emits
a Gauss-Hermite beam with approximately 84.3 % of its
power in the fundamental Gaussian mode [32]. At 330 GHz,
the beam has a waist radius of 1.68 mm located 6.20 mm
inside the feedhorn. Four diamond-turned, aluminum, 90◦
off-axis parabolic (OAP) mirrors were orientated in a “tipto-tip” fashion such that rays from a single field point
strike identical coordinates on each parabolic mirror [33].
A quartz quarter-wave plate (QWP) was placed in the collimated beam to act as an optical isolator. The BE lens
under study is located at the intermediate focus and is
mounted on a precision x-y-z translation stage for alignment. A second QWP located after the BE lens converts the
circularly polarized beam to linear polarization for detection by a zero-biased diode (ZBD) detector. The ZBD has
a diagonal feedhorn identical to that of the source. The

0.05
0.04
0.03
0.02
0.01
0.00
0

5

10 15 20 25
y (mm)

0.1

(a)

(b)

0.0
0

10

20
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y (mm)

Fig. 13 The measured (dotted) S-curve and error function fit (solid)
at the location of the intermediate focus. Inset: the corresponding
Gaussian beam profile and derivative of the error function fit

Fig. 14 a The measurements the beam profile as the knife-edge is displaced along the optical axis. b The variation in the beam profile as
a function of distance along the optical axis. As expected, the beam
widens and the intensity drops away from the focus position. Variations in the peak amplitude are due to interference effects cause by
ubiquitous resonant cavities, whose spacing corresponds λ/2
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Table 3 A comparison of the theoretical and measured transmission
gain, Gtheo and Gexp , respectively, for the three BE lenses (Table 2)
measured at a frequency, f

SS1
SS1
DS1
SS2
SS2

Incidence

f (GHz)

Signal (µV)

Gexp

Gtheo

Planar
Input
Input

329.500
328.030
329.875

51.9 ± 0.1
1997 ± 3
1981 ± 3

–
38.5 ± 0.1
38.2 ± 0.1

–
40 ± 3
32 ± 3

3.3 ± 0.2
89 ± 1

–
27 ± 2

–
38 ± 3

Planar
Input

329.453
328.141

THz source was modulated by an external TTL source
at a frequency of 1 kHz, and standard lock-in amplifier techniques were used to increase the signal-to-noise
ratio.
Incident Beam Profile
Knife-edge measurements were conducted to verify the spatial profile the THz beam. A three-axis piezo driven stage
allowed a thin blade to be translated through the beam
at different distances from the focus. The blade could be
positioned within 0.2 µm in any direction. Control and
data-acquisition software was written to translate the blade

(either horizontally, x, or vertically, y) to successively block
the beam and to record the measured signal from the lock-in
amplifier as a function of the knife-edge position.
In the case of a Gaussian beam cut in the vertical
direction, y, the signal takes the form of a S-curve error
function [34],
PT
P =
2



√

2(y − y0 )
1 − erf
,
w0

(7)

which corresponds to the integrated beam intensity profile
of the Gaussian beam. Error functions were fitted to the Scurves with a fixed total power, PT , to obtain the Gaussian
beam waist, w0 , and the optical axis, y0 .
Figure 13 shows the S-curve measured at the location
of the focus. The derivative of the S-curve resulted in
the Gaussian profile (inset). The scans were repeated as
a function of z to study how the beam profile changes
along the optical axis, as shown in Fig. 14. The location
of the focus can be determined by finding the z-location
corresponding to the minimum waist size. These results
show that our THz testbed is producing a well-defined
Gaussian beam of known width at the location of the
plasmonic lens.

Fig. 15 Images of
paraffin-embedded rat brain. a
THz image, b edge detection of
the THz image with an applied
Sobel filter, and c optical image
of the same field

(a)

(b)

(c)
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Results
Transmission Enhancement
The performance of the three fabricated BE lenses (Table 2)
was verified by placing each device into the THz testbed,
shown in Fig. 12. Each lens was illuminated with a Gaussian beam of waist radius of w0 ≈ 5.1 mm. Standing waves
in the testbed are unavoidable since all surfaces are reflecting at these wavelengths. Although care was taken to place
absorbing material [35] over all of the non-active components, all measurements were taken at a fixed frequency of
330 GHz to minimize systematic errors.
The signal transmitted through SS1, SS2, and DS1
was recorded, and the measured transmission enhancement,
Gexp , was determined by taking the ratio of these values
with the signal transmitted through SS1 and SS2 with their
planar side facing the incident beam, which is equivalent
to the transmission through a single aperture. In each case,
the measured error in G was approximately 1 %, dominated
by the lower signal-to-noise ratio of the single-sided planar
measurement. The results are summarized in Table 3. The
measured enhanced transmission is in close agreement with
that predicted by the theoretical model and to our knowledge is significantly higher than reported elsewhere in the
literature [3, 11, 20, 36, 37].
Subwavelength Imaging
To verify that we had obtained subwavelength imaging,
DS1 was integrated into a THz imaging microscope with
a configuration similar to that of the THz testbed shown
in Fig. 12. The microscope was used to obtain images of
paraffin-embedded rat brain. Figure 15a shows the raw THz
image of the sample. In many studies of tissue samples,
boundary determination is important. Figure 15b shows the
boundary of the THz image determined by application of
a Sobel filter [38], commonly used for this purpose. An
optical image of the same field is shown in Fig. 15c for
comparison.
These images and independent observations of a calibration target have been used to determine the spatial resolution
of the THz microscope. The derived value of 338 µm is
in excellent agreement with the 300 µm aperture of the
BE lens, confirming that subwavelength imaging has been
achieved.

Conclusions
In this paper, we present the design, fabrication, and experimental performance of plasmonic lenses optimized for
frequencies around 300 GHz. Theoretical modeling has

been used to derive rules of thumb for BE lenses at THz
frequencies. These rules of thumb are similar to those proposed for use at visible wavelengths, but differ significantly
due to differences in the permittivity of metals at longer
wavelengths. Moreover, since most metals behave as perfect electrical conductors at THz frequencies, these rules
of thumb are broadly applicable and independent of material choice. We have expanded previous work to include the
design of structures on the output side of the lens to aid in
beam confinement. Several BE lenses have been fabricated
using a micromachining approach that is capable of producing lenses as designed with typical accuracies of less than
10 µm. The lenses have been measured to have enhanced
transmission gains of approximately 40, in excellent agreement with the theoretical model. The subwavelength spatial
resolution has also been verified. The double-sided lens
have been integrated into a xy-microscope translation stage
and used to obtain images of paraffin-embedded rat brain.
A preliminary comparison of the THz image with one
obtained at optical wavelengths shows several common
features.
The thinnest lens we have been able to manufacture successfully using the micromachining process outlined above
are 20 µm. We are currently exploring methods of micromachining a hardened steel mandrel and employing embossing
techniques of thin metal films to create lenses of similar
structure to that presented here on a thinner substrate. While
models predict that the additional transmission gain is modest, being a factor of 2 for an aperture of d = 200 µm and 4
for an aperture of d = 100 µm, if successful, an embossing
technique would lead to low cost fabrication of plasmonic
lenses.
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