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Grown GaAs Membranes
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Huasheng Zhang , Graduate Student Member, IEEE, Andrea Neto , Fellow, IEEE,
and Nuria Llombart , Fellow, IEEE

Abstract—State-of-the-art THz pulsed commercial systems op-
erating over large bandwidth suffer from high dispersion or low
radiation efficiency due to the poor coupling between the transmit-
ter and receiver photoconductive antennas (PCAs). In this work, we
present the fabrication and characterization of a leaky-lens PCA
that has the potential to solve this problem. The presented PCA
is based on a low-temperature grown gallium arsenide (LT-GaAs)
membrane with a 1:15 bandwidth coverage (0.1–1.5 THz), where
the frequency response is constant. In order to fabricate the PCA on
an LT-GaAs membrane, a novel fabrication process is developed.
This process is dramatically faster than previously used processes
(∼1.5 h instead of∼20 h). Furthermore, an experimental validation
of the radiated power together with the comparison to a standard
bow–tie-based PCA fabricated on the same LT-GaAs wafer is
shown in this article. We show that the PCA source on the LT-
GaAs membrane is more efficient due to the enhanced leaky wave
radiation. The leaky-lens PCA stands out as a great candidate to
improve the coupling efficiency in THz pulsed commercial systems,
where the maximum laser power that can be used is limited by the
dispersion in the optic fiber.

Index Terms—Leaky-lens antenna, membrane-based micro-
antenna, photoconductive antenna (PCA), THz radiation, time-
domain spectroscopy.

I. INTRODUCTION

THE THz time-domain sensing and spectroscopy (TDSS)
systems are nowadays employed for multiple applications,

such as chemistry, solid-state physics, and industrial process
monitoring [1], [2], [3], [4], [5], [6], [7], [8]. Current TDSS com-
mercial systems are based on single planar antenna geometries,
printed on a photoconducting substrate, where the electrically
small gap of the antenna is periodically (80–100 MHz) shined by
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a femtoseconds (∼100 fs) laser pulse with a wavelength matched
to the semiconductor energy gap. The pulse injects electrons
from the valence to the conduction band of the semiconductor.
The photocarriers are accelerated by the bias voltage between the
antenna electrodes; hence, a transient photocurrent is generated
in the photoconductive antenna (PCA). The intensity and the
frequency spectrum of the photocurrent is a function of the
optical and electrical properties of the semiconductor [5]. The
transient photocurrent, then, releases a part of its energy as
radiated electromagnetic field [9]. However, the spectrum of the
field arriving at the receiver antenna not only depends on the
emitter photocurrent spectrum but also on the following:

1) the photoconductive source–antenna matching problem;
2) the coupling between the PCA chip and the HR Si lens

(dispersion problem);
3) the quasi-optical (QO) propagation channel efficiency

(THz radiation spillover and dispersion problem).
To the best of our knowledge, the efforts in the THz com-

munity are mainly focused on the engineering of the semicon-
ductor properties, e.g., carrier scattering and life time, through
materials synthesis and postprocessing [10], [11]. On the other
hand, significant performance improvement can be also achieved
focusing on the antenna architecture and its radiation properties
[8], [12], [13].

The most common antenna geometries used in the dawn of
PCA research are Auston switches (or H-dipoles) [3], bow–tie
antennas [14], and strip line antennas [15], and they have been
thoroughly studied and compared [7]. These types of antennas
are still being used in current TDSS systems nowadays. Other
types of antennas have been also used and studied. A good review
can be found in [16]. It has been shown the importance of the
antenna geometry for enhancing the radiation properties of
PCAs [17], where it was already proposed the use of leaky-
lens architectures based on the printed slots in a micrometric
membrane in order to illuminate the lens more efficiently and
improve the QO channel efficiency. Specifically, the introduction
of a small (in terms of wavelength) air gap between the met-
allization and the lens is sufficient to enable broadband leaky
radiation toward the lens vertical axis [17]. This gap is used
to achieve a more directive radiation inside the silicon medium
and, therefore, illuminate more efficiently only the top of the lens
[18]. This leaky-lens antenna, characterized by a stable radiation
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Fig. 1. (a) Sketch (not to scale) of the leaky-lens PCA, including the silicon lens. (b) Cross section of the LT-GaAs membrane. (c) Top view of the LT-GaAS
membrane showing the leaky-lens slot and excitation gap.

phase center, improves the coupling between the PCA radiation
with the QO channel.

