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Abstract: Millimeter & terahertz wave photodetectors have a wide range of applications.
However, the state of the art techniques lags far behind the urgent demand due to structure and
performance limitation. Here, we report sensitive and direct millimeter & terahertz wave
photodetection in compact InGaAs-based subwavelength ohmic metal-semiconductor-metal
structures. The photoresponse originates from unidirectional transportation of nonequilibrium
electrons induced by surface plasmon polaritons under irradiation. The detected quantum
energies of electromagnetic waves are far below the bandgap of InGaAs, offering novel direct
photoelectric conversion pathway for InGaAs beyond its bandgap limit. The achieved roomtemperature rise time and noise equivalent power (NEP) of the detector are 45 µs and 20 pW
Hz-1/2, respectively at 0.0375 THz (8 mm) wave. The detected wavelength is tunable by
mounting different coupling antennas. Room temperature terahertz imaging of macroscopic
samples at around 0.166 THz is also demonstrated. This work opens an avenue for sensitive
and large area uncooled millimeter & terahertz focal planar arrays.
© 2018 Chinese Laser Press

1. INTRODUCTION
Millimeter & terahertz (THz) wave technologies have attracted unprecedented attention owing
to their significance in almost all scientific and technological fields, including remote sensing,
spectroscopy, imaging and communications [1-5]. However, ones still face challenges in highperformance building blocks such as detectors. Conventional photodetection based on bandgap
or intersubband transitions in optoelectronic semiconductors does not perform well in
millimeter & terahertz wave ranges due to their relatively small photon energy (1 THz ~ 4.14
meV) and strong background thermal noise. Commercially available Golay cells, pyroelectric
elements, and bolometers, despite their widespread use, either suffer from slow response
(typically, ms level for Golay cell and pyroelectric elements) or require cryogenic cooling
(typically, liquid helium cooled temperature for Si bolometers) for normal operation due to the
intrinsic thermal response mechanism [6]. Schottky barrier diodes (SBDs) are high-speed but
require very advanced growth and fabrication techniques [7].
In the past decades, the development of sensitive millimeter & terahertz wave detectors is
highly active. Terahertz field effect transistors (FETs), with fast response speed and good
responsivity, are promising candidates. They are usually built with a nanoscale transistor
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channel where plasma wave is excited to enable the photodetection [8-10]. Terahertz
photoconductive antennas (THz-PCs) have been very successfully and maturely used in
terahertz time domain systems (THz-TDS). To allow indirect detection of terahertz radiations,
a local femtosecond laser is required to pump the semiconductor (usually require high
resistivity and ultra-short carrier lifetime) located in the gap of the antenna [11-12]. Terahertz
quantum-well infrared photodetectors (QWIPs) are based on intersubband transitions and
require the operation in extremely low-temperature condition and high-quality quantum wells
[13]. In addition, two-dimensional (2D) materials, as well as topological insulators, have also
been investigated for their capability of detecting terahertz radiations [14-18]. Among them,
graphene-based terahertz detectors, including FETs [13], hot electron bolometers [14], and
photothermoelectric devices [15], have been demonstrated with noise equivalent power (NEP)
less than 10 nWHz-1/2 for room-temperature operation, sensitivity comparable to Si bolometer,
and pulse response as fast as 110 ps, respectively. Terahertz photodetection, using bismuth
