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Infrared radiation (IR) was accidentally discovered in 1800 by the astronomer Sir
William Herschel. While trying to study the visible light spectrum and energy in each
component, he discovered a type of invisible radiation in the spectrum that was lower
in energy than red light. The thermometer used in his experiment can be considered the
very first infrared detector, which is categorized as a thermal detector. The first intentional
infrared detector is the thermopile developed by Macedonio Melloni in 1835 [1]. One of the
early semiconductor materials used as an infrared device was lead sulfide (PbS) [2]. After
the second World War, the interest in infrared devices dramatically increased as it became
clear that infrared could be used to obtain images of objects due to their heat emission.
A detailed history of infrared detector development is presented by Anthony Roglaski
in a review article [3]. This led to the establishment of dedicated research facilities for
developing infrared detectors such as the Royal Radar Establishment in Malvern, now the
Qinetic in the UK, and the US Army Night Vision Laboratory, now the Night Vision and
Electronic Sensors Directorate (NVESD) in VA. This focus on infrared imaging for defense
applications fueled the rapid development of the field especially for the three atmospheric
windows of short-wave IR (SWIR 0.7–2 μm), mid-wave IR (MWIR 3–5 μm), and long-wave
IR (LWIR 8–14 μm), where the atmosphere is relatively transparent. The room temperature
(300 K) black body radiation happens to peak at 10 μm, which is in the LWIR range.

For a long time, the most studied infrared detector material was HgCdTe, which
was heavily used in military applications for night vision, remote sensing, and infrared
astronomy research. Changing the Cd composition allowed for the detector to cover the full
wavelength spectrum, covering all three ranges from SWIR and MWIR to LWIR. However,
the operating temperature of 77 K was a concern for cost-conscious applications. More
recently, after the development of novel thin film growth techniques such as molecular
beam epitaxy (MBE) and metal–organic chemical vapor deposition (MOCVD), other mate-
rials were studied as possible infrared detectors. These developments led to the fast-paced
development of the quantum well [4,5], the quantum dot [6,7], and Type II superlattice [8,9]
detectors covering various material systems and multiple wavelength ranges. Most of these
types of detectors were specifically geared towards various wavelength ranges and specific
material systems were developed for each type of detector. Other detection principals
based on physics were also studied [10,11], covering a wider wavelength range and with
the possibility of being used with any material, which will be advantageous for materials
that are already developed. More recently, the idea of extending the accepted standard
wavelength threshold governed by the equation λt =

1.24
Δ was demonstrated [12]. Here, λt

is the threshold wavelength limit in μms and Δ is the energy gap in meV. All the above-
mentioned detector types are known as photon detectors, which are generally much faster
than the detectors categorized as thermal detectors. However, thermal detectors [13] have
a broad spectral range and cost advantage, making them useful for most practical applica-
tions for which millisecond response times are acceptable. Bolometers [14], which belong
to the thermal detectors, have also undergone further development due to the advent
of microbolometers. Recent technological advances allowing for microstructure designs
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have improved the response time of novel microbolometers, providing cost-effective and
reasonably fast infrared detectors for mass production applications. The strong optical
absorption in human tissue can, in general, be a limitation for optical imaging used for
medical diagnosis. This absorbed energy leads to the thermal expansion of tissue, which
can generate ultrasound energy when detected by a transducer and produce images of
optical absorption contrast within tissues, now known as photoacoustic imaging [15]. A
wide variety of infrared detectors have provided application opportunities for almost all
areas of humanity involving security and defense, biomedical, commercial, industrial, and
scientific research. In fact, the very first technique for checking COVID-19 used a near IR
thermometer, which can detect body temperature without contact, providing a safe, quick,
and easy way to measure the body temperature.

This Special Issue has seven papers covering various aspects of photon detection
techniques. Three papers (the first, third, and fifth in this Special Issue) focus on Type II
superlattice (SL) infrared detectors. In antimonide-based III–V materials grown on the
GaSb substrate, the epi layers (grown on the GaSb substrate) can be lattice-matched or
strained. For example, one can grow a thick layer of bulk InAs0.91Sb0.09 alloy, which is
lattice-matched to GaSb with no strain in the layer. Similarly, an InAs0.91Sb0.09/GaSb
superlattice also has no strain in the constituent layers as they all are lattice-matched to
the GaSb substrate. Conversely, one can design a superlattice with two constituent layers,
which are not lattice-matched but maintain the overall strain in the superlattice layer at
zero. These are called ‘strained’ layer superlattices (SLS) because the individual layers are
strained (tensile or compressive). For example, in a Ga-free InAs/InAs(1-x)Sbx superlattice,
the InAs layer is tensile-strained, while the InAs(1-x)Sbx layer is compressively strained.
The alloy composition (x) and layer thickness are the two parameters used to balance the
strain in the superlattice unit cell. Similar to InAs/InAsSb superlattices, InAs/InGaSb su-
perlattices are also strained. All the Sb-based superlattices are not technically strained (e.g.,
InAs0.91Sb0.09/GaSb); however, all the commonly used superlattices to date are strained.
The first paper in this Special Issue, by Raphael Müller et al. from the Fraunhofer In-
stitute, discusses the performance comparison of an InAs/GaSb Type II SL IR detector
with the HgCdTe detector in a real-time spectroscopic application [16]. Comparison of
roughly a decade of progress (of Type II IR detectors) with more than a half century of
progress in HgCdTe IR detectors itself gives an indication of the rapid advances in the
III–V-material-based infrared devices. The second paper, by Ru Chen et al. of China
University of Petroleum in Beijing, discusses a manganite-based perovskite-type oxide
heterojunction showing ultraviolet-to-near-infrared photo response up to room tempera-
ture [17]. Perovskite-type oxides are complex metal oxides with important applications
as electrical, magnetic, and catalytic materials. The third and fifth papers here are based
on InAs/InAsSb SLS structures by Gamini Ariyawansa et al. from the Air Force Research
Laboratory [18] in Dayton, Ohio, and David Ting et al. from NASA JPL. Ariyawansa et al.
discusses a mid-wavelength infrared detector and a focal plane array for high-temperature
operations, utilizing the nBn architecture in their SLS. The fifth paper from David Ting
et al. from JPL provides a discussion on the emergence of the Type II SLS infrared detectors
and discusses the advantages, disadvantages, and recent developments [19]. In the last
two decades, IR detectors are being specifically introduced in biomedical imaging. The
fourth paper is from Hasan Göktaş et al. from Harran University in Turkey and discusses
the limits of thermal sensing for microbolometers, proposing a method to improve the
thermal sensitivity [20]. The sixth paper by Rayyan Manwar et al. from the University of
Illinois in Chicago discusses a novel imaging technique that combines the benefits of optical
resolution and acoustic depth of penetration, denoted as photoacoustic imaging [21]. The
last paper of the volume, by Hemendra Ghimire et al. from the Georgia State University,
discusses the concept of a heterojunction infrared detector that can be used with any semi-
conductor material [22]. They also describe a possible approach to detect longer threshold
wavelengths beyond the corresponding energy thresholds, giving rise to the possibility
of higher operating temperatures for longer wavelength detectors. Overall, this volume
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covers the well-developed fast response HgCdTe photon detectors to the more recently
developed Type II SLS detectors, reasonably fast microbolometer thermal detectors, up and
coming photoacoustic detection and imaging, and concludes with a detection technique us-
ing a novel intriguing idea of going beyond the very well-established energy gap threshold
wavelength rule.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: We report on the development of thermoelectrically cooled (TE-cooled) InAs/GaSb type-II
superlattice (T2SL) single element infrared (IR) photodetectors and exemplify their applicability for
real-time IR spectroscopy in the mid-infrared in a possible application. As the European Union’s
Restriction of Hazardous Substances (RoHS) threatens the usage of the state-of-the-art detector material
mercury cadmium telluride (MCT), RoHS-compatible alternatives to MCT have to be established for IR
detection. We use bandgap engineered InAs/GaSb T2SLs to tailor the temperature-dependent bandgap
energy for detection throughout the required spectral range. Molecular beam epitaxy of superlattice
samples is performed on GaAs substrates with a metamorphic GaAsSb buffer layer. Photolithographic
processing yields laterally-operated T2SL photodetectors. Integrated in a TE-cooled IR detector
module, such T2SL photodetectors can be an alternative to MCT photodetectors for spectroscopy
applications. Here, we exemplify this by exchanging a commercially available MCT-based IR
detector module with our T2SL-based IR detector module in a real-time mid-infrared backscattering
spectroscopy system for substance identification. The key detector requirements imposed by the
spectroscopy system are a MHz-bandwidth, a broad spectral response, and a high signal-to-noise
ratio, all of which are covered by the reported T2SL-based IR detector module. Hence, in this paper,
we demonstrate the versatility of TE-cooled InAs/GaSb T2SL photodetectors and their applicability in
an IR spectroscopy system.

Keywords: InAs/GaSb; T2SL; IR; photodetector; TE-cooled; spectroscopy; RoHS; MCT

1. Introduction

In numerous applications in science and industry, detection of infrared (IR) radiation is
indispensable. A wide area of application is IR spectroscopy in the mid-infrared (MIR, 3–12 μm).
Since several substances in gaseous, liquid, and solid state of aggregation have their characteristic
transitions here, this region, which is sometimes referred to as the “fingerprint region”, is therefore
clearly relevant for industrial or medical spectroscopy applications and when chemical identification
or verification is required [1,2]. For industrial applications, common requirements of the IR detector
arise. These can be summarized as: fast response, broadband spectral coverage, linearity, and high
signal-to-noise ratio. These requirements can be met by specially designed IR photodetectors.

In an IR photodetector, a signal is generated after photon absorption across the fundamental
bandgap of the underlying semiconductor material. The bandgap energy Eg of this material defines

Micromachines 2020, 11, 1124; doi:10.3390/mi11121124 www.mdpi.com/journal/micromachines5
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the cutoff wavelength of the detector, implying that radiation of longer wavelength cannot be detected.
As the performance of IR photodetectors decreases for longer cutoff wavelength, choosing the detector
cutoff wavelength based on the requirements of the application is essential. In general, cooling the
detector material improves the performance of IR photodetectors. Utmost performance is achievable
with expensive cooling with cryogenic liquids or Stirling coolers. However, for most applications,
low-cost, small, lightweight IR detector modules are required. In these modules, the detector element
is thermoelectrically cooled (TE-cooled) with multistage Peltier elements to a so-called high operating
temperature (HOT) in the range between 180 K and 300 K.

So far, the commercialized state-of-the-art material of choice for HOT IR photodetectors is mercury
cadmium telluride (HgCdTe or MCT). This is due to MCT featuring both a bandgap energy that is
widely tunable in the IR, as well as a top-notch electrooptical performance. By adjusting the cadmium
content, MCT allows for the fabrication of IR photodetectors with a cutoffwavelength in and beyond
the fingerprint region. Numerous studies dedicated to the development and optimization of HOT MCT
IR detectors have been conducted [3,4]. However, the Restriction of Hazardous Substances (RoHS)
of the European Union regulates the allowed concentration of mercury and cadmium in electronic
devices [5]. It is only due to temporary exemptions that this regulation does not prohibit the use of
MCT detectors. Hence, for future applications, alternative, RoHS-compatible detector materials need
to be established.

Since III-V semiconductors do not contain RoHS-restricted substances, RoHS-compatible
photodetectors can be fabricated from them. For detection in the MIR, bulk III-V semiconductors
are only partly suitable. InSb, the binary III-V material with the lowest bandgap energy, can only be
utilized for detection up to around 5 μm when cryogenically cooled or up to around 7 micron for
uncooled operation, which is insufficient for many applications. The ternary alloy InAs1-xSbx allows
for bandgap tuning by modification of the composition. This enables bandgap energies that are smaller
than the one of InSb. The limits of the bandgap tuning range for InAs1-xSbx, i.e., the temperature and
the composition dependence of the bandgap, were recently re-investigated [6]. As no substrate material
exists that allows for lattice-matched growth of InAs1-xSbx, handling the layer strain is inevitable.

We investigate InAs/GaSb type-II superlattices (T2SLs) that are RoHS-compatible, feature a widely
tunable bandgap energy and can be grown lattice-matched to GaSb [7–9]. InAs/GaSb T2SLs consist
of alternating layers of InAs and GaSb that are usually grown by molecular beam epitaxy (MBE).
Each individual layer is just a few atomic monolayers wide and acts as a quantum well for charge
carriers. By quantum mechanical coupling of neighboring quantum well states, electron, and hole
minibands are created, respectively. The fundamental bandgap of this artificial bandgap material
opens between the lowest electron miniband and the highest hole miniband (see Figure 1a). It can
be tuned by altering the width of the InAs and GaSb sublayers. Due to the peculiar type-IIb band
alignment between InAs and GaSb, the superlattice bandgap energy can be engineered flexibly for a
spectral range roughly corresponding to 3–20 μm, which is equivalent to photon energies from about
60 to 400 meV.

To illustrate the bandgap tuning in InAs/GaSb T2SLs, in Figure 1b a calculation of the
bandgap energy in dependence of the superlattice composition based on the superlattice empirical
pseudopotential method is shown [10]. Apparently, the InAs sublayer width has the main impact on
the bandgap energy. Commonly, the superlattice composition is given in dependence of the sublayer
width of InAs and GaSb, which is calculated based on calibrated growth rates and the MBE shutter
sequence during T2SL growth. However, in Figure 1b, an As content of 17% is indicated for the
GaSb sublayer, which was determined by X-ray diffraction. During the growth of a GaSb sublayer,
the chamber atmosphere still contains As due to previously grown InAs sublayers. Since As is the
group V component that is preferably incorporated into the layer, this leads to a non-negligible As
content in the nominal GaSb sublayer. Details on the MBE growth procedure and the method for the
determination of the As content in the GaSb sublayers are given in [10].
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(a) (b)

Figure 1. (a) Schematic of the type-IIb band alignment between InAs and GaSb and an InAs/GaSb
type-II superlattice with lowest electron miniband and highest hole miniband. (b) Bandgap energy
in dependence of the InAs/GaSb superlattice composition, calculated by the superlattice empirical
pseudopotential method [10].

After the proposal to use InAs/GaSb T2SLs for IR detection [11], fundamental research on this
material system [12,13] and development of single element detectors [14–16] and detector arrays [17]
has intensified in the last decades. Important developmental steps in the field are reviewed in [18].

Activities in research and development of InAs/GaSb T2SLs have mainly focused on
high-performance applications at low operating temperatures that require cryogenic cooling. As a
result, for low operating temperatures, InAs/GaSb T2SLs emerge as a viable alternative to MCT for IR
detectors and IR cameras. For the HOT range, IR detection with InAs/GaSb T2SLs in the longwave
infrared was demonstrated [19–22], but dedicated device development and commercialization were
never conducted. Now, mainly due to the RoHS, there is renewed interest in InAs/GaSb T2SL IR
photodetectors for HOT applications.

Within the last few years, we have worked on the development of InAs/GaSb T2SL single element
detectors for the HOT range and demonstrated that they can be combined with the immersion lens
technology of VIGO system [23–25]. In this paper, we briefly describe the layout of the detector as a
laterally-operated photoconductor, the superlattice and buffer layer growth as well as the detector
processing. Then, after the detector is integrated into an IR detector module with a four-stage TE-cooler,
which allows for operation at 200 K, we focus on a possible spectroscopy application in which an
MCT-based IR detector module could be replaced by a T2SL-based IR detector module.

In addition to the cutoff wavelength, two more detector figures of merit are crucial for the content
of this paper. The first is the specific detectivity D∗, which describes the signal-to-noise ratio:

D∗(λ, f ) =
R(λ)
In( f )

√
AoΔ f . (1)

D∗ depends on the spectral responsivity R(λ), the noise current In( f ) and the bandwidth Δ f .
It is normalized to the optical detector area Ao. By using a lens to focus incoming radiation, Ao can
be increased significantly. The increase depends on the form of the lens and its refractive index n.
A hyperhemispheric lens can increase Ao by a factor of n4 [26]. For backside-illuminated detectors,
the lens can be immersed into the substrate material beneath the detector. The second figure of
merit is the detector bandwidth that relates to the detection speed. For the device concept under
study, the detector bandwidth is inversely proportional to the carrier recombination time. However,
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the responsivity is proportional to the carrier recombination time. Therefore, there is a trade-off
between photosignal and detection speed in photoconductor optimization.

2. Design, Growth, Processing and Module Integration of an IR Detector

The InAs/GaSb T2SL discussed in this paper was grown by molecular beam epitaxy on a 3 inch,
n-type, (100)-oriented, 1100 μm thick GaAs substrate after careful calibration of shutter sequences
and growth rates. Figure 2a shows the epitaxial layer structure. It consists of two buffer layers,
the superlattice absorber layer and a thin superlattice contact layer. The first buffer layer is a
metamorphic GaAsSb buffer, in which Sb gradually replaces As over 2 μm layer width. This results in
a strain relaxed GaSb-like growth template for the subsequent layers [23]. The second buffer layer
consists of 10 μm GaSb. This layer is followed by the superlattice absorber layer, which comprises
750 non-intentionally doped superlattice periods (residually n-type). Each of these periods features
14 monolayers (ML) InAs and 7 ML GaSb. InSb-like interfacial layers were realized between the
individual InAs and GaSb sublayers to minimize the relative lattice mismatch to the underlying
substrate. In the end, the heavily n-type doped contact layer was grown on top.

