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Abstract: All-InSb film-based and spiral antenna-assisted Au-InSb-Au metal-semiconductor-
metal detector is reported with dual-band photoresponse in the infrared (IR) and millimeter wave
range. At IR, the detector exhibits a long wavelength 100% cut-off at 7.3 µm. Under an applied
bias of 5 mA, the uncooled blackbody responsivity and specific detectivity are 3.5 A/W and
1×108 Jones, respectively. The f −3dB value measured at 2.94 µm is 75 KHz, corresponding to a
detector rise speed of 4.7 µs. At millimeter wave range, the detector shows a narrowband response
determined by the coupling of the antenna. A voltage responsivity of 25 V/W is achieved at 167
GHz (1.796 mm) under an applied bias of 25 mA, and the corresponding noise equivalent power
(NEP) is 1.0×10−10 WHz−1/2, which can be improved to 1.8×10−12 WHz−1/2 if normalized to
the real active semiconductor area. A f −3dB value of 17.5 KHz, corresponding to a detector rise
speed of 20 µs is achieved in this range. A proof of principle for IR-modulated photoresponse
for millimeter wave is achieved with a maximum modulation depth of 47.5%. This All-InSb
film-based detector and the modulation are promising for future novel optoelectronic devices in
IR and millimeter waves.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photodetector with multiband capacity is regarded as the next generation of development. Current
technologies mainly depend on mercury cadmium telluride (HgCdTe), quantum well infrared
photodetectors (QWIPs), antimonide based type II superlattice, quantum cascade detectors
(QCDs), and quantum dot infrared photodetectors (QDIPs) from short wave (SWIR) to middle
wave (MWIR) and long wave infrared (LWIR) [1]. Recently, XBn structures with high detecting
performance for IR have also been reported [2,3]. Photodetectors being able to simultaneously
detect IR andmillimeter waves would be highly desirable for wide spectral information acquisition.
Current mature IR photodetectors (e.g., InGaAs, HgCdTe, type II, QCDs, QDIPs, and QWIPs)
show intrinsically a selective wavelength dependence of response [4–11]. To cause excitation
of photocarriers, the photons impinging on the semiconductor must have enough quantum
energy to excite interband, intersubband or impurity band transition of electrons, which makes
multiband photodetection from IR to millimeter wave notoriously difficult. This dilemma mainly
originates from difficulty in achieving sensitive photodetection of long wavelength radiations
(with extremely low photon energies, e.g., millimeter wave, 2 mm@0.621 meV) by using
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conventional optoelectronic semiconductors if still relying on characteristic bandgap transitions.
This is because the bandgaps of these semiconductors are much larger than quantum energies
of long wavelength photons. In addition, the strong thermal noise (∼kBT, 25.6 meV at room
temperature) from background has significant disturbance.
Currently, commercially available Golay cells, pyroelectric elements, bolometers, Schottky

barrier diodes (SBDs), and photoconductive antenna (PCs) receivers are widely used formillimeter
wave detection [12–16]. Based on thermal sensing mechanisms, the first three either suffer
from slow response (millisecond level for Golay cells and pyroelectric elements) or require
cryogenic cooling for normal operation (4.2 K for typical Si bolometers). SBDs, widely used in
radio-frequency (RF) and microwave ranges, are high speed but require advanced fabrication
and material growth techniques. PC receivers have been very successfully and maturely used in
terahertz time domain systems (THz-TDS). It requires a local femtosecond laser to pump the
semiconductor located in the center of a coupling antenna.

