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Design and imaging demonstrations of a terahertz
quasi-optical Schottky diode detector
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Abstract: A terahertz quasi-optical detector has been presented, which is mainly composed of a GaAs antenna-cou-
pled Schottky diode chip and a highly resistive silicon lens. In order to reduce the ohmic loss, the standard terahertz
Schottky diode fabrication process has been improved by forming the antenna patterns on the semi-insulating GaAs
layer. Experimental responsivity and DSB conversion loss of the quasi-optical detector are 1360 ~1650 V/W and
10.6 ~12.5 dB at 335 ~ 350 GHz range, respectively. The noise equivalent power (NEP) is estimated to be 1. 65
~2 pW/Hz"?. Imaging experiments based on this quasi-optical detector have been carried out in both direct- and

heterodyne-detection modes, successfully demonstrating its potential in terahertz imaging applications.
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Introduction

Quasi-optical detector has long been used in many
terahertz applications such as body security screen-
ingt 3] -d : s ol4] biological o ol5]

g , non-destructive testing" -, biological sensing
and chemical analysis'® . Instead of the metal waveguide
cavity, quasi-optical detector usually use a lens to feed
energy to the detector. Based on this space-feed struc-
ture, quasi-optical detector can operate flexibly in either
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direct- or heterodyne-detection mode, which provides an
alternative receiving scheme. In addition to this, quasi-
optical detector is able to achieve a wider bandwidth
compared with the traditional waveguide-based detec-
tors'”) | and easy to extend to an array without the fabri-
cation of the metal waveguide.

The current quasi-optical detectors used in terahertz
applications include Schottky barrier diode (SBD) , field
effect transistor (FET) , high electron mobility transistor
(HEMT) , bolometer, micro and nanobolometer*'*’. A-
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mong these devices, Schottky barrier diodes has been the
preferred detector over the past decades and still play an
important role in terahertz imaging applications for their
excellent sensitivity, high speed and fabrication simplici-
ty at room temperaturew']oj.

In this paper, we design an antenna-coupled Schott-
ky diode chip on GaAs substrate. The chip has been
packaged into a quasi-optical detector with a highly-resis-
tive silicon lens at 340 GHz. In order to reduce the ohm-
ic loss, the standard terahertz Schottky diode fabrication
process has been improved by forming the antenna pat-
terns on the semi-insulating (S. 1. ) GaAs layer. Charac-
terizations and imaging performance of the detector are
experimentally measured and analyzed. Results show its
potential in terahertz imaging applications.

1 Design of the quasi-optical detector

Figure 1(a) presents the configuration of the quasi-
optical Schottky diode detector. It consists of a GaAs an-
tenna-coupled Schottky diode chip, a highly-resistive sil-
icon lens, a low-frequency PCB and a SMA connector.
All the above components are packaged in a copper hold-
er with a cover on the bottom, as shown in Fig. 1(b).
The lens is stably fixed into the holder by a rubber ring
and the chip is wire-bonded onto the LF-PCB. THz sig-
nal will incident into the lens and received by the anten-
na-coupled chip. Output low-frequency signal will be
read out through the SMA connector. Figure 1(c¢) shows
photograph of the assembled quasi-optical detector.

1.1 Antenna-coupled Schottky diode chip

Figure 2 (a) shows the GaAs antenna-coupled
Schottky diode chip, with the dimension of 600 pm
(width) x800 pm (length) x35 wm (thickness). It
consists of a differentially-fed antenna on chip with a pla-
nar Schottky diode embedded across its central termi-
nals. The real 3D view of the chip obtained by a non-
contact confocal interferometry 3D profiler is given in
Fig. 2 (b). The positive polarity of the Schottky diode is
connected to the left wing of the antenna by an air bridge
while its negative polarity is in direct connection with the
right wing of the antenna. Two pads locate at the ends of
the antenna, facilitating wire-bonding onto the LF-PCB.
Here, a classical wideband planar log-periodic antenna
(LPA) is employed in our design.