(a) (b)

Figure 2. (a) Epitaxial layer structure for the fabrication of laterally-operated InAs/GaSb type-II
superlattice (T2SL) detectors on GaAs substrate. (b) Schematic of a processed InAs/GaSb T2SL detector
that is backside-illuminated through an immersion lens (not to scale).

After growth, standard superlattice layer characterization was performed. A superlattice period
length of 7.0 nm was determined by high-resolution X-ray diffraction, which was also used to
verify the negligible relative lattice mismatch to the GaSb buffer. Spectral photoluminescence
was measured to confirm the intended bandgap energy. At 10 K, a bandgap energy of 143 meV
(corresponding to a wavelength of 8.7 μm) was obtained. As the bandgap shrinks for rising temperature,
which can be described with the Varshni model [25], the corresponding cutoffwavelength of a detector
increases. Hence, this superlattice can absorb radiation throughout a large fraction of the MIR at high
operating temperatures.

Photolithographic processing was used to fabricate laterally-operated photoconductors (see
Figure 2b). Unlike in most T2SL-based detector concepts, in which the current flows parallel to
the superlattice growth direction, in this concept, the current flows mainly perpendicular to the
growth direction between two ohmic metal contacts and requires external bias voltage for operation.
When radiation of suitable wavelength enters the absorber layer, an additional photoconductivity is
generated. The processing steps for detector fabrication included dry etching for structuring of the
contact and the absorber layer, dielectric passivation, selective opening of the passivation layer and
metalization. In the last step, the mesa front was also metalized. This metalized area acts as a mirror
facilitating a double pass of the radiation incident from the backside, which increases the quantum
efficiency. The processing sequence has been presented in more detail before [24].

A differing lattice constant of layer and substrate, which is the case for InAs/GaSb T2SLs
lattice matched to GaSb on GaAs substrates, may result in an increased density of defects, growth
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inhomogeneities and a reduced device yield. Our wafer-level device characterization at 200 K
suggested that device drop out due to material- or processing-related defects is negligible [24].
As device performance proved to be homogeneous across the wafer, a large device yield would be
expected for manufacturing purposes. To allow for immersion of hyperhemispheric microlenses into
the substrate, the detectors were processed with a horizontal and vertical pitch of 1480 μm. In this
way, more than 1000 detectors could be fabricated per 3 inch wafer—the wafer size used in our study.
Assuming the increasingly common 4 inch and 6 inch GaSb substrate diameters, the number of devices
per wafer would scale according to the wafer area. For fabrication of detectors without substrate
microlenses, the number of detectors per wafer depends on the intended detector size and can be
significantly higher.

After processing and the characterization of the T2SLs and the fabricated detectors, the fully
processed 3 inch wafers were diced into single element detectors. The module integration of the
detector elements was completed in cooperation with VIGO System. In these modules, a T2SL
detector 50 μm × 50 μm in size is mounted on top of a four-stage TE-cooler. The detectors feature
a hyperhemispheric lens that was immersed into the GaAs substrate. As nGaAs ≈ 3.3, the lens
increases Ao for backside incident radiation by about two orders of magnitude and D∗ by one order of
magnitude when compared to detector elements without such an immersion lens. Furthermore, the IR
detector modules also comprise standard electronics from VIGO System: a fast preamplifier and a
TE-cooler controller. These TE-cooled T2SL-based IR detector modules constitute RoHS-compatible
turnkey systems.

3. Comparison to MCT

To benchmark the performance of these detectors, we compare the detectivity of MCT-based
and T2SL-based photoconductors without immersion lens. They are operated at 210 K with the
noise current taken at 20 kHz. In Figure 3, we show the mean value of the detectivity of InAs/GaSb
T2SL photoconductors, which we deduced from measurements that were already discussed in [24].
Here, we compare this mean value with specified detectivities of commercial MCT photoconductors
from VIGO System for different cutoffwavelengths from 9–13 μm [27]. For detectors with the same
cutoff wavelength of 10.6 μm, the detectivity of the MCT photoconductor is less than a factor of
two higher than the detectivity of the T2SL photoconductors. Given the brief development of HOT
InAs/GaSb T2SL photodetectors in comparison to the longstanding heritage of MCT photodetectors,
this is a highly promising result. Doping optimization [25] and increasing the quantum efficiency are
expected to further enhance the T2SL detector performance and increase its competitiveness.

Figure 3. Detectivity of InAs/GaSb T2SL photoconductors (mean value) and commercial mercury
cadmium telluride (MCT) photoconductors from VIGO System (guaranteed values) for different cutoff
wavelengths at 210 K and 20 kHz [24,27].
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As a longer cutoff wavelength implies a lower bandgap and an increased carrier generation,
which leads to an increased noise level, the peak detectivity of InAs/GaSb T2SL detectors is expected
to drop for longer cutoffwavelengths as it is the case for MCT-based detectors (see Figure 3). As the
cutoff of an MCT detector crucially depends on the Cd content in the composition, which becomes
more challenging to control precisely and homogeneously towards longer cutoff wavelength, for more
elaborate device concepts the device yield drops and in turn the detector price rises. This drawback
does not exist for InAs/GaSb T2SLs.

4. Real-Time MIR Backscattering Spectroscopy System

In addition to our development of HOT InAs/GaSb T2SL IR detectors, we realized a demonstrator
system for MIR backscattering spectroscopy. The operation principle of the demonstrator exploits the
characteristic spectral diffuse reflection of solid chemical substances in the MIR that can be utilized
for substance identification. Using a fast spectrally tunable quantum cascade laser (QCL) as the
illumination source and a fast photodetector, the system is able to record IR spectra over more than
250 cm−1 at rates of 1 kHz and therefore real-time spectroscopy. The high spectral scan speed of
the system is ideal for fast changing scenarios or handheld operation as was demonstrated before.
Here, we go beyond previous lab demonstrations of the measurement principle [28] as the system can
run constantly without user intervention for several hours.

4.1. Setup of the Demonstrator System

The first core component of the system, the IR light source, is an agile wavelength-tunable external
cavity quantum cascade laser (EC-QCL) developed by Fraunhofer IAF and Fraunhofer IPMS [28–30].
Its emission wavelength is defined by the deflection of a resonant micro-opto-electro-mechanical system
(MOEMS) diffraction grating in Littrow-configuration, which is driven close to the resonance frequency
of ~1 kHz (i.e., it harmonically oscillates around its zero-deflection position). Synchronized with the
MOEMS oscillation, the EC-QCL is operated in pulsed mode with a pulse length of 100 ns and a repetition
rate of about 500 kHz. Due to the resonant nature of the MOEMS scanner, the laser wavelength is
continuously tuned and the full spectral range between 1060 cm–1 and 1350 cm−1 provided by the QCL
chip can be scanned in only half a MOEMS period, i.e., ~500 μs. However, typically the IR spectra are
constructed from a full MOEMS period, as this increases the spectral resolution. For the parameters
mentioned above, one achieves a typical spectral resolution of about 2 cm−1 and a spectral broadening
per pulse (i.e., per emission wavelength) also of <2 cm−1 [27]. These performance parameters allow for
spectroscopy on a number of solids and liquids with characteristic bands within the IR fingerprint region.
The laser module itself is very compact, as can be seen in Figure 4a. Fraunhofer IAF and IPMS have
also developed a non-resonant MOEMS EC-QCL, which allows addressing individual wavelength or
(arbitrary) trajectories with scan frequencies of up to several ten hertz in an identical footprint [31].
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(a) (b)

Figure 4. Photographs showing (a) the compact designs of the external cavity quantum cascade
laser (EC-QCL) with micro-opto-electro-mechanical system (MOEMS) diffraction grating and (b) the
high operating temperature (HOT) T2SL IR detector from Fraunhofer IAF in a detector module from
VIGO System.

The second core component of the system, a fast IR photodetector, detects the QCL radiation after
it is diffusely reflected by the substance under investigation. The detector was chosen to meet the
requirements set by the laser system. These were a MHz-bandwidth, to resolve each individual laser
pulse, and a sufficiently long cutoff wavelength, to cover the required spectral range. As in diffuse
reflection typical signal intensities are small, a high D* is also necessary. To achieve a portable and
compact system, only TE-cooled detectors were considered. Up until now, only MCT detectors met
these requirements and hence an MCT-based IR detector module was initially selected. Its specifications
will be presented later, alongside those of the T2SL-based IR detector module. It differs from an
MCT-based IR detector module from VIGO only in terms of the employed detector chip. Figure 4b
demonstrates the small size of the detector module.

A picture of the demonstrator system and a simplified schematic showing its interior are presented
in Figure 5. During the operation of the system, the QCL beam impinges on a continuously rotating
sample platform. On this platform, several substances in the form of pills, powders or foils are arranged
in small sample compartments. The samples are listed in Table 1.

Figure 5. Picture and simplified schematic of the demonstrator system. Backscattering IR spectra
are continuously recorded using the tunable EC-QCL and the HOT InAs/GaSb T2SL IR detector.
As the sample platform rotates, different substances are illuminated and subsequently identified after
comparison with the database.

Table 1. Samples used in the demonstrator system.

Presentation Sample

pills Naproxen, Loratadine, Ibuprofen 400 mg, Paracetamol 500 mg, Aspirin 500 mg
powder Flour, Glucose, Sugar, Lactose, Sweetener, Paracetamol, Aspirin, Caffeine
foil Kapton, FhG-foil (sticky tape)

As the sample platform rotates, the different substances are sequentially exposed to the incoming
QCL beam. The rotational frequency of the sample platform sets the exposure time per substance.
In our case, the sample platform rotates with a speed of ~4 rpm, resulting in an exposure time per
substance of around ~1 s. After interaction with the respective substance, the laser radiation diffusely
backscatters. In the case of the foils, the transmitted light is diffusely backscattered by a plate located
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below them. Then, the collected portion of the backscattered light is deflected and focused to the fast
IR detector. Each single laser pulse is detected, and an IR spectrum is constructed. The substance
identification occurs by matching the measured fingerprint spectra to the previously acquired database
spectra. The realization of the identification process is described in more detail in the following section.

4.2. System Operation and Database Comparison

Each spectrum measured with the demonstrator system contains a spectral signature, mainly due
to the wavelength dependence of the responsivity of the detector. To determine the reflectivity of the
different substances under test, the system-dependent spectral signature needs to be corrected for.
Hence, at the beginning of the experiment a reference spectrum is acquired with a diffuse scattering
plate. It is placed at the same distance as the rotating samples on the sample platform. During operation
of the demonstrator system, the measured spectra are always divided by this reference.

With the demonstrator system, IR spectra are continuously recorded at a rate of 1 kHz. Typically,
25 spectra are averaged, corresponding to only 25 ms measurement time. Subsequently, the averaged
spectra are compared to a database by using a cross-correlation algorithm that enables substance
identification. The database is composed of MIR diffuse reflection spectra (in the case of pills or
powders) or transmission spectra (in the case of foils). These spectra were previously acquired with the
system itself or a commercial FTIR spectrometer from the same samples. Note that a FTIR measurement
takes several minutes in order to achieve a spectral point spacing (~2 cm−1) comparable to our MOEMS
EC-QCL-based measurement.

The averaged spectra are continuously compared to the database, while new spectra are still
acquired within that time. Hence, no time is lost due to the post-processing of data. Regarding the
comparison algorithm, we chose a standard cross-correlation comparison algorithm for simplicity,
which is explained in more detail below. The idle time of the system between the recordings of two
averaged spectra is sufficient to perform a comparison with the database. The database comprises
15 substances in the given case, which enables a comparison in ~10 ms when using this algorithm.
The same algorithm could also be employed for an enlarged database; however, it would be at the cost
of a slower database comparison.

In detail, we use the following procedure in our analysis. First, we calculate the normalized
cross correlation (NCC) of the averaged spectrum to each database entry. It serves as measure for the
similarity between two sets of data. Then, the largest cross-correlation (NCCmax) is selected. If NCCmax

is larger than a threshold value (NCCth), the substance related to the respective database entry is
considered as identified. Thereupon, the name of the substance is displayed on the demonstrator screen
together with the averaged and the database spectrum. If NCCmax is smaller than NCCth, no output is
returned. It needs to be mentioned that NCCth is an arbitrary yet fixed number. It is chosen based on
the measurement conditions at the beginning of the experiment after an initial test run. It is set as high
as possible in order to avoid false positives and as low as possible in order to avoid no returns.

The post-processing of data does not need to interfere with the acquisition of further spectra. To save
time, this part can be delegated to different sub-systems or processors on demand, i.e., to a distributed
computing architecture. This would also allow a more advanced data processing and analysis. In this
context, resolving mixtures into their components or an automatized subtraction of spectral fingerprints
from their background are typically of interest. Background subtraction becomes particularly important
for the analysis of samples that are not bulk-like, e.g., when a potentially hazardous powder sample on
an unknown substrate needs to be identified [32,33].

The presented approach for substance identification or discrimination with the demonstrator
setup is solely based on matching IR fingerprint spectra to database spectra that were previously
measured for known substances. Therefore, no precise knowledge about the specific nature of the
vibrational or vibrational-rotational molecular bands is needed for identification. In fact, the set of
substances on the sample platform was chosen arbitrarily. A modified set of substances could also be
used as long as the corresponding spectra provide sufficient distinction for discrimination in the MIR.
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4.3. Detector Module Interchangeability

To demonstrate the applicability of the T2SL-based IR module for spectroscopy, we replaced the
MCT-based IR detector module in the demonstrator system with the T2SL-based IR detector module.
The MCT-based module features a two-stage TE-cooled, photovoltaic IR detector that is illuminated
via a hemispheric lens resulting in an optical area of 1 mm × 1 mm. This module has been specified
with a cutoffwavelength of 10.6 μm, a bandwidth of 100 MHz and a detectivity of 6.8 × 108 cm

√
Hz/W.

The T2SL-based module features a four-stage TE-cooled, photoconductive, 50 μm × 50 μm-sized IR
detector that is illuminated via a hyperhemispheric lens, resulting in an optical area of approximately
500 μm × 500 μm. It has been specified with a cutoffwavelength of 9.3 μm, a bandwidth of 10 MHz
and a detectivity of 6.7 × 109 cm

√
Hz/W. The specifications of both detectors are listed in Table 2.

Table 2. Specifications of the two IR detector modules, based on an MCT detector and an InAs/GaSb
T2SL detector, respectively.

MCT InAs/GaSb T2SL

Detectivity 6.8 × 108 cm
√

Hz/W 6.7 × 109 cm
√

Hz/W
Bandwidth 100 MHz 10 MHz
CutoffWavelength 10.6 μm 9.3 μm
Operating temperature 226 K (2-stage TEC) 200 K (4-stage TEC)
Operation mode photovoltaic photoconductive
Optical Area 1 mm × 1 mm 0.5 mm × 0.5 mm
Lens hemispheric hyperhemispheric

As both modules feature equal packages and housings from VIGO System, replacing the
MCT-based detector module, integrating the T2SL-based IR detector module into the setup and
its optical alignment were straightforward. In the following, we report on the operation of the
demonstrator system with both IR detector modules.

In Figure 6, exemplary diffuse reflection spectra are shown, which were measured during
operation of the demonstrator system on commercial aspirin 500 mg pills and glucose powder with
the T2SL-based and MCT-based IR detector module, respectively. The spectra measured with the MCT
detector are normalized to their maximum value. The spectra acquired with the T2SL detector are
multiplied by a constant, chosen to simplify comparison of the spectra. For both substances, the spectral
trends measured with the two IR detectors are well comparable. Clearly, both detectors were able to
resolve characteristic spectral features of the aspirin pills and the glucose powder, which allowed for
substance identification by database comparison. As all substances on the sample platform (Table 1)
have characteristic spectral features in the spectral range coverable with both IR detector modules,
the T2SL-based IR detector module was also able to identify them during standard operation after fast
comparison with the database in real-time.
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Figure 6. Diffuse IR reflectance spectra obtained from aspirin 500 mg pills and glucose powder with
the two IR detector modules featuring a HOT InAs/GaSb T2SL IR detector and a HOT MCT IR detector
during operation of the demonstrator system.

4.4. Long-Term Stabilty

We studied the long-term stability of the demonstrator system with the T2SL detector. Following the
identification procedure described before, we recorded the identified substance and the calculated NCC
as a function of time. More than 50,000 measurements were performed in over 16 h of measurement
time. Since the rotation speed of the sample platform is not constant, but rather fluctuates constantly
in an uncontrolled manner, on average a new substance was identified every 1.1 ± 0.25 s. As there is
no synchronization between the platform and our laser system, for each averaged spectrum, a different
area was illuminated and used for analysis.

