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A 220 GHz high integration and high resolution detector
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Abstract: A high-integration detector which consists of a patch antenna, a matching circuit, schottky diodes
(SBD) and lenses has been developed. The integration of detectors is increased obviously comparing with that of
separated detectors by integrating antennas, matching circuits and SBD on a chip in SMIC 130 mm. To improve the
directivity of the antenna on chip, the nylon lens with air cave was designed and optimized. The air cave in lens not
only provides space for assembling but also reduces the size of lens. It was calculated through testing that the anten-

na gain at 220 GHz is 22 dB, in which the contribution of lens is about 20 dB. The tested responsivity of the detec-
tor can achieve 130-150 V/W and the noise equivalent power (NEP) is estimated to be 400 ~460 pW/ /Hz.

Key words: terahertz detector, CMOS, Schottky diode, lens antenna
PACS: 07.57. Kp

—MEENE T E TP E 220 GHz @K 3=

EXE, TEZ, MER, B %
(ST f55 5 o T2 AR A 2R 5T 920, Lt 100081)

WE R T M ERRNE e RE RREE HEX-_REMEH. £FXERF 130 m TF
THRE PReE HEE-_REERI - ANACALREABNEREMLT 2B ATHENRS. A
BhHERGWT MM, #ATTHARAENRAERN AL BRLNEZAELERETHAERZET

Vol. 36, No.6
December,2017

DOI:10. 11972/j. issn. 1001 —9014. 2017. 06. 003

HRUNT B, B LR, R 24 220 GHz g 5188 52 22 dB, X B H 50wk 49 4 20 dB. A& 34 21 X 7% 2
#h o iz 22 7 3k 2] 130 ~ 150 V/ W, 25 3 # 1h 2 4 & % 400 ~460 pW/ /Hz.
X £ RAMKRZ(TH)REE LHABANMY I FRI L HEE-_RE  ZERRL

HE S  TN454 SCERARIRAG A

Introduction

Terahertz technologies for potential applications such
as concealed weapon detection, aviation assistance and
high-speed wireless data communication attract more and
more attentions''*'. In order to achieve these applica-
tions, a detector with excellent performance is required.
As it is known for its low cost, high yield and high inte-
gration, the technology of CMOS is suitable for high-inte-
gration detectors. In 2004, the first THz detector was in-
vented based on the plasma wave detection theory by
Knap' ™', With the development of CMOS technology,
the cutoff frequency of CMOS devices becomes higher
and higher. With its excellent performance in terahertz
detector, high-frequency SBD have attracted much atten-
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tion. SBD with cutoff frequencies up to 1THz had been
demonstrated on high-resistivity silicon substrates by
growing a thin molecular beam epitaxial layer on top of
n* layer'”. Silicide was used to improve the conductivi-
ty of poly and n" regions in modern CMOS processes.
Inspired by this technology, integrated detector chips
containing antenna, matching circuit and SBD were de-
signed and fabricated with 130 nm CMOS technology.

To improve the spatial resolution and sensitivity of
detectors, lens antennas have been analyzed and de-
signed. Traditional extended hemispherical lenses are u-
sually mounted on back of the chip, which brings great
difficulty to assembly due to the existence of silicon sub-
strates'®). A new type of air-cave lenses which not only
provides space for front mounting but also reduces the
size of the lens was designed and fabricated.
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In this paper, integrated detector chips are designed
with 130 nm CMOS technology. The lens antenna with
air cave was simulated, optimized and machined by 3D
printing. The measurement results including radiation
patters, responsivity and noise equivalent power are pres-
ented.
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Fig.1 (a) Cross-section of proposed SBD,and (b)
equivalent cell layout
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1 Design of the SBD

Figure 1 shows the cross-section and the equivalent
cell layout of the proposed SBD. In order to realize shott-
ky contact, poly-gate separation technology is used to
separate anode and cathode, forming a shorter current
path comparing with STI schottky diodes.

Zero-bias cut-off frequency of SBD is;

1
Joo = 2wR.C, > (D
where R, is series resistance and C, is diode capacitance
at zero bias. The expressions of R, and C, are derived as
below. Individual components contributing to R, and C,
are shown in Fig. 1.

