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Abstract: Quantum cascade detectors (QCDs) are room-temperature photovoltaic infrared
devices based on intersubband transitions. In this work, we expand the mid-infrared QCD
functionality by utilizing the interband (IB) transitions in the extractor region to realize a
detector also in the short-wavelength infrared region of the electromagnetic spectrum. We
investigate this scheme with simulations and characterization of the IB transitions in type-II
InAs/AlSb QCD structures on GaSb substrates. We compare four different QCD devices with IB
transitions between 1.83 µm and 2.33 µm. The measured peak responsivities at zero bias are 2.8 –
24.8 mA W−1 with specific detectivities between 2.56×107 – 1.68×108 Jones. A detailed analysis
of the devices under an applied bias shows that the IB response increases up to 330 times at a
bias of 1.0 V and 360 times at a bias of -1.0 V.
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1. Introduction

Mid-infrared (MIR) and short-wavelength infrared (SWIR) sources and detectors are essential
for applications in spectroscopy [1,2], chemical sensing [3,4], biological imaging, astronomy
[5–10], free-space optical communication [11], integrated photonics [4], and characterization
of frequency combs [2,12–14]. Hofstetter et al. demonstrated that unbiased quantum cascade
lasers (QCLs) can act as a intersubband (ISB) photovoltaic detector [15], the QCD. The QCD
is designed so that a photon with the target energy excites an electron from the lower bound
state to an upper level in the conduction band (CB). The electron is removed from the excited
level by the cascading extractor region, eventually reaching the ground level of the next cascade
and contributing to the photocurrent [15–19]. Following the ISB selection rule in the CB,
QCDs are only sensitive to light polarized in the growth direction, contrary to IB transitions,
which are sensitive to both polarizations. QCDs were shown in the MIR [4,15,20,21] and
near-infrared (NIR) spectral range [22,23] at room temperature and in the THz range [24–26]
at cryogenic temperatures. QCDs are zero bias detectors and therefore have a low dark current
[15]. This contrasts with quantum well intersubband photodetectors (QWIPs), which are infrared
photodetectors based on biased superlattices (SLs) where an electron is excited from a bound
state to the CB continuum [18,27,28]. QWIPs exhibit high responsivities; however, they have a
thermally activated dark current above 100 K [17,29].

The QCD dual functionality presented here is inspired by other type-II photodetectors. Type-II
superlattice (T2SL) detectors have been employed for the detection range from SWIR to MIR
[30–32]. They are based on the InAs/GaSb, InAs/GaSb/AlSb [32], and InAs/InAs1−xSbx material
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systems [30]. The interband cascade infrared photodetector (ICIP) is also a type-II multistage
infrared detector [33], operating in the SWIR [34], MIR [35–38], and long-wavelength infrared
(LWIR) [39–42]. In an ICIP, carriers are generated in SL absorption regions, which are combined
with cascade regions to act as electron and hole blocking layers [43–45]. The electrons then move
through the extraction region and recombine with the holes generated in the next period [33,44].

The main figures of merit for photodetectors are the responsivity and the detectivity. The
responsivity is defined as the electrical output per optical input power [46]:

R =
I
P
=
λq
hc
ηpe
N

(1)

where λ is the wavelength, q is the elementary charge, h is Planck’s constant, c is the speed
of light, η is the absorption efficiency, pe is the extraction efficiency, and N is the number of
cascades. The detectivity is the signal-to-noise behavior. For QCDs in dark and illuminated
conditions, at any bias and temperature, the specific detectivity can be expressed as [19,47] :

D∗ = R/
√︄

2e
1
N
|J | +

4kBT
dV
dJ

(2)

where J is the density of the total current density, without distinction between illuminated and dark
conditions, V is the bias, kB is Boltzmann constant, and T the operating temperature. A trade-off
between responsivity and detectivity must be found by optimizing the number of periods N, the
barrier thickness, and the absorption efficiency η. An optimum can be achieved through quantum
design and engineering [3,23,48]. For the same doping density, η is inversely proportional to the
effective mass m∗

e of the well material [18,49]. A lower effective mass also leads to a reduction in
scattering rates, which increase resistance and reduce noise, and consequently improve specific
detectivity [50].

