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A broadband terahertz quasi-optical detector
utilizing lens-based antenna
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Abstract: A broadband terahertz quasi-optical detector has been developed with frequency from 140 GHz to 325
GHz. The terahertz quasi-optical detector consists of a silicon lens with high resistivity and a monolithic detector
chip. A double slot antenna was fabricated on the chip with a Schottky diode assembled cross the terminals of the
antenna. This compact structure endows the chip with the functions of receiving THz radiations from space and con-
verts them into baseband. To improve the directivity of the antenna on chip, the hyper-hemispherical silicon lens
was designed and optimized by MLFMM ( Multilevel Fast Multipole Method ) ) algorithm, resulting in good radia-
tion performance. The antenna gains at 220 GHz and 324 GHz was calculated to be 26 dB and 28 dB, respectively,

from the measured radiation patterns. The measured responsivities of the detector achieve 1 000 ~4 000 V/W from
140 GHz to 325 GHz and the noise equivalent powers ( NEP) were estimated to be 0.68 ~2.73 pW/ ,/Hz.
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pared with the waveguide-based detector, which usually

Introduction consists of a horn antenna and a waveguide-fed detector,
the quasi-optical one can achieve wider bandwidths'**’
The sensitivity of a detector for radiation detection is Furthermore, it is much easy to be fabricated and assem-
inversely proportional to the square root of its band- bled with low cost technology. As a result, it is a good
widths'"?. As a result, a broadband THz detector is the alternative for THz imaging. A broadband THz quasi-op-
key components in some imaging applications”’ﬂ. Com- tical detector with the key device of a monolithic detector
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chip was designed, which have the dual functions of re-
ceiving the radiations from space and converting them in-
to baseband. For room temperature operation, a planar
Schottky diode with a surface channel was designed,
which owns low parasitic effects and can detect the sig-
nals from 100 GHz to 300 GHz effectively. In addition,
it can be integrated with the planar antenna easily.

The directivity of the antenna on chip, which usual-
ly has a figure-8 shaped radiation pattern, is an impor-
tant factor for determining the responsivity of the detec-
tor. Because the ratio of powers radiated into the two
half-spaces of the antenna with the dielectric constants of
£, and &, , respectively, equals to (&,/g,)””, the use
of a substrate with high permittivity can enhance the pow-
er coupling efficiency for the on-chip antenna. For the
GaAs chip, high resistivity silicon is a good choice, not
only for its high relative permittivity of 11.9, but also for
its low transmission loss at the frequencies between 100
GHz and 300 GHz'®'. For the silicon lens design, the
aperture efficiency is focused and optimized by the multi-
level fast multipole method ( MLFMM ). The larger the
aperture efficiency is, the more the radiations will be col-
lected under the conditions of the same physical aperture
and the same radiation density.

In this letter, a broadband THz quasi-optical detec-
tor is presented, which has wide bandwidths from 140
GHz to 325 GHz with high aperture efficiency. The mon-
olithic detector chip with a Schottky diode and a double
slot antenna was designed. A hyper-hemispherical silicon
lens was designed for gain enhancement and optimized
for larger aperture efficiency. The quasi-optical detector
was characterized. The measurement results including
the radiation patterns, responsivity and noise equivalent
power (NEP) are presented.

1 Design of the detector

Structure of the proposed detector is shown in Fig.
1. The detector is mainly composed of three parts: a sili-
con lens, a GaAs antenna chip and a readout circuit. All
the parts are assembled into a metal shielding box, leav-
ing the outside of the lens exposed to the space, and a K
connector. The dielectric lens is caught by a fixing ring,
and the antenna chip is placed on the back of the lens di-
rectly as primary source. Based on the above design,
THz radiation from space is focused by the lens and re-
ceived by the antenna on chip. Due to the nonlinear de-
vice (Schottky diode) embedded on the chip, the THz
signals is down-converted to low frequency band or DC,
which is extracted by the readout circuit. The circuit is
designed of 50€) microstrip line, and connected with
GaAs chip by bonding gold wire. The whole module di-
mension is 56 mm X 38 mm X 14 mm, with four arms to
facilitate test. The GaAs chip is only 500 pm x500 pm,
and its micrograph is also shown in the figure 1. We give
the design approach of the antenna chip and lens below.
1.1 Schottky diode with high cutoff frequency

The double slot antenna and planar Schottky diode
was processed at the same time using sub-micro size fab-
rication techniques'”’. The Schottky diode operates in
the thesis based on a metal and n-doped GaAs semicon-
ductor contact structure, which has been well suited for

Fig.1 Exploded view of terahertz quasi-optical de-
tector and micrograph of antenna chip
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high-speed applications reaching several THz. We ob-
tained these parameters of diode through on-wafer meas-
urement (I-V, C-V) and data fitting, as shown in Table
1. The cutoff frequency of diode was evaluated to be 2
THz above, satisfying the requirements of detecting fre-
quency range from 140 GHz to 325 GHz.

