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Abstract

Semiconductor-based broadband room-temperature Tera-
hertz (THz) detectors are well suitable for beam diagnosis
and alignment at accelerator facilities due to easy handling,
compact size, no requirement of cooling, direct detection
and robustness. Zero-Bias Schottky Diode (ZBSD) based
THz detectors are highly sensitive and extremely fast, en-
abling the detection of picosecond scale THz pulses. This
contribution gives an overview of direct THz detector tech-
nologies and applications. The ZBSD detector developed
by our group has undergone several tests with table-top THz
sources and also characterized with the free-electron laser
(FEL) at HZDR Dresden, Germany up to 5.56 THz. In order
to understand the rectification mechanism at higher THz
frequencies, detector modelling and optimization is essen-
tial for a given application. We show parametric analysis
of a antenna-coupled ZBSD detector by using 3D electro-
magnetic field simulation software (CST). The results will
be used for optimization and fabrication of next generation
ZBSD detectors, which are planned to be commissioned at
THz generating FEL accelerator facilities in near future.

INTRODUCTION

The electromagnetic spectrum from 0.1 to 10 THz was
commonly known as terahertz (THz) gap until recently as rig-
orous research and development have led to develop sources,
detectors and components which help to bridge the THz
gap [1]. Among available tabletop THz sources, accelera-
tor based sources such as free electron lasers (FEL), syn-
chrotrons and linear particle accelerators generate coherent
as well as non-coherent THz signals [2]. THz signals can
be used for various applications such as spectroscopy, study
of matters, medical imaging, etc. [3]. THz detectors plays a
crucial role in order to harness the full power of THz signals
in various applications. These detectors can be classified
into several categories based on their working principles
(such as thermal detectors, electrical detectors etc. [1]), op-
erating ranges (frequency of coverage for example narrow or
broadband [1]) and operating conditions (room temperature
or cryogenic conditions [1,4-8]). There has been a rigor-
ous work for the development of Schottky diode for THz
applications [7,9-11].

Zero-Bias Schottky Diode (ZBSD) based THz detectors
are an end product of combination of ZBSD, antenna, pla-
nar electronic components and post detection electronics.
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Therefore, the overall performance of the ZBSD detector is
dependent on all these components. In order to optimize
the ZBSD THz detectors, in this paper we focus on the in-
vestigation of planar antennas for antenna-coupled ZBSD
detector, which is planned to be primarily commissioned at
ELBE facility in Helmholtz Zentrum Dresden-Rossendorf
(HZDR), Germany and other facilities too.

SIGNAL RECTIFICATION IN ZBSD

For conventional Schottky diodes, the external bias V
modifies the Schottky barrier height, which led the electrons
to cross the barrier and ultimately led to set the operating
point of Schottky diode by reducing differential resistance
(Rajgp) [11, 12]. In case of ZBSD, the material is engineered
in such a way that at V. = 0 sufficient electrons are able
to cross the barrier, yet with sufficient non-linearity of the
IV characteristics to cause rectification. The ZBSD used
for the detector development in our group are fabricated on
Indium Gallium Arsenide (InGaAs) substrate which have
electron affinity of 4.5 eV. Due to the proprietary reason by
ACST GmbH, the in-depth information of Schottky diode
itself is out of context of this paper. The ZBSD used here
feature a quasi-vertical structure for Schottky and ohmic
contact [9], rather than either having only planar or only
vertical structure [11].

