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Efficient coupling of terahertz electromagnetic wave with the active region in a terahertz detector is required to en-

hance the optical sensitivity. In this work, we demonstrate direct integration of a field-effect-transistor (FET) terahertz
detector chip at the waveguide port of a horn antenna. Although the integration without a proper backshot is rather pre-
liminary, the noise-equivalent power is greatly reduced from 2.7 nW/ Hz'/? for the bare detector chip to 76 pW/ Hz!'/2 at
340 GHz. The enhancement factor of about 30 is confirmed by simulations revealing the effective increase in the energy
flux density seen by the detector. The simulation further confirms the frequency response of the horn antenna and the on-

chip antennas. A design with the detector chip fully embedded within a waveguide cavity could be made to further enhance

the coupling efficiency.
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1. Introduction

The sensitivity of a detector module for sensing an elec-
tromagnetic wave is determined not only by the inherent ‘elec-
trical’ sensitivity of the implemented detector chip but also
by the coupling efficiency between the incident energy flux
and the detector chip. When the latter is considered, the
sensitivity is termed as ‘optical’ sensitivity. Optical cou-
pling becomes more important in the terahertz frequency band
than that in the infrared or visible regimes since the dimen-
sion of the active region of a terahertz detector is usually
smaller than or comparable with the wavelength. In the ter-
ahertz regime, an on-chip terahertz antenna/probe is com-
monly integrated with the detector so that the terahertz elec-
tromagnetic wave could be coupled to the active detector
region.!'= Efficient coupling between the terahertz electro-
magnetic wave in free space and the terahertz antenna/probe
is realized either by using a waveguide structure or by us-
ing a silicon lens.[®”! The waveguide-based solution offers a
higher coupling efficiency while the lens-based ‘quasi-optical’
coupling scheme offers a wider bandwidth.!®-1% For exam-
ple, a Schottky-barrier-diode (SBD) detector can be found in
waveguide-coupled or lens-coupled modules, which are now
commercially available. Note that the NEP can be further re-
duced by reducing both the gate length and the gap between
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the gate and the antennas down to 200 nm, and the NEP in-
tegrated silicon lens could be below 10 pW/ Hz'/2. An ex-
tended report on this approach will be prepared for publica-
tion elsewhere. Waveguide-coupled SBD detectors are of the
main-stream solution for frequency below 1 THz and the lens-
based ‘quasi-optical’ solution is more appropriate for wide-
band applications.!!"1?] A typical lens-coupled SBD detector

1/2 \while

can offer an ‘optical’ sensitivity of around 10 pW/Hz
the optical sensitivity of the waveguide-coupled SBD detector
is usually less than 10 pW/HZl/Z.[S]

In comparison with the relatively well-developed SBD
detectors, burgeoning field-effect-transistor (FET) detectors
are expected to have a higher sensitivity, wider response spec-
trum, and technical feasibility in making large detector arrays.
A silicon-lens-coupled FET terahertz detector has achieved an
optical sensitivity of less than 10 pW/ Hz'/? at 630 GHz,!!?!
being close to that of waveguide-coupled SBD detectors.
Waveguide-coupled FET gets preliminary attempted, like the
coplanar waveguide is used in the process of the signal trans-
mission of FET,!" while no direct integration of FET detec-
tors with spatial waveguide structure has been reported so far.
It is thus an interesting question to answer if a waveguide-
coupled FET detector could be made or if such integration
could offer a higher sensitivity than lens-coupled FET de-
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tectors or waveguide-coupled SBD detectors. Here, we re-
port our attempt in directly integrating an AlGaN/GaN FET
detector with a diagonal horn!">! antenna. Although the in-
tegration is rather straightforward by attaching the detector
chip right at the waveguide port, a gain of 14.8 dB has been
obtained and the proof-of-concept indicates that the integra-
tion/coupling could be further optimized.