selenide (Bi2Se3) [19], has also been reported recently, exhibiting the ability of topological
insulators for terahertz photoelectric conversion. Besides, terahertz single-photon detectors
have also been realized at temperatures of T < 1 K, demonstrating an extremely low NEP of 1022
WHz-1/2 [20].
In recent years, surface plasmon polaritons (SPPs) in subwavelength structures have been
attracting more and more attention, as they have a wide variety of applications, depending on
the dimension of the plasmonic structures and operational frequency range [21-25]. Millimeter
& terahertz wave photodetection can be realized by localized surface-plasmon-polariton (SPP)induced nonequilibrium electrons in antenna-assisted subwavelength ohmic metalsemiconductor-metal (OMSM) structure [20]. In the previous work, the detection was verified
by simulation and experiments from the devices made of gold and InSb. However, as current
epitaxial growth technique for InSb on insulating substrate has lattice mismatch issue, the InSb
slices were fabricated by polishing bulk wafers into thin films, which was difficult for
fabricating large planar arrays with multiple pixels.
Here, we report direct millimeter & terahertz wave photodetectors based on In0.53Ga0.47As
epitaxially grown on lattice-matched InP substrates. In this device, a subwavelength OMSM
structure is used to convert the absorbed photons into localized SPPs which then induce
nonequilibrium electrons near the metal-semiconductor interfaces, while the antenna increases
the number of photons coupled into the OMSM structure. The nonequilibrium electrons
induced by SPPs will form unidirectional photocurrent under an external voltage bias. Normal
terahertz antennas (designed for different frequency ranges) are used to improve the coupling
efficiency of incident radiation into the subwavelength detecting structure. The compact
devices omit local laser pumping in THz-PCs and complicated treble electrodes in THz-FETs,
exhibiting excellent performance with respect to the state of the art for room-temperature
operation. At 0.0375 THz (8 mm), the typical rise time and noise equivalent power (NEP) of
the detector are 45 µs and 20 pWHz-1/2, respectively. Beyond proof of concept, millimeter &
terahertz imaging at 0.166 THz (1.81 mm) has been demonstrated for macroscopic samples in
realistic setting. The detected photons have the quantum energy far smaller than the bandgap
of In0.53Ga0.47As, allowing novel direct optoelectrical property beyond the bandgap limit.
Moreover, the sensitive terahertz detection is based on In0.53Ga0.47As/InP which is a mature
technology, offering promising avenue for sensitive and large area uncooled millimeter &
terahertz focal planar arrays.
2. EXPERIMENTAL SETUP AND METHODS
2.1 DEVICE DESIGN
In the device architecture, the length L of InGaAs is much less than the wavelength of the
incident radiation λ [Fig. 1]. Under transverse magnetic (TM) polarized illumination, the planar
dipole-like antenna (or other type antennas) which is designed for specific wavelength will
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efficiently couple photons into the structure. Owing to the negative permittivity of InGaAs [26]
in the frequency range of interest, localized SPPs will be excited by the coupled photons within
InGaAs especially near the InGaAs-Au interfaces on the top facet [27]. The SPPs then induce
nonequilibrium electrons by transferring energy to electrons in InGaAs. With zero bias, the
SPP-induced nonequilibrium electrons have a symmetric distribution due to the symmetry of
the device structure. However, when an external bias is applied, the SPP-induced electrons will
flow through InGaAs, leading to generation of photocurrent.