The results of the long-term stability test of the substance identification are presented in Figure 7.
The time evolution is encoded in the figure through the color and size of the dots that are used to represent
a single result. Substances for which the reference spectrum was obtained by the FTIR spectrometer are
labelled accordingly. Overall, no significant drifts can be observed in the data. However, the distribution
of the NCC strongly depends on the substance and varies depending on its form, i.e., foil, pill, or powder.
In general, the transmission spectra through the foils show narrower distributions, whereas for the pills
the distributions are typically wider. The assumption of our simple model—that each substance can
be matched to the database using a single database spectrum—does not necessarily hold for the pills.
This relates to the difficulties in solid dose manufacturing to achieve good homogeneity in the blending
process. This also broadens the distributions of NCC values in our analysis.
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Figure 7. Investigation of the long-term stability of the demonstrator system using the T2SL detector.
The time information is encoded in color and size of the dots, i.e., early results are represented by big
blue dots, whereas later results are given by smaller and greener dots. Please note the two groups for
loratadine, where the lower ones correspond to false assignments.

The detailed analysis of the results of the long-term stability test with more than
50,000 measurements showed that in total 16 samples could not be identified and 68 measurements
have been assigned to the wrong substance. Furthermore, 67 of these events correspond to a false
assignment to loratadine. Since the corresponding NCCs of these events are smaller and form a
separate group in Figure 7, these events could easily be rejected, if a more complex model were used.
The 16 missing hits are attributed to ibuprofen 400 mg and the naproxen-based pill, certainly due to
a too high NCCth value, which was chosen to be 1.91 in this experiment. In total, the error rate for
missing hits is as low as 0.3‰ with the potential to be improved.

5. Discussion

The detector development and the presented application show the potential of TE-cooled
T2SL-based IR detector modules for substance discrimination and in a broader scope for IR spectroscopy
in general. This potential results from several key properties that the IR detector module exhibits.
The first key property is a sufficiently long cutoffwavelength, which is tunable for InAs/GaSb T2SL
detectors as it is for MCT detectors. The other key properties are a high detectivity and a bandwidth
in the MHz range. A meaningful one-to-one comparison of the two IR detector modules used in the
demonstrator system is problematic as they differ in several specifications such as size, operation mode,
operating temperature, and cutoff wavelength (see Figure 3). The properties of the T2SL-based IR
detector module can be slightly altered by changing the cooling power and hence the operating
temperature. Rising the operating temperature of the InAs/GaSb T2SL photoconductor increases the
cutoff wavelength and the detector bandwidth but reduces the detectivity. Due to the versatility of the
InAs/GaSb T2SL material system and mature device processing at hand, detectors operating in more
elaborate device concepts and with properties tailored to a particular application could be realized for
the HOT range.

6. Summary

We demonstrated a RoHS-compatible, TE-cooled IR detector module based on an InAs/GaSb T2SL
single element detector. For the fabrication of this module, we combined Fraunhofer IAF’s expertise
in the growth and processing of InAs/GaSb T2SLs with VIGO System’s expertise in the fabrication

15



Micromachines 2020, 11, 1124

of TE-cooled IR detector modules. This paper shows that this T2SL-based IR detector module and
a commercial MCT-based IR detector module can be employed interchangeably in a compact and
real-time MIR backscattering spectroscopy system. This system provides a very low error rate of only
0.3‰ in substance differentiation, which can be further improved. Furthermore, we showed that for
equal operation mode, operating temperature, cutoff wavelength, and noise frequency, the detectivity
of photoconductors based on InAs/GaSb T2SLs and MCT is comparable. This renders InAs/GaSb
T2SLs promising for fully RoHS-compatible HOT IR photodetectors.
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Abstract: In this paper, we investigate the broad spectral photocurrent properties of the
La0.67Ca0.33MnO3/Si (LCMO/Si) heterojunction from 200 nm to 2.0 μm, as the temperature increases
from 95 to 300 K. We observed the junction’s uniform responsivity in the visible range and five
absorption peaks at 940 nm, 1180 nm, 1380 nm, 1580 nm, and 1900 nm wavelengths. The temperature
showed effective affection to the photocurrents at absorption peaks and the transition point occurred
at 216 K, which was also displayed in the temperature dependence of junction resistance. On the
basis of the results, we propose a possible model involving the quantum size effect at the junction
interface as the mechanism. This understanding of the infrared photodetection properties of oxide
heterostructures should open a route for devising future microelectronic devices.

Keywords: manganite; heterostructure; photodetector

1. Introduction

Oxide semiconductor devices based on the perovskite oxide films, whose properties can be
controlled by magnetic field, electric field, and light irradiation, have attracted a great deal of interest.
Experiments confirmed that manganite-based perovskite-type oxides have excellent ultraviolet (UV)
photoresponse characteristics with ultrafast response-time of picosecond and high sensitivity, which
makes this class of materials potentially useful for UV sensor applications [1,2]. Furthermore, manganite
heterojunctions offer the features of tunability by magnetic and electric fields, high-sensitivity to
light illumination and high carrier mobility, suggesting many possible applications and research
directions including information storage, optoelectronics information processing, and advanced
sample preparation techniques associated with microstructure modulate research [3–7]. In addition,
similar to many optical materials with chemical stability, manganite heterojunctions are insensitive to
harsh physical environment such as fluctuations of temperature and pressure, suggesting a potential
application of manganite heterojunction photodetectors in harsh environments for the need of oil and
gas optics [8–12]. Integrating the perovskite-type transition metal oxides with the silicon (Si)-based
semiconductor technology would also introduce the possibility for a multifunctional microelectronic
device [13–15].

Si photodetectors have already found wide acceptance for visible light applications, while it has
small absorption coefficient in near-infrared (NIR) wavelength range because of the cut offwavelength
of ~1100 nm. Now most NIR photodetectors were composed of PbS, PbSe, or InGaAs. The toxic
precursors, such as Pb, Se, and As, was usually used to synthesize these materials. It is a meaningful
thing to find non-toxic and pollution-free material for photodetector working at NIR wavelength range.

The infrared (IR) spectrum has become an important method to study the lattice distortion
and been applied to investigate the photoconductive effect in perovskite manganese oxides, where
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mid-infrared or far-infrared spectra was used to explain the complex physical process in manganites
such as the electronic transition, electron-phonon interaction, coupling between lattice, orbital, and
spin, etc., [16–22]. In this paper the photocurrent response spectrum between 200 nm and 2 μm
of the heterojunction La0.67Ca0.33MnO3/Si (LCMO/Si) is reported. The temperature dependence of
the photocurrent response of the sample was investigated to reveal more information related to the
photoelectric response, and selective absorption peaks were observed. The mechanism about the
results is also discussed in the paper.

2. Materials and Methods

The LCMO/Si heterojunction was fabricated using the facing target sputtering technique. A 100 nm
thickness LCMO layer was grown on a 0.5 mm thick n-type Si (001) wafer. The wafer temperature was
kept at 680 ◦C with the oxygen pressure being 60 mTorr during deposition. Immediately after each
deposition, the vacuum chamber was back-filled with 1 atm oxygen gas.

The photocurrent of the sample was detected by the spectral response measurement system,
as shown in Figure 1. The system was designed to measure the UV and IR spectral responsivity
characteristics of samples in low temperature environment. The operation was automatically
controlled, and the system maintained good closure during the measurement process. The selected
all-reflected-light-route system, UV, visible light or IR, can be switched automatically with maximum
light path coupling efficiency. The diameter of the light spot was 3 mm. The light intensity was
calibrated using the spectrum of a commercial UV-100L Si photodiode (from OSI Systems Inc.,
Hawthorne, CA, USA) and the spectral responsivity was measured by a monochromator.

Figure 1. Spectral response measurement system.

The LCMO/Si heterojunction for the photoelectric measurements was cut into 5 × 5 mm and two
colloidal silver electrodes were prepared on the LCMO film and Si wafer. The sample was placed in an
airtight holder with a quartz window and connected with the spectral response measurement system
(Figure 2a). The typical current-voltage curves of the LCMO/Si heterojunction, shown in Figure 2b,
were measured in the dark by tuning the applied voltage with a pulse-modulated voltage source at
300 and 60 K. The forward bias was defined as the current flowing from the upper LCMO layer to Si
substrate. Thus the diodelike rectification characteristic can be ascribed to the presence of LCMO/Si
interfacial potential because of the carrier diffusion.
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Figure 2. (a) The setup of La0.67Ca0.33MnO3/Si (LCMO/Si) heterojunction for the spectral response
measurement. (b) The current-voltage curves of the LCMO/Si heterojunction at 300 and 60 K.

3. Results and Discussions

The junction resistance Rj in LCMO/Si junction was measured with the temperature. As shown in
Figure 3, Rj strongly depends on the bias, e.g., when the bias was turned from 20 μA to −20 μA Rj

changed from 166.0 kΩ, 20.0 kΩ, and 15.1 kΩ to 178.1 kΩ, 98.2 kΩ, and 15.6 kΩ at 95 K, 202 K, and
300 K. In addition, taking the bias of 50 μA as an example, Rj decreased slightly from the beginning
95 K to 172 K and had a sharp change from 78 kΩ at 172 K to 8.2 kΩ at 216 K with a corresponding rate
of 1.6 kΩ/K. Subsequently Rj maintained small change of about 0.01 kΩ/K till 300 K.

 
Figure 3. The temperature dependence of junction resistance Rj of a LCMO/Si junction under (a) the
positive current bias and (b) the negative current bias.

Figure 4a displays the photocurrent (PI) spectrum of the LCMO/Si junction under zero bias in the
wavelength range of 200 nm < λ < 2200 nm. The junction’s responsivity was spectrally uniform in
the visible range, while five absorption peaks P1, P2, P3, P4, and P5 were observed at λ1 = 1940 nm,
λ2 = 1180 nm, λ3 = 1380 nm, λ4 = 1580 nm, and λ5 = 1900 nm wavelengths in each temperature
because of the absorption characteristics of the LCMO/Si junction, and the peak value decreased with
the increase of the wavelength. The temperature dependences of the photocurrent response PIP at the
five absorption wavelengths are shown in Figure 4b. PIP monotonically increased from 0.0065 A/W,
0.012 A/W, 0.0115 A/W, 0.004 A/W, and 0.002 A/W at 108 K to 0.0122 A/W, 0.017 A/W, 0.0155 A/W,
0.006 A/W, and 0.0025 A/W at a turning point of 216 K and then dropped 0.004 A/W, 0.005 A/W,
0.005 A/W, 0.002 A/W, and 0.001 A/W at 300 K for selected wavelengths of λ1, λ2, λ3, λ4, and λ5.
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Figure 4. Photocurrent (PI) spectrum for various temperatures (a) and PI peaks (b) for 940 nm (P1),
1180 nm (P2), 1380 nm (P3), 1580 nm (P4), and 1900 nm (P5) of a LCMO/Si junction.

Si cannot produce strong absorption features. Most of heterojunctions of manganite-based
perovskite-type oxides exhibit the properties of p-n junction and quantum size effect can be produced
when the thickness of the potential well material is about 50 nm thick. If quantum size effect occurs,
the energy is quantized in the direction of the vertical interface, which will lead to the quantization
of energy absorption in the material. Since a thin SiO2 layer of 3.6 nm thick exists in the LCMO/Si
heterojunction [23], a quantum size effect was expected to occur. The interval of adjacent energy levels
in an infinite quantum well is described as:

ΔEn,n+1 = π
2η2mn

−1dw
−2(n + 1/2) ∝ (n + 1/2) (1)

where mn is the electron effective mass and dw is the quantum well width. Thus, (ΔEn,n+1 − ΔEn+1,n+2)
is independent on n and

(ΔEn,n+1−ΔEn+1,n+2) − (ΔEn+1,n+2 − ΔEn+2,n+3) ≈ ΔEn,n+1 − 2ΔEn+1,n+2 + ΔEn+2,n+3 (2)

As for present five special wavelengths λn (n = 1, 2, 3, 4, and 5),

(λ1
−1 − λ2

−1) − 2(λ2
−1 − λ3

−1) + (λ3
−1 − λ4

−1) ≈ 0.0034 (3)

and
(λ2
−1 − λ3

−1) − 2(λ3
−1 − λ4

−1)+(λ4
−1 − λ5

−1) ≈ 0.0030 (4)

Here, the above two similar data suggested that the present model involving the quantum size
effect was adopted as the mechanism of IR photocurrent in LCMO/Si.

Noise performance is a critical factor for evaluating a detector. The noise current In is about
10−4 A/W in dark and is very low compared to the responsivity PI of the LCMO/Si junction when the
light was on. The detectivity D* is determined by the ratio of PI and In, and D* = PI (fS)1/2/In, where f
is the amplifier frequency bandwidth (500 MHz) and S is the detector area (~7.065 mm2). Thus D*
is estimated to be about 2.38 × 103 Hz1/2m, 2.97 × 103 Hz1/2m, 2.97 × 103 Hz1/2m, 1.19 × 103 Hz1/2m,
and 0.59 × 103 Hz1/2m at 300 K for selected wavelengths of λ1, λ2, λ3, λ4, and λ5, suggesting that the
LCMO/Si junction could be well-suited as an IR detector.

Perovskite-type oxides detectors possess a number of significant characteristics, and are ideally
suited to detect small changes in a relatively large background level of incident energy, which can be
used over a large spectral bandwidth. Here it has been shown that a specific manganite heterojunction
has the ability to be an IR detector since it can produce photocurrent in the IR regime. The devices have
a number of important characteristics (low cost, low power, good performance, wide operating range
of temperature, a high degree of environmental stability, and reliability) which make them ideal for a
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range of applications from consumer and commercial to military requirements. LCMO/Si junction is a
new material for photodetector fabrication compared to traditional materials. It is anticipated that
manganite heterojunction IR detectors will assume an ever growing importance in our society over the
next few years.

4. Conclusions

In conclusion, we fabricated a manganite-based heterojunction by depositing a LCMO thin film
on the Si substrate. The broad spectral photocurrent effect of the junction was systematically studied
in a temperature range from 95 to 300 K. The responsivity of LCMO/Si heterojunction was spectrally
uniform in the visible range. Five absorption peaks occurred at 940 nm, 1180 nm, 1380 nm, 1580 nm, and
1900 nm in the IR range, which is explained in terms of a quantum size effect model since an interface
existed in the present photodetector. However, relative contributions from individual interface are still
not clear and further studies is needed to clarify the PI mechanisms.
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Abstract: This paper reports an InAs/InAsSb strained-layer superlattice (SLS) mid-wavelength
infrared detector and a focal plane array particularly suited for high-temperature operation. Utilizing
the nBn architecture, the detector structure was grown by molecular beam epitaxy and consists of a
5.5 μm thick n-type SLS as the infrared-absorbing element. Through detailed characterization, it was
found that the detector exhibits a cut-offwavelength of 5.5 um, a peak external quantum efficiency
(without anti-reflection coating) of 56%, and a dark current of 3.4 × 10−4 A/cm2, which is a factor
of 9 times Rule 07, at 160 K temperature. It was also found that the quantum efficiency increases
with temperature and reaches ~56% at 140 K, which is probably due to the diffusion length being
shorter than the absorber thickness at temperatures below 140 K. A 320 × 256 focal plane array was
also fabricated and tested, revealing noise equivalent temperature difference of ~10 mK at 80 K with
f/2.3 optics and 3 ms integration time. The overall performance indicates that these SLS detectors
have the potential to reach the performance comparable to InSb detectors at temperatures higher
than 80 K, enabling high-temperature operation.

Keywords: Infrared detector; strained layer superlattice; InAs/InAsSb; absorption coefficient; barrier
detector; high operating temperature

1. Introduction

Lower cost, size, weight, and power (C-SWaP) have become a requirement for many infrared
imaging systems. A great impact on C-SWaP could be achieved through high operating-temperature
(HOT) [1] sensors and focal plane arrays (FPAs), which in turn require developing suitable sensor
materials exhibiting high uniformity, high stability, and good electrical and optical properties. One class
of materials that has the potential to do just that are III–V, antimony-based, strained-layer superlattices [2]
(SLSs), which have already shown impressive results. HOT [1,3] capability has been the primary
goal in the mid-wavelength infrared (MWIR) band and a few demonstrations [4] have been already
reported. Research groups have explored different detector architectures (nBn [5], nBp [6], pBp [7],
XBn [8], CBIRDs [9] etc.) and pixel geometries [5,10] across a multitude of SLS designs [11–16] to
mitigate generation-recombination (G-R) current and surface-leakage current, while maximizing
electrical/optical properties. Among those, detectors with InAs/InAsSb SLSs incorporated in the nBn
architecture have received special attention due to high carrier lifetime [16–18] and reduced complexity
of SLS growth [4]. Since the first demonstration of SLSs for infrared (IR) detectors [12], InAs/Ga(In)Sb
SLSs continue to improve [19], while InGaAs/InAsSb SLSs [15,20] have also shown promising results.
Researchers are currently addressing the poor hole mobility [21] and carrier localization [22,23] effects
in n-type SLS to improve the diffusion length. They have also explored p-type SLS detectors, but surface
passivation leading to surface leakage current [24,25] remains an insurmountable problem. In this paper,
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the focus is on a detector utilizing n-type InAs/InAsSb SLSs based on the nBn architecture, with the
emphasis on HOT capability. Detector design, material characterization, and detector performance are
discussed in detail, while FPA fabrication and testing are briefly discussed.