Sensitive long wavelength photodetection based on surface plasmon induced non-equilibrium
electrons in high-mobility semiconductor has been reported [17]. Based on this strategy,
subwavelength ohmic Au-InSb-Au two-terminal detectors have demonstrated extremely high
sensitivity at 37.5 GHz (8 mm) and 330 GHz (0.9 mm), equipped with appropriate coupling
antennas [17]. As InSb is also well-known for its widespread application in IR detection (e.g.,
liquid nitrogen cooled focal plane arrays [18]), it is possible to develop InSb-based dual band
photodetectors which have photoresponse for both IR and millimeter waves.
In this work, we study an all InSb film-based uncooled metal-semiconductor-metal (MSM)

detector in detecting IR and millimeter waves. The detecting performance of this detector has
been characterized in detail in both electromagnetic wave ranges. The simple detector design
exhibits comparable uncooled detecting performance to commercial counterparts in each range.
A proof of principle for IR modulated photoresponse for millimeter wave has also been realized
by tailing plasmonic effect in the detector. This work offers a pathway to develop dual-band
photodetector and other novel optoelectronic devices in IR and millimeter waves.

2. Results and discussions

The detector is based on metal-semiconductor-metal structure, wherein a planar Au spiral antenna
is used to couple radiations within specific wavelength range (Fig. 1(a)). Under external millimeter
irradiation, the planar antenna can efficiently couple the photons into the central MSM structure,
where as InSb is a plasmonic semiconductor in millimeter wave range [19–22], localized surface
plasmon polaritons (LSPs) will be excited. Thereafter, non-equilibrium electrons will be induced
through decaying of those LSPs, leading to unidirectional photocurrent under external bias
[17]. Previously, we have adopted planar dipole and log-period antennas to couple millimeter
wave radiations into the MSM structure [17,23]. The design of these antennas was carried out
by Comsol and HFSS software. They are optimized for efficiently coupling radiations within
specific wavelength range. Meanwhile, they should be ohmic contact with the semiconductors
used in the structure to allow successful collection of carriers. In microwave and millimeter wave
range, another type of planar antenna, named spiral antenna, is also widely used for coupling
radiations. Their design and optimization strategy have been reported previously [24–27]. Here,
we design the spiral antenna following these early reports with scaled geometrical size for
efficiently coupling radiations at around 167 GHz (1.796 mm). The length (l) and width (m) of
the antenna are 0.9 mm and 0.6 mm, respectively. After determining the coupling antenna, we
also need to consider the InSb photoconductive design in the MSM structure. To allow enough
space for ohmic contact with the antenna, reasonable active absorption area for IR waves, large
LSPs generation, and suitable resistance in our measurements, the final determined InSb mesa in
the central portion of the antenna has a length p, thickness n, and lateral width of 130 µm, 10 µm
and 50 µm, respectively. Two ohmic metallic contacts are formed on InSb with a spacing s of 90
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µm (Fig. 1(b)). In detector fabrication, single crystal undoped InSb (111) was used. It was first
transferred and affixed on to a sapphire substrate by epoxy glue. Then, it was polished into a 10
µm thick film. Conventional ultraviolet photolithography and wet etching process (HF: HAC:
H2O2) were adopted to define the central InSb mesa. The ohmic metallic contacts and spiral
antenna were then defined via ultraviolet photolithography, e-beam evaporation, and standard
lift-off. The metallic ohmic contacts and spiral antenna include 15 nm Cr adhesion layer and 400
nm Au. The SEM of the finally fabricated detector is shown in Fig. 1(c).

Fig. 1. (a) Schematic of the InSb-based dual-band photodetector on sapphire substrate. (b)
Cross-section of the central Au-InSb-Au MSM. (c) The SEM of the detector. The scale bar
represents 200 µm.

The spectral response of the detector at IR was measured using a standard Fourier Transform
Infrared Spectroscopy (FTIR) system. The light from the IR source was focused onto the detector
sample located at the external port. A IR KBr beam splitter (BMS) and a standard calibrated
DTGS detector were used in experiments. A 1000 K blackbody source was used to evaluate the
blackbody responsivity and specific detectivity of the detector at IR with a modulation frequency
of 2 KHz and field of view π. To make it more convenient to compare with other IR detectors,
here we characterized the responsivity by A/W. A 2.94 µm IR source with maximum modulation
frequency of 1 MHz was used to obtain the response waveform and f −3dB value of the detector
at IR. For millimeter wave measurements (see Fig. 2), a commercial VDI source was used for
irradiations from 164 GHz to 174 GHz. It was electrically modulated before incident onto the
detector. The detector was biased with a direct current. The photovoltage or photocurrent signal
was first amplified and then recorded by a lock-in amplifier or oscilloscope. A Golay cell was
used to calibrate the responsivity as