Fig. 1. Schematic of the antenna-assisted subwavelength ohmic Au-InGaAs-Au photodetector (not drawn to scale).
(a) Full view of the schematic of the photodetector. (b) SEM image of the fabricated device with wire-bonding.
The scale bar represents 1 mm. (c) The zoom in 3D view for the central part of the structure. L is the length of the
semiconductor, s is the spacing between the edges of the two ohmic contacts. W and t are the width and thickness
of the InGaAs layer, respectively. The left-bottom inset is the cross-section of the In0.53Ga0.47As/InP detector.

InGaAs is a well-known III-V semiconductor which is commonly used as an interband
transition-based photodetection material for near infrared (NIR) range with both
photoconductive and photovoltaic architectures [28]. It has been maturely used as focal planar
arrays in NIR range. It is lattice-matched to InP substrate when the component of indium is
around 0.53, which offers good material quality and capability of large-scale wafer growth. The
metal organic chemical vapor deposition (MOCVD) grown In0.53Ga0.47As in our work has a
bandgap of ~752 meV, an electron concentration of ~5.9×10 16 cm-3, and an electron mobility
of 7000-8000 cm2V-1s-1 at room temperature. The substrate is 350 µm SI InP (100) doped with
Fe. The resistivity is 5×106 Ω·cm. The plasma frequency of In0.53Ga0.47As is near 3.2 THz,
which is in the terahertz wave range and allows negative permittivity below it [25, 29]. The
planar antenna depicted in Fig. 1 is configured as a half-wave dipole designed for specific
wavelength (~0.0375 THz/8 mm) [30]. It is worthy to note that this detection strategy based on
InGaAs is quite different from the InGaAs [31] (GaAs [10-11] or Ge [32]) based indirect
terahertz photoconductive antennas, where low-temperature grown InGaAs (GaAs or Ge) with
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large resistivity and ultra-short carrier lifetime is required, however, the quality of such
materials cannot be guaranteed as they require complicated defect-engineering processes,
which makes them not mass-producible [33]. A local femtosecond laser is also equipped to
excite photoconductive carriers. Here, the photoresponse comes directly from irradiation of
millimeter & terahertz waves without assistance of local laser. This novel direct detection
methodology simplifies the device architecture and enables the fabrication of large detection
arrays. Compared to the semiconductors (InGaAs, GaAs, Ge) used in conventional THz-PCs,
the InGaAs here has negative permittivity to allow generation of localized-SPPs, moreover, it
owns high electron mobility to allow fast transportation and collection of nonequilibrium
electrons.
2.2 DEVICE SIMULATION, FABRICATION AND CHARACTERIZATION

Fig. 2. Numerical simulations for the antenna-assisted subwavelength Au/Sn-InGaAs-Au/Sn
structure. Excitation of localized SPPs, the distribution of E2/E02 along the white dash line for
the incident radiation of ~0.0375 THz in (a) A bare InGaAs slab (L=150 μm, W=50 μm, and
t=10 μm), (b) The subwavelength Au/Sn-InGaAs-Au/Sn structure (the same InGaAs slab with
s=90 μm), and (c) The antenna-assisted subwavelength Au/Sn-InGaAs-Au/Sn structure with
s=90 μm. (d) Localized surface plasmon polariton (SPP) intensity (E2/E02) of the device in (c) as
a function of incident power at 0.0375 THz. (e) SPP intensity of the device at different
polarization angles for irradiation of 0.0375 THz at the point (s/2, 0, 0). (f) SPP intensity of
E2/E02 along the half width line for devices with spacings s of 10, 30, 50, 70, 90, and 110 µm.
Inset: E2/E02 as a function of s.