2. Strained-Layer Superlattice (SLS) Design and Detector Structure

Group III–V antimony-based SLSs are periodic structures of thin layers of semiconductor materials
typically grown on GaSb substrates, which comprise a band-engineered artificial infrared material.
In the InAs/InAsSb SLS reported here, the unit cell consists of 16 ML InAs and 6 ML InAsSb layers and
the total unit cell thickness was then adjusted to achieve the desired bandgap and spectral response.
The band structure of the superlattice was calculated using NRLMultiband software [26] and the band
parameters such as the bandgap and carrier effective masses as well as material properties such as
absorption coefficient were obtained. Figure 1a illustrates the conduction band (CB) and valence band
(VB) profile of the bulk constituents of the superlattice along with superlattice minibands (HH1 and
C1) and its bandgap (Eg). The electron and hole probability distributions are also shown, indicating
nearly free electrons in the C1 miniband and heavily confined holes in the HH1 miniband. This is a
typical feature of InAs/InAsSb SLSs and one can optimize the design [15] to maximize the electron and
hole wave function overlap in order to maximize the absorption coefficient and vertical hole mobility.
The designed value of Eg is 234 meV (5.3 μm) at 80 K in order to cover the entire 3–5 μm atmospheric
band (MWIR).

n-Type Top Contact        
d = 0.2 μm, SLS, n= 1E16 cm-3

AlGaAsSb Electron Barrier
d = 0.2 μm

n-Type Absorber                
d = 5.5 μm, SLS, n= 1E16 cm-3

p+ GaSb Buffer Layer, d = 0.5 μm

n-Type GaSb Substrate
InAs InAsSb

C1

HH1

Eg

(a) (b)

Figure 1. (a) InAs/InGaAs strained-layer superlattice (SLS) design showing the conduction and valence
band profile for the bulk material as well as the valence and conduction minibands of the superlattice.
The superlattice bandgap is also indicated as Eg. (b) Structure of the nBn detector consisting of SLS
layers as the absorber and contact layers and a bulk AlGaAsSb layer as the electron barrier.

The SLS shown in Figure 1a was incorporated into an nBn architecture in order to build a detector.
Figure 1b shows the complete structure of the nBn detector grown on GaSb substrate by molecular
beam epitaxy at a commercial foundry. The active elements in the structure include a 5.5 μm thick
n-type SLS absorber, a 0.2 μm thick AlGaAsSb electron barrier layer, and a 0.2 μm thick n-type SLS
top contact layer. For single element device characterization, mesas were fabricated using standard
photolithography, wet chemical etching, and metallization processes. A fully fabricated mesa device is
illustrated in Figure 1b. In addition, a metallic mirror was also deposited on the backside of the wafer;
this mirror provides a double pass optical geometry under front-side illumination, which approximates
the performance of a backside-illuminated FPA.

3. Characteristics of Detectors

Material and device characterization was performed at a range of temperatures from 78 to 300 K.
The absorption coefficient (α) was determined from transmission and reflection measurements using a
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Fourier transform infrared (FTIR) spectrometer; the details of the method are discussed elsewhere [27].
The absorption coefficient spectra for the superlattice reported here is shown in Figure 2 at 78 and
300 K. Also indicated in the Figure 2 is the cut-offwavelength (~5.2 μm) corresponding to the inflection
point of the spectrum (also the edge of the Urbach [28] tail). This value is very close to the designed
bandgap of the superlattice (5.3 μm). The value of α at 4 μm and 300 K is 3081 cm−1 and the average
α in the 3–5 μm band is 3461 cm−1. Furthermore, the cut-off wavelength shifts to about 6.5 μm at
300 K, as expected. These spectra were used for calculating the absorption efficiency in the absorber for
comparison against the measured quantum efficiency (QE) of the detector, which will be discussed later.

Figure 2. Measured absorption coefficient spectra of the InAs/InAsSb SLS at 78 and 300 K.

The fully processed detectors were packaged in leadless chip carriers and wire-bonded to the
chip carrier leads to make electrical contacts. Dark current and photocurrent measurements were
carried out after mounting the packaged devices in a liquid nitrogen pour-filled dewar. The dark
current-voltage-temperature (IVT) characteristics measured in the 80–240 K temperature range are
shown in Figure 3a. Here, the bias polarity is defined as negative (positive) when a negative (positive)
voltage is applied on the top contact. The nBn detector is operated under negative bias where majority
electrons flowing from the top contact to the bottom contact are blocked by the electron barrier, while
photo-generated minority holes are collected at the top contact. Figure 3b shows the variation of the
dark current density (Jd) under –0.2 V bias with temperature (T) with a linear fitting to the experimental
data at temperatures higher than 160 K. Based on the slope of Jd/T3 vs. 1/T plot, the activation energy
was calculated to be approximately 203 meV. This value is very close to the bandgap of the SLS at
~200 K (confirmed by the spectral cut-off discussed later). It also confirms that the dark current at
T > 160 K is diffusion limited. At lower temperatures, the dark current of SLS-based nBn detectors is
typically limited by generation/recombination (G-R) current which is characterized by an activation
energy of approximately half the bandgap. This is confirmed by an activation energy of ~115 meV,
obtained from the slope of Jd/T3 vs. 1/T plot for T < 100 K, which is approximately half of the bandgap.

Photocurrent was measured using a calibrated blackbody and a set of notch filters at a few specific
wavelengths. Then, the quantum efficiency was calculated through radiometric analysis. The resulting
quantum efficiency of the detector and its variation with bias at 80 K and 3.4 μm are shown in Figure 4.
It should be noted that this is the external quantum efficiency of the detector measured without using
an antireflection (AR) coating. From Figure 4, it appears that the detector reaches 90% of max QE (i.e.
the turn-on voltage) at a bias of ~ –0.2 V and QE increases slowly when the bias voltage magnitude
is increased further. Unlike for a homojunction diode, nBn detectors are not expected to operate
at 0 V, as there is no built-in field in the structure. However, pushing the operating bias voltage
near 0 V is preferred, which can be done through optimization of the barrier band alignment and
doping. The turn-on voltage at 80 K is reasonably small (200 mV), which decreases with increasing
temperature [20].
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Figure 3. (a) Dark current-voltage-temperature (IVT) characteristics of a 400 × 400 μm size nBn detector
and (b) Arrhenius plot at a bias voltage of –0.2 V. The linear fit to the current at T > 160 K yields an
activation energy of 203 meV.

Figure 4. Variation of the external quantum efficiency (no AR coating) of the detector with bias at 80 K
and 3.4 μm.

Another important detector characteristic is the spectral response, which is typically measured
using a spectrometer. An FTIR spectrometer was used to measure the relative spectral response of
this device, which was scaled to spectral QE using the calibrated blackbody measurements. The
spectral QE and its variation with temperature under a bias of −0.2 V is shown in Figure 5a. As
observed, the cut-off wavelength (inflection point) at 80 K is approximately 5.25 μm (236 meV), which
is extremely close to the designed bandgap of the superlattice (234 meV). If the 50% of peak QE is
considered, the corresponding wavelength at the band edge is approximately 5.12 μm. This value will
be considered as the cut-off for a comparison of the dark current against that of mercury cadmium
telluride (MCT) detectors described by Rule 07 [29], as discussed in the next section. As the temperature
is increased, the cut-off wavelength increases as expected, but the increase in peak QE is not ideal. As
shown in Figure 5b, the magnitude of the peak QE (at 4.2 μm) increases with temperature in the 80–140
K range. At 140 K and beyond, QE saturates, indicating that the QE is likely absorption-limited at
these temperatures. This value of QE will be compared with the maximum theoretical value, equal to
the absorption efficiency, in the following section. The overall result indicates that this detector’s QE
peaks at T > 140 K, making it suitable for HOT detectors.
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Figure 5. (a) Spectral quantum efficiency of the detector at –0.2 V at various temperatures and (b)
variation of the peak quantum efficiency with temperature at 4.2 μm under –0.2 V.

4. Discussion

Using the experimentally determined absorption coefficient spectra shown in Figure 2, the total
absorption in the 5.5 μm thick absorber was calculated [27] using the transfer matrix method under
frontside illumination. This calculated absorption efficiency corresponds to the maximum theoretical
quantum efficiency of the detector. A comparison of the absorption at 78 and 300 K is compared with
the detector QE measured at 80 and 240 K, as shown in Figure 6. It was not possible to measure both
absorption efficiency and the quantum efficiency at the same temperature, therefore, close values for the
temperature were chosen for this comparison. It is clear that the value of QE at high temperatures is in
good agreement with the absorption efficiency. The minor discrepancy observed in the overall spectral
shape and the band edge could be due to two reasons: (i) the temperature difference (77 K vs. 80 K and
240 K vs. 300 K), impacting the bandgap and the cut-off wavelength, and (ii) optical resonant effects in
the structure, which are very sensitive to the refractive index of the layers in the structure. Currently,
the model considers real refractive index values reported in the literature, however, the actual values of
the refractive index for the layers in the structure should be measured at corresponding temperatures
and used in the model in order to further improve the simulated results.

Figure 6 also confirms that the maximum QE, shown in Figure 5b, is very close to the maximum
theoretical QE, i.e. collection efficiency is near unity. However, for T < 140 K, the QE decreases as the
temperature is decreased, indicating collection efficiency is less than 1 at these temperatures. Assuming
that the diffusion length, L, is lower than the absorber thickness (= 5.5 μm), the absorption in a portion
of the absorber with a thickness equal to L measured from the barrier/absorber interface, as indicated
in Figure 1b, was calculated. Then, the value of L that gives the best fit between the absorption and QE
was determined. At T ~80 K, this value was found to be ~4.8 μm. In other words, QE measured at 80 K
corresponds to the collection of carriers generated within a ~4.8 μm region of the absorber. In Figure 6,
the absorption efficiency spectra at 78 K correspond to L = 4.8 and 5.5 μm and the spectrum when
L = 4.8 μm fits reasonably well with the quantum efficiency spectrum measured at 80 K. Moreover,
when the temperature is increased from 80 to 140 K, L increases from 4.8 μm to 5.5 μm, respectively.
While this is one straightforward way to explain the QE dependence on temperature, there could be
other effects leading to the same observation such as variation in the barrier band alignment to the
absorber with temperature and recombination of trapped holes at the interfaces [4].

As of today, MCT technology is still the leading technology for HOT detectors, while SLS
technology has become a viable competitor. Therefore, it is worthwhile comparing the dark current
between state-of-the-art MCT detectors described by Rule 07 [29] and the SLS detector reported in this
paper. Defining the cut-off wavelength as the wavelength near the band edge corresponding to 50% of
the peak QE (see Figure 5a), the cut-off wavelength values at different temperatures were determined
and the Rule 07 dark current corresponding to those cut-off values and temperatures were calculated.
It was then found that the dark current of this SLS detector is approximately a factor of 9, 4, and 3
higher than that of Rule 07 at 160, 180, and 200 K temperatures, respectively.
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Figure 6. Comparison of the quantum efficiency measured at 80 and 240 K against the absorption
efficiency calculated at 78 K (for L = 4.8 and 5.5 μm) and 300 K (for L = 5.5 μm), indicating a good
agreement in the quantum efficiency values as well as the spectral shape. The highest temperature for
quantum efficiency data available is 240 K and it was chosen to compare against the absorption at 300 K.

The dark current and quantum efficiency of the detector reported in this paper are comparable to
similar InAs/InAsSb SLS detectors recently reported in the literature. Ting et al. [4] have reported an
InAs/InAsSb SLS nBn detector with a quantum efficiency of ~52% and dark current of 9.6 × 10−5 A/cm2

(a factor of ~4.5 higher than Rule 07) at ~157 K. With a detailed analysis of dark current characteristics,
Rhiger et al. [30] have reported a similar InAs/InAsSb SLS nBn detector exhibiting a dark current
5 times higher than Rule 07. Furthermore, a comprehensive review of antimony-based detectors has
been reported by Rogalski et al. [2] With this level of dark current performance and external quantum
efficiency >50%, it can be predicted that SLS detectors are well within the reach of performance of InSb
detectors but at high temperatures, promising as a candidate for HOT detectors.

To demonstrate the imaging performance, a 320 × 256 detector array with 30 μm pitch was
fabricated, flip-chip bonded to a commercial readout integrated circuit chip (FLIR ISC9705), and tested
to obtain performance metrics. As shown in Figure 7, the FPA exhibits promising results, including
a median noise-equivalent temperature difference (NEDT) of 10 mK. This FPA also showed good
uniformity and image quality up to about 140 K. Furthermore, these performance metrics agree with
the characteristics measured at the single element detector level, discussed earlier in this paper.

Figure 7. (a) Noise-equivalent temperature difference (NEDT) histogram of a 320 × 256 focal plane
array (FPA) at 80 K; (b) NEDT operability map; and (c) an image taken at 80 K with f/2.3 optics and a
3 ms integration time.

5. Conclusions

A MWIR nBn detector designed using InAs/InAsSb SLS was reported. Detector characteristics
were measured and analyzed with an emphasis on high temperature operation. At 160 K, this detector
exhibits dark current of 9 times Rule 07 and peak quantum efficiency of 56% (~84% of internal quantum
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efficiency). The turn ON voltage is at or below −200 mV over the full temperature range. It was
estimated that the diffusion length of the SLS is approximately 4.8 μm at 80 K, which increases to
a value comparable to the absorber thickness (5.5 μm) when the temperature is increased to 140 K.
Comparing the calculated absorption efficiency and the measured detector quantum efficiency, it was
possible to conclude that the detector exhibits nearly 100% collection at temperatures higher than 140 K.
While the performance metrics reported here do not meet those of InSb detectors yet, SLS technology
continues to improve with the promise that it has the potential to deliver future HOT detectors required
for many applications.
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Abstract: Room-temperature highly sensitive microbolometers are becoming very attractive in
infrared (IR) sensing with the increase in demand for the internet of things (IOT), night vision, and
medical imaging. Different techniques, such as building extremely small-scale devices (nanotubes,
etc.) or using 2D materials, showed promising results in terms of high sensitivity with the cost of
challenges in fabrication and low-noise readout circuit. Here, we propose a new and simple technique
on the application of joule heating on a clamped–clamped beam without adding any complexity.
It provides much better uniformity in temperature distribution in comparison to conventional joule
heating, and this results in higher thermal stresses on fixed ends. This consequently brings around
60.5× improvement in the overall temperature sensitivity according to both theory and COMSOL
(multiphysics solver). The sensitivity increased with the increase in the stiffness constant, and it was
calculated as 134 N/m for a device with a 60.5× improvement. A considerable amount of decrease in
the operation temperature (36× below 383 K and 47× below 428 K) was achieved via a new technique.
That’s why the proposed solution can be used either to build highly reliable long-term devices or to
increase the thermal sensitivity.

Keywords: microbolometer; infrared sensor; complementary metal-oxide semiconductor (CMOS);
high sensitivity; temperature sensor; microresonator; MEMS; clamped–clamped beam; thermal
detector

1. Introduction

MEMS/NEMS (Micro/Nano-Electro-Mechanical Systems) resonators got tremendous attention in
the last decades, especially with the increase in the demand for the internet of things (IOT), biosensors,
gas sensors, and infrared (IR) sensing applications (night vision, gas detection, medical imaging, etc.).
Photon detectors [1,2] and microbolometers [3,4] are the two widely used and well-known competitors
in building IR sensors. Photon detectors suffer from the requirement of cryogenic cooling, intrinsic
noise, relatively high cost, fabrication complexity, and being bulky and expensive. On the other
hand, room-temperature microbolometers not only eliminate all these problems, but can also easily
be implemented in widely used CMOS (complementary metal-oxide semiconductor) processes [3].
The working principle of the microbolometer is based on the conversion of incident radiation into heat
via a plasmonic absorber, and then conversion of this heat into an electrical signal via a temperature
sensor. This electrical signal can be either resistance change (non-resonant) or frequency change
(resonant type), depending on the device type. Resonant sensors [5–7], in contrast to non-resonant
sensors [8], are the most popular because they offer significant advantages [6], such as high-quality
factor of 1 million [9], ultra-low-noise measurement, and highly accurate measurement. The working
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principle of MEMS-type resonant-based thermal sensors is based on the resonance frequency shift,
with respect to change in the temperature.

