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Conventional photodetection converts light into electrical signals only in a single electromagnetic waveband.
Multiband detection technology is highly desirable because it can handle multispectral information discrimina-
tion, identification, and processing. Current epitaxial solid-state multiband detection technologies are mainly
within the IR wave range. Here, we report epitaxial indium antimonide on gallium arsenide for IR and
millimeter/terahertz wave multiband photodetection. The photoresponse originates from interband transition
in optoelectrical semiconductors for IR wave, and surface plasmon polaritons induced nonequilibrium electrons
for a millimeter/terahertz wave. The detector shows a strong response for an IR wave with a cutoff wavelength
of 6.85 pm and a blackbody detectivity of 1.8 x 10° Jones at room temperature. For a millimeter/terahertz wave,
the detector demonstrates broadband detection from 0.032 THz (9.4 mm) to 0.330 THz (0.9 mm); that is, from
K, to the W and G bands, with a noise equivalent power of 1.0 x 10-> W Hz"'/2 at 0.270 THz (1.1 mm) at room
temperature. The detection performance is an order of magnitude better while decreasing the temperature to
170 K, the thermoelectric cooling level. Such detectors, capable of large scale and low cost, are promising
for advanced uncooled multiband detection and imaging systems. ~© 2022 Chinese Laser Press
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1. INTRODUCTION

Photodetection converts light into an electrical signal, which
can help to acquire spectral information radiated or scattered
from objectives. Conventional solid-state photodetectors are usu-

conventional optoelectrical semiconductors; on the other hand,

it is vulnerable to strong background thermal disturbance.
Thermal-detection is a strategy to realize multispectral band

detection. For example, VO,- and MCNO-based detectors

ally only able to deal with spectral information within a single
electromagnetic waveband due to the existence of a characteristic
energy gap that quantum photons must overcome. A multiband
detection capability is highly desirable because it can conduct
multispectral information discrimination, identification, and
processing. The current development of multiband epitaxial
solid-state detectors mainly focuses on detector technologies
such as HgCdTe, quantum well IR photodetectors (QWIPs),
antimonide-based type-II superlattices, and quantum dot IR
photodetectors (QDIPs) [1]. However, these technologies only
target short-wavelength IR (SWIR) to middle-wavelength IR
(MWIR) and long-wavelength IR (LWIR). It is still quite
hard to use them for millimeter/terahertz wave detection [2—0]
due to the extremely low quantum energy of millimeter/terahertz
photons, which, on the one hand, limits the carriers’ transition in
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have demonstrated broad spectral band detection in different
wavelength ranges [7]. Some optoelectrical visible or IR semi-
conductors, such as Si and Ge, also show a significant thermal-
response signal for long wavelength millimeter/terahertz waves,
but they must be operated at low temperatures [8]. Another
widely used broad spectral band thermal detector is the
Golay cell, which has a noise equivalent power (NEP) of
10719-10° WHz /2 from IR to millimeter/terahercz [9].
However, it suffers from a bulky configuration and is difficult
to extend to large arrays. Generally, thermal detection technol-
ogies suffer from slow response (on the order of 1073 s), leading
to a lower signal processing speed. In the past decade, graphene
and some other novel 2D thin-film materials also have shown
the potential to realize broad spectral band photodetection, but
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they are usually based on mechanically transferred small-area
flakes and the stability in air is still a big challenge [10,11].

Indium antimonide (InSb) is a III-V group semiconductor
that has a bandgap of ~0.17 ¢V at room temperature, which
enables its use for IR wave detection from intrinsic absorption.
Well-grown, high-quality InSb has high electron mobility and a
low effective electron mass. These characters give it negative
permittivity in the long wavelength millimeter/terahertz wave
range, according to the Drude model. This is like gold or silver
in UV or visible range, which can help to excite strong light—
matter interaction by introducing surface plasmon polaritons
(SPPs). SPPs are electromagnetic waves that travel along a
metal—dielectric or metal—air interface, practically in the IR
or visible frequency range. So, in the long wavelength milli-
meter and terahertz wave range, they travel along the plasmonic
semiconductor—air interface. InSb can be used as an essential
platform to develop an SPP-related novel device in the milli-
meter/terahertz wave range, which opens a new avenue to ex-
plore novel optoelectrical components based on InSb [12-16].