To demonstrate the localized-SPP generation in our proposed devices, we did simulations
for the device. The finite element method (Comsol, RF module) was used to simulate the
localized SPP generation. In the frequency range of interest, the free electrons in the conduction
band of InGaAs behave as classic solid-state plasma, and the complex permittivity is given by
the Drude model ε(ω)=ε∞ε0[1-ωp2/(ω2+iωωτ)], where ε0 is the permittivity in vacuum, and the
high-frequency permittivity is indicated by ε∞ (ε∞ = 11.6), charge carrier average collision rate
is indicated by ωτ (ωτ = 0.377 THz) [34]. The plasma frequency ωp is defined as
ωp2=q2n/(m*ε∞ε0), where, n=5.9×1016 cm-3 is the electron density, q is the elementary charge
and m*=0.041m0 is the effective electron mass [28, 35]. The plasma frequency can be derived
as 3.2 THz. Gold (Au/Sn) can be regarded as a perfect conductor in such long wavelength
range. The complex permittivity of the InP substrate was taken from published data [36].
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First, we did simulations on a single bare InGaAs slice (air-InGaAs-air structure, Fig. 1(a))
to study the normal localized-SPP generation in InGaAs before we configure it into real device
architecture. The simulated InGaAs slice has a length (L) of 150 μm, a width (W) of 50 μm, and
a thickness (t) of 3 μm. The radiation frequency of TM-polarized plane wave (with electric field
in x-direction) is set as 0.0375 THz for facilitating performance testing experimentally by our
equipment. As shown, the localized-SPP intensity indicated by E2/E02 is very weak inside the
InGaAs strip but becomes very strong at the two interfaces between InGaAs and air, which is
in accordance with the fact that when SPPs are excited, they mainly exist in the dielectric layer
(air in this case) [26]. To let the structure become practically measurable device, we need to
add metal contacts in the structure. Therefore, we simulated the subwavelength Au-InGaAs-Au
structure (the effects of the very thin adhesion Sn layer were neglected here) without planar
couple antenna [ Fig. 1(b)] by coating an Au layer on two sides which covers part of the InGaAs
strip surface, separated by a spacing (s) of 90 µm. With the assistance of the perfect conductor
(Au), it is observed that SPP intensity E2/E02 still reaches the peak value at the two same
interfaces of the spacing, however compared to the bare InGaAs, inside the InGaAs strip, the
SPP intensity becomes a little larger. These simulation results confirm the excitation of SPPs
in the subwavelength structure but the intensity (E2/E02) is very small resulting in insufficient
generation of nonequilibrium electrons. For further increasing the localized-SPP intensity, a
planar Au antenna with a half-wave dipole like configuration [37] designed for ~0.0375 THz
is added to the structure. The simulation results for this antenna-assisted structure [ Fig. 1(c)]
with the same Au-InGaAs-Au dimensions as before still shows a similar SPP distribution, but
with an obvious increase in the intensity of localized SPPs inside the InGaAs strip. As shown,
the intensity of E2/E02 at the interface reaches to ~75, indicating strong excitation of SPPs.
We then did simulation for this antenna-assisted subwavelength Au-InGaAs-Au structure
(the final detector structure) to get the result of SPP intensities for different powers of the same
incident source [Fig. 2(d)]. In the simulation, the value of E2/E02 at the position (s/2, 0, 0) is
chosen as the indication of localized-SPP intensity. It is observed that the SPP intensity is in
positive linear relation with the power due to the fact that the increasing number of incident
photons can result in more SPPs generated. Figure 2 (e) simulates the effects of polarization
angle of incident radiations on SPP intensity in the device. As shown, with the polarization
angle of the incident light changing from the x-axis (TM configuration) to y-axis (transverse
electric (TE) configuration), the SPP intensity gradually reduces from the peak to valley point,
and shows the periodic variation with the angle. This is understandable as the antenna is
designed with this polarization dependence on incident light and it can couple more TMpolarized radiations. For investigating the influence of spacing s on the SPP intensity, we then
simulated the localized-SPP intensity distributions in devices with fixed t and W but with varied
values of spacing s [Fig. 2(f)]. Based on the simulation results, we can observe the peak value
of SPP intensity always exists at the interfaces of Au and InGaAs and this value has the
increasing trend as the spacing decreases, indicating stronger generation for SPP in narrower
gaps. It can also be found that inside the InGaAs strip, the SPP intensity decays exponentially
with distance, and it is negligible in the gold layer, which is in agreement with the previous
report of the localized-SPP characteristics. Besides, we can observe that the SPP intensity is
very close to zero inside the InGaAs strip for the large-spacing condition, and it experiences an
increasing trend as the space decreases. According to the above observations, we can obtain the
preliminary conclusions that the generation of localized-SPP occurs at the interfaces of Au and
InGaAs and experiences the fast decay with distance into the InGaAs strip. With sufficiently
large spacing, the SPPs inside the InGaAs strip, especially in the middle, are negligible and
SPPs mainly exist near the interfaces. However, as the spacing decreases, the distribution of
SPPs can be extended into InGaAs strip, even in the middle. Therefore, we can deduce that the
superposition of the SPPs originated from the interfaces of the Au-InGaAs leads to the
generation of SPPs in the middle of the InGaAs strip, and the intensity of SPPs in the middle
could increase when the superposition becomes stronger, that is, the spacing decreases.
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Fig. 3. Schematic optical measurement setup.