Many different techniques have been applied to increase the sensitivity of resonant-type
microbolometers, where the thermal sensitivity strongly depends on the temperature coefficient
of frequency (TCF). Extremely small devices [10,11] have higher sensitivity and a higher TCF, but they
have challenges, such as difficulties in fabrication, high density integration, and low-noise readout
circuit implementation. Using NEMS offered better sensitivity and TCF by achieving better thermal
isolation [6,12,13], but sacrifices low stiffness constant. High quality factor [9,14,15] was achieved
to detect a much smaller frequency shift and consequently enables higher thermal sensitivity and
a higher TCF, but this method either requires vacuum environment or fabrication complexity or
fabrication compatibility problem with CMOS process. Using phase change materials [16] in building
cantilever-type resonators increased their thermal sensitivity and TCF, while bringing the fabrication
challenges and CMOS compatibility problem. A fixed–fixed beam-type device was built [17] to
drastically increase the TCF in comparison to other well-known resonant-type devices (cantilever,
tuning fork, and free-free beam). The |TCF| of 4537 ppm/K was achieved in [5], and 19,500 ppm/K was
achieved in [17], with fixed–fixed beam, where CMOS allowed high density integration and low-noise
readout circuit. Later, this method was improved, and a possibility of 31× improvement, with a |TCF|
of 2,178,946 ppm/K in thermal sensing, was demonstrated [7] by not only combining joule heating
with ambient temperature change but also keeping the pull-in voltage as small as possible. However,
nonuniform temperature distribution via joule heating prevented this approach from going down to
smaller scale and consequently having higher thermal sensitivity due to relatively high thermal stresses.

We present a new type of joule heating technique in this work that allows much better temperature
uniformity throughout the beam in comparison to conventional joule heating. In contrast to [7], here,
joule heating is applied on sidebars attached on the fixed ends of the clamped–clamped beam. This
uniform temperature profile not only increases the thermal stress on the fixed ends but also allows
building design with relatively higher stiffness constant, while keeping the temperature limit around
530 K [18]. This increase in return results in the increase in the sensitivity multiplier and TCF. The
sensitivity multiplier was computed as 60.5×, with a 30 μm long and 0.9 μm thick device, according
to both COMSOL and theory in comparison to the possibility of 31× demonstrated in [7]. The |TCF|
for 60.8× improvement was calculated as 3,991,168 ppm/K in comparison to 2,178,946 ppm/K in [7],
19,500 ppm/K in [17], 4537 ppm/K in [5], 30 ppm/K in [6], 548 ppm/K in [10], 86.2 ppm/K in [19], and
29.4 ppm/K in [13]. Furthermore, this uniform heating allows the design to have the same thermal
sensitivity, with a conventional joule heating scheme [7], while drastically decreasing the operation
temperature and enabling long-term operation. In other words, the proposed design methodology
can be used either to increase the thermal sensitivity or to decrease the operation temperature for
high reliability.

Using aluminum or composite structure in building a clamped–clamped beam in a CMOS
0.6 process showed almost no difference in the sensitivity multiplier, even at different sizes, where
the stiffness constant stayed the same. That’s why optimum design with a critical temperature below
530 K can be designed in any fabrication process/technology (CMOS, silicon, Silicon on insulator (SOI),
etc.), regardless of the material and size, as long as the stiffness constant is limited to 134 N/m.

2. Theory, Design, and Optimization

The main mechanism behind the wide-range frequency tuning is the thermal stresses created
via joule heating, as demonstrated for the first time in [17]. Another study [7] conducted on CMOS
clamped–clamped beam proved that thermal stress is the dominant factor on the temperature sensitivity,
and the stresses caused by the increase in the pull-in force adversely affect the sensitivity. The main
goal of this study is to increase the temperature uniformity throughout the beam to get further increase
in the thermal stress at a relatively low temperature, and consequently get higher thermal sensitivity
for microbolometer applications.
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2.1. Design for Uniform Heating

One of the main disadvantages of joule heating is the well-known nonuniform temperature
distribution throughout the conventional clamped–clamped beam [17] (Figure 1c). Its temperature
profile can be derived by combining thermal conduction and heat generation equations:

Ta − Tb =
I2ρL3

2VAk
(1)

where Ta is the maximum temperature at the center of the beam, Tb is the minimum temperature at the
fixed ends, I is the current flow, L is the length, ρ is the density, V is the volume, A is the cross-sectional
area, and k is the thermal conduction constant.

 

Figure 1. (a) UniJoule structure built via a CMOS process for performance improvement, and
temperature distribution as a result of joule heating application of (b) UniJoule structure and
(c) conventional clamped–clamped beam computed via COMSOL.

The conventional clamped–clamped beam was converted into a new type of structure (called
UniJoule (Figure 1b)) by adding sidebars for the sake of better temperature uniformity. The design
was built via a CMOS 0.6 um process, and all the details related to the fabrication process were given
in [7,17], where CHF3/O2 was used to etch SiO2, and XeF2 was used to etch silicon underneath the
beams. Here, the voltage (Vth) and ground (Gnd) applied on the sidebars (Figure 1b) in contrast to the
conventional one, where Vth and Gnd applied on the fixed ends (Figure 1c). This enables the maximum
temperature locating on fixed ends of the clamped–clamped beam embedded in the UniJoule structure
(Figure 1b) and consequently creates a much more uniform temperature distribution.

The COMSOL was used to model and simulate the entire 3-layer composite beam (Figure 1a),
including the substrate layer, where the first layer is SiO2, second layer is Polysilicon, and third layer
is Aluminum in the 3-layer composite beam. There are two silicon layers in the structure: the first
one is the etched one to allow the beam to resonate, and the second one is the substrate that carries
all the layers. The substrate thickness was kept small to decrease the simulation time, while the
thermal conduction constant of the substrate was recalculated according to thermal resistance (R = H/k,
H = substrate thickness, k = thermal conductivity) for the sake of the accuracy. The substrate bottom
was kept as a fixed surface in solid mechanics, and its temperature was kept at 293 K in a heat-transfer
module. The conductivity of polysilicon was set to 1.16 × 105 S/m [17], and the fine mesh with a
tetrahedral structure was used to complete the UniJoule structure in COMSOL. Here, an electric current
model was used to apply joule heating, a heat transfer module was used to calculate temperature
distribution throughout the beam, and a solid mechanics module was used to calculate deflection,
mode shapes, and resonance frequency, with respect to temperature. The high-density sweep points
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(up to 2.3 × 10−6 V resolution) in the application of joule heating (Vth) were applied to achieve high
accuracy in the results. The convective cooling was added to the heat-transfer module for the sake of
high accuracy.

2.2. Design for High Thermal Sensitivity

The detailed study was conducted on the thermal sensitivity of the UniJoule structure (Figure 2a)
via COMSOL, and the results were compared to the uniform heating case (Figure 2b), where the
sensitivity was derived via the use of resonance frequency, with respect to axial load [20]:

f =
4.732

2πL2
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EIπ2

) 1
2 (EI

m

) 1
2

(2)
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h
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(α1 − α2)T

h
2 +
( 2E1I1+E2I2

hb

)(
1

E1t1
+ 1

E2t2

)
⎞⎟⎟⎟⎟⎟⎟⎠ (3)

where I is the moment of inertia, m (kg/m) is the mass per unit length, P is the total compressive
axial load [21], L (m) is the length, h (m) is the width and b (m) is the thickness, and E is the Elastic
modulus of the 2-layer composite beam in Equation (2). In Equation (3), t1 is the width, α1 is the
thermal expansion constant, E1is the Elastic modulus, and I1 is the moment of inertia for the aluminum
layer, t2 is the width, α2 is the thermal expansion constant, E2 is the Elastic modulus, and I2 is the
moment of inertia for SiO2 layer. Here, the 3-layer composite beam (Figure 1) was converted into an
equivalent 2-layer composite beam via COMSOL, to find the total compressive axial load in Equation (3),
where the first layer is SiO2 and the second layer is Aluminum. The Equation (2) was verified and
matched with the measurement results in [18], while the increase in the thermal sensitivity with the
increase in the joule heating application was verified with measurements in [17,18]. Further studies [7]
demonstrated that the decrease in the pull-in force around the beam-bending point increased the
thermal sensitivity. However, one of the main problems and limitations for this type of device is the
maximum allowable thermal stress and, consequently, the maximum allowable temperature that the
resonator can tolerate. This was measured and verified around 530 K for the same type of structure in
the CMOS process [18]. The possibility of a 31× improvement in thermal sensitivity was demonstrated
in [7] for the conventional 57 μm long clamped–clamped beam with a maximum temperature of
530 K, around the beam bending point. In contrast to [7], here we built a UniJoule structure that
allows uniform heating throughout the structure. A 60.8× ((284 + |−428|) kHz/11.7 kHz) improvement
was achieved with a 30 μm long device, according to COMSOL (Figure 2a), and it was calculated
around 60.5×, according to Equation (2) (Figure 2b), where the temperature (at the beam bending
point [7]) was 520 K, according to COMSOL, and 529 K, according to Equation (2). This improvement
is attributed to the fact that uniform heating allows for a larger stiffness constant, while keeping the
critical temperature below 530 K, according to both COMSOL and Equation (2), and it consequently
results in higher thermal sensitivity.
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Figure 2. Frequency shift (FS = Fr1 − Fr2) with respect to 1 Kelvin change by (a) COMSOL for UniJoule
structure with Vth application and (b) Equation (2) for uniformly heated conventional clamped–clamped
beam, when stiffness constant (K) changed from 29 to 338 N/m; here, X represents positive max, and Y
represents negative max of FS [22] in inset.

The Frequency shift (FS) was calculated by taking the difference between two resonance frequencies
Fr1 and Fr2 (more details given in [7]), where the ambient temperatures were set as 293 and 294 K,
respectively. The sensitivity multiplier (total maximum FS/minimum FS) was increased from 37 to
82, according to COMSOL, and from 36 to 82, according to Equation (2), when the stiffness constant
increased from 29 to 338 N/m (Figure 2). The optimum structure was selected to be a 30 μm long beam,
where the sensitivity multiplier is around 60.5×, with a stiffness constant of 134 N/m, according to
both COMSOL and theory. A decent uniformity in temperature distribution for all UniJoule structures
(Figure 2a) was achieved where the difference between the maximum and the minimum temperature
throughout the beam is less than 6.5%.

More studies were conducted on the effect of the stiffness constant and material configuration on
the sensitivity multiplier and maximum allowable temperature (Figure 3). The first design was built
on a composite structure (Figure 1) [5], while the second one was built by only using an aluminum
layer [22] in the CMOS process. The results suggest that the sensitivity multiplier depends on the
stiffness constant, rather than the material type used in building the resonator. It is around 60.5×, with
a temperature below 530 K, for the composite structure (according to both COMSOL and theory), and it
is 60.2× at 502 K for the aluminum resonator, where the stiffness constant is 127 N/m for the aluminum
design and 134 N/m for composite structure (Figure 3a). Although the sensitivity multiplier is around
60× for both aluminum and the composite structure, the aluminum resonator still shows overall
better thermal sensitivity (total |FSaluminum| = 1306 vs. total |FScomposite| = 712) (Figure 3a). This is
attributed the fact that aluminum has a larger thermal expansion constant (αAluminum = 23.1 × 10−6 1/K)
in comparison to composite structure, where SiO2 (αSiO2 = 0.5 × 10−6 1/K) and Polysilicon (αPolysilicon =

2.65 × 10−6 1/K) decreases the overall thermal expansion constant.
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Figure 3. (a) Frequency shift with respect to temperature and (b) the relationship between stiffness
constant, sensitivity multiplier, and maximum allowable temperature for both aluminum and composite
structure (Figure 1) derived via COMSOL and Equation (2).

The relationship between the stiffness constant, the sensitivity multiplier, and the maximum
temperature around the beam bending point was analyzed. Both the aluminum and composite
structure had a relatively sharp increase in the sensitivity multiplier, where the stiffness constant was
smaller than 50 (Figure 3b). The sensitivity multiplier and the maximum temperature increases with
the increase in the stiffness constant. The maximum allowable temperature was set to 530 K, and that’s
why the maximum stiffness constant was calculated as 134 N/m, with a maximum sensitivity multiplier
of 60.5×. Moreover, this method can be also used to drastically decrease the operation temperature,
while keeping the sensitivity multiplier relatively high. The sensitivity multiplier around 36×, with a
temperature below 383 K, and 47×, with a temperature below 428 K, can be achieved according to
both COMSOL and the theory (Figures 2 and 3). This feature is especially important for long-term
reliable operations.

This finding suggests that using different material or different fabrication processes in building
a resonator doesn’t affect the sensitivity multiplier or the maximum temperature around beam
bending at all (Figure 3). The only critical parameter setting the maximum sensitivity multiplier is the
stiffness constant.

2.3. Design for Relatively Low Power Consumption

The power consumption is another critical parameter for the sensor designs, especially with the
increase in demand in the internet of things (IOT) applications. The XeF2 process for isotropic etching
of silicon layer is a well-known and widely used process, especially in CMOS–MEMS [5,17]. Here, we
applied isotropic etching on the clamped–clamped beam (Figure 1b) for the sake of better thermal
isolation. Design-1 has a smaller mask opening (Figure 4a inset), while design-2 has a wider mask
opening (Figure 4b inset) to allow 13 μm silicon etching on both sides. This etching process decreases
the thermal conduction from beam to substrate, and this allows better thermal isolation. This, in
return, enables less power consumption to generate the same amount of heat on the beam, according to
Equation (1). Thanks to high thermal conductivity of the silicon layer (1.3 Wcm−1◦C−1), this technique
would allow a noticeable decrease in the power consumption.
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Figure 4. The power consumption and bending voltage for a UniJoule structure (Figure 1b), where
(a) there is no isotropic on fixed-ends and (b) there is a 13 μm isotropic etching on both fixed-ends.

Both design-1 and design-2 were heated via applied bias voltage (Vth) (Figure 1b), till the devices
reached the bending point, where the maximum thermal sensitivity was achieved (Figure 2) [7]. The
bending point was reached at Vth = 0.0464 V for design-1 and Vth = 0.0372 V for design-2. This
represents around 43.8 mW power consumption for design-1 and 28 mW for design-2. In other words,
the power consumption was decreased by 36% via using a wider mask with the XeF2 isotropic silicon
etching process.

The effect of isotropic etching was also investigated on the thermal-sensitivity performance.
Although the etching process resulted in lower power consumption, both design-1 and design-2
showed the same sensitivity multiplier. This is attributed to the fact that both designs have the same
stiffness constant (Figure 3). There is only a slight difference between the two designs. Design-1
reached the bending point around 527 K, while design-2 reached it around 519 K.

3. Conclusions

A new type of joule heating scheme was demonstrated for the sake of uniform temperature
distribution throughout the beam. This, in return, enabled the higher thermal stresses and higher
sensitivity multiplier. Around a 60.5× improvement in thermal sensing was achieved and verified via
both COMSOL and theory, while keeping the device temperature below 530 K. The very same method
can also be used to drastically decrease the operation temperature and consequently enables long-term
reliable operation, where 36× with a temperature below 383 K and 47× with a temperature below
428K was achieved according to both COMSOL and theory. The results suggest that the maximum
sensitivity multiplier can be achieved when the stiffness constant is around 134 N/m, regardless of the
materials or process used in building the devices. The |TCF| was calculated around 3,991,168 ppm/K,
where the applied bias voltage (Vth) is 0.0372 V. It should be noted that this improvement (60.5×) in the
thermal sensitivity was achieved without any need for a complex and expensive fabrication process
or even special layers, such as 2D materials. This would be very crucial and helpful in supporting
the studies conducted on medical imaging. Further improvement was achieved via isotropic etching
applied on silicon layer. The power consumption decreased from 43.8 to 28 mW with the decrease
in the thermal conduction according to COMSOL. This can be very beneficial for applications that
requires compact size, low cost, and wireless communications, such as the internet of things (IOT).
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Abstract: The InAs/InAsSb (Gallium-free) type-II strained-layer superlattice (T2SLS) has emerged in
the last decade as a viable infrared detector material with a continuously adjustable band gap capable of
accommodating detector cutoffwavelengths ranging from 4 to 15 μm and beyond. When coupled with
the unipolar barrier infrared detector architecture, the InAs/InAsSb T2SLS mid-wavelength infrared
(MWIR) focal plane array (FPA) has demonstrated a significantly higher operating temperature than
InSb FPA, a major incumbent technology. In this brief review paper, we describe the emergence of the
InAs/InAsSb T2SLS infrared photodetector technology, point out its advantages and disadvantages,
and survey its recent development.