R, =R, +R, +R;, +R, , (2)

e
, (3)

R ~ R + Rnwell
: v 28.6

qNpes;
C, =1 | 2;’); +C, , (4

where, R, is the vertical component of R, , R, is n-well

nwell
sheet resistance, R is the n-well sheet resistance under
the poly separation ring, R, . is silicide n* sheet resist-
ance, R is the overall of resistance of vias and contacts,
N, is n-well doping density, e is the permittivity of sili-
con, @y is the built-in potential, and C| is the parasitic
capacitance of metal terminals. The factor of 1/28. 6 is
derived from the base-spreading resistance model in Ref.
[9].

To increase f,,, the product of R, and C, must be
small. Equations 3 and 4 show that R, is approximately
proportional to 1/1_, while C, is proportional to I7. This
leads to a conclusion that maximum f,, is acquired when
the minimum allowable length of [ is chosen. Other de-
sign parameters include [, and [,, which determine the

value of R_. Since the sheet resistance R, is higher than

poly
R, ., [, is set to a minimum length allowed by the design
rule. R, can be further lowered by decreasing I, , howev-
er, since anode metal is getting closer to cathode metal
this will increase the side-wall capacitance C,. The de-
sign parameters of SBD are: [, =0.38 pum, [, =0. 13
um, [, =1 pm.

The designed schottky diodes were fabricated in
SMIC 130 nm RF process and the DC characteristics
were measured by using Agilent B1500 A semiconductor
parameter analyzer. The ideality factor and barrier
heights of these devices can be computed based on the
thermionic emission model'"”’. The designed devices
have an ideality factor of 1.34, a barrier height of 0. 42
eV and a turn on voltage of 0.4 V. The reverse leakage
current is about 1A at 0.6V reverse bias, which can be
tolerated if the diode is used in the forward bias region.
The S-parameters were measured by using Agilent
E8363B vector network analyzer. The series resistance
(R,) and diode capacitance (C,) of the 8 cells SBD are
25 Q) and 4fF respectively. The cut-off frequency of the
designed SBD is about 1.5 THz, which meets the re-

quirements for THz detectors.
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Fig.2 (a) Schematic of the integrated detector chip,
(b) photo of the integrated detector chip
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2 Integrated detector chips

Figure 2 shows the structure and photo of integrated
detector chips. An antenna, a matching circuit and SBD
are integrated into a chip. The patch antenna receives e-
lectromagnetic wave, the matching circuit achieves im-
pedance matching and provides signal and offset chan-
nels, and the SBD works in forward bias state as a mixer
device. As direct-current bias, V.  has direct impact on
responsivity. Considering that the junction resistance
(R;) of the diode is too large (about 700 k€) ) in the
zero bias state, it is difficult to perform effective power
matching with such a large junction resistance. In addi-
tion, the oversized R; also forms a low-frequency pole a-
long with the parasitic capacitance, which affects the
bandwidth of the detector. Based on these two points, a
positive bias is applied to the diode in practical applica-
tions. In the experiment, the bias voltage is selected as
the turn-on voltage of the diode. Comparing with tradi-
tionally separated detectors, the integration of designed
detectors improve observably with the existence of inte-
grated chips, which reduces the transmission loss and is
conducive to the realization of array.

Fig.3 (a) Planform of the patch antenna, and (b) cross-
section of the patch antenna
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Figure 3 shows the structure and size of the patch
antenna. The patch antenna has good radiation directivi-
ty, and its structure is suitable for CMOS process. A
large area of metal is no allowed by design rules. There-
fore, the first and second layers of metal are assembled to
form ground. And the ALPA is designed to be a patch to
ensure the maximum dielectric thickness, which can im-
prove the gain of patch antennas. Hollow in ALPA is de-
signed to regulate the impedance of patch antenna. In or-
der to reduce the transmission loss, a matching circuit is
necessary, which is shown in Fig. 4.

Grounded coplanar waveguide (GCPW) was chosen
as transmission line, and its impedance is set to 74 () af-
ter simulation and optimization. In this situation, the
width of signal line is 3um and the distance of metal wall
is 44 pm. The detailed values of the matching circuit are

L1 =85 pm, 12 =100 pm, L; =85 pm respectively.
3 Lens with air cave
Integrated lens antennas are wildly used in terahertz

imaging field so as to improve the gain and resolution.
FigureS shows two types of integrated lens antennas.