One of the outstanding capabilities of plasmonic InSb under
the radiation of a millimeter/terahertz wave is that the decay
of SPPs can boost the generation of nonequilibrium electrons
[17-22]. As a result, a new strategy to realize the detection
of long wavelength millimeter/terahertz photons has been
proposed [23,24]. In an antenna-coupled ohmic metal-
semiconductor—metal configuration, SPPs will be excited in
the plasmonic semiconductor under the illumination of a
millimeter/terahertz wave. The decay of SPPs then induces
nonequilibrium electrons that can form a photocurrent/photo-
voltage under an external bias. This strategy based on SPPs in
semiconductors opens a new avenue to develop sensitive milli-
meter/terahertz wave detectors.

Here, we report an epitaxially grown InSb on a GaAs sub-
strate for multiband photodetection from the IR to a milli-
meter/terahertz wave. InSb is a III-V group semiconductor
with a bandgap of ~0.17 ¢V at room temperature, which en-
ables its use for IR wave detection based on intrinsic absorp-
tion. Well-grown, high-quality InSb has high electron mobility
and low effective electron mass, which ensure a fast carrier tran-
sition and high optical absorption. Therefore, it is a very good
material for IR detection. For a millimeter/terahertz wave, InSb
has negative permittivity, and can be used as a very good plat-
form for the excitation of SPPs. The decay of SPPs can induce
nonequilibrium electrons, which will then form a photocurrent
under external bias. Therefore, it also can be used as a material
for millimeter/terahertz wave detection. Because the negative
permittivity of InSb can hold up to 3 THz, with appropriate
antenna design it can help to realize broad spectral band detec-
tion in the millimeter/terahertz wave range. On the other hand,
the high electron mobility can ensure sufficient and fast collec-
tion of nonequilibrium electrons. Based on reasons mentioned
above, InSb is a good material for multiband detection. The
multiband detector is equipped with a log-period planar an-
tenna to couple a millimeter/terahertz wave into an active
InSb element. The detection capability of the detector is char-
acterized in detail for multiband. It shows a 100% cutoff wave-
length of 6.85 pm and 6.44 pm, respectively, at 293 K and
170 K for an IR wave. At 293 K, the IR blackbody responsivity
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and detectivity are 5.4 x 10> VW' and 1.8 x 10° Jones, re-
spectively. The corresponding performance can be increased
t04.2 x 104 VW' and 8.5 x 10” Jones, respectively, at 170 K.
The detector shows a response speed of 8.2 x 1077 s in the IR.
For a millimeter/terahertz wave, it demonstrates multiple spec-
tral band detection from 0.032-0.040 THz (K, band) to
0.075-0.110 THz (W band), and to 0.150-0.330 THz
(G band). At 0.270 THz, the responsivity and NEP are 5.6 x
104 VW1 and 1.0 x 10713 W Hz /2, respectively, which can
be increased to 5.4 x 105 VW' and 1.0 x 1074 W Hz"!/2 a¢
170 K. A moderate response speed of 1.5 x 10~ s is achieved
for a millimeter/terahertz wave at room temperature.