R = V/(pA) = VAGRG/(VGA), (1)

where p is the power density, V and VG are the photovoltage of the dual-band detector and Golay
cell, respectively (here we adopted V/W as usual for millimeter wave detectors), A is the effective
absorption area of the detector, described as A=Gλ2/(4π) (G is the gain of the antenna and
assuming it is matched to its load) [28], AG is the absorption area of the Golay cell (50 mm2),
and RG is the responsivity of the Golay cell (∼105 VW0−1 at 15 Hz and room temperature). It
is noted here that the absorption area in IR range equals to the real active semiconductor area
(4500 µm2) of the detector. But for long wavelength millimeter waves, the absorption should be
accounted with the effective absorption area of the antenna (∼0.2478 mm2 if assuming G= 1)
due to its coupling. From the perspective of real millimeter applications, the figure of merit
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utilized to evaluate the performance of a detector 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 of the detector. NEP can be expressed as [29]

NEP = vn/R, (2)

where vn is the root mean square (RMS) of the noise voltage, and R is the voltage responsivity of
the detector. For our detector, in addition to the thermal Johnson-Nyquist noise (vt), the noise
(vb) due to bias (dark current) should also be included. The total noise can be described by [1,30]

vn = (vt
2 + vb

2)1/2 = (4kBTr + 2qIdr2)1/2, (3)

where kB is Boltzmann’s constant in joules per kelvin, T is the detector’s absolute temperature in
kelvin, r is the resistance value of the device in ohms (Ω), q is the elementary charge, and Id is
the dark current of the device (bias current in our case). A spectrum analyzer was also used to
confirm the noise level of the detector.

Fig. 2. Schematic of measurement set-up for millimeter wave.

Figure 3(a) shows the relative spectral response of the detector in IR range. It has a long
wavelength 100% cutoff at 7.3 µm, corresponding to the bandgap energy of 0.17 eV for InSb at
room temperature. The reduction at short wavelength is mainly due to the surface recombination
of carriers [31]. The inset shows the typical current-voltage (I-V) characteristic curve of the
detector. The excellent linearity and symmetry demonstrate the good ohmic contact between
metals and InSb. The derived resistance of the detector is ∼30 Ω. The blackbody responsivity
(Fig. 3(b)) increases as increasing bias current owing to increased photoconductive gain, which
is typical for a photoconductor [1]. Specifically, a photocurrent responsivity of 3.5 A/W is
achieved under a bias current of 5 mA. The corresponding blackbody specific detectivity is nearly
1×108 Jones (Fig. 3(c)), which is comparable to the commercial thermoelectric cooled InSb
photoconductor counterpart [32]. To evaluate the response speed (including the measurement
circuit) of the device at IR, we used a 2.94 µm source with maximum modulation frequency up
to 1 MHz. The rise and fall time of the square wave source is 20 ns. The output power of the
source is found to be stable at all modulation frequencies. Figure 3(d) shows the normalized
amplitude-frequency response of the detector under 5 mA bias. As shown, the f −3dB of the
detector is approximately 75 KHz [33], corresponding to a rise time of 4.7 µs according to
tr=0.35/ f −3dB, which is close to the rise time (∼4.1 µs) directly observed from the response
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waveform as shown in time-domain measurements (Figs. 3(e) and 3(f)). This response speed is
also in agreement with the reported value of carrier lifetime [34]. But it is slower than that of the
commercial InSb photoconductor at low temperatures [32].