2. Experimental setup

A diagonal horn antenna consisting of a rectangular
waveguide part and a diagonal horn is used to couple an
incident terahertz electromagnetic wave to a detector chip
attached at the exit of the waveguide, as shown in Figs. 1(a)
and 1(b). The diagonal horn has a total length of 13 mm,
a waveguide port of 560 pm x 280 wm, and is designed
for 340 GHz. The detector chip directly attached at the
waveguide exit is wired to a printed circuit board so that
the source is connected to the ground, a gate voltage Vg is
applied, and the detector signal is sent to a low-noise cur-
rent preamplifier. The details of the detector and its loca-
tion relative to the rectangular waveguide port are shown in
Fig. 1(c).
a differential configuration as has been reported in our pre-

The detector is one out of the two detectors in

vious work.['%! The detectors are made on an AlGaN/GaN
heterostructure with a sapphire substrate.l!”] For a single
detector, three antennas named as the d-antenna, s-antenna,
and g-antenna are the key elements for manipulating the ter-
ahertz electromagnetic wave in the gated two-dimensional
electron gas (2DEG) formed in the AlGaN/GaN heterostruc-
ture under the gate which is directly connected with the g-
antenna.''® The d-antenna and the s-antenna are placed on

waveguide port

b1 i

s-antenna/GND  g-antenna/Vg

[ 4"

Fig. 1. (color online) (a) Overview of the horn antenna integrated with
a detector chip. (b) Assembling of the detector chip at the waveguide
exit of the horn antenna. (c) Zoom-in view of the detector chip placed
at the center of the waveguide port. The dashed lines mark the center of
the waveguide port.

top of the 2DEG mesa for the drain and the source electrodes,
respectively. It can be seen that the detector body is placed
very close to the center of the rectangular waveguide port and
the detector is fully enclosed within the rectangular port. The
antennnas are placed in direction x so that they couple well
with the waveguide modes.

3. Results and discussion

The ‘optical’ sensitivity, represented by the noise-
equivalent power (NEP), considers the incident power within
the diagonal horn. The overall response of the detector to the
incident terahertz electromagnetic wave depends not only on
the field distribution at the waveguide port but also on the on-
chip antennas as shown in Fig. 1(c). It is the on-chip antenna
that couples the terahertz electromagnetic wave into the active
region, i.e., 2DEG controlled by the gate. The asymmetric dis-
tribution of the energy flux across the gated electron channel
plays the key role in generating the terahertz photocurrent.!!”!
The effect of such antenna-coupled field-effect transistor can
be well described by the self-mixing model and has been re-
ported in depth in our previous publications.['*191 According
to the self-mixing model, the photocurrent (it) is proportional
to the product of the field-effect factor dn/dVg and the on-
chip-antenna factor A, which can be expressed as

L,
A :/0 E& cos o dx, (D

with L the length of the channel, &, = d&, /dx, &, = d&, /dz, and
¢ the horizontal and perpendicular terahertz field enhancement
factors, and the phase difference in between, respectively.
Prior to the integration, simulations are performed to re-
veal the energy flux within the horn antenna and its waveg-
uide. To evaluate the coupling coefficient, the horn-antenna
factor (Fyp) is defined as the ratio of the energy flux (Jp) at the
center of the detector location to that at the input port of the
horn antenna. As shown in Figs. 2(a) and 2(b), the effective
beam size is reduced from millimeter size to the dimension of
the waveguide port. About 79.6 % of the energy flux at the
waveguide port is concentrated within the effective area of the
detector, which is about A2 /8 where A is the wavelength at
340 GHz. In comparison, as shown in Fig. 2(c), the terahertz
beam spot at the focal point of a 3" off-axis parabolic (OAP)
mirror mapped by using a similar detector without horn an-
tenna is found to have a beam radius of 1.3 mm. In this case,
only 2.3% of the energy flux can be received by the detec-
tor. It is thus clear that the detector integrated with a horn
antenna is coupled to the terahertz electromagnetic wave with
a much higher efficiency than the bare detector coupling to the
focused terahertz beam by an OAP mirror. Further simula-

tions by taking into account the on-chip antenna and the horn
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antenna gives the antenna factor respectively at various fre-
quencies from 100 GHz to 500 GHz, as shown in Fig. 2(d). As
expected, the horn antenna factor exhibits a cut-off frequency
about 268 GHz determined by the rectangular waveguide. A
maximum factor about 40 at 307 GHz is obtained and the fac-
tor reduces to 20 when the frequency increases to 440 GHz,
and the simulated on-chip antenna factor as a function of the

frequency has a maximum in the band of the horn antenna.