In this contribution, we demonstrate, for the first time, the
realization of a PCA based on a leaky-lens antenna architec-
ture experimentally, with a novel manufacturing technique that
allows the creation of suspended LT-GaAs membranes with
thicknesses of a few μm, and theoretically, with the use of the
theoretical circuit model introduced in [9] and [13] to evaluate
the radiated power. We compare the performance of the leaky-
lens PCA with the state-of-the-art bow–tie PCA, which performs
better than the commonly used H-dipole antennas [12]. Both
antennas are fabricated from the same wafer and in the same
processing run, and they both have the same bias and optical
conditions. We demonstrate that leaky-lens PCA outperforms
the bow–tie-based PCA in terms of QO channel efficiency,
disclosing the full potential of leaky-lens PCAs for fiber-coupled
THz TDSS systems.

II. ENHANCED LEAKY PCA AND ANTENNA PERFORMANCE

The proposed PCA is based on a leaky-lens antenna [18] in-
tegrated with a silicon hemispherical lens, as shown in Fig. 1(a).
The hemisphere lens has a diameter of 10 mm and the exten-
sion of 1.551 mm. A quarter-wavelength matching layer (at
frequency 0.4 THz) is deposited on the top of the lens surface
to improve the transmission between the air–silicon interface.
Parylene-C, whose relative permittivity is 2.72, with a thickness
of 114 μm is used as the matching layer [19]. The silicon lens is
illuminated by a tapered slot through an air cavity with a thick-
ness of 25 μm. The LT-GaAs suspended membrane occupies the
central square area of the chip, with the bow–tie slot gap at its
center. The membrane is a square of ∼2.2 mm sides and 2 μm
thick [see Fig. 1(b)]. The leaky slot metallization resembles a
bow–tie with a 55° taper and a square gap of 7.5 μm at the center
of the slot. The dimensions of the bow–tie are 1.4 mm long and
2 mm wide. The contact pads extend beyond, for a total chip
size of 6 × 6 mm [see Fig. 1(c)]. All the chip front surfaces,
except for the contact pads, have been covered with 2.6 μm
thick amorphous fluoropolymer (Cytop from AGC Chemicals)
in order to provide a better mechanical strength to the LT-GaAs
membrane and to passivate its surface against the formation of
moisture layer, also preventing a potential electrical breakdown
of the LT-GaAs during high-voltage operation.

The antenna structure in Fig. 1(a) is simulated using CST,
a full-wave EM software [20], where the lens is replaced by
semi-infinite silicon medium. The simulated antenna impedance
is shown in Fig. 2(a), together with the impedance of a standard
bow–tie antenna, taken from the article presented in [13], for
comparison. The impedance of the leaky-lens antenna is higher
than that of the bow–tie antenna and it varies more significantly
versus frequency.

Leaky-lens antennas are particularly efficient at illuminating
dielectric lenses, and their radiation patterns are much more
focused when compared with a standard bow–tie antennas [17].
The fields radiated by the leaky-lens antenna into the infinite
silicon medium (primary fields) are shown in Fig. 2(d)–(f) at
0.1 THz, 0.5 THz, and 1 THz, respectively, and compared with
the patterns of a standard bow–tie antenna, such as the one in
[13]. The patterns show a typical leaky radiation, which are more
symmetric and more focused at broadside than the patterns of
the bow–tie.