Typically, the QCD active region is based on an ISB vertical transition, and higher photon
energies require a material system with a higher conduction band offset (CBO). For longer
wavelengths, a diagonal transition design is more favorable because it does not rely on resonant
tunneling [46]. The most widely used material system for QCDs is InGaAs/InAlAs lattice-
matched to InP substrates [51]. Other materials, such as ZnCdSe/ZnCdMgSe and GaN/AlGaN,
benefit of a higher CBOs [20,21,52] for excellent detectivity, but have poor responsivity due to the
high electron effective mass m∗

e. The InAs/AlAsSb material system offers the advantages of a CBO
up to 2.28 eV [51] and low electron effective masses of InAs m∗

e=0.026m0 and AlSb m∗
e=0.140m0

[51]. InAs/AlAsSb can be grown lattice-matched to InAs substrates [49,53] or strain-compensated
on GaSb substrates [54]. For GaSb substrates (Eg=0.73 eV), SWIR devices can be processed in
the 45◦ polished facet mesa configuration for backside illumination, while InAs substrates absorb
photon energies higher than 0.35 eV [49,53,55]. Schwarz et al. demonstrated a single period
QCD resulting in an increased responsivity up to 1.3 A W−1 thanks to the reduction of the series
resistance [56,57]. To improve responsivity, normal incident sensitivity, and noise performances,
various incoupling methods have been demonstrated [55,58–61].

In this work, we demonstrate a novel type of photodetector based on the IB response of
InAs/AlSb QCDs as a way to realize a dual-wavelength operation. This is obtained by stimulating
the IB absorption of QCD structures independent of the ISB absorption, pushing the detection
region to the SWIR regime (λ=1.4 – 3.0 µm). The ISB response of the devices presented here
was reported in [54]. The ISB and IB absorptions are simulated as a function of an applied
electric field, and the main transitions are identified in the band structure. Then, the responsivity
and noise of the IB absorption of the devices are characterized as a function of the applied bias
voltage.
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2. Results and discussion

Four different QCDs were designed using a four-band k · p formalism, including scattering
mechanisms such as longitudinal optical (LO) and acoustic phonon scattering and interface
roughness scattering [62]. The ISB transitions are engineered at 3.65 µm (design A), 4.30 µm
(design B), 4.30 µm (design C), and 5.50 µm (design D), as discussed in [54].

The InAs/AlSb QCDs were grown strain-balanced to GaSb substrates by molecular beam
epitaxy (MBE) using a Riber Compact 21 system and n-type doped with Te [54]. Active regions
have a total of 20 periods. The samples were then fabricated into 150×150 µm2 mesas, using UV
lithography and reactive ion etching. The top contact (10/380 nm Ti/Au) and backside bottom
contact (10/380 nm Ti/Au) were deposited using sputtering. The QCDs were then cleaved and
polished to produce a 45◦-facet double-pass geometry [14,23,53]. Finally, they were soldered to
a copper base plate and bonded to a printed circuit board.

Figure 1 shows the simulated band structures of device D (λISB=5.50 µm) with different applied
electric field values, equal to (a) -16 kV cm−1, (b) 0 kV cm−1, and (c) 16 kV cm−1. The modeled
electric field is approximately the maximum measured for the devices, discussed later. For
normal QCD operation, the designed ISB transition is denoted by a black arrow in (b). The states
involved in the IB transitions giving the strongest absorption are drawn with bold lines. The
simulation results suggest that IB absorption is primarily driven by transitions involving hole
states located below the valence band edge, rather than near-edge states. For negative electric
field values, the CB states have a lower energy separation and a higher overlap. The energy
spread of the states in the miniband of the CB is larger with an applied positive electric field. In
the SWIR region, the ISB absorption is not required for electrons to travel throughout the active
region (AR). Under bias, holes are also mobile and can travel through the valence band (VB)
states.

Figure 2(a) shows the sum of the modeled absorption transitions of transverse-magnetic (TM)
and transverse-electric (TE) modes as a function of the wavenumber (wavelength) for the three
different electric field values (-16, 0, and 16 kV cm−1) of device D (λISB=5.50 µm). The simulation
shows the absorption probability and does not involve the extraction efficiency, despite the latter
also contributes positively to the measured detectors’ responsivity. The dashed vertical line at
3700 cm−1 (2.70 µm) indicates the cutoff wavenumber (wavelength) of the N-BK7 plano-convex
lens used later in the experimental setup to select only the IB transitions. A simulation of optical
absorption including the conduction and valence band states shows the expected ISB transitions
for which the QCD was designed and which were not experimentally characterized in this work.
Note that absorption depends on polarization, where the ISB absorption is sensitive only to
light polarized in the growth direction (out-of-plane) and the IB absorption can detect both
in-plane and out-of-plane polarizations. The intensity of the individual ISB absorption transitions
is influenced by the electric field. A weak TM-polarized absorption transition also occurs at
3.47 µm. Upon the application of a positive and a negative electric field, the intensity of the
IB absorption increases. If a positive (negative) bias is applied, the main absorption peak is at
a higher (lower) energy. Figure 2(b, c, d) shows the dominant contributions to the absorption
response per single transition at three different values of the electric field. The solid blue lines
represent the ISB transitions, the purple dashed lines represent the IB transitions. We observe
that different transitions are involved in the absorption at different electric field values. Shifts in
detection energies are attributed to these different transitions.