2. EXPERIMENTAL METHODS

A. Device Design and Simulation
The epitaxial structure was grown on a GaAs substrate by
molecular beam epitaxy (MBE). As shown in Fig. 1(a), it
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Fig. 1. Design of the epitaxial IR-millimeter/THz wave multiband
photodetector. (a) Structure of the epitaxial InSb on GaAs. (b) Relative
permittivity of InSb in the millimeter/terahertz wave range followed by
a Drude model. (c) Schematic of the multiband detector. A planar
log-period antenna is adopted to couple the millimeter/terahertz wave.
IR wave impinges on the surface of the InSb mesa. Inset is the micro-
scope image of the detector and the scale bar represents 50 pm.
(d) Typical field distribution by the couple of the antenna calculated
by Ansys HESS software. In the Ansys HFSS antenna simulation, the
electromagnetic wave is fed at the gap with an impedance of 50 Q.
(e) E plane and A plane of the antenna. (f) Typical distribution
of |E|? near the central Au-InSb-Au structure calculated by COMSOL
Multiphysics software. PML boundary condition is adopted in the
simulation. The incident light is polarized along the direction of the
y axis to meet the experiments. Distribution of |E|? along (g) the cut-
line T and (h) the cut-line II in (f).
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contains a GaSb buffer layer (500 nm), an Al;_ In Sb graded
layer (1000 nm), an Aly ;5Ing g5Sb barrier layer (500 nm), and
an InSb active layer (4 pm) from bottom to top. The thickness
of the active InSb layer here is designed larger than that (2 pm)
in Ref. [24] because a thicker InSb can guarantee more IR ab-
sorption. The relative permittivity of InSb in the millimeter/
terahertz range can be described by the Drude model as
e(w) = & - @, /(@* + iw7™"), where & is the static dielectric
constant, which is 16.8; w, is the plasma frequency; o is
the angular frequency; and 7 is the relaxation time of the elec-
trons. @, is determined by a)lz, = ¢’n/(m*¢,), where g is the
elementary charge; 7 is the electron density; 72* is the effective
electron mass at the bottom of the band edge, which is 0.014,
for InSb; and & is the permittivity in vacuum. The mobility
of the carriers is related to the relaxation time by y = gz/m".
The electron concentration and mobility of InSb are
2.86x 10" cm™ and 5.0 x 10* cm? V157!, respectively, at
room temperature. The calculated relative permittivity of
InSb in the millimeter/terahertz wave range is presented in
Fig. 1(b). It has negative permittivity (real part) up to
~3 THz or in a wavelength down to 0.1 mm at room temper-
ature; for example, the real part of the relative permittivity is
-334.6 at 0.5 THz. This makes InSb an ideal plasmonic semi-
conductor in the millimeter/terahertz wave range. This nature
of InSb is like the plasmonic nature of gold or silver in the UV
or visible range. Therefore, InSb can be used as a good platform
to excite SPPs in the millimeter/terahertz wave range. One of
the outstanding characteristics in plasmonic InSb is the gener-
ation of nonequilibrium electrons induced by the decay of
SPPs. Under an external voltage bias, the photocurrent/photo-
voltage will be formed between the two terminals of InSb [23].
The design and microscope image of the multiband detector
are shown in Fig. 1(c). A metallic planar log-period antenna
[25,26] is used to couple a millimeter/terahertz wave to the
central active InSb mesa. In the design of this antenna, the geo-
metric ratio is 7 = R, /R, = 1.4, the maximum radius is
R =0.23 mm, and characteristic angles are f = 45° and
a = 135°. The couple capability of the antenna is calculated
by Ansys HFSS software. As shown in Fig. 1(d), it can effi-
ciently couple the incident millimeter/terahertz wave into
the central gap of the antenna. The typical radiation pattern
shows that the antenna can offer the largest gain under normal
incidence (€ = 0°). Figure 1(e) plots the gain of the antenna in
both the E plane and A plane. A typical antenna G of ~7 is
achieved by the log-period antenna. The antenna calculation
also shows that it can help to couple a millimeter/terahertz wave
in a broad spectral band range from 0.03 to 0.34 THz. To gain
insight into the generation of SPPs in InSb, we also used
COMSOL Multiphysics software to simulate the distribution
of |E|? near the central Au-InSb-Au structure. As shown in
Fig. 1(f), strong SPPs can be generated in InSb, resulting in
more nonequilibrium electrons. Figures 1(g) and 1(h) plot
the distribution of | £|? along the cut line I and 11 in Fig. 1(f),
respectively. As shown, the intensity of the SPPs has a maxi-
mum value at the edge of InSb and gradually declines toward
the central part of InSb due to the loss. It also declines along the
direction of z. The characteristics of SPPs here agree well with
previous reports on SPPs” generation in InSb [12-16].

B. Device Fabrication and Characterization

In detector fabrication, the mesa was formed by a chemical sol-
ution (HF:H,O,:citric acid:DIH,O) after first photolithogra-
phy. Next, metallic contacts and a planar antenna (300 nm Au
followed by 20 nm Ti adhesion layer) were defined via photo-
lithography, e-beam evaporation, and a standard lift-off process.
After being mounted into a ceramic chip and wire-bonded to
metallic pads, the detector was fixed in a low temperature
Dewar. Current—voltage characteristics were measured with a
Keithley 2450 source meter (Tektronix, Beaverton, OR,
USA). The Spectral response of the detector for an IR wave
was measured using a standard Fourier transform IR spectros-
copy (FTIR) system. A standard thermal DTGS detector with a
flac response was used for calibration. A 1000 K blackbody
source was used to evaluate the blackbody responsivity and spe-
cific detectivity for IR wave with a modulation rate of
3 kHz and a field of view 7. The blackbody responsivity R, can
be expressed as R, = V /P, where V, is the photovoltage
and P is the incident radiation power on the detector. To de-
termine P, we can use the expression P = o( TZ‘ - THA,- A/
(2+/27L?), where o is the Stefan constant; 7', and 7y are the
temperature of blackbody and background, respectively; A4, is
the area of the exit window of the blackbody source; A is the
area of the detector; and L is the distance between the detector
and the exit window. We also used a standard power meter
(Photonics Group, Ophir Optronics) to calibrate the irradiance
of the blackbody source. The blackbody detectivity D* can be
calculated as D* = R, (AAf)'/?/v,, where Af is the equiva-
lent noise bandwidth and v, is the noise voltage. A 2.94 pm
laser source with a maximum modulation frequency of 1 MHz
was used to obtain the response waveform and f ;4 value of
the detector in IR.