Table 1 Parameter of the planar Schottky diode
*®1 THHEHHEE_RESHY

Parameters Symbol Unit Value

zero offset capacitance Co {F <8
series resistance R, 0] <5
cut-off frequency fr THz =2

1.2 Double slot antenna with symmetrical beam
Planar double slot antenna'**' has symmetrical beam
and well linear polarized characteristic, therefore it has

Pad

* I G ground

IF port

|‘—’ &2 w2

tI [ GaAs

Fig.2 The structure and parameters of planar double slot an-
tenna in design
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been used extensively in submillimeter and terahertz
band. Figure 2 depicts the geometrical layout of the pro-
posed double slot antenna. Resonant frequency of the
planar antenna is determined by the slot length L, and
antenna impedance is determined by slot width W. The
distance of two slots D influences the coupling between
them, which makes radiation pattern equal in the E- and
H-plane. In the chip design, we put a Schottky diode in
the middle of the two slots, and the gap length G corre-
sponds to the diode size. IF signal can be output through
a gradually changed CPW structure. On edge of the
chip, it has five 2 wm thick pads for convenience of wire
bonding.

A remarkably reduced parasitic effect of the antenna
chip was obtained by thinning the substrate down to 35
pm through well-controlled grinding and polishing. In
order to simplify the chip design complexity and achieve
good matching with Schottky diode, impedance of the an-
tenna is set to 50€). Based on process precision and sim-
ulation, the final sizes of chip are listed as table 2.

Table 2 Design parameter of the planar double slot antenna

®2 TFENERZZTESH

Parameters L D 14 G w, g1
Unit /pum 240 130 20 30 25 21
Parameters W, o) D, Dy t a
Unit /pum 150 75 80 75 35 70

1.3 Dielectric lens with high gain

Despite the extra loss caused by dielectric loss and
reflection, a suitable dielectric lens can focus more ener-
gy on the antenna chip. The lens can be hemispherical ,

ellipsoidal, or hyper-hemispherical ™| etc. Hyper-

hemispherical lens is a hemispherical lens with an atta-
ched extension, whose focusing effect is similar like a
semi-elliptical lens. When the antenna chip is placed on
the back of a dielectric lens directly a}s ]primary feed, it
1

produces high quality Gaussian-beams

2.28 mm

|l—> 12.7mm 4—#|

Fig.3 Designed silicon lens model: ray tracing for the
hyper-hemispherical lens structure
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We chose high resistance silicon (p=8 000() - m)
as lens material because of its high transmission at THz

band and relative dielectric constants (g, =11.9) closed
to GaAs (e, =12.8) to eliminate the substrate modes.
The radius of the lens (R) should ensure that the lens
surface is located in the far field of the double slot anten-
na radiation pattern. For these purposes, we chose 12.7
mm as the lens’ s diameter. The extension length (L) of
the lens depends on the index of refraction of the lens
used. Based on Fermat principle, we can estimate the
corresponding geometric sizes and build original lens
model. Then the MLFMA algorithm was applied to sub-
stitute geometrical optics method for the calculation of e-
lectromagnetic field distribution, as well as the radiation
patterns computed from the established model. Finally,
we gave the optimal extension length: L =2.28 mm. Fig-
ure 4 shows the near-field propagation of the incident
wave focused by the lens, and the energy distributes ap-
proximately Gaussian field.

Fig.4 Magnitude of the electric field over the near filed
at 320 GHz. Arrows indicates the main directions and
distribution of propagation of energy
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2 Characterization of the detector

2.1 Test platform

In order to evaluate the antenna directivity and de-
tection sensitivity!'>) of the detector prototype, we uti-
lized signal generator, amplifier/multiplier chains ( VDI
AMCs) and standard horns to build the quasi-optical de-
tector test system (see Fig. 5). The output signal was
collected by a spectrum analyzer. The performance anal-
ysis is depicted as follows.
2.2 Radiation patterns and the aperture efficiency

We chose 220 GHz and 324 GHz as the far field ra-
diation pattern measurement frequencies. The detector
under test was fixed on an electric turntable to receive
the radiation ( modulated at 1 MHz) from amplifier/ mul-
tiplier chains. The distance between the AMCs and de-
tector match the far-field condition (R=2D’/X, D is the
diameter of lens). The diode embedded in the detector
worked in the square law detection mode under small sig-
nal injection (under -20 dBm). The relationship be-
tween the input and output power is showed below. From
the output power recorded by spectrum analyzer, we can
deduce the received power of the integrated antenna,
thus get the response of the antenna in various angles.