The QCDs were characterized electrically and optically in the SWIR. Current [A]/ current
density [A/cm2] was measured as a function of bias voltage (I-V) with a Keithley 2612B source
meter under illuminated and dark conditions to extract the differential resistance of the four
different QCD designs studied (Fig. 3). The asymmetry of the plots is due to the asymmetry of
the design of the band structure. The observed difference in current under dark and illuminated
conditions reflects the transport of photogenerated carriers across successive periods of the QCDs.
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Fig. 1. Band diagram at three different applied bias fields: (a) -16 kV cm−1, (b) 0 kV cm−1,
and (c) 16 kV cm−1 for the design D (λISB=5.50 µm). The conduction band edge is displayed
in dark gray, the heavy-hole valence band is in solid red, the light-hole valence band is in
dashed red, and the band gap is colored in light gray. The red peaks reaching on the left of
each InAs conduction band are the valence bands of submonolayer InSb layers grown for
strain-compensation. The probability densities are represented in blue and red for electrons
and holes, respectively. The blue filled area of the wavefunction in the broadest quantum
well (QW) corresponds to the electron population. The ISB transition is denoted by a black
arrow in (b). The states involved in the IB transitions are drawn with bold lines, while the
remaining wave functions are drawn with thin lines.
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Fig. 2. (a) Sum of individual simulated absorption spectra (TE and TM contributions) as a
function of the wavenumber (wavelength) for three different electric field values (-16, 0, and
16 kV cm−1) of device D (λISB=5.50 µm). (b, c, d) Simulated absorption per transition as a
function of the wavenumber (wavelength). The blue solid lines represent the ISB transitions,
the purple dashed lines represent the IB transitions. The dashed vertical lines represent the
cutoff wavelength given by the lens used in the experimental setup to select only the IB
transitions.

The SWIR spectral characterization of the QCDs was performed using a Bruker Vertex 70v
Fourier transform infrared spectrometer (FTIR) and a tungsten lamp. An N-BK7 plano-convex
lens was used to block the signal at wavelengths longer than 2.70 µm, so that the ISB transitions of
the designs were not stimulated. A Stanford Research Systems SR570 transimpedance amplifier
was used to measure photocurrent. The beam spot of the tungsten lamp was measured with an
automated XY stage using the QCD (see Figure S1 in the Supplement 1) and calibrated with a
Thorlabs PM100D optical power meter.

The room-temperature responsivities and detectivities of the IB absorption of the QCDs at
zero bias are: 2.78 mA W−1 and 2.56×107 Jones (device A), 15.81 mA W−1 and 8.87×107 Jones
(device B), 24.80 mA W−1 and 1.68×108 Jones (device C), and 11.91 mA W−1 and 2.49×107 Jones
(device D). To determine the detectivity, the noise current was measured under dark conditions
and found to be in good agreement with the calculated values (see Supplement 1).

The influence of bias on the four devices was investigated. Figure 4 shows the responsivity
spectra at different bias voltages, ranging between -1.0 V and 1.0 V, of the four QCD structures.
The responsivity spectra were fitted with multiple Gaussian functions to obtain the peak positions.
Different transitions were identified for the designs and summarized in Table 1. Under bias,

https://doi.org/10.6084/m9.figshare.30600929
https://doi.org/10.6084/m9.figshare.30600929
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Fig. 3. (a) Current (left y-axis) and current density (right y-axis) versus bias voltage (I-V)
curve plots for the different QCD designs in illuminated (continuous line) and dark (dash line)
conditions. The devices were illuminated with the NIR source of the FTIR. (b) Difference
between illuminated and dark current (left y-axis) and current density (right y-axis) versus
bias voltage.

the operation of the devices is photoconductive and no longer photovoltaic. The holes can now
cascade through the VB of the entire active region.