The primary fields are then transmitted outside the extended
hemispherical lens. The lens radiation efficiency is obtained
by integrating these transmitted fields on the lens surface and
divided by the antenna radiated power, and it is shown in Fig. 2(d)
as a function of frequency for both antennas. This efficiency
considers the spillover of the antenna feed and the reflection at
the lens surface. As expected, the leaky-lens antenna illuminates
the lens more efficiently than the bow–tie antenna because of its
more directive primary patterns. The frequency oscillation is the
result of the adoption of a single matching layer that is tuned to
maximize the efficiency at 400 GHz and multiples.

The fields radiated by this leaky-lens antenna (secondary
fields) are evaluated using an in-house physical optics (PO)
code [21]. The patterns are evaluated on a far-field sphere (1 m)
from the phase center of the lens, which is 15.8 mm below the
slot metallization. Fig. 2(g)–(i) shows these patterns at 0.1 THz,
0.5 THz, and 1 THz, respectively. The corresponding gain versus
frequency is shown in Fig. 2(c) and includes the radiation
efficiency of the lens antenna [see Fig. 2(b)]. At low frequencies
(≤ 0.1 THz), the patterns of the leaky and the bow–tie antennas
are similar, which are well-focused toward broadside. However,
as the frequency increases, the patterns of the bow–tie antenna
are becoming more distorted and non-broadside, and have un-
wanted radiation at around 10°. As the result, the gain of the
bow–tie antenna drops around 0.35 THz and remains almost
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Fig. 2. Antenna-simulated performance for the proposed leaky slot and the bow–tie from the article presented in [13]. (a) Input impedance. (b) Lens radiation
efficiency. (c) Antenna gain. (d)–(f) Primary fields radiated into an infinite silicon medium at 0.1 THz, 0.5 THz, and 1 THz, respectively. (g)–(i) Antenna gain in
the far field at 0.1 THz, 0.5 THz, and 1 THz, respectively.

TABLE I
COMPARISON AMONG STATE-OF-THE-ART FIBER-FED COMMERCIAL

LENS-COUPLED PCAS

constant after that. While the gain of the leaky-lens antenna
keeps increasing versus frequency and is much larger than the
one of the bow–tie antenna. The maximum achievable directivity
for the given lens diameter is shown as the black line in Fig. 2(c).

A comparison between commercially available optical fiber-
fed PCAs and the leaky-lens antenna is shown in Table I. It
can be seen that the leaky-lens antenna emits the same THz
power that the Auston switch antenna from Menlo Systems [22]
and the strip line antenna from Toptica Photonics [23] with a

similar laser excitation but with a lower voltage bias. We add
the bow–tie antenna [13] to this table because we can directly
simulate, measure, and compare the results much easily to the
leaky-lens antenna since it is our own design. The reason why
the leaky lens generates the same THz power than the other
antennas at a lower voltage bias is that the leaky lens couples
more efficiently to the QO channel.

III. FABRICATION OF THE LT-GAAS MEMBRANE-BASED PCA

The enhancement of the broadside radiation via leaky-lens
slot is achieved, thanks to its realization on a suspended
membrane. We use a thin membrane of photoconductive low-
temperature grown GaAs as the slot substrate. Previous work
shows that dry (i.e., plasma) etching has an intrinsic limitation
in the maximum etched depth, setting it to a hundred of mi-
crometers. This is due to the fact that Ga fluoride, chloride, and
bromide generated as byproducts during the plasma etching have
very high vapor pressures. Thus, the etching is strongly limited
by their desorption from the surface and, as a consequence,
it is extremely hard, if not impossible, to etch hundreds of
microns-thick GaAs substrates. Alternatively, GaAs trenches
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Fig. 3. (a) Schematic drawing (not to scale) of the process flow. A detailed description of the fabrication process can be found in the text. (b) Images of the
fabricated wafer. Left: Optical image of the back side of the wafer where all the membranes are etched. Middle: Optical image of the front side of the wafer where
the leaky-lens PCA is fabricated. Right: Scanning electron microscope (SEM) image of the antenna gap of the leaky-lens PCA.

deeper than hundreds of microns can be etched by means of
wet etches based on citric acid [24], [25].

