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a zero-bias Schottky diode

ZHANG Jian-Jun'?, ZHOU Jing-Tao'", YANG Cheng-Yue', TIAN Zhong®, JIN Zhi'"

(1. Department of Microwave Devices and Integrated Circuits, Institute of Microelectronics,
Chinese Academy of Sciences, Beijing 100029, China;
2. Research Institute of Electronic Science and Technology, University of Electronic Science and

Technology of China, Chengdu 611731, China)

Abstract: According to the structure of the InP diode, 3-D high frequency simulate software was adopted to create
accurate physical model and matching circuits of the diode. Harmonic balance simulation was used to simulate the
whole circuits. Based on this type of InP Schottky diode, a 270 GHz zero bias detector was designed and measured
for the first time in China. The measured responsivity is near 1600 V/W at 260 GHz, as well as 1400 V/W over
260 ~ 280 GHz typically, which corresponds to typical noise equivalent power level (NEP)of 18 pW/ Hz"?. The
measured and simulated results are highly similar, indicating that this solution has the advantages of accurate, sim-

plified and easily optimized.
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Introduction

Terahertz covers the frequency band from infrared to
millimeter waves. This electromagnetic spectrum is at-
tractive because terahertz wave sources can be used for a
variety of applications such as molecular spectroscopy,
atmospheric remote sensing, scaled radar range systems,
sensing and monitoring of chemical and biological mole-
cules, etc. ") With the development of terahertz technol-
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ogies, there is pressing need of compact, high speed and
highly sensitive detector for THz radiation which operated
at room temperature. Conventional cryogenic bolometers
are extremely sensitive by providing responsivity up to
105 V/W, and NEP about 10 ~ 13 pW/Hz"?. However,
they have slow temporal response relatively. Pyroelectric
(PE) detectors is considered as an exotic type of bolom-
eter, which have long response time up to 1 ms relative-
ly'?. Schottky diode detector becomes a very effective
way, which has shorter response time. In addition, In-
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GaAs/InP"*! appears to be very promising material sys-
tem for the detection of millimeter and submillimeter
waves. Compared with GaAs, InGaAs/InP Schottky bar-
rier provides zero-bias detection ability ( InP Schottky
barrier diode have as lower forward turn-on voltage as
0.2 V, while the breakdown voltage is small) . This prop-
erty not only eliminates shot noise to improve crucially
signal-to-noise ratio, but also simplifies the detection
system'*’. In foreign countries, Schottky barrier zero bias
detector based on InGaAs / InP has been developed
much mature, represented by Virginia Diodes Inc
(VDI). Their Schottky diode detectors use rectangular
waveguide housings and the entire circuit is optimized for
operation over the full single-moded waveguide band
without any mechanical tuners. Their responsivity typi-
cally ranges from about 4 000 V/W at 100 GHz to
400 V/W at 900 GHz. In our country, the THz detector
technology research is still at the infancy stage. Nanjing
Electronic Devices Institute developed detectors based on
GaAs Schottky diode, voltage sensitivity at 0. 11 ~
0.17 THz is 600 V/W typically’®’. Suzhou Nano devel-
oped quasi-optical detector based on GaN/AlGaN high
electron mobility transistors, the voltage responsivity in
the 800 ~ 1 100 GHz is greater than 3.6 kV/W, noise
equivalent power is less than 40 pW/Hz"**!. However,
Schottky barrier zero bias detector based on InGaAs /
InP is barely not reported at present.

In this paper, a 270 GHz detector was designed
base on the InP Schottky diode from Institute of Microe-
lectronics of Chinese Academy of Sciences(IMCAS). All
passive networks were analyzed by electromagnetic(EM)
simulator. The non-linear behavior of the diode and opti-
mization of the whole detector circuit were analyzed by
Agilent’ s ADS, with the help of harmonic balance analy-
sis(HBA).

1 Circuit design

An “divide and combine” co-simulation design ap-
proach is adopted, as shown in Fig. 1. Firstly, the struc-
ture of each module circuit realization is determined. In
this design, a single InP Schottky diode is adopted as the
core circuit of the detector. The schematic diagram and
structure diagram are shown in Fig.2. Secondly, accord-
ing to the structure of circuit and the boundary conditions
of the diode, the physical model is established by using
the electromagnetic simulation software Ansoft’ s high
frequency structure simulator( HFSS). Through the sim-
ulation, the S-parameter file is achieved. Moreover, har-
monic balance analysis is used to determine the optimal
input and output impedance of the circuit in the operating
frequency. Thirdly, each part of the passive circuits is
designed base on optimal impedance individually, such
as input waveguide-microstrip transition, matching net-
works and so on. Finally, base on the optimal passive
circuit network, the overall field module is established.
The 3-port S-parameter is extracted and the circuit is re-
optimized. The process was repeated until the perform-
ance meets the target.