A commercial Virginia Diodes tunable synthesizer (0.008—
0.020 THz), a WR28SGX (signal generator extension module
0.026-0.040 THz), a WR10SGX-M (mini signal generator
extension module 0.075-0.110 THz), a WR5.1 x 2 broadband
doubler (0.150-0.220 THz), a WR3.4 x 3 broadband tripler
(0.225-0.330 THz), and a PIN switch for fast modulation of
the output were used to characterize the performance of the de-
tector for a millimeter/terahertz wave. Four horn antennas were
used for four millimeter/terahertz wavebands: WR10CH conical
horn antenna (0.075-0.110 THz), WR5.1CH conical horn an-
tenna (0.150-0.220 THz), WR3.4DH diagonal horn antenna
(0.225-0.330 THz), and WR28CH conical horn antenna
(0.026-0.040 THz). The output radiation power in free space
was calibrated by a Golay cell. The responsivity of the detector in
a millimeter/terahertz wave can be expressed as R = V' /(pA,) =
VARG /(V cA,), where p is the power density; V and V are
the photovoltage of the detector and Golay cell, respectively; A4,
is the effective absorption area of the detector for a millimeter/
terahertz wave, described as 4, = GA?/(4rx), and G is the gain
of the antenna and assumed to be matched to its load; A is the
absorption area of the Golay cell (50 mm?); and Ry; is the re-
sponsivity of the Golay cell (~10> VW' at 15 Hz and room
temperature). From the perspective of a real application, the fig-
ure of merit used to evaluate the performance of a detector for a
millimeter/terahertz wave is the noise equivalent power (NEP),
which corresponds to the lowest detectable power in a 1 Hz
bandwidth. The lower the NEP, the better the performance
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of the detector. NEP can be expressed as NEP = v, /R, where
v, is the rms of the noise voltage, and R is the voltage respon-
sivity of the detector.

3. RESULTS

A. Current-Voltage Characterization

Figure 2(a) plots the measured current—voltage (/~V) character-
istic curves of the detector at temperatures from 293 to 170 K.
They show good linear and symmetric characters, demonstrat-
ing good Au/Ti-InSb ohmic contacts in the detector and, there-
fore, excluding the potential disturbance of a Schottky barrier
in the photodetection. The resistance of the detector is found
to be increased from 120 Q at 293 K to 430 Q at 170 K.
This agrees with the variation trend for normal semiconductors.
For our detector, in addition to the thermal Johnson—Nyquist
noise (v,), the noise (v,) due to bias (dark current) should
also be included. The total noise can be expressed as
v, = (2 + Z/i)l/2 = (4kpTr + 2q1,7)'/? [27-29], where
kg is the Boltzmann’s constant in joule per kelvin, 7" is the de-
tector’s absolute temperature in kelvin, 7 is the resistance value
of the device in ohm (), g is the elementary charge, and 7,/ is
the dark current of the detector (the bias current in our case).
Figure 2(b) plots the noise of the detector at different biases
derived from the measured /~V in Fig. 2(a). The increment
of noise at higher bias is due to the rising of dark current shot
noise v,. It is noted here that the 1/f noise in our measure-
ment can be neglected because we would characterize our de-
tector at high modulation frequency for both IR and
millimeter/terahertz waves [30,31]. The typical noise level of
our detector is ~107? V Hz!/2.
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Fig. 2. Dark current and noise of the detector. (a) Current—voltage
(=V) characteristic curves of the detector at temperatures from 293 to
170 K. (b) Calculated voltage noise of the detector with respect to bias
at different temperatures.
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B. Photoresponse for IR Band