For the procedure adopted in this work, we developed a selec-
tive wet etch based on NH4OH/H2O2 mixtures. The wet etching
of GaAs in NH4OH/H2O2 mixtures is highly crystallographic,
as the relative etch rate of the crystalline planes follows this
order: [111]As rich > [100] > [110] > [111]Ga rich [20]. The
specific etching ratio depends on the specific NH4OH/H2O2

ratio [26]. Due to this etch rate difference, the walls of the
membrane cavity assumed a tapered shape, which is not relevant
for the properties of our leaky-lens antennas. The etching method
is similar to the one reported in [24] and [25], where the authors
employ a citric acid/H2O2 mixture instead of NH4OH/H2O2

mixtures. However, in our case, the etching is dramatically faster,
taking ∼1.5 h instead of ∼20 h.

The leaky-lens PCA is manufactured from a 3 in diameter
and 625 μm thick semi-insulating (SI) single-crystalline GaAs
wafer. A multilayer consisting of 0.2 μm thick GaAs, 0.4 μm
thick Al0.75Ga0.25As, and 2 μm thick LT-GaAs is deposited by
molecular beam epitaxy on the front side of the SI-GaAs wafers
(see step 1 in Fig. 3). The GaAs layer serves as a buffer layer
to accommodate the growth of the Al0.75Ga0.25As film, which
acts as the sacrificial etch-stop layer for the membrane release
process. The LT-GaAs layer constitutes the photoconductive

substrate of the active membrane for the leaky-lens antenna.
These layers are grown by the University of Leeds. The front side
of the wafer (LT-GaAs) is polished and the back side of the wafer
(SI-GaAs) is rough (see step 1 in Fig. 3) and has to be chemically
polished to obtain all over the back surface a uniform and
constant etching during the membranes release. This polishing
ensures that the different crystal facets of the rough surface are
smoothened out, making the crystallographic nature of the bulk
etching less a risk for etch stop of non-homogeneity.

The fabrication of the leaky-lens antenna chips is performed
at the Else Kooi Laboratory at the Delft University of Tech-
nology. The fabrication process starts with the cleaning of
the wafer from organic contamination, removal of the GaAs
native oxide, and chemical polishing of wafer back side. The
cleaning and removal of the native oxide is done by soaking
the wafer at room temperature first in acetone, then in iso-
propanol and to conclude in NH4OH (28% bath). The wafer
back-side polishing is performed by immersing the wafer in
an NH4OH (28%) and an H2O2 (31%) bath mixed at a 1:2
volume ratio at room temperature for 5 min (see step 2 in Fig. 3).
After this procedure, we inspect the back of the wafers under
a microscope to be sure that it results smooth and optically
polished. The wafer is afterward soaked in NH4OH (28%) for
5 min.
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Next, a 3μm thick, low-temperature, plasma-enhanced chem-
ical vapor deposited (PECVD) SiO2 layer, with a compressive
stress <150 MPa, is deposited on the back of the wafer (see step
3 in Fig. 3). This SiO2 layer will be patterned later in the process
to define the future location of the membranes.

The antenna metallization layer is realized through dc sput-
tering at room temperature. A 1 μm thick aluminum (99.999%
purity) layer is deposited on top of native oxide-free LT-GaAs
surface in an Ar atmosphere (see step 4 in Fig. 3). The LT-GaAs
native oxide has been stripped dipping the wafer in an NH4OH
(28%) solution at room temperature for 5 min just before the de-
position. The deposition at room temperature serves to avoid any
uncontrolled annealing and/or interdiffusion-induced variation
of the LT-GaAs electrical properties.