Keywords: InAs/InAsSb; type-II superlattice; infrared detector; mid-wavelength infrared (MWIR);
unipolar barrier

1. Introduction

The II-VI semiconductor HgCdTe (MCT) is the most successful infrared photodetector material
to date. MCT grown on nearly lattice-matched CdZnTe (CZT) substrate offers continuous cutoff
wavelength (λcutoff) coverage from the short-wave infrared (SWIR) to the very long wavelength infrared
(VLWIR), while providing a high quantum efficiency (QE) and low dark current for high-performance
applications. In general, III-V semiconductors are more robust than their II-VI counterparts due to their
stronger, less ionic chemical bonding. III-V semiconductor-based infrared focal plane arrays (FPAs)
excel in operability, spatial uniformity, temporal stability, scalability, producibility, and affordability.
InGaAs FPAs with λcutoff ~ 1.7 μm perform at near theoretical limit and dominate the SWIR FPA
market. InSb FPAs (λcutoff ~ 5.3 μm), despite a significantly lower operating temperature than MCT,
lead the mid-wavelength infrared (MWIR) market in volume due to their superior manufacturability
and lower cost. The major limitation for traditional bulk III-V semiconductor detectors grown on
(nearly) lattice-matched substrates is the lack of pervasive cutoffwavelength adjustability.

1.1. Advances in III-V Infrared Material

One method to achieve a wide-range cutoff wavelength adjustability in III-V semiconductors is to
use bulk InAsSb alloy grown on metamorphic buffers. Recent results show that the InAsSb band gap
bowing is significantly larger than previously believed, and up to λcutoff ~ 12.4 μm could be achieved [1].
In addition, nearly lattice-matched or pseudomorphic III-V semiconductor type-II superlattices (T2SLs)
can provide a high degree of flexibility in cutoff wavelength. They can have a sufficient absorption
strength to attain ample quantum efficiency, are less susceptible to band-to-band tunneling than bulk
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semiconductors [2], and are capable of achieving reduced Auger generation-recombination in properly
designed structures [3].

III-V semiconductor extended SWIR (eSWIR) detectors are commonly grown on either InP or
GaSb substrates. The first group includes the well-known extended InGaAs [4] and lattice-matched [5]
and strain-compensated [6] InGaAs/GaAsSb type-II quantum wells. The second includes bulk
GaInAsSb [7,8] and InPSb [9], as well as InAs/GaSb [10], InAs/GaSb/AlSb/GaSb [11], InAs/AlSb [12],
InAs/InSb/AlSb/InSb [13], and InAs/InAsSb/AlAsSb [14] superlattices.

For MWIR and long wavelength infrared (LWIR) detectors, InAs/GaSb and InAs/InAsSb are the
two most common T2SL absorbers used. The former is well-established, and has been described in
detail in various review articles [15–17]. The latter [18–20] emerged more recently as an alternative
with simpler growth [18], better defect tolerance, and longer minority lifetime [21], but smaller cutoff
wavelength range, weaker optical absorption [22,23], and more challenging growth-direction hole
transport [24,25]. In Section 3, we will discuss some basic properties of the InAs/InAsSb T2SLS in
more detail.

1.2. Unipolar Infrared Detector Architecture

The unipolar barrier infrared photodetector architecture is now widely recognized as a highly
effective platform for developing high-performance infrared photodetectors, as exemplified by the
nBn [26], the XBn [27,28], the complementary barrier infrared detector (CBIRD) [29,30], the double
heterostructure (DH) [31,32], and the pMp [33]. A unipolar barrier blocks one carrier type (electron or
hole) but allows the unimpeded flow of the other. The unipolar barrier photodetector architecture can
be used to lower generation-recombination (G-R) dark current by suppressing Shockley–Read–Hall
(SRH) processes [26], and has also been used to reduce surface-leakage dark current [26,34,35] in
devices with n-type absorbers. This has been especially beneficial for III-V semiconductor-based
infrared photodiodes, many of which traditionally tend to suffer from excess depletion dark current
and a lack of good surface passivation. Unipolar barrier infrared photodetectors have been successfully
implemented for a variety of bulk and superlattice absorbers.

1.3. Antimonide Barrier Infrared Detectors

Taking advantage of the recent developments in the antimonide bulk and type-II superlattice
infrared absorber material and the advances in the unipolar barrier infrared detector architecture, a new
generation of infrared detectors has been successfully implemented in a variety of cutoff wavelengths
ranging from SWIR to LWIR. In this section, we briefly mention a few examples to illustrate the
effectiveness and versatility of this approach.

The 2006 paper by Maimon and Wicks on the nBn infrared detector [26] has been one of the most
influential works in the field of infrared photodetectors in recent years. The performance of the nBn
is enhanced by a specially constructed barrier that blocks the majority but not the minority carriers.
These unipolar barriers, which are heterostructure barriers that can block one carrier type (electron
or hole) but allow the un-impeded flow of the other, can be used to suppress the G-R dark current
and surface leakage current [26,34,35], which are the two main dark current mechanisms that have
plagued III-V semiconductor infrared detectors. The initial nBn devices used either InAs absorber
grown on InAs substrate, or lattice-matched InAs0.91Sb0.09 alloy grown on GaSb substrate, with cutoff
wavelengths of ~3.2 and ~4 μm, respectively. These nBn detectors could operate at much higher
temperatures than InSb-based MWIR detectors, although their spectral responses do not cover the full
3 to 5 μm MWIR atmospheric transmission window like InSb detectors.

The antimonide barrier infrared detector concept has also been successfully implemented in
the eSWIR using a GaInAsSb quaternary absorber and an AlGaSb or AlGaAsSb unipolar electron
barrier [7,8]. By adjusting the alloy composition of an GaInAsSb infrared absorber, its cutoffwavelength
can vary from ~1.8 to ~4 μm while remaining lattice-matched to the GaSb substrate. In addition, for a
lattice-matched GaInAsSb absorber of a given composition, a matching AlGaAsSb electron unipolar
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barrier can be found for building an nBn (or XBn) detector. The left panel of Figure 1 shows an image
taken with an eSWIR FPA made from such an nBn detector at the NASA Jet Propulsion Laboratory
(JPL), with a cutoffwavelength of ~2.6 μm at 180 K.

The desire to develop high-performance nBn detectors with cutoffwavelength capable of covering
the full 3 to 5 μm MWIR atmospheric transmission window (like InSb) motivated the exploration of
T2SL nBn detectors. MWIR InAs/GaSb T2SL nBn detectors were demonstrated by Rodriguez et al. in
2007 [36], soon after the original nBn work by Maimon and Wick [26]. More recently, the InAs/InAsSb
type-II strained-layer superlattice (T2SLS) has emerged as a highly versatile absorber material. Along
with matching AlAsSb or AlGaAsSb electron barriers (typically lightly p-doped), the InAs/InAsSb
type-II T2SLS has been used very effectively in implementing MWIR and LWIR unipolar barrier
infrared detectors. Figure 1 shows images of FPAs fabricated at JPL from InAs/InAsSb T2SLS unipolar
barrier infrared detectors using cutoff lengths of 5.4, 9.5, and 13.3 μm. In the next section, we will
describe the InAs/InAsSb T2SLS infrared detectors in more detail.

Figure 1. Images from extended-SWIR (λc = 2.6 μm), MWIR (λc = 5.4 μm), LWIR (λc = 9.5 μm),
and VLWIR (λc = 13.3 μm) FPAs made from antimonide bulk and T2SL unipolar barrier
infrared detectors.

2. The Emergence of InAs/InAsSb T2SLS Infrared Photodetectors

2.1. Historical Background

Though much less explored than the InAs/Ga(In)Sb T2SLS, the development of InAs/InAsSb/InSb
(Gallium-free, or Ga-free) T2SLS for infrared emitter and detector applications has a long and interesting
history that predates the InAs/Ga(In)Sb T2SLS detector [37]. The InAsSb/InAsSb T2SLS was originally
proposed by Osbourn as a means of achieving in III-V semiconductors a smaller bandgap than bulk
InAsSb in order to reach longer wavelengths [38,39]. This is made possible because of the type-II band
alignment (which can lead to a superlattice band gap that is smaller than its constituent bulk materials)
and strain-induced band-gap reduction. Researchers at Sandia set out to implement this idea using the
InAsSb/InSb SLS grown on InSb substrate with an InSb-rich composition-graded InAsSb strain-relief
buffer [40]. By 1990, S. R. Kurtz and co-workers reported a number of photodiodes and photoconductors
with cutoff wavelengths ranging from 8.7 to beyond 10 μm [41–43], thus validating the concept of
the LWIR InAsSb T2SLS detector. In 1995, Zhang reported continuous-wave operation 3.3–3.4 μm
midinfrared lasers based on InAs/InAsSb T2SLS emitter grown on InAs substrate [44]. Meanwhile,
researchers in the UK also explored the “As-rich” InAs/InAsSb T2SLS grown metamorphically on
GaAs substrates. In 1995, Tang and colleagues from the Imperial College reported InAs/InAsSb T2SLSs
with a strong photoluminescence (PL) intensity and infrared emission ranging from 4 to 11 μm [45].
Working with other UK research groups, it was found that As-rich InAs/InAsSb T2SLS with band
gaps comparable to InSb have substantially suppressed Auger processes when compared to InSb [46].
Because of the room-temperature Auger suppression, it was suggested that this material may be
attractive for mid-IR diode laser applications. In 1999, Pullin and co-workers from the Imperial College
demonstrated the room-temperature operation of mid-IR light-emitting diodes based on the InAsSb
T2SLS [47].

In the decade since 2000, developments in InAs/Ga(In)Sb T2SLS [2,48] flourished while research
activities in the Ga-free InAsSb T2SLS were relatively dormant. Signs of renewed interest in InAsSb
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T2SLS appeared in 2009, when researchers from Simon-Fraser published a paper on the growth
and optical characterization of InAs/InAsSb T2SLS structures strain-balanced relative to the GaSb
substrate [49]. The interest in this material as an infrared detector absorber grew stronger as the Zhang
Group and collaborators reported significantly longer LWIR minority carrier lifetimes in InAs/InAsSb
T2SLS than in the InAs/GaSb superlattice [21]. In 2012, the Zhang Group demonstrated an InAs/InAsSb
T2SLS LWIR photodetector [19] based on the nBn device design. The Razeghi Group provided
further impetus by showing the versatility of the InAs/InAsSb T2SLS, having reported LWIR [20,50,51],
very long wavelength infrared (VLWIR) [52], and bias-selectable dual-band mid-wavelength infrared
(MWIR)/LWIR dual-band infrared photodetectors [53]. While the Zhang Group focused on LWIR
Ga-free T2SLS, the NASA Jet Propulsion Laboratory started working on Ga-free T2SLS in 2008 in an
effort to develop mid-wavelength barrier infrared detectors capable of covering the full 3 to 5 μm MWIR
atmospheric transmission window [54]. This effort culminated in the demonstration of InAs/InAsSb
T2SLS base mid-wavelength high operating temperature barrier infrared detectors in 2010 and FPAs
in 2011 [18,54], and with the subsequent development of detectors and FPAs with longer cutoff
wavelengths (see Figure 1) [55].

2.2. Mid-Wavelength InAs/InAsSb T2SLS Barrier Infrared Detectors

Perhaps the most significant impact that the InAs/InAsSb T2SLS has had thus far is in the
demonstration of MWIR detectors and FPAs. The MWIR FPA market is traditionally dominated in
volume by InSb, with a smaller number of MCT FPAs (with higher operating temperature) filling the
needs for high-performance applications. According to G. Fulop of Maxtech International, in 2018 InSb
accounted for over 50% of the photodetector-based infrared FPA market (in number of units, all cutoff
wavelengths). InAs/InAsSb T2SLS unipolar barrier infrared detector-based FPAs have demonstrated
that, like MCT, they can operate at a much higher temperature than their InSb counterparts, all while
retaining the same III-V semiconductor manufacturability advantages. The concept and initial detector
and FPA results of the InAs/InAsSb T2SLS high operating temperature (HOT) barrier infrared detector
(BIRD) were first described in patent documents [18]. The details were reported subsequently in the
literature [56,57]; here, we briefly mention some key results.

Figure 2a shows the detector dark current density as a function of applied bias for detector
temperatures ranging from 89 to 222 K for an nBn device with an InAs/InAsSb T2SL absorber and an
AlAsSb electron unipolar barrier grown on GaSb substrate. Figure 2b shows the spectral quantum
efficiency of the detector, demonstrating the full coverage of the MWIR transmission window. The inset
shows the dependence of the detector 50%-peak-QE cutoffwavelength as a function of temperature.
At 150 K, the 50% cutoff wavelength is 5.37 μm, and the quantum efficiency at 4.5 μm is ~52% without
anti-reflection coating. In general, the dark current performance is quite good. Under a −0.2 V bias,
the dark current density at 157K is 9.6 × 10−5 A/cm2, which a factor ~4.5 higher than that predicted by
the MCT Rule 07 [58] for a cutoff wavelength of 5.4 μm. At 150K, the dark-current-limited and the f/2
black-body (300 K background in 3–5 μm band)-specific detectivities are, respectively, 4.6 × 1011 and
3.0 × 1011 cm-Hz1/2/W.

The detector material was used to fabricate 24-μm pitch, 640 × 512 format arrays hybridized to
the SBF-193 readout integrated circuit (ROIC). The cutoff wavelength is ~5.4 μm, closely matching that
of the InSb FPA. A 160 K two-point corrected image taken with a resulting FPA is shown in Figure 1.
At 160 K, the 300 K background, f/2 aperture mean noise equivalent differential temperature (NEDT) is
18.7 mK, with a standard deviation of 9.2 mK and a NEDT operability of 99.7%. The ion-implanted
planar InSb FPAs and molecular beam epitaxy (MBE)-grown epi-InSb FPAs typically operate at
80 K and 95–100 K [59], respectively. The InAs/InAsSb T2SLS-based mid-wavelength high operating
temperature barrier infrared detector (HOT-BIRD) FPA has demonstrated significant operating
temperature advantages over InSb. For 300 K background imaging applications, the mid-wavelength
HOT-BIRD essentially combines the higher operating advantage of MCT with the III-V semiconductor
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material robustness advantages of InSb, thus firmly establishing the InAs/InAsSb T2SLS as a viable
infrared FPA technology.

 

(a) (b)

Figure 2. (a) Dark current density–voltage characteristics for an InAs/InAsSb type-II strained-layer
superlattice nBn detector taken at temperatures ranging from 89 to 222 K. (b) Back-side illuminated
spectral quantum efficiency (QE) for the same detector without anti-reflection coating, taken under
a −0.2 V bias at 150 K. The inset shows the 50% peak QE cutoffwavelength as a function of temperature.

3. Basic Properties of the InAs/InAsSb T2SLS

In this section, we describe some basic properties of the InAs/InAsSb T2SLS and discuss its
advantages and disadvantages as an infrared detector absorber material.

3.1. InAs/InAsSb T2SLS Electronic Properties

Figure 3 shows the energy band diagrams for two (m,n)-InAs/InAs0.5Sb0.5 superlattices (m and
n, respectively, being the number of monolayers of InAs and InAsSb in each superlattice period)
that are strain-balanced with respect to the GaSb substrate. For a given layer thickness ratio (m/n),
the InAsSb alloy composition is selected to achieve strain balancing. Varying the superlattice period
(m + n) changes the band gap and the corresponding cutoff wavelength (λcutoff = hc/Eg). In such
a strain-balanced superlattice, typically the InAs layer is under slight tensile strain while InAsSb is
under a relatively high compressive strain. Therefore, a comparatively thick InAs layer is required
for strain balance against the thinner InAsSb layer. The InAs and InAsSb layers are, respectively,
electron and hole quantum wells. Because the InAsSb electron barriers separating the InAs electron
quantum wells are relatively weak, the c1 (lowest superlattice conduction band state) wavefunction
is only weakly confined, as can be seen in the c1 probability density plots in Figure 3. On the other
hand, it can also be seen in Figure 3 that the hh1 (heavy-hole 1, the highest superlattice valence band
state) wavefunction is substantially localized in the InAsSb valence band quantum wells, which are
separated by relatively thick layers of InAs hole barriers. This is reflected in the corresponding band
structure, which is discussed next.

Figure 4 shows the energy band structures for the same two superlattices shown in Figure 3:
(a) MWIR superlattice (16,4)-InAs/InAs0.5Sb0.5 with Eg = 0.217 eV and λcutoff = 5.7 μm, and (b) LWIR
superlattice (28,7)-InAs/InAs0.5Sb0.5 with Eg = 0.116 eV and λcutoff = 10.7 μm. The relatively weak c1
state confinement and the stronger hh1 state confinement are reflected in the band structure, with the
c1 subband having a strong dispersion along the growth direction, while the hh1 subband is nearly
dispersionless along the growth direction. This indicates that, along the growth direction, electron
transport is more favorable than hole transport (even more so than in the typical bulk semiconductors).
The splitting between the hh1 and lh1 (light-hole 1) band is favorable for suppressing band-to-band
tunneling, which depends on the c1-lh1 gap [2,37]. For the LWIR superlattice in Figure 4b, the
hh1-lh1 splitting is actually larger than the c1-hh1 superlattice band gap. This is favorable for Auger-7
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suppression [3]. For a more detailed discussion on the effect of superlattice band structure on infrared
absorbers, see, for example, Reference [17].