In device fabrication, the parameters follow the designs in simulations. The InGaAs sample
was first rinsed sequentially by Acetone, IPA and DI water. Standard ultraviolet
photolithography was then used to define the In0.53Ga0.47As slab. After chemical solution
etching (dihydroxysuccinic acid: H2O2: H2O), a series of strips with a width (W) of 50 µm and
a thickness (t) of 3 µm but with different lengths (L) were formed. Then, the second time of
photolithography was conducted to define the metallic contact and planar antenna. Finally, the
planar antenna-assisted subwavelength devices with spacing s varying from 10 µm to 110 µm
(in consistent with simulation) were completed through standard e-beam evaporating and liftoff processes. The metallic antennas in experiments include 20 nm Sn (adhesion layer) followed
by 300 nm Au to allow good ohmic contact. The device with log-period antenna has the same
fabrication process but different pattern design. The photoresponse measurements were done
in the system shown in Fig. 3. As the power limit of millimeter & terahertz sources and our
simple OMSM structure, we test the AC response of the photodetectors with mechanically or
electrically modulated incident radiations, depending on the modulation frequency. The device
was biased by a direct current and illuminated from front-side. The photovoltage signal
generated by the detector is documented by the lock-in amplifier or an oscilloscope after a
preamplifier. We used an Agilent E8257D microwave source combined with a horn as the
radiation source for radiations from 0.03 THz to 0.04 THz, and an electronic frequency
doubling source (Virginia Diodes Inc.) as the signal for 0.164 THz-0.175 THz. A Golay cell
was used to calibrate the incident power onto the device.
3. RESULTS
We first tested the device with a spacing (s) of 90 µm, a width (W) of 50 µm, and a thickness
(t) of 3 µm, as well as an Au antenna with a length of 4 mm (designed for ~0.0375 THz (~8
mm) radiation), a width of 0.5 mm, and a thickness of 300 nm. The current-voltage (I-V)
characteristic of the device was measured in the range of -0.2 V to 0.2 V [inset of Fig. 4(a)] and
excellent symmetric and ohmic behavior was observed, ruling out asymmetrical coupling of
radiation and the existence of Schottky barriers. To demonstrate the photoresponse of the
device to millimeter-wave radiations, we then measured the photovoltage of the device using
the 0.0375 THz radiation source. Figure 4(a) shows the photovoltage as a function of biased
DC current, measured with the source output power of ~10 mW at a modulation frequency of
2000 Hz. Significant photovoltage was indeed observed and it increased with the bias current.
The photovoltage is about 0.15 µV at a bias of 0.5 mA and increases to 0.4 µV at 2 mA. The
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photovoltage is described as Vph=rIph=rAn(x)q, where Iph is the photocurrent, r is the InGaAs
strip resistance, A is InGaAs strip cross-sectional area for current flow, n(x) is the
nonequilibrium electron density induced by localized-SPP, q is elementary charge,  is electron
mobility in the strip,  is the electrical field associated with the bias. Normally, the n(x) spreads
in a not-uniform manner along the length of InGaAs strip. However, for the low bias current
and fixed incident power, the n(x), as well as other parameters, can be treated as constants at
specific positions except  which increases linearly with bias. Therefore, under the condition
of low bias current, the Vph shows a linear increasing trend with the biased current mainly
because of the increased electrical field [38]. This photovoltage dependence on bias current is
similar to conventional photoconductors.
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Fig. 4. Characterization of the antenna-assisted subwavelength Au/Sn-InGaAs-Au/Sn devices.
(a) Photovoltage of the device with s = 90 µm under 10 mW illumination of 0.0375 THz source
at a modulation frequency of 2000 Hz, as a function of DC bias current. Inset is the typical I-V
characteristic curve of the device. The derived resistance is ~108 Ω. (b) Photovoltage of the
same device as a function of source output power at 2000 Hz under a DC bias of 2 mA. (c)
Polarization dependence of the photovoltage of the device measured under a DC bias of 2 mA
and at the source output power of 10 mW. The vertical and horizontal axes are designated as x
and y, respectively. (d) Photovoltages of devices with different values of spacing, measured in
the same conditions as for the device with a spacing of 90 µm.