The signal rectification takes place at the Schottky contact
of ZBSD, which can be understand by using Taylor series
[13] as follows: The incident (monochromatic) Terahertz
wave is transformed to a bias by the antenna as

U (t) = Uy cos(wt) (1)

where Uy (#) is the signal with amplitude U, and angular
THz frequency w. By using the Taylor series expansion of
the exponential diode characteristic up-to second order, the
diode current [, becomes

Iy(1) = A Ugcos(wt) + AU cos?(wi) + ... (2)
=AUy cos(wt) + %Ang + %AzUocos(Za)t) 3)

where the second term in Eq. (3) is the DC term. The first
and second terms are derived from diode characteristics [11]:
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LSA;

Figure 1: Sketch of the antennas investigated for ZBSD
THz detectors (inset shows the central part where ZBSD
is coupled) (a) left: antenna with substrate view, right: 1.5
turns log spiral antenna, (b) left: 2.5 turns log-spiral antenna,
right: 1.5 turns smaller-log spiral antenna, (c) H-dipole
antenna and (d) Folded dipole antenna. Note: antennas are
excited using discrete port in CST between two electrodes
in channel L, x Wy,, where practically ZBSD is located.

where in Eq. (5), n is diode ideality factor and Uy is semi-
conductor (InGaAs) thermal voltage. As the second order
term contains a rectified component I,C = A, Ug, A, is
directly proportional to the responsivity of the ZBSD.

ANTENNA-COUPLED ZBSD DETECTOR

The antenna plays a crucial role in the performance of the
detector because it couples the incident THz radiation to the
ZBSD, where it gets rectified. Planar antennas are used in
this work to couple the ZBSD for detector development. The
selection of the antenna depends on the desired application
and required bandwidth. Table 1 shows different types of
antennas which are used for the development of ZBSD THz
detector.

Table 1: Investigated Antenna for ZBSD THz Detector

S.No Antenna type Abbreviation
1 Log-spiral LSA

2 Small log-spiral SLSA

3 H-dipole HD

4 Folded dipole FD

The LSA and SLSA are self-complimentary, frequency-
independent antennas, which means theoretically they have
no limitation on operational bandwidth. However, practi-
cally the upper bandwidth limitation is defined by the in-
nermost arm radius and lower frequency by outermost arm
radius [14] as shown in Fig. 1 (a) and (b).

We also investigated antenna types that are frequently ap-
plied in Terahertz photomixers, such as the H-dipole (HD)
antenna (Fig. 1 (c)). In this type of antenna, either the central
bar (high frequencies) the arm structure (low frequencies)
radiates as the wave propagates along it. These type of an-
tennas are considered as broadband antennas. In order to
increase the detector sensitivity in narrow-band operation,
investigations on performance of folded dipole (FD) anten-
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Table 2: Dimensions of the Structures

Abbre- Dimension
. .. Full form

viation [um]

LSA; Log-spiral antenna length 1174.25

LSAy, Log-spiral antenna width 557.60

H Substrate height 4.5

Lcy Channel length 24,3,6,8

Wc, Channel width 24,10

SLSA; Small log-spiral antenna length 413.14

SLSAy, Small log-spiral antenna width 200.90

Lyp  H-dipole antenna length 700

Wgyp  H-dipole antenna width 350

Dyp  H-dipole antenna arm distance 50

1975) H-dipole antenna arm thickness 10

Wgrp  Folded-dipole antenna width 458

Lgp Folded-dipole antenna length 1020

Dgp  Folded-dipole antenna arm distance 80

trp Folded-dipole antenna arm thickness 10

nas were also performed (Fig. 1 (d)).The dimensions of the
investigated antennas are mentioned in Table 2.

The ZBSD will be fabricated on an Indium Gallium Ar-
senide (InGaAs) substrate which is equivalent to the area
mentioned by L, x Wy, in the Fig. 1. The ZBSD will
be integrated with the antenna, which will be fabricated on
the film-thin substrate of 4.5 um thickness and dielectric
constant of |g,| = 2.8.