1.1 Diode model design

In this paper, a single InP Schottky diode made by

IMCAS was adopted. The cross section view of the InP
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Fig.1 Detector design flow chart
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Fig.2 (a) Schematic diagram of 270 GHz detector. (b) Struc-
ture of 270 GHz detector
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Schottky diode is shown in Fig.3(a). It’s structure and
material are depicted briefly as follows: a 50 wm thick
semi-insulating SI-InP substrate serves as a supporting
structure for diode. The epitaxial lattice matched In, o,
Ga, 4, As structure include a 1.5 pm thick heavily doped
n + InGaAs layer and a 0.2 pm thick n InGaAs layer a-
bove, the doping concentration of the two layers are 3 x
10" ¢m® and 2 x 10" ¢m’ | respectively. A 0.5 um thick
Si0, layer is deposited on the n InGaAs layer to provide
passivation and insulation. The ohmic contact is formed
at the n + InGaAs layer by etching through the n InGaAs
layer and depositing a Ti-Pt-Au metal®'. Equivalent cir-
cuit of InP Schottky diode is shown in Fig. 3 (b). The
junction resistance R, is very large which can be neglec-
ted. The junction capacitance, Cj, is the zero-biased
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junction capacitance. The diode series resistance, Rs, is
a non-trivial parasitic element where power is dissipated.
The total parasitic capacitance, C , is dependent on the
diode material and geometry.
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Fig.3 (a) Cross section view of InP Schottky diode!” (b) E-
quivalent circuit of InP Schottky diode
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The dimension of the diode is 0.24 mm x0. 11 mm
x 0.05 mm( length, width and thickness, respectively) ,
which can be comparable with operation wavelength.
When operation frequency is high, the accurate model of
the diode is fundamental for the detector design''*'.
When establishing the 3-D model of the diode in HFSS,
in order to shorten the simulation time, the diode param-
eters are taken with approximation as shown in Table 1.
The n + InGaAs layer can be set as perfect conductor in-
stead ; other materials are modeled as lossless media. Ac-
cording to physics structure of the diode, the 3D model
of the diode package is established shown in Fig. 4, in a
flip-chip configuration. In the EM simulation, the active
part of the diode is replaced by an internal coaxial or
lump port'®®'. In this way, the diode barrier( non-linear
part) and diode parasitics( passive 3D part) can be sep-
arated. The result of the 3D model by EM simulation is
imported to ADS in the form of S-parameter file and the
internal ports are connected to non-linear diode model,
which is modeled by SPICE parameters(C,, =9 fF', I , =
0.54 pA, R¢=3.32Q, n=1.185, C, =4 fF). By
running HBA in ADS, the optimum impedances of detec-
tor can be achieved.

Table 1 Parameter values for the diode material

®1 ZHEMTHSH

Material Relative permittivity Bulk conductivity (S/m)
n+ InGaAs - PEC
n InGaAs 13.15 0
Sio2 4 0
InP 12.15 0

1.2 Linear analysis

All passive networks of the detector are analyzed
and designed by HFSS. In order to reduce the solve
space and simplify the design procedure, the structure is
divided into the following parts; input waveguide to mi-
crostrip transition, input matching networks and low pass
filter. In order to realize perfect match between the wave-
guide and microstrip, it is necessary to design the match
network. This solution would keep the input signal ener-
gy transport through the input circuit to the diode as
much as possible. The simulation result of the
Waveguide-microstrip transition is shown in Fig. 5(a).

Cross-sectional view Diode 3D-view

Internal Coaxial Port

Buffern++

Quartz

Fig.4 Full 3D-Model used for electromagnetic simulation of the
flip-chip mounted single diode
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To make the DC signal connects to the ground, as well as
reduce the size, the height of the standard waveguide is
decreased. The signal is coupled to the output port
though probe, and transport to the diode. Fig.5(b) is
the simulated result of the probe. From this, the input
waveguide to microstrip transition makes input signal en-
ergy propagate well. As indicated in Fig. 6(a), a low-
pass filter is designed to isolate the detector signal (i. e.
DC signal) from the RF signal. The filter adopts stepped
impedance microstrip low pass filter. Due to parasitic
band, the 1-dB cut-off frequency of the filter is
140 GHz. The simulated results of the low pass filter are
presented in Fig. 6(b) , the low pass filter has band re-
jection about 20 dB among 260 ~280 GHz.
1.3 Detecting circuit optimization

The detecting circuit is fabricated on substrate of
quartz with dielectric constant of 3. 78, and thickness of
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Fig.5 The structure (a) and simulated result(b) of the input
waveguide to microstrip transition
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Fig.6 The structure(a) and simulated result(b) of the low
pass filter
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50 pm. Waveguide-microstrip transition, lowpass filter is
discussed in Sec. 1.2. Input match network is calculated
base on the optimal impedance by using linear analysis
method. After each part of circuits was optimal individu-
ally, the whole detector circuit shown in Fig. 2(b) was
analyzed. The S-parmeter file was extracted and then
combined with nonlinear diode to optimize the responsivi-
ty. This co-simulation process was repeated for further
optimization. The optimized simulated responsivity was
shown in Fig. 10, which corresponds to input port reflect
coefficient( due to the limit of measurement equipment,
the input port reflect coefficient can not be measured)
shown in Fig. 7. The simulated responsivity is among
1600 V/W, as the simulated reflect coefficient is under
-13dB.
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Fig.7 Simulated input reflect coefficient of the detector
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2 Experimental results