The photovoltage also has the linear relationship with the source output power for the tested
range up to 15 mW [Fig. 4(b)], which is consistent with the simulation results shown in Fig.
2(d). This is because more incident radiations excite more SPPs which in turn generate more
conducting nonequilibrium electrons for photocurrent. This typical linear dependence also
demonstrate the single photon process in this novel detection [39]. The polarization dependence
of the photovoltage for the 0.0375 THz source measured at 2000 Hz under a DC bias current
of 2 mA, shown in Fig. 4(c), is also in agreement with the simulated results [see Fig. 2(e)]. The
photovoltage (or SPPs) reaches the largest value when the polarization is along x axis (TM),
decreases as the polarization deviates from the x axis, and finally disappears when the
polarization is along y axis (TE). This polarization dependence is mainly determined by the
coupling of dipole-like antenna and SPP generation in InSb. To study the effects of the spacing
s to the detector performance, devices with spacing from 10 µm to 110 µm were also fabricated
and tested. As shown in Fig. 4(d), with the spacing decreasing, the photovoltage significantly
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increases. For the device with the minimum (10 µm) spacing, the photovoltage increases to 3.8
µV, about 10 times to that of the 90 µm spacing device. This observation differs from the
phenomenon in traditional photodetectors, where the photovoltage has the positive relation with
semiconductor area [27]. It is reasonable to observe this discrepancy since in traditional
photodetectors, the photogenerated carriers are generated from interband or intraband
transitions in the semiconductor, whereas in our proposed devices, the semiconductor InGaAs
layers act as the medium for localized-SPP excitation and SPP-induced nonequilibrium electron
transition under a specific bias.

Fig. 5. Relative spectral response of the devices at different frequency range (Normalized value).
Response of the device designed for (a) ~0.0375 THz and (b) ~0.166 THz. The red lines in (a)
and (b) are for better view. The inset of (b) is the schematic of the log-period antenna device.
The red arrow represents the polarization direction of electric field component of incident light.
(c) Response of the device shown in (b) under radiations at around bandgap energy of the InGaAs
semiconductor. The arrow indicates the cut-off (bandgap) of In 0.53Ga0.47As.

We also characterized the spectral response of the device at around the designed frequency
range of the antenna. As shown in Fig. 5(a), the photoresponse shows a very obvious peak at
expected frequency. For extending the photodetection to other frequency ranges, we also
fabricated a device with log-period antenna designed for ~0.166 THz [inset of Fig. 5 (b)] [40].

8

As shown in Fig. 5(b), the photovoltage indeed exhibits a peak at the expected frequency.
Therefore, by changing the resonant frequency of the coupling antenna, the photodetector can
detect the desired radiations provided that SPPs can still be excited. This is similar to other
types of terahertz photodetectors, although based on different detection mechanisms, all of
them need a properly designed antenna to couple the radiation into the detecting structures [33,
41-42]. We also measured the spectral response of the device for radiation near bandgap energy
of the In0.53Ga0.47As semiconductor for reference. As shown in Fig. 5(c), the response has a
cutoff frequency at around 182 THz, closed to the bandgap of In0.53Ga0.47As, which is far away
from the new detectable frequency ranges.
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Fig. 6. Performance of the device for 0.0375 THz detection at room temperature. (a) Typical
response waveform of the device with a spacing of 90 µm at modulation frequency of 2000 Hz.
(b) A single-period responding waveform of the device. The rise time is defined as the amplitude
rising from 10% to 90% of the peak value. (c) Typical bandwidth and its corresponding rise time
for the Au-InGaAs-Au device (top panel) and commercial Golay cell (bottom panel) derived
from amplitude-frequency response. (d) Responsivity and NEP of the device with spacing of 90
µm at different DC current bias. (e) Responsivity and NEP of devices with spacing varying from
10 µm to 110 µm at DC current bias of 2 mA.