Later, the Al is patterned to realize the desired antenna ge-
ometry, as well as the pads for the biasing of the structure (see
step 5 in Fig. 3). The Al is etched by a double-step etching,
first dry etching and a soft wet landing, to maintain intact
the pristine LT-GaAs surface quality, important for the charge
carriers recombination at the surface and the overall mechanical
stability of the LT-GaAs membrane. The etching of the first
0.8–0.9 μm is done in an inductively coupled plasma reactive
ion etching (ICP-RIE) reactor, using a Cl2/HBr gas mixture and
photoresist as the mask. The remaining 0.1–0.2 μm of Al are
later removed by wet etching in diluted (10% vol.) NH4OH
that, contrary to the Cl-based RIE, is harmless for the LT-GaAs
surface.

A 2.6 μm thick layer of Cytop [27], a transparent fluoropoly-
mer with a refractive index of 1.34 that does not affect the laser
absorption in the gap of the antenna, is spun coated on the front
side of the wafer and cured on a hot plate (30 min at 80 °C first
and then 60 min at 200 °C) in air (see step 6 in Fig. 3). The
Cytop layer is patterned, with photoresist as mask, by plasma
etching in a RIE reactor with O2 gas to expose the antenna Al
contact pads for wire bonding (see step 7 in Fig. 3). The Cytop
coating and etching do not have any impact on the LT-GaAs
and Al properties, yet it protects the PCA surface from external
agents adsorption (e.g., moisture) while providing mechanical
support to the LT-GaAs membrane.

The LT-GaAs membrane is fabricated with a double-step
wet etching of the SI-GaAs substrate using, subsequently, two
NH4OH/H2O2 mixtures. We use HF-patterned low-T PECVD
SiO2 film as the hard mask on the wafer backside (see step 8
in Fig. 3). The back-to-front alignment accuracy is determined
by the mask aligner and is better than 5 μm. In any case, the
membrane is over dimensioned by 1 mm on each side and the
possible back-to-front misalignment does not have any effect in
the antenna performance. During the whole wet etching process,
the LT-GaAs side is protected from the aggressive chemical
solutions using a PEEK holder from A.M.M.T. [28]. The first
etching step is done soaking the wafer in a solution of NH4OH
(28% vol.) and H2O2 (31% vol.), mixed at a volume ratio of
1:2 (see step 9 in Fig. 3). This is the same solution that we
use to polish the back side of the wafer. The etch rate of this
solution is ∼8 μm/min and is able to remove the major portion
of the substrate much faster than the citric acid solution. An
important point to take into consideration is that some etching

reaction products, such as Ga(OH)3, are not very soluble in
water [29], and they tend to form a reaction-limiting stain on
the surface under etching. Thus, it is necessary to constantly stir
the solution to have a uniform etching of the GaAs substrate.
However, as reported in [24], this mixture is not selective with
any AlGaAs alloy. Therefore, the last 50 μm of the substrate
are etched using a volume ratio of 1:30 (see step 10 in Fig. 3).
This solution has an etch rate of 2 μm/min, roughly four times
slower than the previous one, but shows a great selectivity for
the Al0.75Ga0.25As layer (etching ratio of at least 100 [24]).
Indeed, when the relative amount of the peroxide is that high,
the etching of Al0.75Ga0.25As is slowed down by the formation
of quasi-passivating Al oxide [24]. The Al0.75Ga0.25As layer is
eventually removed, together with the SiO2 mask, by soaking
the wafer in buffered (1:7) HF at room temperature for 20 min
(see step 11 in Fig. 3), which is harmless for the LT-GaAs layer.