 

(a) (b)

Figure 3. Energy band diagrams showing the bulk InAs and InAsSb conduction band edge (Ec) and
valence band edge (Ehh), the superlattice zone-center c1 and hh1 energy levels (dotted lines), and the
corresponding c1 and hh1 state probability densities (solid lines) for (a) the (16,4)-InAs/InAs0.5Sb0.5

strained-layer superlattice (SLS), and (b) the (28,7)-InAs/InAs0.5Sb0.5 SLS at 100 K. The InAs and InAsSb
layers are, respectively, under tensile and compressive strain on the GaSb substrate.

(a) (b)
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Figure 4. Energy band structure along an in-plane direction, and along the growth direction for (a) the
(16,4)-InAs/InAs0.5Sb0.5 strained-layer superlattice (SLS) (Eg = 0.217 eV; λcutoff = 5.7 μm), and (b) the
(28,7)-InAs/InAs0.5Sb0.5 SLS (Eg = 0.116 eV; λcutoff = 10.7 μm), on GaSb substrate at 100 K.

Figure 5a shows how the calculated c2, c1, hh1, lh1, and hh2 energy levels vary in strain-balanced
(m,n)-InAs/InAs0.5Sb0.5 superlattices, m/n = 4, as functions of P, where P = (m + n) is the superlattice
period in units of monolayers. To help visualize the location of the superlattice energy levels,
the background of Figure 5 shows a superlattice energy band diagram with the InAs and InAsSb
strained conduction, heavy-hole, and light-hole band edges. Note that, since all the superlattices here
have the same (m/n) ratio and therefore have the same energy band diagram except for a horizontal-axis
scaling factor, the background band diagram in Figure 5 is shown with an arbitrary horizontal
distance scale and can therefore be shared by all the calculated structures. As the superlattice period
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increases, the hh1 level rises while the c1 level stays relatively constant at just a few tens of meV above
the InAs conduction band edge. The relatively constant c1 level can be exploited for constructing
heterostructures with aligned conduction bands. For instance, an MWIR superlattice can be used as
a unipolar hole barrier for an LWIR superlattice. As the superlattice period increases, the (c1-hh1) band
gap decreases while the hh1-lh1 splitting increases. As mentioned earlier, a hh1-lh1 splitting larger
than the c1-hh1 band gap is favorable for Auger-7 suppression. Figure 5b replots the c1 and hh1 levels,
now as functions of the cutoffwavelength calculated from the superlattice band gap. To this, we add
also the results for a set of strain-balanced (m,n)-InAs/InAs0.6Sb0.4 superlattices with (m/n) = 3, and a set
of (m,7)-InAs/GaSb superlattices. The c1 levels for the two sets of InAs/InAsSb superlattices are both
approximately independent of the cutoff wavelength and have approximately the same value. For the
(m,7)-InAs/GaSb superlattices, the valence band edge remains approximately constant, since we fix the
GaSb hole quantum well width at seven monolayers. In general, the conduction band edges of the
InAs/InAsSb superlattices are low compared to those for the InAs/GaSb superlattices.

 

(a) (b)

Figure 5. (a) The calculated c2, c1, hh1, lh1, and hh2 energy levels for a set of (4n,n)-InAs/InAs0.5Sb0.5

superlattices, plotted as functions of superlattice period in monolayers (MLs). The background shows
a relevant superlattice energy band diagram, with an arbitrary horizontal length scale. (b) The
calculated superlattice conduction band edge (Ec1, open symbols) and valence band edge (Ehh1, solid
symbols) as functions of the cutoff wavelength for sets of (m,7)-InAs/GaSb, (3n,n)-InAs/InAs0.6Sb0.4

and (4n,n)-InAs/InAs0.5Sb0.5 superlattices.

3.2. InAs/InAsSb T2SLS Advantages

The InAs/InAsSb T2SLS has some advantages over the more established InAs/GaSb type-II
superlattice (T2SL). The InAs/InAsSb T2SLS is easier to grow, has longer minority carrier lifetimes,
and appears to have a better defect tolerance. Figure 6 illustrates the molecular beam epitaxy (MBE)
shutter sequence used in the growths of InAs/GaSb T2SL and InAs/InAsSb T2SLS. In principle,
the growth of the InAs/InAsSb T2SLS involves only opening and closing the Sb shutter, while the In
and As shutters can stay open throughout [18]. This compares to the need to the use of four shutters in
the InAs/GaSb T2SL. The growth of the InAs/GaSb T2SL is actually considerably more complicated
than indicated in the simplified illustration of Figure 6, which does not include the strain-balancing
interfaces required to achieve a high material quality. Thus, in general, the InAs/InAsSb T2SLS is
simpler to grow.

49



Micromachines 2020, 11, 958

In
As
Ga
Sb

In
As
Sb

Figure 6. Schematic illustration of mechanical shutter sequences used in growing (a) InAs/GaSb and
(b) InAs/InAsSb superlattices.

InAs/InAsSb T2SLS has demonstrated longer minority carrier lifetimes than the InAs/GaSb
T2SL [21,60,61]. For instance, the MW InAs/GaSb T2SL minority carrier lifetime has been reported
at ~80 ns [62], while non-intentionally doped MW InAs/InAsSb T2SLS has exhibited minority carrier
lifetime values ranging from 1.8 [61] to 9 μs [60], with a Shockley–Read–Hall (SRH) lifetime of
~10 μs [61].

There has also been evidence suggesting that the longer minority carrier lifetime of InAs/InAsSb
T2SLS is related to its defect tolerant. Tang et al. pointed out in their 1995 work [45] that, despite the high
threading dislocations expected in the InAs/InAsSb SLSs grown with metamorphic buffers on highly
lattice-mismatched GaAs substrates, the Shockley–Read contributions to recombination rates were low,
as indicated by the strong photoluminescence (PL) intensity observed. It was hypothesized that this is
due to the fact that defect state energy levels in the InAs/InAsSb T2SLS are resonant with the conduction
band, rather than in the band gap where they could contribute to carrier recombination. The idea that
the defect energy levels are in the conduction band was confirmed in recent pressure-dependence
PL experiments on an MWIR InAs/InAsSb T2SLS grown on GaSb [63]. The reason for this is that
the InAs/InAsSb T2SLS conduction band edge, like that for bulk InAs, is low, as can be seen in the
theoretical results in Figure 5b. At JPL, we have seen anecdotal evidence for defect tolerance. One of the
earliest MWIR InAs/InAsSb T2SLS nBn detector wafers was grown on a vintage 2011 developmental
4-inch-diameter GaSb substrate. At that time, the 4-inch substrate surface polishing was not nearly as
mature as it is today. The fact that we were nevertheless able to obtain reasonable FPA results can be
attributed in part to the defect tolerance of the InAs/InAsSb superlattice (the nBn device architecture
being another major contributing factor) [54].

3.3. InAs/InAsSb T2SLS Challenges

The disadvantages of the InAs/InAsSb T2SLS compared to the InAs/Ga(In)Sb T2SLS are (1) weaker
LWIR absorption, and (2) more challenging LWIR hole transport. Both are the results of the fact that
for the InAs/InAsSb T2SLS a longer superlattice period is required in order to reach the same LWIR
band gap as the InAs/Ga(In)Sb T2SLS.

Figure 7 shows the calculated cutoff wavelength as a function of superlattice period for the
same three sets of superlattices discussed in Figure 5b. The cutoff wavelength is derived from the
calculated superlattice band gap using the relationship λcutoff [μm] = 1.24/Eg [eV]. In the MWIR
range, the three set of superlattices have comparable periods. As the cutoff wavelength increases,
the periodicity advantage of the InAs/GaSb T2SL becomes more pronounced. Comparison between
the two set of (m,n)-InAs/InAsSb superlattices show that the set with higher (m/n) ratio and higher
Sb fraction InAsSb alloy is more favorable. In a type-II superlattice, the band-edge electron and hole
wavefunctions are localized in different layers (see Figure 3). A longer superlattice period reduces
the electron-hole wavefunction overlap, leading to weaker oscillator strength and smaller absorption
coefficient. Early theoretical analysis by Grein et al. [64] showed that, compared to the InAs/GaInSb
superlattice, the InAs/InAsSb superlattice requires wider InAs layers to achieve a comparable band gap
and therefore produces smaller optical matrix elements; the calculated absorption coefficients for a 11μm
cutoff InAs/GaInSb T2SLS and a 10 μm cutoff InAs/InAsSb T2SLS are 2000 and 1500 cm−1, respectively.
More recently, Vurgaftman et al. calculated the absorption coefficients for LWIR superlattices with
band gaps of ~0.1 eV (corresponding to cutoffwavelengths of λcutoff = 10−12 μm), and showed that
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the InAs/InAsSb T2SLS absorption coefficient is approximately half as large as that for the InAs/GaSb
T2SL [23]; at λ = 8 μm, the absorption coefficients are ~1250 and ~700 cm−1 for the InAs/GaSb (70 Å
period) and the InAs/InAsSb (125 Å period) superlattices, respectively. Klipstein et al. modeled the
dependence of the LWIR superlattice detector spectral quantum efficiency (QE) on the diffusion length,
and concluded that, even for a very large hypothetical diffusion length, the InAs/InAsSb T2SLS has a
significantly lower QE than the InAs/GaSb T2SL because of its weaker absorption coefficient [22].

 
Figure 7. Calculated cutoffwavelength for the sets of (m,7)-InAs/GaSb, (3n,n)-InAs/InAs0.6Sb0.4, and
(4n,n)-InAs/InAs0.5Sb0.5 superlattices, as functions of the superlattice period in monolayers (MLs).

The longer period of the LWIR InAs/InAsSb T2SLS also results in larger growth-direction hole
conductivity effective masses, which in turn lead to lower vertical hole mobility and shorter diffusion
length. From the textbook expressions for diffusion length (L =

√
Dτr), diffusivity (D = μkBT/e),

and mobility (μ = eτc/m∗∗), we see that the diffusion length depends explicitly on the conductivity

effective mass through the expression Li =
[(

kBT/m∗∗i
)
τrτc,i

]1/2
, where m∗∗i is the conductivity effective

mass, τr is the minority carrier recombination lifetime, τc,i is the collision (momentum relaxation) time,
and i is the direction index. It can be seen that a large growth-direction conductivity effective mass
reduces diffusion length, which in turn limits the practical absorber thickness. In the case of LWIR
InAs/InAsSb T2SLS, which has s weaker absorption coefficient than the corresponding InAs/GaSb
T2SL and bulk absorbers, the inadequate absorber thickness limits the attainable quantum efficiency.
Calculations by Klipstein et al. demonstrate from another perspective the strong QE dependence on
the hole diffusion length in an LWIR InAs/InAsSb T2SLS XBn detector: for a 9.7 μm cutoff detector
with a fixed 5 μm thick n-type absorber, the QE at 8.5 μm is 40% for a 5 μm hole diffusion length but
drops to only 10% for a 1 μm hole diffusion length [22].

Figure 8 shows the calculated electron and hole conductivity effective masses along the growth
direction (mn,z** and mp,z**, respectively) as functions of the cutoffwavelengths for the same sets of
superlattices discussed in Figure 7. The conductivity effective masses are thermally averaged quantities
which take into consideration the anisotropy and non-parabolicity in the superlattice band structure;
detail discussions can be found in References [24,25]. Figure 8a shows the calculated growth-direction
electron conductivity effective mass mn,z**. For the InAs/GaSb and the (m/n) = 4 InAs/InAs0.5Sb0.5

superlattices, mn,z** values are quite small since the c1 wavefunctions are only weakly confined in
the relative shallow conduction band quantum wells separated by thin InAsSb barriers (see Figure 3).
For (m/n) = 3 InAs/InAs0.6Sb0.4 superlattices (with lower Sb fraction InAsSb), the electron effective
mass mn,z** can increase with the cutoff wavelength to rather large values because of the much longer
superlattice period; see Table 1 for a comparison of the superlattice period and mn,z** for three different
superlattices, all with cutoff wavelengths in the 12–13 μm range. Figure 8b shows the calculated
growth-direction hole conductivity effective mass mp,z** for the same three sets of superlattices. Again,
the mp,z** values for the three sets of superlattices are very similar in the MWIR. However, as the
cutoff wavelength increases, the superlattice periods required to reach the same cutoff wavelength
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diverge (see Figure 7), and the mp,z** for the three sets of superlattices also diverge significantly
(see Table 1 for specific examples). For the InAs/InAsSb superlattices, mp,z** can be very large when
the InAsSb hole quantum wells are separated by a wider InAs layer (see Figure 3). Here, the higher
Sb fraction in the InAsSb alloy decreases the InAs/InAsSb T2SLS period, and is therefore especially
helpful in reducing the growth-direction hole conductivity effective masses. Since the growth-direction
electron conductivity effective masses mn,z** are much smaller than the hole effective masses mp,z**,
the diffusion length can be much longer in the p-type InAs/InAsSb T2SLS than in the n-type, which
would be more favorable for achieving a higher quantum efficiency. However, for reticulated detector
structures with p-type InAs/InAsSb T2SLS absorbers, the exposed side-wall surfaces are inverted
to degenerate the n-type (like in InAs) and passivation is often needed for reducing the surface
related dark currents; for a discussion on surface leakage dark current mechanisms in unipolar barrier
detectors, see Reference [34,65–67]. Despite the challenges, (V)LWIR n-type and p-type InAs/InAsSb
T2SLS detectors with cutoff wavelengths ranging from 8 to 15 μm and front-side illuminated quantum
efficiencies from 2.5% to 40% have been reported [19,20,50–52,68,69].

 

(a) (b)

Figure 8. Growth-direction (a) electron and (b) hole conductivity effective masses for two families of
InAs/InAsSb superlattices, and a set of InAs/GaSb superlattices.

Table 1. Growth direction electron and hole conductivity effective masses in units of bare electron mass
for three superlattices with approximately the same cutoffwavelength.

Superlattice
Period (m + n)
[monolayer]

λcutoff

[μm]
mn,z**
[m0]

mp,z**
[m0]

(16,7)-InAs/GaSb 23 12.5 0.0233 1.29
(54,18)-InAs/InAs0.6Sb0.4 72 12.0 0.166 222
(32,8)-InAs/InAs0.5Sb0.5 40 13.0 0.0313 7.89

3.4. Concepts for Addressing LWIR InAs/InAsSb T2SLS Challenges

LWIR and VLWIR InAs/InAsSb T2SLS have relatively long superlattice periods and therefore have
relatively weak optical absorptions and short hole diffusion lengths, which are challenging for achieving
a high quantum efficiency. We recently explored theoretically some ideas for addressing the challenges
for the LWIR InAs/InAsSb superlattices [70]; here, we briefly summarize the results. In comparing the
(m/n) = 3 InAs/InAs0.6Sb0.4 and the (m/n) = 4 InAs/InAs0.5Sb0.5 superlattices in the discussions above,
we found that increasing the Sb fraction in the InAsSb alloy can reduce the InAs/InAsSb superlattice
period significantly. In fact, at sufficiently high Sb fraction (~75%), InAs/InAsSb can match InAs/GaSb
in terms of the superlattice period required to reach a given cutoff wavelength [70]. However, high Sb
fraction InAs/InAsSb superlattices are more prone to Sb segregation [71–74], which can negate the
period-reduction benefit of high-fraction Sb. Polytype superlattices [75] such as the “W” [31], “M” [76],
and “N” [77] structures have been used for improving the oscillator strength over the basic InAs/GaSb
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T2SL. The analogous polytype W, M, and N superlattices formed by inserting thin AlAsSb barrier layers
in InAs/InAsSb T2SLS have been considered as a means for increasing electron-hole wavefunction
overlap for stronger optical absorption. This strategy turns out to be unfavorable because the presence
of the AlAsSb barriers leads to increased band gap, and therefore increases the superlattice period
required to reach a given cutoff wavelength [70]. Metamorphic growth on virtual substrates with
larger lattice constants than GaSb can decrease the superlattice period needed to reach a specified
cutoffwavelength, but this benefit should be weighed against the need for metamorphic buffer growth
and the resulting higher defect density [70]. Finally, as mentioned previously, p-type InAs/InAsSb
T2SLS has a longer diffusion length than n-type, but reticulated detector pixels with exposed p-type
absorber side-wall surface would require passivation to suppress the surface leakage dark current.

4. Recent Development and Outlook

InAs/InAsSb T2SLS infrared detectors have been under very active development in recent years,
with reported results by research groups worldwide in MWIR [18,56,57,78–82], LWIR [19,20,50,51,83,84],
and VLWIR [52,85] detectors, as well as in MWIR/LWIR [53] and LWIR/VLWIR [68] bias-switchable
dual-band detectors. Microlens [85] and resonant cavity structures [86] have been used to enhance
the photo-response of InAs/InAsSb T2SLS infrared detectors. Studies of transport properties [87–90]
and defect levels [63] have led to an improved understanding of InAs/InAsSb superlattices. While
most of the more recent InAs/InAsSb T2SLS structures have been grown on (100) GaSb substrates by
MBE, growths by a variety of modes have also been demonstrated. MWIR and LWIR detectors have
been grown by metal organic chemical vapor deposition (MOCVD) [91–94]. Growths on GaAs [84],
Si [80,95], Ge-Si [96], and AlSb (via metamorphic buffer on GaSb) [97] substrates have been reported.
The growth of MWIR and LWIR detectors on (211)A and B, and (311)A and B GaSb substrates have
also been demonstrated [69,98].