Figure 3(a) shows the relative spectral responses of the detector
for an IR wave at different temperatures. At 293 K, it has along
wavelength 100% cutoff at 6.85 pm, which shows a blueshift to
6.44 pm while decreasing the temperature to 170 K. The shift
of the cutoff wavelength follows that of the bandgap of InSb.
Figure 3(b) shows that blackbody responsivity increases with
an increase in the bias at different temperatures. As for the
IR wave, the detector here is actually a photoconductor and its
responsivity can be expressed as [1] R, = qntVu./(I*hv),
where ¢ is the element charge, # is the quantum efficiency,
V', is the bias voltage, 7 is the lifetime of the carriers, p, is
the mobility of the electrons, and / is the distance between
metal contacts. At a relative low bias, the responsivity increases
linearly with respect to the bias. However, at relative higher
bias, it tends to saturate due to the gradually saturated velocity
for carriers. For room temperature operation, the detector has a
responsivity of 5.4 x 103 VW at 1000 mV, which is in-
creased to 1.5x 101 VW™, 2.6x10* VW, 3.8x 10 VW,
and 4.2 x 10* VW-!, while decreasing the temperature, re-
spectively, to 260 K, 230 K, 200 K, and 170 K, as shown in
Fig. 3(c). This increment can be mainly ascribed to the pro-
longed lifetime and increased mobility at low temperatures
[1]. As shown in Fig. 3(d), the detector has a blackbody detec-
tivity of 1.8 x 10” Jones at room temperature at 1000 mV. By
decreasing the temperature, the corresponding detectivity can
be increased to 4.5 x 10° Jones, 6.9 x 10° Jones, 8.1 x 10°
Jones, and 8.5 x 10° Jones at 260 K, 230 K, 200 K, and
170 K, respectively, as shown in Fig. 3(e), mainly owing to
the increased responsivity. The performance of our InSb detec-
tor for IR is comparable to commercial solid-state InSb,

InAsSb, and MCT photoconductors [32-34].
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Fig. 3. Characterization of the detector for IR wave detection.
(a) Relative spectral response of the detector at different temperatures.
(b) Blackbody responsivity of the detector with respect to bias at dif-
ferent temperatures. (c) Blackbody responsivity of the detector at
different temperatures under an applied voltage bias of 1000 mV.
(d) Blackbody detectivity of the detector with respect to bias at differ-
ent temperatures. (¢) Blackbody detectivity of the detector at different
temperatures under an applied voltage bias of 1000 mV.
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Fig. 4. Response speed of the detector for IR. (a) Typical response
waveform of the detector under illumination of a 2.94 pm laser with
rise time of 20 ns. (b) Normalized amplitude frequency response of
the detector.

To evaluate the response speed of the detector for an IR
wave, a 2.94 pm laser source with maximum modulation fre-
quency up to 1 MHz is used to pump the detector. The rise
time of the square wave source is 20 ns. The output power of
the source is found to be stable to ensure reliable measure-
ments. Figure 4(a) shows the typical response waveform of the
detector at room temperature. A rise time as fast as 800 ns
(or 8.0 x 107 s) is achieved for the InSb photoconductor. We
also conducted an amplitude frequency measurement for the
detector. As shown in Fig. 4(b), the f ;43 of the detector is
approximately 4.2 x 10> Hz, corresponding to a rise time of
833 ns according to #, = 0.35/f 345, which agrees with that
in the time-domain measurement in Fig. 4(a). The achieved
response speed is comparable to a commercial counterpart [32].

C. Photoresponse for Millimeter/Terahertz Bands

The performance of our detector was also characterized for a
millimeter/terahertz wave. Figure 5(a) shows the measured R,
and NEP of the detector with respect to voltage bias for room
temperature operation at 0.270 THz (1.1 mm), where our de-
tector exhibits the best performance over 0.032-0.330 THz.
As shown, R, increases linearly with the voltage bias because
the number of nonequilibrium electrons collected by the elec-
trodes is proportional to the drift velocity [23]. At 1000 mV,
the R, and NEP of the detector are 5.6 x 10* VW' and
1.0 x 10713 W Hz !/2, respectively. Such a high R, is compa-
rable to that of a thermal Golay cell (1 x 10° VW) [9] and
a dual-gated bilayer graphene hot electron bolometer operated
at 5 K (1 x 10° VW) [35]. The corresponding NEP shows
improvement while increasing bias, but due to increment of
noise level, as shown in Fig. 2, it tends to saturate at a relatively
large bias of 1000 mV. It demonstrates an order of magnitude
improvement compared to the commercially available zero
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Fig. 5. Characterization of the detector at 0.270 THz.