Jo/a.u. L i
1 3 10 32 100

O L 1 1 1

2 2 " 1 " " 1 " "
100 200 300 400 500
Frequency/GHz

Fig. 2. (color online) (a) Overview of the simulated energy flux density
(Jo) in the horn antenna at 340 GHz. (b) Simulated energy flux density
at the waveguide port of the diagonal horn at 340 GHz. (c) Experimen-
tal energy flux density of the terahertz beam at 340 GHz focused by
a 3" off-axis parabolic mirror. (d) Simulated horn-antenna factor (Fy)
and on-chip-antenna factor (A) as a function of the frequency. The unit
a.u. is short for arbtrary units.

Since the gate voltage is fixed at the optimal value (Vg =
—3.1 V) to maximize the photoresponse, the detector response
as a function of the frequency reflects directly the terahertz en-
ergy flux seen by the detector and hence the overall antenna
factor Fp, which is the product of the horn-antenna factor and
on-chip-antenna factor (Fp = Fig X A). A combined simula-
tion considering both the on-chip-antenna and the waveguide
would require a large computation power, which is not avail-
able in our lab.

The terahertz photocurrent from the integrated detector
is compared with that from the bare detector, as shown in
Fig. 3(a). An enhancement of about 30 is obtained from

290 GHz to 360 GHz and agrees well with the simulated horn

antenna factor shown in Fig. 2(d). As shown in Fig. 3(b), the
integrated detector now offers a noise-equivalent power (NEP)
about 76 pW/Hzl/ 2 at 340 GHz, which is otherwise about
2.7 aW/ Hz'!/? for the bare detector, agrees with the enhanc-
ment factor of about 30. With frequency below 268 GHz, i.e.,
in the stop band of the waveguide, the photocurrent is strongly
suppressed. The responsivity of the integrated detector from
200 GHz to 380 GHz shown in Fig. 3(c) agrees with the simu-
lated overall antenna factor, which is the product of the simu-
lated horn-antenna factor and on-chip-antenna factor as shown
in Fig. 2(d). To validate the sensitive response for terahertz
imaging applications, the integrated detector is used to sense
the transmitted terahertz power at 340 GHz through a fresh
leaf, which is raster scanned at the confocal point of a pair of
3” OAPs. As shown in Fig. 4, the spatial resolution is about

0.2 mm.
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Fig. 3. (color online) (a) Terahertz photocurrent from the integrated de-
tector and the bare detector. The enhancement factor for the integrated
detector is plotted to the right axis. (b) Noise-equivalent power (NEP)
for the same detector with and without the horn antenna integrated. (c)
Measured responsivity for the integrated detector in comparison with
the simulated overall antenna factor (dashed curve).

The electrical sensitivity can be enhanced by reducing
the gap between s-antenna and d-antenna and the length of
gate. A FET detector with a 200-nm-long gate now can of-
fer a NEP one order of magnitude lower than the current de-
tector chip.!'*! Hence, waveguide-coupled FET detectors with
NEP below 1 pW/Hzl/ 2 could be expected to surpass the
waveguide-coupled SBD detectors. To this end, optimization
on the detector design and integration has to be performed. For

example, partially learned from waveguide-integrated SBD
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detectors, %! it is highly desired to have the detector chip fully
encapsulated within a waveguide cavity so that the terahertz
field strength could be maximized within a certain frequency
band. In the current integration scheme, the open boundary at
the detector surface induces reflection and hence interferences,
which can be seen as those large variations in the responsiv-
ity shown in Fig. 3. Since FET-based detectors, being three-
terminal, are different from the two-terminal SBD detectors, it
requires more detailed design of the on-chip antennas as field
probes in the waveguide and a proper impedance matching to

the gate controlled channel.
’iT / nA
150

100

50
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X

Fig. 4. (color online) Transmission raster-scan imaging (right) of a fresh
leaf at 340 GHz and the optical counterpart (left).

4. Conclusion

In conclusion, we demonstrate the effective enhancement
in responsivity/sensitivity of an FET-based terahertz detector
directly integrated with a horn antenna. The effect of the ter-
ahertz mode defined by the rectangular waveguide factor is
quantitatively verified. Our results indicate that a more real-

istic and sensitive waveguide-coupled FET detector could be
made by fully integrating the detector chip within a waveguide
cavity.
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