Antenna
74 Q

Fig.4 Structure of matching circuit
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Fig.5 (a) Below-chip configuration, and (b) above-
chip configuration
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Comparing with the below-chip configured lenses, above-
chip configured lenses can be assembled easily with the
existence of air caves. Moreover, the size of lenses in a-
bove-chip configuration can be shortened, which is help-
ful to the integration of detectors. Therefore, lenses with
air caves are optimized with ray tracing technique, and
the results are shown in Fig. 6.

Fig.6 Optimization design of height of lens air
cave
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where h, L, L, are defined as the same as in Fig.5. Ma-
terial of lens is nylon (&, =2. 68). The dotted line
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means a theoretical value of A from 2-D ray tracing tech-
nique. To find optimal parameters of lenses, the studied
range of h variation is around the initial value when L is
defined. The solid line shows the optimal value of h and
the dash dot line is the directivity of every optimal h. For
the purpose of generalization, all geometrical parameters
are normalized by the extension length of conventional
lens, L,.
The final parameters of lens are listed as below :

Table 1 Design parameter of lens with air cave

*1 ZEREFEITSH
Parameters R, L D, h
Unit /mm 6.5

=
=N
[

4 Test and analysis of the detector

Figure 7 shows the measurement setup of the pro-
posed detector. A multiplier chain driven by signal
source (Agilent E8257D) is used to generate a 12 dBm
output at 220 GHz. A receiver is placed 30mm away
from a transmitting horn. And a lock-in amplifier meas-
ures the rms value of output voltage for the detector and
generates 1M signals for amplitude-modulation (AM) at
220 GHz. The DC drifts and low frequency noise 1/f are

eliminated.

Al 220 GHz
220 GHz 25 dBi M | - Detector
Multiplier :(] 30 com— ([ §p3==22 ¥
Chain 9x 1

Rotation stageC————)

100 kHz signal Standford
Research SR850 | LI
Signal Lock-in Spectrum
Generator Amplifier Analyzer

Fig.7 The 220 GHz integrated detector measurement set-up
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Responsivity reflects the input-output gain of a de-

tector system. Based on Friis Transmission Equation, the
voltage responsivity st
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where, V

rms

is the detector output recorded by lock-in
amplifier, P__ is the output power of multiplier chain, d
is distance between the source and the detector, Gy is the
gain of transmitting antennas and Ay, is the effective aper-

ture of detector antennas, which is calculated from the
simulated directivity.
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Fig.8 Responsivity of only-patch detector
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For only-patch configuration, the AR is 0.5 mm’,
G, is 20 dBi, and P_, can be obtained by calibration.
The measured peak responsivity is 130 V/W while the
distance (d) is 20 cm, shown in Fig. 8. The output volt-
age of the with-lens detector increase by 20 dB, but the
improvement of the responsivity is not improved although
the effective aperture of the lens structure is greatly im-
proved compared with the pure antenna structure, which
responsivity is 150 V/W.

The NEP of detectors can be calculated by the fol-
lowing formula

NEP =

R . (6)

v

The NEP of only-patch and with-lens detector are
400 and 460 pW/ /Hz, respectively.

The radiation pattern of patch antennas and integrat-
ed lens antennas are measured as shown in Fig. 9. Both
antennas demonstrate very close performance, in spite of
a slight difference in the sidelobe of the integrated lens
antenna. It can be easily proved that the difference is
caused by potting.

Based on the above results, Fig. 10 shows the prin-

Angel/(°) Angel/(°)
(c) (d)

Fig.9 Simulated and measured radiation pattern of detector (a) E-plane of the patch antenna, (b) H-plane of the patch antenna,

(¢) E-plane of the lens antenna, (d) H-plane of the lens antenna
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Fig. 10  Principle of imaging experimental
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ciple of imaging experimental. The imaging object is a 15
cm X 15 c¢cm metal square with T shape hole, which
moves with the 2D guide screw to achieve scanning. The
detector is separated from the object by 5 cm, which
means the resolution is 0.5 ¢m x 0.5 cm. The imaging
result is shown as below:

Fig. 11 (a) 15 cm x 15 cm metal square with T shape
hole, and (b) imaging result
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5 Conclusion

A high-integration detector has been designed and
fabricated based on a patch antenna chip integrated
Schottky diode in CMOS. The antenna radiation pattern

and responsivity of the detector were measured at 220
GHz. The lens antenna is simulated and designed to im-
prove the resolution of detectors. An ideal result was ob-
tained in imaging experiments.
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