(a) Responsivity and NEP of the detector with respect to bias at
0.270 THz. (b) Responsivity and NEP of the detector with respect
to temperature under an applied voltage bias of 1000 mV.

bias SBD (10712 W Hz /2 level) in the same band [36].
Temperature-dependent performance was characterized from
room temperature (293 K) to thermoelectric cooling available
at 170 K, shown in Fig. 5(b). As shown, the performance shows
an overall improvement while decreasing the temperature. At
170 K, the R, and NEP of the detector are 5.4 x 105 VW~!
and 1.0 x 10714 W Hz /2, respectively, demonstrating an or-
der of magnitude enhancement compared to those at room
temperature. The same as an IR wave, such performance im-
provement can also be mainly ascribed to the increase in the
electron mobility at low temperatures. It is noted here that
we do not study the performance of our detector at extremely
low temperatures because our interests are in uncooled or cheap
thermoelectric cooling technologies. However, according to our
previous report, the performance can be further improved while
decreasing the temperature to 77 K [23].

The spectral response was characterized in Fig. 6 for a broad
millimeter/terahertz wave range from 0.032 to 0.330 THz
(or from K, to the W and G bands) limited by our facility.
The detector exhibits a good photoresponse, as shown in
Fig. 6(a), in all four bands (0.03-0.04 THz, 0.075-
0.110 THz, 0.150-0.220 THz, and 0.225-0.330 THz).
On the one hand, this can be ascribed to the broad spectral
band coupling capability of the log-period antenna; on the
other hand, it can be attributed to the negative permittivity
of the InSb up to ~3 THz, as shown in Fig. 1(b). The multiple
peak response character is caused by the multiple internal
reflection from the substrate interface (or excitation of substrate
modes), which can lead to an antenna pattern (gain and
input impedance) degradation [37]. This problem can be

solved by making the substrate thinner, using interconnection
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107

Fig. 6. Multispectral response of the detector for a millimeter/
terahertz wave under an applied bias of 1000 mV. (a) Responsivity.
(b) NEP. Performances of three commercial VDI modules are also
plotted for comparison.

metallization, integrating a substrate lens, or using a conductive
substrate [38—40]. The difference in the peak performance in
the four bands may come from the difference in the coupling
efficiency, as well as the difference in the conversion efficiency
from coupled light to SPPs and from SPPs to nonequilibrium
electrons. In Figs. 6(a) and 6(b), we also plot the typical R, and
NEP of state-of-the-art zero-bias diodes (ZBDs) in correspond-
ing frequency bands. Note that the ZBD module is not avail-
able for the 0.03-0.04 THz/K, band [36]. As shown, our
detector demonstrates an order of magnitude improvement
within a broad spectral band. Therefore, we can conclude
that using this type of single detector we achieve multiband
millimeter/terahertz wave detection, which, in contrast, re-
quires multiple modules for ZBD (WR10, WR5.1, and
WR3.4, as denoted in Fig. 6). Specifically, at 0.270 THz
(1.1 mm), the detector has R, and NEP of 5.6 x 104 V W!
and 1.0 x 10713 W Hz '/, respectively. The performance only
decreases slightly in the low frequency bands. For example,
at 0.161 THz (1.86 mm), we achieve R, and NEP of
4.5%x10* VW and 1.28x 1073 WHz /2, respectively.
Even at 0.039 THz (7.69 mm), the R, and NEP of the detec-
tor can still reach 9.1 x 103> VW and 6.3 x 10713 W Hz /2,
respectively. It is noted here that because the negative permit-
tivity of InSb can hold until ~3 THz, our InSb detector is
promising for even higher frequency band detection by
engineering the coupling antenna; for example, by reducing
the overall radius. We can also have an estimation on the D for
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Fig. 7. Response speed of the detector for a millimeter/terahertz
wave. (a) Normalized amplitude frequency response of the detector
at 0.270 THz at different temperatures. (b) The f ;45 value and
corresponding rise time of the detector derived from (a).

millimeter/terahertz wave as D = AL/* /NEP, where A, is the
effective absorption area of the detector, as described above.
At 0.270 THz, the D is about 8.3 x 10'! Jones.