Fig. 3. (a) Spectral response of the detector at IR range. The inset is the typical current-
voltage characteristic curve of the detector. (b-c) Blackbody responsivity (b) and Detectivity
(c) of the device at different bias current. (d) Amplitude-frequency response of the detector
in IR range. (e) The typical response waveform of the detector at 2.94 µm. (f) Rise speed of
the detector at 2.94 µm.

Figure 4(a) shows the voltage responsivity of the detector at 167 GHz (1.796 mm) under
different bias current up to 25 mA. The millimeter source is electrically modulated with a
frequency of 10 KHz. As shown, under lower bias, the responsivity increases linearly with the
increasing of bias. But it tends to saturation while further increasing the bias to high level. This
is due to the gradually saturated electron velocity in InSb [17,31]. At 5 mA, the responsivity is
7 V/W and it increases to 25 V/W when the bias is 25 mA. But if we consider the real active
semiconductor area, the corresponding responsivity of the detector is 389 V/W and 1389 V/W at
5 mA and 25 mA, respectively. The NEP decreases as increasing the bias but finally saturated
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between 20-25 mA due to the increased noise level (Fig. 4(b)), which has been plotted in inset
of Fig. 4(b). At 167 GHz, the lowest NEP of the detector is about 1×10−10 WHz−1/2, which is
comparable to the commercial Golay cell and pyroelectric detectors, but not as good as SBDs.
But if we consider the real active semiconductor area of the detector, the NEP can reach to
1.8×10−12 WHz−1/2, which is comparable with or even superior to that of SBDs, for example,
model WR6.5 ZBD from VDI (1.1×10−11 WHz−1/2) [35].

Fig. 4. Responsivity (a) and NEP (b) of the detector as functions of bias current under
167GHz radiation. Spectral responsivity (c) and NEP (d) of the detector under radiations
from 164GHz to 174GHz under a bias current of 10mA.

The spectral response of the detector at around 167 GHz was characterized under a bias
current of 10 mA. As shown in Fig. 4(c), the highest responsivity occurs at 166 GHz. The small
deviation from 167 GHz is due to the fabrication. By increasing the radiation frequency to 173
GHz, the responsivity gradually decreases to very lower level. Therefore, this detector with the
specialized spiral antenna design exhibits a high frequency cutoff at 173 GHz. This character
is mainly determined by the narrow-band coupling capability of the spiral antenna. Normally,
an antenna possesses an optimal coupling frequency range and the coupling efficiency will be
significantly decreased beyond it. For example, for the simple dipole-type antenna, it usually
has a high coupling efficiency at L=λ/2 (named half-wave antenna, L is the total length of the
antenna and λ is the coupled wavelength) [17,25]. For the corresponding NEP (Fig. 4(d)), it has
the lowest value at 166 GHz and then increases as increasing of the radiation frequency up to 173
GHz. The value at 173 GHz is already 1-2 order higher than that at 166 GHz, indicating the
coupling efficiency decreases 1-2 order of magnitude.
We also characterized the response speed of the detector in millimeter wave by measuring

its amplitude-frequency response. As shown in Fig. 5(a), it has a f -3dB value of 17.5 KHz,
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corresponding to a detector rise time of 20 µs, which is much faster than commercial Golay cell
and pyroelectric detectors. As shown in the inset, the Golay cell only has a f -3dB value of 15 Hz
and a rise time of 23 ms, three orders of magnitude slower than that of InSb detector. To further
verify, we plot the typical response waveform of the detector at 167 GHz with a modulation
frequency of 10 KHz. A rise time of 20 µs is also observed (Figs. 5(b) and 5(c)).

Fig. 5. (a) Amplitude-frequency response of the detector at 167GHz. The inset is the
Amplitude-frequency response of the Golay cell detector under the same radiation. (b)
Typical response waveform of the detector to the 167GHz radiations with modulation
frequency of 10 KHz. (c) Rise time of the detector.