RESULTS AND DISCUSSION

The dielectric constant of the material on which antenna-
coupled ZBSD is fabricated plays an important role in the per-
formance of the detector. According to babinet’s principle
[14], the radiation impedance (Z4) of self-complimentary
antenna (LSA and SLSA) is inversely proportional to its
effective refractive index (n,zy) and thus to its dielectric con-
stant as

_ %
ZA - 2. neff (6)
Z
Zy=———— ™
2 . (81 + 82)

where, Z is the wave impedance in free space (377 Q),
£ is dielectric constant of free space (1) and ¢, is dielec-
tric constant of thin-film substrate (2.8). Considering the
respective values of ZBSD fabrication material, unloaded
radiation resistance is Z,=137 Q. Figure 2, shows the ef-
fect of |g,| variation on the performance of LSA antenna
with 10 x 8 um? channel when exciting the antenna from the
center (where ZBSD is located), which directly relates to
the ZBSD detector performance as well. The |S;| (scatter-
ing parameters in the channel L), x W, where practically
ZBSD is located) shows standing waves for almost all |¢,|
until 0.6 THz due to the inductive part of the antenna being
dominant (Fig. 2(d)), while above 0.6 THz the imaginary
part of radiation impedance becomes capacitive which leads
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Figure 2: Effect of variable |¢,| on LSA antenna with 10 x 8 um? channel with ZBSD having C; = 1fFand Ry;¢r = SkQ, (a)
IS111, (b) Phase response, (¢) VSWR response and (d) Impedance, solid lines represent real part and dotted lines represent

imaginary part.
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Figure 3: (a) Total device impedance for constant C; = 1 fF and variable R ;7. (b) Total device impedance for variable
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and constant R ;;.r = 5 kQ with SLSA antenna with 2.4 x 2.4 um? channel. Dotted lines: imaginary part, solid lines: real
part of impedance, on substrate of 4.5 um thickness and dielectric constant of |&,| = 2.8.

to sign flip of phase (Fig. 2(b)). The voltage standing wave
ratio (VSWR) is almost below 3 up to 0.8 THz and then
increases gradually to 6 at 2 THz (Fig. 2(b)), which means
as frequency increases the capacitive part of the radiation
impedance become significantly important.

The junction capacitance (C;) and differential resistance
(Ryirp) are the important parameters of ZBSD which effect
the antenna performance as a function of frequency. Fig. 3(a)
shows the variation of R+, while keeping the C; = 1 {F
constant. The variation in differential resistance does not
affect the radiation impedance of the detector. As the fre-
quency increases, the capacitive part of impedance become
inductive after 2.5 THz. This is because the wavelength is
reaching towards the same dimension of the central elec-
trodes (where the ZBSD is coupled). When in the case of
Ry;iry is kept constant at 5 kQ and C; is variable (Fig. 3(b)),
the radiation impedance of the antenna is changed signifi-
cantly. The lower the junction capacitance C; is, the higher
is the real part of radiation impedance and longer the fre-
quency range over which the imaginary part stays capacitive
before becoming inductive. This proves that it is important
to have lower C; to have better responsivity of the device at
higher THz frequency. Therefore, we selected to consider
C; = 1 fF and Ry;¢r = 5 kQ for remaining studies in this
work.

Figure 4 shows the radiation impedance versus frequency
response from 0.05 to 4 THz (except LSA 2.4 x 2.4 um?
which is from 0.05 to 2 THz only) with variable channel
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dimensions of 10 x 3 um?2, 10 x 6 um? and 2.4 x 2.4 um? for
all the four types of antennas considered for investigation
in this study. LSA with channel dimension of 10 x 3 pm?
and 10 x 6 um? have real Z, of 133 Q at lower frequen-
cies (0.05 THz), which further decreases to 50 Q at 1 THz
(Fig. 4 (a)). The smaller channel dimension of 2.4 x 2.4 um?
have real Z, of 268 Q at 0.069 THz and decreases to ap-
proximately 100 © at 1 THz. This shows the better device
response with smaller channel dimensions for LSA type de-
vices. The smaller log-spiral devices (SLSA) are 2.84 times
smaller in length compared to LSA devices. The SLSA de-
vices in Fig. 4 (b) shows the resonance behaviour around
0.1 THz for all the three channel dimensions, which after-
wards drop of real (Z,) to 78 Q for 2.4 x 2.4 um? channel
and almost 50 Q for both 10 x 3 um? and 10 x 6 um? chan-
nel. While the real part is almost similar for 10 x 3 um? and
10x6 pmz (as observed in Fig. 4 (a) and (b)), the imag (Z,4)
shows the smaller channel length have slightly prolonged
capacitive behaviour. The H-dipole antenna has resonances
at 0.16, 0.38 and 0.61 THz as shown in Fig. 4 (c) for all
studied channel dimensions. The HD with 2.4 x 2.4 um?
have real (Z4) of 2.3 kQ compared to approx 1.9 kQ for both
10 x 3 um? and 10 x 6 um? channel at 0.16 THz. The folded
dipole antenna (FD) is a narrow band resonant having the
resonance peak at 0.2 THz as shown in Fig. 4 (d). This type
of antenna can be used to boost up the device responsivity at
particular frequency for a very specific frequency selective
application.
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Figure 4: Antenna radiation impedance versus frequency response for variable channel dimensions of (a) 1.5 turn log-spiral
antenna, (b) 1.5 turn small log-spiral antenna, (c) H-dipole antenna and (d) folded-dipole antenna from 0.05 to 4 THz.
Dotted lines: imaginary part, solid lines: real part of radiation impedance, on substrate of 4.5 um thickness and dielectric