IV. ASSEMBLY OF THE MEMBRANE-BASED PCA

To create the 3-D structure required for the operation of the
leaky-lens antenna, we use a very similar assembly to the one
used by Garufo et al. [8]. The alignment and the gluing procedure
is identical since the same setup is used. The only difference
is that the lens design is different in order to create the air
gap between the antenna feed and the lens. The lens design is
depicted in Fig. 1(a). This lens has a protrusion at the flat side
of the lens shape. This protrusion goes inside the membrane
cavity at the back of the SI-GaAs wafer and is used to create
the air gap. In order the assure that this gap has the correct
dimension, the membrane cavity depth is measured accurately
with a confocal microscope. The length of the protrusion of the
lens is machined accordingly to have a 25 μm gap between the
antenna feed and the lens. The depth of the membrane opening is
586±5 μm depending on the position of the cavity in the wafer.
The lens is made out of a high resistivity (>10 kΩ·cm) silicon
ingot using single-point diamond turning [30] and is fabricated
after measuring the membrane cavity depth. The length of the
protrusion is chosen to be 561 ± 5 μm to assure the a 25 μm air
gap.

V. EXPERIMENTAL VALIDATION

We assess the performance of the leaky-lens PCA presented in
this contribution in the THz Laser Laboratory of the Tera-Hertz
Sensing Group at TU Delft and compare it with that of a standard
bow–tie-based PCA [13] fabricated in the same LT-GaAS wafer.
The setup adopted for the measurements is shown in Fig. 4 and
is similar to what used in [13]. The free-space laser source used
to excite the PCAs is a part of the commercial system TERA
K15 from Menlo Systems GmbH [31], which operates at λ =
780 nm and is pulsed at fL = 80 MHz. The PCAs are biased to a
fixed voltage Vb, which accelerates the photocarriers injected by
the laser source. The induced pulse of photocurrent generates a
radiation that is collected by a horn antenna (VDI, CH-WR10)
connected to a power meter (VDi, PM5) [32]. The PCAs under
investigation are coupled to a horn antenna through a QO path
consisting of two identical planoconvex polymer lenses from the
TERA K15 system [31].
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Fig. 4. Sketch (not to scale) of the measurement setup. The leaky-lens PCA
is excited by the free-space laser focused by an OFF-axis parabolic mirror. The
field radiated is coupled to the receiving horn connected to a power meter via
two polymer lenses. The inset (top right) shows the profile of the optical beam
focused on the leaky slot gap. The solid blue line is a Gaussian fit to verify the
gaussicity of the focused beam. The 3 dB diameter of the beam along the two
perpendicular axis is 11.9 µm and 12.7 µm.

A. Experimental Setup

The laser beam exits the TERA K15 and is focused onto the
gap in the leaky-lens slot using a gold 90° off-axis parabolic
mirror with a reflected focal length of 15 mm (ThorLabs,
MPD00M9-M01) [33] to focus the beam down to the desired
value. This parabolic mirror is placed at ∼40 cm from the laser
output, where the beam still stays collimated. The pulse has a
Gaussian temporal profile with a full width at half maximum
of τp = 100 fs and the average power PL ranges from 1 to
100 mW. The beam emerges with a 1/e waist of wo = 0.6 mm
and is focused down to a waist of wL = 6.4 μm (which corre-
sponds to a −3 dB radius of r−3 dB

L = 3.75 μm or diameter of
D−3 dB

L = 2× r−3 dB
L = 7.5 μm) to match the PCA gap lateral

dimensions.
To verify the laser profile and the alignment, we measure

the profile of the focused beam on both the horizontal and
vertical axes using two metal blades and the knife-edge tech-
nique [34]. The blades are placed in a holder controlled by a
five-axis (three translational and two rotational axis) motorized
stage with a translational resolution of δt = 1.25 μm and a
rotational resolution of δr = 0.01°. The holder of the blade is the
same one used for the antenna, thus ensuring that the measured
profile is eventually the same exciting the investigated PCA. The
−3 dB diameter of the beam along the both orthogonal axis is
Dv

L = 11.9 μm and Dh
L = 12.7 μm, respectively. The profile of

the laser beam of the vertical axes is shown in the inset on the top
right in Fig. 4. It turns out to be extremely difficult to obtain the
ideal −3 dB beam diameter using a parabolic mirror. The best
alignment we obtained with this setup did not match the ideal
−3 dB diameter of 7.5 μm. The aberration given by the focusing
mirror introduces an asymmetric tail in the vertical plane. The
measured spillover efficiency is ηvSO � 0.42 and ηhSO � 0.34
on the vertical and horizontal axis, respectively, for an average
spillover efficiency of ηSO � 0.38.