The quartz substrate was mounted to the waveguide
block with conductive adhesive. The split block was
manufactured by brass and electroplated with 0. 5 um
gold. The split block photo is shown in Fig. 8. The input
port of the detector is standard WR-3 waveguide with di-
mension of 0. 832 mm x 0. 416 mm. A SMA connector
was used to connect the output port.

DC Signal

RF Signal Output

Input

Fig.8 Photo of the detector
K8 Hiids i i

2.1 Detector Responsivity Measurement

Figure 9 shows the detector responsivity measure-
ment block diagram. An Agilent microwave source
(E8257D) together with a VDI WR3. 4 amplified multi-
plier chain ( output power : 0.3 ~0.5 mW in 260 ~
280 GHz) were employed to provide the terahertz power
(PRF), which was measured by Erickson power meter.
A 20 dB VA3R attenuator was placed between VDI mul-
tiplier chain and the detector to keep the input power to
the detector in the range from 3 ~5 wW. This also in-
sured that the detector was operating in the square-law
region'®!”’ . The teraheriz signal is pulse modulation
(PM) modulated ( pulse period: I mS, pulse width;
0.5 mS). Because the DC output signal from the detec-
tor was small, a low noise voltage amplifier ( SR560 )
with gain 100 was placed between the detector and oscil-

loscope (MS04104) .

! 1/ - Low Noise
: | Attenuator detector |1 A\;gggézr Oscilloscope
|

Fig. 9
detector
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Diagram of the responsivity measurement setup for

The responsivity of the waveguide detector is de-
termined by Rv = ( V/100)/( PRF/100) = V/
PRF'') | where V is the peak-peak voltage detected by
the oscilloscope, PRF is the incident RF power pres-
ented by Erickson power meter. Due to this solution,
the responsivity of the waveguide detector is estimated
in the range of 1 200 ~1 600 V/W while the frequen-
cy range from 260 ~ 280 GHz, as shown in Fig. 10.
The measured results is much similar to the simulated ,
although the simulated responsivity is little higher than
measured one.

2.2 NEP calculation

When the detector is used to measure small signals,

this thermal noise will be the dominant noise source' "’
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Fig. 10 Measured and simulated responsivity of waveguide
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The NEP is calculated by’

|4
NEP = - 1
i e
where Vn is thermal voltage, Rv is responsivity. The
thermal voltage is calculated by''"

V. = V4kBTR , (2)
where £ is Boltzmann’ s constant, T' is temperature ( de-
grees Kelvin) , B is bandwidth, R is noisy resistance.
Noisy resistance is equals the zero-bias junction resist-
ance calculated by

v V.
= — = ° 3
d] Iml ’ ( )

where Vo =nkT/q, Isat is saturated current, 7 is ideality
factor. Therefore, according to Egs. (1),(2), and(3),
the noise equivalent power is calculated. The calculated

NEP of detector is shown in Fig. 11. The NEP is under
20 pW/Hz"*from 260 ~280 GHz and the minimum NEP
is near 16.5 pW/Hz'”.
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Fig.11 The calculated NEP of detector
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Compared with commercial waveguide detector prod-
ucts performance which base on InP Schottky diode, the
responsivity of this designed detector is a little lower than
that of VDI products( VDI represents state-of-the art per-
formance in Terahertz multiplying, mixing and detecting
field) , and the NEP of proposed detector is bigger than
that of VDI products. Moreover, this designed detector
was successfully used for imager system, and experiment
picture is shown Fig. 12.

0 53
150 200 250 300 350 400 450 500

Fig. 12 The experiment picture of the imager system base on the
detector
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3 Conclusions

A 270 GHz waveguide detector was designed, ana-
lyzed, simulated and measured based on a zero-bias
Schottky diode. It’ s features using single Schottky diode
and the simple circuit topology without direct current
(DC) bias supply make it easy and cheap to be fabrica-
ted. All passive networks are designed and optimized by
HFSS. The performance of entire waveguide detector is
analyzed and optimized by ADS. The measured respons-
ivity is above 1200 V/W from 260 ~280 GHz and maxi-
mum responsivity is near 1 600 V/W. The NEP is under
20 pW/Hz"? from 260 ~280 GHz and the minimum NEP
is nearl6.5 pW/Hz"”.

The waveguide detector have advantages of simple,
compact, low cost and high performance. It is can be
used for a variety of applications such as molecular spec-
troscopy, atmospheric remote sensing, etc. The broad-
band (220 ~ 330 GHz) waveguide detector is under in-

vestigation.
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