Figure 2(c) illustrates the vertical structure of the
chip. The substrate is S. 1. GaAs with a thickness of 35
wm. A highly-doped n*-GaAs layer and a lowly-doped
n~ -GaAs layer are stacked on the S. 1. GaAs substrate
in succession. The Schottky contact formed by sputtering
Ti/Pt/Au on the n™-GaAs layer. A surface channel is
etched to provide isolation between the two wings of the
antenna on chip. An air bridge suspending above the
channel will connect the Schottky junction to the left
wing of the antenna. A light and extremely thin passiva-
tion layer based on SiO, will coat on the chip after the
formation of the Schottky junction and antenna patterns,
ensuring the chip be less affected or corroded by the en-
vironment of future use. The two pad areas at the ends
are exposed without coating for wire-bonding. To reduce
ohmic loss in the chip, the antenna patterns are formed
on the S. I. GaAs layer. In this case, the antenna pat-

Fig.1 Quasi-optical Schottky diode detector (a) perspective
view, (b) cross sectional view, and (c) fabricated and as-
sembled structure
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terns are easily broken because there will be a deep step
between the surface of the N~ -layer and the S. 1. layer.
As a result, we improve our standard terahertz Schottky
diode chip technology, where two pairs of step are etched
as shown in Fig. 5(c).

The Schottky junction is the key component that
takes in charge of frequency conversion. There are three
important factors that determine the performance of the
Schottky junction. First, the doping concentration N, ~
and thickness ¢, _ of the N~ -layer will determine the de-
pletion region under the Schottky anode, which will di-
rectly affect the series resistance Ry and the ideality n of
the Schottky diode. Second, the doping concentration
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Fig.2 (a) Photograph of the antenna-coupled Schottky di-
ode chip under microscope, (b) 3D view near the Schottky
junction region, obtained by a non-contact confocal interfer-
ometry 3D profiler, (c) vertical structure of the chip
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N, and thickness t,, of the N " -layer will determine the

bulky resistance in the N*-layer and the quality of the
ohmic contact of the Schottky diode. Thus, they are re-
lated to R;. Third, the anode will introduce junction ca-

pacitance C; in the Schottky diode, where its diameter D,
is in direct proportion to C;. Therefore, we optimize
{N,”, ty_, N, , ty,, D,} in order to obtain efficient
detection at 340 GHz. Table 1 summarized the final opti-
mized parameters.

Table 1 Parameters of GaAs epitaxial layers

x1 MUBIINEESH

Ny~ Np* ty — ty + D,
2E17 em ™ 7E18 ¢m~? 800 A 3.5 um 1 um
DIODE’S Ry Cp n I

PARAMETER 9.8 0 1.16 fF 1.24 1.78E-14 A

1.2 Highly-resistive silicon lens

As the thickness of the chip is only about 1/10 A,
the log-periodic antenna on chip shows bidirectional radi-
ation patterns with low gain. In order to render the pat-
terns unidirectional and enhance the gain, we load a
highly-resistive silicon lens on the bottom of the chip. As
silicon has a relative dielectric constant of g, = 11. 7
which is close to that of GaAs (&, =12.9), the wave
impedance mismatching between the silicon lens and
GaAs chip can be minimized.

Figure 3 shows the geometry of the silicon lens,
consisting of a hemisphere with a radius R, and an ex-
tended cylinder with the same section radius and an ex-
tension length L,. We choose 6.5 mm as R, for the pur-
pose of ensuring the lens surface is located in the far field
of the planar log-periodic antenna. By carefully optimi-
zing L, using MLFMA algorithm refer to """, the exten-
sion length determined as 2.75 mm with a simulated gain

of 29.4 dBi at 340 GHz. Simulated and measured radia-

tion patterns are compared in next section.

Fig.3 Geometry of the silicon lens
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2 Experimental characterizations of the
quasi-optical detector

The quasi-optical detector has been experimentally
evaluated using the method in Ref. [12].