B. Detected Power

Once the desired optical beam profile is achieved, the blades
are replaced by the leaky-lens PCA. The position of the leaky-
lens PCA is fine-tuned biasing the antenna measuring the dc
current induced in the gap by maximizing it using micrometrical
position adjustments controlled by the five-axis stage. The posi-
tion of the two lenses and the horn of the QO path are fine-tuned
as well to maximize the power received by the power meter. The
distance among the leaky-lens PCA, the lenses, and the power
meter is l1 = 35 mm, l2 = 60 mm, and l3 = 20 mm (see Fig. 4).
The power collected by the power meter is characterized as a
function of the optical power. The PCA is biased to a voltage
potential, which is swept at Vb = 10, 20, and 30 V. The THz
power measured by the PM5 is shown in Fig. 5 and compared
with the THz power measured using a bow–tie PCA (with a
10 μm slot gap) under the same biasing conditions [13]. The
distance among the bow–tie PCA, the lenses, and the power
meter is kept the same since we want to prove that the difference
in the detected power between the leaky-lens and the bow–tie
antennas is mainly related to the radiation properties and the
coupling between them and the QO channel. The leaky-lens
antenna achieves a higher QO channel efficiency, as can be
seen in Fig. 6(b), because of its more directive secondary fields
and higher gain than the bow–tie antenna (especially at high
frequencies) when coupling to the QO channel.

The power is expressed as a function of the laser power
absorbed by the gap of the antennas Pgap. Specifically, Pgap

relates to the total power being absorbed by the LT-GaAs. This
absorbed power relates to the laser output power through the
optical efficiency as Pgap = ηoptPL, where PL is the laser output
power andηopt accounts for the spillover of the beam over the PC
gap, its absorption in the vertical axis, and its reflection efficiency
[13]. The optical efficiency is different for both antennas, ηopt =
0.24 for the leaky-lens PCA, whereas ηopt= 0.35 for the bow–tie
PCA of the article presented in [13] because of its larger slot gap.

It can be observed in Fig. 5 that the increase of the average
power of the pulsed laser does not lead to a proportional increase
of the THz detected power for any of the two PCAs. For larger
optical excitations, a power saturation effect becomes manifest,
and it appears to occur faster for the leaky-lens PCA than the
bow–tie PCA. Moreover, it is apparent that, at any given bias
voltage and laser power, more power is detected for the leaky-
lens PCA up to saturation.

C. Comparison Between Measurements and Simulations

We can now use the model proposed in [12] and [13] to under-
stand the difference in detected power between the two PCAs.
With this model, we can predict the detected power, including
the PCA radiation mechanism as well as the QO channel. The
average power detected by the PM5 can be estimated as follows:

PRX = 2fL ∫∞0 Re {Za (f)} |Irad (f)|2ηqo (f) df (1)

where the integration is performed with unilateral spectra. We
refer to the article presented in [13] for the detailed derivation
of Irad(f). The antenna radiation impedance, Za(f), is the one
shown in Fig. 2(a). The impedance of the leaky-lens PCA is
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Fig. 5. Detected THz power from leaky-lens and the bow-tie PCAs for three different bias levels as a function of the optical power absorbed in the PCA gap,
together with the predicted power. (a) Bias voltage Vb = 10 V. (b) Bias voltage Vb = 20 V. (c) Bias voltage Vb = 30 V.