P, = kP, (mW) ()

in

Pout = 2kPin (dBm) . (2)

A comparison of the integrated lens antenna meas-
urement at 220 GHz with its simulation is shown in Fig. 6
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Fig.5 (a) Block diagram of the measurement scheme,
(b) Photo of the test system. Thumbnails of the detector is
attached
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(a). The antenna main lobe tallies with the calculation
fairly. The side lobe and back lobe is lower than expec-
ted. The straight lines appeared near +90 deg is due to
the metal shielding box occlusion. Figure 6 (b) illus-
trates the similar directivity of detector at 324 GHz.
Compared with low frequency, it has a narrower beam
width (4.7 deg at 324 GHz vs. 6.7 deg at 220 GHz)
and better radiation characteristics. Estimated antenna
gain is 28 dB at 324 GHz as well as 26 dB at 220 GHz.
2.3 Responsivity and noise equivalent power

The antenna frequency response and diode sensitivi-
ty characteristics of the detector were estimated by the
test system. The bias voltage was fixed to the optimal
value 0. 798V and the output power from the AMCs was
set to typical mode. We used WR5. 1AMC from 140 ~
220 GHz and WR3.4AMC from 220 ~325 GHz and the
average power is 4 dBm and -2 dBm, respectively. De-
tail of the output power is measured by PM4 power me-
ter. The transmit horn antennas’ gain G, is 21 dB in
WR-5.1 band and 25 dB in WR-3.4 band. The transmit
chains and detector in the same line was adjusted to best
receive location. The distance R between them is 150
mm, and the receiver antenna gain G, has been meas-
ured above. According to the Friis transmission formula,

power received by detector P, can be figured out:
2

Py = PTGTGR(A'#) . (3)

The voltage responsivity is the ratio of the open cir-
cuit output voltage to the THz input power: Rpps = Voppn”
P. The relationship between Vpy and P in spectrum

analyzer can be expressed by Vpey =C /Poyp. The co-
efficient C is calibrated to be 710 by a lock-in amplifier
previously.

A frequency sweep of the measured responsivity of

Fig.6 Comparison of measured and simulated far-field
radiation patterns of the antenna. (a) Antenna pattern at
220 GHz. (b) Antenna pattern at 325 GHz
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Fig.7 Measured responsivity of the quasi-optical detec-
tor. The red and blue lines represent 140 ~220 GHz and
220 ~325 GHz, respectively. Orthogonal receiving mode
is also shown in the bottom
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the detector from 140 ~ 325 GHz is presented in Fig. 7.
In normal receiving mode, the polarization direction of
the detector is the same as transmitter, which ensures the
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Table 3 Comparisons with other reported terahertz detector

x3 SREREMAHEQRE XL

Frequency Technology Responsivity NEP Reference

200 GHz Glow discharge 25 ~55 V/W 1 pW/ /Hz [13]

300 GHz Schottky diode >100 mA/W 3 pW/ v/ Hz [14]
150 ~400 GHz Schottky diode 300 ~ 1 800 V/W - - [5]
150 ~440 GHz Schottky diode (ZBD) 300 ~1 000 V/W 5~20 pW/ /Hz [11]
100 ~900 GHz Schottky diode 400 ~4 000 V/W 1.5~2.0 pW/ /Hz [15]
140 ~325 GHz integrated Schottky diode 1 000 ~4 000 V/W 0.68 ~2.73 pW/ \/E This work

detector to receive maximum energy. The responsivity of
1 000 ~4 000 V/W has been measured over frequency
from 140 ~ 325 GHz. Average output power of the ort-
hogonal receiving mode is 20 dB lower than that of nor-
mal receiving mode with corresponding responsivity from
1 ~10 V/W. This indicates that the designed antenna
has good line polarization characteristics. From the an-
tenna simulation and the cut-off frequency of diode, it is
expected to operate on extension of frequency band, such
as WR-2. 8 or even higher. The noise equivalent power

(NEP) of the detector can be evaluated' by

NEP ~ JAETB(Ry + R,) L@
RRES

The NEP is estimated to be 0. 68 ~2.73 pW/ /Hz
according the measured data. As can be seen from table
3, the integrated quasi-detector in this work performs
better than other forms of detector. The integration of de-
sign and processing of the planar antenna and Schottky
diode can effectively reduce parasitic parameters and sig-
nal loss. In spite of certain disparities existed in testing
method, the responsivity and NEP is superior to the re-

ported terahertz detector.

3 Conclusion

A broadband terahertz quasi-optical detector based
on double slot antenna chip integrated Schottky diode has
been designed and fabricated. The antenna radiation pat-
tern and responsivity of the detector was measured from
140 ~ 325 GHz at small signal levels. The introduction of
large aperture silicon lens enhances the antenna gain and
broadens operating bandwidth. In addition, the detector
can be used as a mixer when a LO source is added with
space beam splitter. Measurement at high frequency will
be done with more variety of antenna chips under fabrica-

ted.
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