Firstly, we measured the radiation pattern of the
lens-coupled antenna at 340 GHz. Simulated and meas-
ured results are plotted in Fig. 4. Due to the block of the
copper holder, the back lobe of the lens could not be de-
tected. Comparing the measured radiation patterns and
the simulated ones, they show a good agreement in the
main lobe. The difference in side lobe between the meas-
ured and simulated results are caused by the shield of the
cooper holder and the rubber rings.

sim 210
meas

Fig.4 Simulated and measured radiation patterns of the
lens-coupled antenna at 340 GHz (a) E-plane radiation pat-
tern, and (b) H-plane radiation pattern
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Next, the responsivity in direct-detection mode and
DSB conversion loss in heterodyne-detection mode of the
quasi-optical detector are measured, respectively. As
can be seen in Fig. 5, the quasi-optical detector shows a
responsivity of 1360 ~1650 V/W and a conversion loss
of 10. 6 ~12.5 dB at 335 ~ 250 GHz range. Table 2
compares our detector with other designs based on Schott-
ky diode, showing that our design has good performance
in both modes.

Finally, the NEP of the quasi-optical detector can
be calculated as

JAETB(R. + R
NEP = (R, +R,)

R,
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Fig. 5 Measured responsivity in direct-detection mode
(red, solid) and DSB conversion loss in heterodyne mode
(blue, dashed)
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Table 2 Comparisons with other reported terahertz detectors

x2 SHMMRERAHERUIXTLL

Res. DSB Conv. L
Ref. Freq. /GHz Device [ Direct | [ Heterodyne |
/(V/W) /dB
(7] 150 ~ 400 GaAs ZBD 300 ~ 1000 N. A.
[13] 1~110 InGaAs SRTD 1200 ~ 1600 N. A.
[14] 270 ~290 CMOS SBD 50 ~250 N. A.
[15] 300 ~ 1200 InP SBD 125 ~1000 N. A.
[16] 144 ~ 152 GaAs SBD N. A. 11.5~12.5
[17] 86 ~ 106 GaAs SBD N. A. 5.7~6.7
Our Work 335 ~350 GaAs SBD 1360 ~1650 10.6 ~12.5

The NEP is estimated to be 1.65 ~2 pW/Hz'"* based on

the measured results.
3 Imaging demonstrations

3.1 Imaging system

An imaging system has been designed to demon-
strate the imaging performance of our quasi-optical detec-
tor in direct- and heterodyne-detection modes. As shown
in Fig. 6, four polytetrafluoroethylene ( PTFE) plano-
convex optical lenses (OL) and a silicon beam splitter
(BS) are used for collecting and guiding the terahertz il-
lumination. The quasi-optical detector is placed at the
focus of OL#4 with a distance of 300 mm. The object un-
der imaging is placed at the focus of OL#2 with a dis-
tance of 100 mm. It is fixed on a computer-controlled X-
Y translation stage and moves following a meander line
for two dimensionally spatial sampling. RF (f;, = 340
GHz) and LO (f,, =338.6 GHz) sources are laid in
face-to-face illumination, both of which are placed at the
focus of their corresponding optical lenses with a distance
of 100 mm, respectively. A Beam splitter is located at
the center of this system in order to guide the illumina-
tion.

Both RF and LO sources are comprised by x 24
multiplication chains, providing a continuous output of
10 mW at room temperature. The IF read-out chain con-
tains an IF amplifier (35 dB gain at 1.4 GHz) and a
square law detector (1 000 V/W sensitivity at 1. 4

Fig.6 Schematic diagram of the imaging system
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GHz). The lock-in amplifier (SR-850) can provide a 4-
kHz reference square wave for modulating the amplitude
of RF signal and synchronously detect the based-band
signal.

In direct-detection mode, the quasi-optical detector
operates as a square law detector. The RF source illumi-
nates on the object while the LO source holds OFF-state.
The reflected RF radiation is detected by the quasi-opti-
cal detector and then read out by the lock-in amplifier. If
switch to heterodyne-detection-mode, we should turn the
switch to heterodyne-detection mode and turn on the LO
source. The quasi-optical detector mixes the reflected RF
radiation with the LO radiation and output the IF signal
(fir = lfur =fio|). In this case, the quasi-optical detec-
tor actually plays a role as a mixer. After amplified and
detected by the IF read-out chain, the output signal will
also be readout by the lock-in amplifier. The recorded
voltage in lock-in amplifier will be numerically mapping
to a grey scale for imaging.