Fig. 6. (a) Simulation setup used in GRASP with ray tracing. (b) Simulated
QO channel efficiency.

approximated to evaluate Irad(f) as constant radiation resistance
of 125 Ω. The QO channel was simulated resorting to the PO
solver of a commercial software Ticra GRASP [35], and the
detailed simulation setup is shown in Fig. 6 with ray tracing. The
secondary fields are imported into GRASP as tabulated sauces
and are placed behind the first planoconvex lens with the distance
l = 57.35 mm. Note that l is the summation between the distance
l1, as shown in Fig. 4, the thickness of the entire lens antenna,
as depicted in Fig. 1(a), and the phase center distance (15.8 mm
below the lens). GRASP then propagates the secondary fields
through the two planoconvex lenses to the horn antenna with its
PO solver. Finally, the method of moment method analysis is
implemented on the horn antenna to obtain the electromagnetic
fields inside the waveguide. We can then evaluate the power
transmitted inside the waveguide Pd and use it to calculate the
efficiency of the channel as ηqo (f) = Pd /Pant, wherePant is the
power radiated by the leaky-lens antenna, as shown in Fig. 1(c).

The efficiency of the QO channel ηqo(f) is shown in Fig. 6(b)
as a function of the frequency. The cutoff introduced by the
waveguide of the power meter is at 60 GHz [12]. The largest
loss is due to the dielectric loss of the two planoconvex lenses,
which limits the overall efficiency.

The simulated detected power as a function of the average
laser power exciting the antenna for three different bias levels,
Vb = 10, 20, 30 V, are compared with the corresponding mea-
sured power in Fig. 5. The agreement is exceptional, and the
differences between the data predicted by the model presented
here and the measurement lie within only 1 dB. To clarify why
the detected power by the leaky-lens PCA is higher, we plot
in Fig. 5 also the radiated power by both PCAs into an infinite
silicon medium removing the impact from the QO channel as
follows:

PTX = 2fL ∫∞0 Re {Za (f)} |Irad (f)|2df. (2)

One can observe that this power is basically the same for both
PCAs. Even if this radiated power and the optical setup used
to characterize both the leaky-lens and bow–tie PCAs are the
same, Fig. 5 shows a higher detected power for the leaky-lens
PCA. Thanks to the enhanced broadside radiation because of
the presence of air gap between the LT-GaAS membrane and
silicon lens (see Fig. 1). The more directive patterns, as shown
in Fig. 2, lead to a higher QO channel coupling efficiency [see
Fig. 6(b)] and, therefore, higher detected power.

Unfortunately, we are not able to measure beam pattern with
our current setup in a similar manner than the one presented in
[36] since the beam propagation of the Tera K15 receiver antenna
[22] is unknown to us, making it impossible to disentangle
the convolution of beam pattern of the emitter and receiver
antennas. However, the beam patterns from a leaky-lens antenna
are measured thoroughly in [37], where the broadband operation
of this type of antenna is shown. We have included detailed
simulations of the patterns instead [see Fig. 2(g)–(i)].

VI. CONCLUSION

The PCA architecture introduced in this work exploits a wide-
band leaky-lens effect by means of an electrically small air gap
between an LT-GaAS membrane and a silicon lens, improving its
illumination and the antenna directivity. This results in a better
QO efficiency as opposed to standard bow–tie architectures as
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the one these authors investigated in [13], even though the QO
path used to collect and measure the radiated THz power is the
same. The leaky-lens PCA exhibits more directive patterns, and
in the present case, the coupling loss along the QO channel is
reduced by a factor 2 using the leaky-lens antenna with respect
to the bow–tie, leading to a comparable increased in detected
power. Although this leaky-lens architecture is more difficult to
fabricate than current bow–tie PCAs, we successfully developed
a fast and easy fabrication route to make these devices. This
fabrication makes the leaky-lens PCA a great candidate when
there are constraints on the maximum laser power that can be
used, such as commercial TDSS systems with in-fiber laser
excitations, where the laser power is limited.
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