To obtain the response speed of the device, we measured the photoresponse of the device
with half-wave dipole-like antenna at different modulation frequency. Figure 6(a) show the
typical response waveform of the device under illumination of 0.0375 THz radiation with
modulated frequency of 2000 Hz. Figure 6(b) (derived from Fig. 6(a)) demonstrates the rise
time (10% up to 90% of the maximum value) of the device is around 45 µs. Figure 6(c) (top
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panel) presents the normalized photovoltage signal with respect to the modulation frequency
up to 100 KHz, that is, the amplitude-frequency response of the device. As shown, the
photovoltage does not decrease significantly until the modulation frequency up to 10 4 Hz. The
f-3dB [43] (the signal decresed to 70.7% of the maximum) of the device is around 7200 Hz,
corresponding to a rise time (signal from 0 to 63.2 of the maximum here) of 49 µs according to
tr = 0.35/ f-3dB [44], which is very close to the speed directly derived from the response
waveform [Fig. 6(b)]. To make a comparison, we also measured the response speed of the
thermal Golay cell (widely used commercial terahertz detector, TYDEX), its f-3dB and tr are 15
Hz and 23 ms, respectively. Thus, the response speed of the device is almost three orders of
magnitude faster than that of the commercial thermal Golay cell. The transit time for the
conductive nonequilibrium electrons can be estimated by s/v, where s is the spacing of the
device and v is the drift velocity of nonequilibrium electrons. It is about 54 ns for the detector
with s=90 µm. The RC constant of the antenna can be estimated to be around 1.8×10-13 s . The
two values are far less than the measured respond speed of 45 µs, due likely to the large RC
constant of the measuremental setup.
By using a calibrated Golay cell, the responsivity of the device can be expressed as
R=V/(pA)=VAGRG/(VGA) where V and VG are the output voltage of the device and Golay cell,
respectively, p is the power density, A is the antenna effective absorption area, expressed as
A=Gλ2/(4π) (G indicates the gain of the antenna) [45], AG is the absorption area of the Golay
cell (50 mm2), and RG is the responsivity of the Golay cell (105 V/W at 15 Hz). In experiments,
the output voltage of the Golay cell for 0.0375 THz radiation was 34.5 mV, and the calibrated
p was 0.69 µWcm-2. The G (in front illumination direction) calculated by HFSS was 1.73.
NEP, defined as the lowest detectable power in a 1 Hz bandwidth, can be described as NEP=
vn/R, where vn is the root mean square (RMS) of the noise voltage, and R is the detector voltage
responsivity. For our detectors, besides the thermal Johnson-Nyquist noise (vt), which usually
plays the dominant role in terahertz FETs, the noise due to bias (vb, dark current) also plays an
important role in our device. Therefore, the total noise can be expressed as
vn=(vt2+vb2)1/2=(4kBTr+2qIdr2)1/2 [14], where kB is Boltzmann's constant, T is the absolute
temperature of detector, r is the device resistance, q is the elementary charge, and Id is the dark
current (bias current in our case). At ~2mA bias for the device with spacing of 90 µm, the
calculated noise is 2.95×10-9 V·Hz-1/2, which is very close to measured noise by spectrum
analyzer. The derived responsivity and NEP of the device with spacing of 90 µm is shown in
Fig. 6(d). The responsivity of this device is around 2.8 V/W under applied DC current bias of
2 mA and a corresponding NEP of 1×10-9 WHz-1/2 can be achieved. We also obtain the
performance of devices with different spacing. With the decrease of the device spacing, we can
observe the improvement of both the responsivity and NEP of the device, as shown in Fig. 6(e).
The results agree with the simulations and suggest that the SPP intensities and hence the nonequilibrium electron concentration at the interface and within the whole spacing, become higher
as the spacing decreases. The performance of the device is reasonably expected to be further
improved by further shrinking the size of spacing owing to the increased intensity of SPP
generation. In experiments, for the 10 µm device, its responsivity and NEP can reach to 25 V/W
and 2×10-11 WHz-1/2, respectively. This performance is superior to commercial Pyroelectric
and Golay cells, and comparable to the schottky diode. A detailed comparison of the device
room-temperature performance between this work and the state-of-the-art is presented in Table
1.
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Table 1. Comparison of room-temperature performance to the state of the art
Devices