We also characterized the response speed of the detector
for millimeter/terahertz wave, as shown in Fig. 7. The typical
amplitude frequency measurement is conducted with modula-
tion up to 1 MHz at 0.270 THz, as shown in Fig. 7(a). The
detector demonstrates an f ;45 bandwidth of 2.4 x 10% Hz for
room-temperature operation, corresponding to a rise time of
1.5x 107 s, as shown in Fig. 7(b). This is much faster than
commercial Golay, pyroelectric, and uncooled semiconducting
microbolometer detectors (ms level) [8]. But it is slower than
metallic microbolometers, which possess a response speed faster
than ~3 ps [41-44]. It is also much slower than that of ZBDs,
which can respond as fast as nanosecond level (GHz band-
width). Nevertheless, the moderate response speed here can still
meet the requirements for real-time imaging applications. The
response speed of the detector is observed to become fast while
decreasing the temperature. At 170 K, the corresponding f'_ 5
bandwidth and rise time are 4.7 x 10> Hzand 7.5 x 1077 s, re-
spectively, owing to the fast transition of nonequilibrium elec-
trons at low temperatures [23]. The response speed of our
detector for a millimeter/terahertz wave is probably governed
by the decay time of SPPs, the lifetime of those nonequilibrium
electrons, the time for photoconductive carriers to be collected
by electrodes, and the RC factor in the whole measure-
ment setup. Further study must be done to fully address this
issue. A comparison of the performance of our detector
with other solid-state technologies can be found in Table 1.
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Table 1. Comparison of Uncooled Performance to State-of-the-Art Technologies for Millimeter/THz Wave

Technology NEP (W Hz'/2) Frequency (THz) Speed (s)
Golay cells [9] 10710-10°? 0.02-30 (2.5-5) x 1072
Pyroelectric [45] 107 <30 107!
Schottky diodes [36] 1012 0.075-0.110 (WR10); 0.140-0.220 (WR5.1); <107
0.220-0.330 (WR3.4)
Bolometers (HgCdTe, SiGe, Ti, NbN, 10-11-107 <3 10°6-10-3
VO,, Nb, Al/Nb) [1]
Si FET or Si CMOS [46,47] 1071110710 <0.7 -
CMOS-based (SiGe, GaAs/AlGaAs, 10°11-107? <3 -
InGaAs, InGaP/InGaAs/GaAs, GaN/AlGaN) [1]
Photoconductive antenna [3,48] - 0.1-1.5 (depending on antenna) <107
InAs/AISb/AIGaSb [49] 1.8x 10713 0.094 107
AlGaN/GaN [6] 58x10713 0.14 -
InAlAs/InGaAs/InP [50] 4.8x10°13 0.2-0.292 -
InSb/AlInSb/GaSb/GaAs (this work) 1.0x 10713 0.032-0.330 1.5x 103

As shown, our detector performs well compared to all of these
technologies.

4. CONCLUSION

In conclusion, we present an epitaxially grown InSb on GaAs
for multiband photodetection from IR to millimeter/terahertz
wave. The detection for an IR wave is based on an interband
transition in InSb, and a blackbody detectivity of 1.8 x 10°
Jones is achieved with a cut-off wavelength of 6.85 pm at room
temperature. By decreasing the temperature to thermoelectric
cooling available at 170 K, the corresponding detectivity can be
increased to 8.5 x 10° Jones with a blueshifted cut-off wave-
length to 6.44 pm. For a millimeter/terahertz wave, the detec-
tor is equipped with a planar antenna and the photoresponse
originates from the nonequilibrium electrons induced by SPPs.
The detector achieves multiband detection from 0.032—
0.040 THz (K, band) to 0.075-0.110 THz (W band), and
to 0.150-0.330 THz (G band). An NEP of 1.0 x
10713 W Hz /2 at 0.270 THz is demonstrated at room tem-
perature and it is further reduced to as low as 1.0x
107 W Hz '/2 at 170 K. The detector shows a moderate re-
sponse speed for all frequency bands. Its overall performance is
superior compared to current state-of-the-art technologies.
Such detectors, capable of large scale and low cost, are prom-
ising for advanced uncooled multiband detection and imaging
systems.
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