constant of |g,| = 2.8.

3000 ——LSA channel 10 x 3 um’
SLSA channel 10 x 3 yum’
—HD channel 10 x 3 pm?

~——FD channel 10 x 3 um?*

2000

1000

Impedance [£2]

0

—1000

Frequency [THz]
(a)

800

——SLSA with 1.5 tumns channel 2.4 x 2.4 um?
——LSA with 2.5 turns channel 2.4 x 2.4 im>
——LSA with 1.5 turns channel 2.4 x 2.4 yum’>

600

400

200

Impedance [£2]

Frequency [THz]
(b)

Figure 5: (a) Comparison of radiation impedance of all the four investigated antennas with channel dimension of 10 x 3 um?
from 0.05 to 4 THz and (b) comparison of log-spiral antennas with channel dimension of 2.4 x 2.4 um? from 0.05 to 2 THz.
Dotted lines: imaginary part, solid lines: real part of radiation impedance, on substrate of 4.5 um thickness and dielectric

constant of |¢,| = 2.8.

Figure 5 (a) compares the impedance response for all four
types of antennas with channel dimension of 10 x 3 um?
(this channel dimension is used for comparison because a
device with smaller channel length has comparatively bet-
ter response). Clearly the HD and FD devices are the best
option for frequency selective improvement due to their res-
onant behaviour at specific frequencies. The LSA and SLSA
devices are the best choice for broadband applications, how-
ever with frequency their responsivity decreases [7]. As
shown in Fig. 6, the device reponsivity decreases as f~© to-
wards higher THz frequencies. On comparing the LSA and
SLSA antennas impedance for 2.4 x 2.4 um? channel dimen-
sion, it is observed that both antennas have resonant peaks
at 0.07 and 0.2 THz, respectively. The response for LSA
is higher than SLSA at lower frequencies as expected, but
above approx. 1 THz, the response of SLSA is slightly better
as shown in Fig. 5 (b). The antenna with 2.5 turns features
non-resonant behaviour and response decreases gradually
over frequency. It does not have any prominent inductive
component.

CONCLUSION

In this paper, we investigated the importance of antenna
selection and design based on the desired operational band-
width. At higher THz frequency, typical antenna sizes are
much bigger compared to the THz wavelength incident on
the detector, therefore only the central electrodes play a cru-
cial role. We investigated and showed the importance of
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Figure 6: Responsivity of the log-spiral antenna-coupled
broadband THz detector [7].

channel dimension in antenna design in this paper. The
proper selection of C; and R ;¢ is important for the better
device response. The selection of the antenna type is often a
trade-off between its responsivity and operational bandwidth.
Short channel dimensions (here 10x3 um? and 2.4 x2.4 um?)
are best choices for future device fabrication. The antenna
studies presented here provide the expected performance of
the optimized ZBSD detectors to be fabricated in the near
future under this project.
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