NEP (WHz-1/2)

Frequency (THz)

Speed

Golay cells [6]
Piroelectric [6]
Schottky diodes [46]
Si FET [47]
THz PC [12]
Graphene [14]
BP [18]

10-10-10-9
10-9
10-12
10-10
10-9-10-8
10-8

25 ms
10 ms
<ns
<ns
-

InGaAs

10-11

0.02-20
0.1-3
0.06-1.5
<0.7
0.1-1.5
0.3
0.3
0.0375; 0.166
(depend on
antenna)

54 µs

Fig. 7. Room-temperature imaging. (a) The schematic and real setting of transmittance-type
imaging system. (b)The imaging objects are a leaf and a key, which were glued to a 3 mm
polymethyl methacrylate plate with high transmittance in the imaging frequency range. (c)
Image at 0.166 THz. (d) Typical photoresponse waveforms of the imaging detector at 0.166 with
modulation frequency of 1 KHz.
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To explore the real application of the novel terahertz detector, we build up a home-made
imaging system [Fig. 7(a)], where, 0.166 THz radiation was utilized as the imaging source. The
detector with photoresponse at this frequency point was used as the imaging detector. A highdensity polyethylene (HDPE) convex lens with a focal length of 100 mm was used in the
imaging. The imaging objects were put on focal plane of the focus lens. The images were
acquired by raster-scanning the objects in the beam focus. The photo-signal data was
automatically collected and processed by a PC controller. As shown in Fig. 7(c), we obtained
the imaging with an area of ~5 cm × 5 cm at 0.166 THz for a sealed key and a sealed leaf by
normal A4 papers. The sawtooth and hole on the key, the edge of the leaf, as well as the air
gaps between them, can be well distinguished with a reasonable spatial resolution, which is
directly related to the good signal to noise ratio of the detector at 0.166 THz. This can be seen
from the typical response waveform of the device [Fig. 7(d)]. This imaging exploration for
large-area objects is very meaningful for current millimeter & terahertz wave applications, for
example, the airport security check, where shielded metals like knives and guns can be
discovered by this imaging. The imaging outcomes show the feasibility of the InGaAs based
photodetectors for room temperature millimeter & terahertz focal planar arrays, which have
wide range of applications.
4. CONCLUSION
In this work, we reported the sensitive and direct photodetection of millimeter & terahertz
waves in compact antenna-assisted subwavelength ohmic metal-InGaAs-metal structures,
based on localized surface plasmon polariton excited nonequilibrium electrons. The device
architecture omits local laser pumping configuration in conventional THz-PCs and the
complicated treble electrodes arrangement in THz-FETs. We achieved room-temperature
photodetection for different frequency ranges with different coupling antenna design. The
achieved noise equivalent power of the device with spacing of 10 µm is 2×10 -11 WHz-1/2 (20
pWHz-1/2) at 0.0375 THz for room temperature operation. The photodetector shows a typical
response speed of 45 µs. Room-temperature imaging at 0.166 THz demonstrates the capability
of this device for practical applications. This work extends the optoelectronic application of
InGaAs beyond its bandgap limit and the epitaxially grown InGaAs on lattice-matched InP
substrate makes it promising for developing sensitive uncooled large focal planar arrays.
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