From above experiments, the detector demonstrates its capability of dual-band photoresponse
in IR and millimeter waves. As the photoresponse to millimeter wave comes from the plasmonic
effect in InSb, which possesses a negative dielectric constant according to Drude model [36,37]

ε(ω) = ε∞ε0[1 − ωp
2/(ω2 + iωωτ)], (4)

where ε∞ is the high-frequency permittivity, ωτ is the average collision rate of the charge carriers,
and ε0 is the permittivity in vacuum. By changing the dielectric property of InSb, the plasmonic
effect will be modulated, resulting in modified photoresponse. The plasma frequency ωp is
defined as

ωp
2 = q2n/(m∗ε∞ε0), (5)

where, q is the elementary charge, n is the electron density, and m* is the effective electron mass.
As such, the plasma frequency would be modulated if we can change the carrier concentration
in InSb. To achieve this, we can use optical or IR pumping to excite interband transition in
InSb, which would lead to increasing of the electron concentration therefore increase the plasma
frequency according to Eq. (5). In experiments, we used a 1064 nm continuous laser with
adjustable output power to pump InSb to change the plasma frequency and further the negative
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permittivity of InSb in millimeter wave. In such way, the intensity of excited LSP will be changed,
resulting in changing of number of nonequilibrium photoconductive electrons.

As shown in Fig. 6(a), when we gradually increase the current (output power) of the laser from
0 up to maximum 3.4 A, the photovoltage of the detector gradually reduces. This is observed at
different radiation frequency from 164 GHz to 174 GHz. Figure 6(b) plots the photovoltage as a
function of laser current (power) at 167 GHz. By increasing the laser current from 0 to 3 A, the
photovoltage decreases from ∼0.08 mV to ∼0.05 mV. To gain an insight on this decrease, we fit it
with an exponentially decay function

y = Aexp(−x/B) + C, (6)

The fitting shows that a base photovoltage of C= 0.042 mV is achieved, representing the output
while increasing the laser power to infinite. As the generation of photoexcited electrons is limited
by the density of states, the carrier concentration cannot be kept increase to infinite. Therefore,
a maximum modulation depth of 47.5% can be achieved. To have a qualitatively insight, we
simulate the plasmonic intensity within InSb at different plasma frequency (Details regarding our
simulations can be seen from our previous report [17,23]). As shown in Fig. 6(c), the intensity
gradually decreases while increasing the plasma frequency from ωp0 to 7ωp0. The reduced
plasmonic intensity reflects the reduced photoconductive electrons induced from LSPs, which is

Fig. 6. (a) Spectral response of the detector from 164GHz to 174GHz under pumping of
1064 nm IR laser with different pumping power (different laser current). (b) The photovoltage
signal of the detector at 167GHz under different pumping power. (c) The simulated plasmonic
intensity distribution at different plasma frequency. (d) Schematic of IR-millimeter switch
by using this detector.
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consistent with the photovoltage reduction with respect to pump laser power in Figs. 6(a) and 6(b).
It is note that we only give a proof-of-principle here for this IR modulated photoresponse for
millimeter wave of this dual-band detector. This capability links the two detectable wavelength
range, which has potential to be used in broadband electromagnetic wave from IR to millimeter
such as an IR-millimeter switch as conceptually shown in Fig. 6(d) [38,39]. Further study on this
modulation and its application needs to be conducted in future work.

3. Conclusions

All-InSb film-based uncooled photodetector with capability of dual-band detection in IR and
millimeter waves has been studied. The performance of this detector in the dual-band is
comparable with or even superior to commercially available counterparts. Specifically, the
detector exhibits a specific detectivity of ∼1×108 Jones and NEP of 1×10−10 WHz−1/2 at IR and
millimeter, respectively. The NEP up to 1.8×10−12 WHz−1/2 can be achieved if consider the real
active semiconductor area in the device. The detector also demonstrates fast response speed in
both bands. This dual-band detection strategy in simple InSb on sapphire offers a promising
pathway to pursue next generation of photodetection. Infrared-modulated photoresponse to
millimeter wave is also demonstrated, which would inspire novel optoelectronic device in the
two bands.
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