Table 1. Summary of the IB absorption peaks (λIB1, λIB2, λIB3) from fitting the four different QCDs
included in this study with +1 V, 0 V, and -1 V. The responsivity curves are fitted with a multiple

Gaussian function

Design
(λISB)

Bias λIB1
[µm]

λIB2
[µm]

λIB3
[µm]

νIB1
[cm−1]

νIB2
[cm−1]

νIB3
[cm−1]

Responsivity
[A W−1]

Detectivity
[Jones]

A (3.65 µm)
+ 1.87 2.02 2.32 5335 4944 4307 0.993 6.702×109

0 1.86 2.18 5382 4586 0.003 2.561×107

- 1.87 2.00 2.29 5357 4995 4369 0.923 3.814×109

B (4.30 µm)
+ 1.84 1.94 2.20 5430 5155 4555 0.347 1.594×109

0 1.94 2.38 5157 4208 0.016 8.869×107

- 1.83 1.93 2.16 5451 5183 4619 0.535 1.516×109

C (4.30 µm)
+ 1.89 2.06 2.29 5285 4849 4367 0.373 2.179×109

0 1.84 2.25 5439 4447 0.025 1.682×108

- 1.92 2.10 2.29 5261 4768 4376 0.559 1.926×109

D (5.50 µm)
+ 1.92 2.07 2.50 5199 4834 4061 0.541 9.297×108

0 1.91 2.78 5243 3593 0.012 2.488×107

- 1.91 2.05 2.41 5222 4881 4145 0.994 1.309×109

The measured transition wavelengths for the negative bias are shorter, red-shifted, than for the
positive bias, except for Device C. This allows detector tunability approaching 1100 cm−1. The
room-temperature responsivities of the IB peaks of the QCD structures increase up to 0.99 A W−1

at 1.0 V and 0.92 A W−1 at -1.0 V (Design A), 0.35 A W−1 at 1.0 V and 0.53 A W−1 at -1.0 V
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Fig. 4. Responsivity measurements at different bias voltage, ranging between -1.0 V and
1.0 V, of the four QCDs with a designed ISB transition λISB at (a) 3.65 µm, (b) 4.30 µm,
(c) 4.30 µm, and (d) 5.50 µm. The vertical dashed line indicates the cutoff wavelength of
the lens used to select only the interband transitions and prevent the excitation of the ISB
transitions. The responsivity curves are fitted with a multi-Gaussian function.

(Design B), 0.37 A W−1 at 1.0 V and 0.56 A W−1 at -1.0 V (Design C), and 0.54 A W−1 at 1.0 V
and 0.99 A W−1 at -1.0 V (Design D). In the case of Device A, the measurements show that the
responsivity increases by up to 330 times for -1.0 V and 360 times for 1.0 V. This value is much
higher than the increase in absorption shown in the simulation due to the AR extraction efficiency,
which positively influence the responsivity of the detector.

The room-temperature IB responsivities and detectivities in the SWIR range of our devices
are lower than those of commercial photodetectors reported in the literature. For example,
InAs photodetectors have peak responsivities between 6.5×102 A W−1 and 1.3×103 A W−1

and detectivities of 3.0×105 Jones [63,64], InGaAs photodetectors have peak responsivities of
7.3×103 A W−1 and detectivities of 4.2×1010 Jones at 0.5 V [65,66] and PbS photodetectors
exhibit peak responsivities and detectivities equal to 365.1 A W−1 and 1.4×1012 Jones at 10 V
[67], 3×10−3 A W−1 and 7×1010 Jones at -1 V [68], and 1.0×103 A W−1 and 1.8×1013 Jones at
40 V [69], respectively. The different operating principle and material synthesis of the present
detectors from those of commercial devices, make a direct quantitative comparison only partially
representative. Given the early development stage of the dual-functionality IB detectors based
on QCDs, we expect that the optimization of the design will lead to an improvement of the
performance.
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3. Conclusion

In conclusion, we demonstrated a path to dual-wavelength functionality from the same AR and
device. We modeled the IB and ISB optical transitions in type-II InAs/AlSb QCDs on GaSb
substrates and optically characterized the IB transitions of the devices by suppressing the ISB
transitions with a lens for the SWIR regime, in the range of wavelengths between 1.83 µm and
2.50 µm, using an FTIR and a tungsten source. The devices have peak IB responsivities at
zero bias between 2.8 mA W−1 and 24.8 mA W−1 at room temperature and specific detectivities
between 2.56×107 Jones and 1.68×108 Jones. The application of an external bias voltage has
been demonstrated to enhance the responsivity of the devices. For Device A, the increment is
observed to reach up to 330 at a bias of 1.0 V and up to 360 at a bias of -1.0 V. The peaks have a
blue shift under negative bias and a red shift under positive bias because of the displacement of
the states in the band structure, as seen in the simulation results.
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