3.2 Imaging results

We perform the imaging experiments on a complex
object as shown in Fig. 7 (a). The objects contain a
semicircular silicon wafer, a rectangular rubber sheet and
a metallic key. During the imaging experiments, they
will be fixed on the translation stage in stack as shown in
Fig. 7(b). Several features of the object under imaging
should be clarified. First, the silicon wafer’s left part is
gold-sputtered and right part keeps original, where the
boundary A-A’ is marked in Fig. 7(a). In this case,
the silicon wafer presents different reflectivity and trans-
missivity in different regions. Second, a narrow crack o-
rienting horizontally on the silicon wafer should be high-
lichted (Part B-B’ , Fig. 7(a)). The crack is difficult
to be detected because the reflectivity between the crack
and neighboring wafer is quite small, so it can be used to
distinguish the sensitivity of the imaging results. Third,
the metal key is arranged to evaluate the spatial resolu-
tion of the imaging system. Details of the key are dimen-
sioned in Fig. 7(a). Forth, the rectangle rubber sheet
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is used to fix the metal key and silicon wafer, also pro-
vide a reference for analyzing the system’ s spatial resolu-
tion.

To make a trade-off between the scanning speed and
receiving S/N ration, the integration time of each pixel is
30 ms and scanning speed is 30 mm/s. In this case, the
scan step satisfies the law of space sampling with a meas-
urement bandwidth of 16.7 Hz. The total scanning re-
gion covers about 120 mm x 100 mm and the whole im-
age contains 15000 pixels with a pixel pitch of 0.9 mm.
Capturing one image takes about 7 minutes with a single-
pixel quasi-optical detector.

101.6 mm

60 mm

2.2 mm 2iRimm

21.4 mm

gold-sputtered A’ original
region region

(a)

Fig.7 Objects under imaging: (a) in separate arrange-
ment,and (b) in stack
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Figure 8 shows the imaging results of the object,
where the black pixel and white pixel correspond to the
lowest and highest voltage, respectively. As shown in
Figs. 8(a-b), all the items are clearly outlined in both
detection modes. It may be mentioned that the edge be-
tween the right top of the circular through-hole and the
key’ s handle is perfectly resolved (see region I in Figs.
8(a-b) ), indicating that the spatial resolution of the sys-
tem is not worse than 2. 8 mm.

Comparing Fig. 8(a) with Fig. 8(b), we can find
that the imaging result in heterodyne-detection mode ex-
hibits a wider dynamic range and better sensitivity than
the direct-detection mode. As we can see from region 1l
in Figs. 8(a-b), the narrow crack in the silicon wafer is
imaged only in heterodyne-detection mode. In addition to
this, clear contrast between the lower edge of the silicon
wafer and the translation stage is displayed in hetero-
dyne-detection mode. But the same area is blurry in the
direct-detection mode, as shown in region III from Fig.
8. Followings are the quantitatively evaluation on the
performance of those two detection modes . The output

region [
(spatial resolution)

region Il
(crack not visible)

80

80

Fig.8 Imaging results: (a) direct-detection mode and (b)
heterodyne detection mdoe
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voltage range of the imaging experiments is 0. 098 ~
3 mV in the direct-detection mode and 3.1 ~431 mV in
heterodyne-detection mode. Therefore, the dynamic
range of heterodyne-detection mode is 6.5 dB higher than
direct-detection mode. Furthermore, by de-embedding
the budget of the IF-readout chain, the minimum input
power of the system is 41.8 dBm and -49.1 dBm in the
direct- and heterodyne-detection modes, respectively.
This means that the sensitivity of the system in the heter-
odyne-detection mode is 7.3 dB better than that in the
direct-detection mode. The above analysis validates the
imaging results shown in Fig. 8.

4 Conclusion

A terahertz quasi-optical detector has been designed
and fabricated based on a GaAs antenna-coupled Schott-
ky diode chip and a highly resistive silicon lens. Meas-
ured responsivity and DSB conversion loss at 335 ~ 350
GHz range are competitive compared with the list refer-
ences. To demonstrate its imaging performance, we de-
sign an imaging system and perform an experiment in
both direct- and heterodyne-detection modes. Imaging re-
sults show the potential of our quasi-optical detector in
terahertz imaging applications.
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