The MWIR InAs/InAsSb T2SLS FPA rivals InSb in manufacturability and affordability, but offers
a 40 to 50 K higher operating temperature advantage, which can lead to a lower cryocooler size, weight,
and power (SWaP). As such, it is poised to replace the InSb FPA, a major incumbent technology, in many
imaging applications. The MWIR InAs/InAsSb T2SLS detectors and FPAs have also demonstrated very
low dark current densities at lower temperatures [99], and are therefore suitable for more demanding
applications such as the CubeSat-based hyperspectral imaging of 300 K scenes while operating in an
intermediate temperature range (100–120 K) [100]. Although LWIR InAs/InAsSb T2SLS FPAs have
only achieved a moderate quantum efficiency, their demonstrated large-format capability and high
uniformity and operability makes them already suitable for applications such as LWIR imaging for
Earth remote sensing applications, where photon flux is abundant. Dual-band FPAs are also expected
to find applications because of the manufacturability and cost effectiveness of InAs/InAsSb T2SLS FPAs.
The further development of InAs/InAsSb T2SLS infrared detectors will continue to benefit from the
infrastructure established largely during the the VISTA Program [101,102], including the availability of
large-diameter format GaSb substrates [103–106] and multi-wafer growth capability at commercial
foundries [107,108].
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Abstract: Ultrasound detection is one of the major components of photoacoustic imaging systems.
Advancement in ultrasound transducer technology has a significant impact on the translation
of photoacoustic imaging to the clinic. Here, we present an overview on various ultrasound
transducer technologies including conventional piezoelectric and micromachined transducers, as
well as optical ultrasound detection technology. We explain the core components of each technology,
their working principle, and describe their manufacturing process. We then quantitatively compare
their performance when they are used in the receive mode of a photoacoustic imaging system.
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1. Introduction

Ultrasound transducers are devices that convert ultrasound pressure waves into electrical signal.
In an ultrasound imaging machine the transducer is a transceiver device: the waves propagated
from an ultrasound transducer are backscattered/reflected from an impedance mismatch in the tissue
and received by the same transducer; the strength of the received pressure waves is in the range of
0.1~4 MPa [1]. Another modality that directly benefits from ultrasound transducer technology is
photoacoustic imaging (PAI). PAI is an emerging modality that uses a combination of optical excitation
and acoustic detection for visualizing vascular, functional, and molecular changes within living
tissue [2–11]. As opposed to the optical imaging modalities such as optical coherence tomography [12]
that employs ballistic photons, PAI uses diffused photons providing significantly deeper penetration.
In PAI, thermoelastic expansion of tissue chromophores occurs when irradiated by a nanosecond
pulsed laser—resulting in emission of acoustic waves that are then detected by ultrasound transducers
for image formation [9,13–17]; in PAI the ultrasound transducer is a receiver device. The strength
of the acoustic waves generated from the chromophores is around 800 PA·mK−1 [4]. The strength of
the generated pressure in PAI depends on the absorption coefficient of the chromophores, the light
fluence, and the characteristics of the ultrasound transducer. The lower range of the generated pressure
waves in PAI compared to ultrasound imaging signifies the importance of an efficient and effective
ultrasound detection technology [18]. In PAI, where the optically induced ultrasound pressure is
typically weak [17], the primary requirement of the detection unit is to have a high sensitivity and a
large acceptance angle over a wide range of spectral bandwidth.

Acoustic and optical detection methods are complementary technologies that together have solved
many unmet industrial and clinical needs. The contactless nature and the wavelength selectivity
capability to study a particular target in the tissue (e.g., enabling functional sensing) are advantages of
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optical sensing over acoustic sensing, and the less penetration depth of optical sensing compared to
acoustic detection technology is its disadvantage; although utilizing short wavelengths (such as X-ray),
deep sensing applications are possible at a cost of ionizing the imaging target. In photoacoustic sensing,
the advantages of both technologies are utilized: wavelength selectivity and adequate penetration
depth; to address different unmet needs, photoacoustic technology has been implemented for different
wavelengths from X-ray to infrared (IR). Due to the widely used intermediate penetration depth
achieved by IR light, higher sensitivity of IR devices, and the fast growing advancement of IR optical
components, most of photoacoustic systems are implemented in this regime. Infrared photoacoustic
technology has been successfully used in both preclinical (to study small animal brain [19–22],
eye [23–26], and skin [27–29]) and clinical (to detect breast cancer [30–32], cervical cancer [33,34],
skin melanoma [35,36], and brain tumor [37,38]) applications.

Based on the ultrasound detection mechanism, transducers can be categorized into two main
categories: physical ultrasound transducers and optical ultrasound detection. The physical transducers
can further be classified as: (i) conventional piezoelectric, and (ii) micromachined (capacitive or
piezoelectric).

Several review studies have been conducted on ultrasound transducer technologies [39–46].
However, these studies were primarily focused on ultrasound imaging and specific to one or two
technologies. The purpose of this review is to study the effectiveness of various ultrasound transducer
technologies, recognize their pros and cons, and learn about their performance when they are used
in the receive mode of a photoacoustic imaging system. This review does not cover the ultrasound
transducer technologies that are specifically used for industrial or intravascular applications.

The search protocol used for this review study is as follows. A PubMed database search of
“transducer” AND “ultrasound” AND “photoacoustic” AND “imaging” yielded 216 results with 196
published in the last ten years. We have narrowed down the search by “piezoelectric” (45 results)
and “micromachined” (29 results). Capacitive micromachined ultrasonic transducers (CMUTs) and
piezoelectric micromachined ultrasound transducers (PMUTs) have been utilized in 22 and 7 articles,
respectively. Moreover, 4 articles were found relevant to photoacoustic imaging among articles on
optical ultrasound detection. In this study, we have reviewed a total of 189 articles.

The organization of the manuscript is as follows. First, the general design characteristics of
physical ultrasound transducers are discussed. We then investigate the physical ultrasound transducers
along with a quantitative analysis of their performance. Next, we discuss optical ultrasound detection
technologies and present their corresponding specifications. Finally, we summarize the pros and
cons of various ultrasound detection technologies and discuss their performance in photoacoustic
imaging applications.

2. Ultrasound Transducer Characteristics

The design parameters in an ultrasound transducer are classified into two categories: (i) geometric
characteristics of layers (width, length, thickness, and specific to arrays including the number of
elements, kerf, and pitch size [47]), (ii) material properties (such as coupling coefficient, elastic modulus,
Poisson’s ratio, density, stress coefficient, stiffness constant, acoustic impedance, and dielectric
constant) used for each section. By adjusting these parameters, a transducer with a desired sensitivity,
center frequency, and bandwidth is obtained. If cost is a deciding factor, sensitivity and bandwidth
of the transducer may be affected. The manufacturing cost of a transducer largely depends on the
fabrication process and the number of attempts needed to obtain required specifications [9].

Electromechanical coupling coefficient of the material represents the coupling efficiency of the
transducer. In receive mode, this coefficient can be defined as the ratio between the electrical energy
induced and the mechanical energy applied to the sensing material [48]. Coupling coefficient is
primarily determined based on the inherent material properties of the transducer sensing elements such
as stress coefficient, stiffness constant, acoustic impedance, and dielectric constant. Stress coefficient
and stiffness constant are two mechanical properties that determine the elasticity of the sensing material.
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A highly elastic material with thermal stability is desired to build a transducer with a wide frequency
range and low mechanical loss. Acoustic impedance determines the compliance of the transducer
material to the target tissue material. Acoustic waves can be transmitted efficiently through the
propagating medium when there is less acoustic impedance mismatch between the transducer material
and the imaging target medium. Reduced acoustic impedance mismatch improves the signal-to-noise
ratio (SNR) of the signal converted from the received pressure waves. In addition to acoustic impedance,
there is the electrical impedance match between the transducer material and the back-end electronics
(i.e., signal routing, data acquisition unit, amplifiers). Electrical impedance also affects the power
transmission efficiency and SNR of the converted signal. Such electrical match is achieved using a
matching network that can be realized using a material with high dielectric constant [49,50]. Moreover,
a high dielectric constant is essential to improve the coupling coefficient [51].

The receive sensitivity of an ultrasound transducer is typically represented as a ratio of the
detected electrical signal amplitude (in the range of micro- to milli-volts) and applied acoustic pressure
(in the range of pascal to kilopascal). In photoacoustic imaging, the sensitivity is represented by
noise equivalent pressure (NEP) [52], a frequency dependant metric with a unit of Pa·Hz−1/2. NEP is
defined as the photoacoustic pressure at the imaging target that generates a transducer output equal
to the noise amplitude [53]. We used sensitivity (mV/kPa) for quantitative comparison between the
physical transducers and NEP (Pa·Hz−1/2) for transducers that work based on optical ultrasound
detection methods.

An ideal ultrasound detection device should possess the following attributes: sufficiently high
electromechanical coupling coefficient, an acoustic impedance that is close to tissue impedance, a large
dielectric constant, low electrical and mechanical losses, low stiffness, and high thermal stability, that all
together leads to a transducer with a high sensitivity over a wide spectral bandwidth.

3. Physical Ultrasound Transducer Technologies

3.1. Piezoelectric Transducers

Piezoelectric ultrasound transducers are the most widely manufactured and clinically available
transducers that are integrated in commercial ultrasound systems [39,54,55]. The main component
of a piezoelectric ultrasound transducer is piezo-material that operates based on converse and direct
piezoelectric effect. In transmission mode of an ultrasound transducer, the generated acoustic waves
are a result of the transient expansion and contraction of a piezo-material when exposed to an
alternating electric field across the piezo-electrodes [56]. In receive mode, the incident acoustic
pressure waves deform the piezo-material, and are measured in terms of the potential difference
across the piezo-electrodes induced by the deformation [57,58]. A cross section of a piezoelectric linear
array transducer is shown in Figure 1a. Piezoelectric ultrasound transducer elements are usually
manufactured with a matching layer to reduce the impedance mismatch between the imaging target
and backing layer to suppress the back scattered ringing effect. Among piezo-materials, naturally
occurring crystals (quartz [59]), are seldom used in manufacturing transducers because of their weak
piezoelectric performance, low dielectric and elastic properties, and low stability [54]. Engineered
single crystals (such as lead magnesium niobate–lead titanate (PMN–PT) [60] and lead zinc niobate–lead
titanate (PZN–PT) [61]) exhibit a high coupling coefficient and a large bandwidth that can specifically
be valuable to photoacoustic imaging applications, however, the manufacturing process of these
transducers is complex, expensive, and time consuming.
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Figure 1. Geometric characteristics and manufacturing steps of a piezoelectric linear array ultrasound
transducer. (a) A photograph of a piezoelectric ultrasound imaging probe; the cross-section of the
sensing layer is provided in the blue dotted box [39], (b) structural difference between 2-2, 1-3 composite
material when used in an ultrasound array transducer [62], (c) process flow of conventional dice and fill
(DF) fabrication method using 1-3 composite and epoxy filling that includes: (i) piezoceramic material,
(ii) dice in x direction, (iii) dice in y direction, (iv) epoxy filling, (v) reverse, (vi) backside dicing in x and
y directions, (vii) 2nd epoxy filling, and (viii) deposit conductive layer. Reprinted with permission
from [63].

The most popular piezoelectric materials are piezoceramics (such as barium titanate (BaTiO3) [64],
lithium niobite (LiNbO3) [65,66], lead zirconate titanate (PZT) [67], zinc oxide (ZnO) [68]), and polymers
(such as polyvinylidene difluoride (PVDF) [69]). Piezoceramics consist of randomly oriented crystallites
separated by grain boundaries. They offer strong piezoelectric properties along the polarization axes,
and are less expensive than polymers. Polymers such as PVDF as piezo-material alongside their
copolymer trifluoroethylene (TrFE) as the thin electrode have also been found to be effective for
producing high frequency transducers due to their low stiffness and improved adhesion (compliance)
when compared to traditional sputtered thick metal electrodes [70–74]. With these polymers,
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low acoustic impedance (i.e., close to the tissue impedance) can be achieved at the cost of low
energy conversion. To further improve the quality of piezoelectric transducers, composite materials
have been developed [75]. The piezoelectric composite consists of a piezoelectric phase (piezo-ceramic)
and a polymer phase (epoxy resin), with a certain connection mode, a certain volume or mass ratio,
and a certain spatial geometric distribution [76]. Among different materials, PZT-epoxy resin-based
composites have been the dominant material to realize the active elements of transducers in piezoelectric
transducers [77–80]. Piezo-composites are classified according to respective phase connectivity (0, 1, 2,
or 3) through which the phase is continuous. Since, there are two phases in piezo-composites they are
referred by 2-digit numbers [76]. The first digit references the piezoelectric phase and the second digit
references the polymer phase. Out of 10 conventional different combinations of connectivity [81,82],
piezoelectric 1–3 [9,13] and 2–2 [14] composites are commonly used in transducer technology and are
proven to exhibit high coupling coefficient with low-acoustic impedance and low stiffness, leading
to improved sensitivity compared to monolithic piezo-materials [62,83]. Structural schematics of
1-3 and 2-2 piezo-composites are shown in Figure 1b. The composites are limited to low energy
and low temperature applications due to their inherently low mechanical quality factor and thermal
conductivity. A quantitative comparison among different types of piezo-material in terms of their
determinant properties is provided in Table 1. Speed of sound (SOS) in biological tissues are in the
range of 1450–1580 ms−1, thus it is desirable to choose a piezo-material with similar SOS. Table 1 shows
that piezo-composite materials provide acoustic impedance and SOS similar to those of biological
tissues, with a higher coupling coefficient as compared to polymer or ceramic based piezo-materials;
that justifies the use of composites as the preferred piezo layer in ultrasound transducers.

Table 1. Material properties of widely used piezoelectric materials in manufacturing of ultrasound
transducers [65,66,76,84–86].

Piezo-materials Acoustic Impedance (MRayl) Coupling Coefficient Relative Permittivity Density (kg·m−3) Speed of Sound (m·s−1)

Quartz 13.3 0.093 4.5 2648 5000

LiNbO3 39 0.49 39 4700 7360

PZT 33.7 0.51 1470–1700 7500 4580

PMN-PT 37.1 0.58 680–800 8060 4610

PVDF 3.9 0.12–0.29 5–13 1780 2200

1-3 Composite 9 0.6 450 3673 1540

Piezoelectric transducers can be developed as single elements or aggregated into an array
(e.g., linear, convex, arc, ring, and spherical). A list of ultrasound transducer arrays that have been
used in different photoacoustic imaging applications is given in Table 2. Conventionally, the arrays are
realized through dice and fill method (DF) [75]. The DF method involves making a series of parallel cuts
on a piece of bulk piezoelectric material with a mechanical dicing saw (Figure 1c shows the steps of a
conventional DF fabrication method using 1-3 composite and epoxy filling). The material is then diced
in the perpendicular direction to produce posts with a rectangular cross section. The diced material is
backfilled with a polymer, then the base ceramic support is removed by lapping polishing [62,63,76].
For 2-2 composite, step 3 is skipped and the remaining steps are similar to those for 1-3 composite.
Other alternative methods to make piezoelectric transducers include the interdigital bonding technique,
stacked plates or lamination techniques, fiber processing, and laser machining [75].
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Table 2. Different configurations of piezoelectric ultrasound transducer arrays that are used in clinical
applications of photoacoustic imaging. BW: bandwidth.

Application Element no. Configuration Center Frequency (MHz) BW (%) Ref

Breast cancer

588 Hemispherical 1 130 [87]

512 Hemispherical 2 >100 [88]

64 Arc 1.5 130 [89]

Dermatology Single Spherically focused
54.2 97 [90]

102.8 105 [91]

Vascular
Single Focused 50 70 [92]

256 Linear 21 66 [93]

Carotid vessel
128 Linear 5 80 [94]

Single Spherically focused 100 80 [95]

Musculoskeletal
32 Unfocused 6.25 80 [96]

128 Linear 11.25 75 [97]

Adipose tissue 256 Curved 5 60 [98,99]

Thyroid
192 Linear 5.8 82.7 [100]

64 Arc 7.5 NA [101]

Gynecology &Urology 128 Microconvex 6.5 NA [102,103]

NA: not available.

One design constraint in piezoelectric transducer arrays is that the center frequency is inversely
proportional to the thickness. Simultaneously, the element length (l) and width (w) to thickness (t)
ratio of l:t ≥ 10 and w:t ≤ 0.5 must be maintained [104–106]. Despite the simplicity of DF method,
a maximum kerf width of 10 to 15 μm can be achieved using this method and hence, manufacturing
high frequency transducers (center frequency: >20 MHz) is difficult [107]. Other alternative methods
such as interdigital bonding technique, stacked plates or lamination techniques, fiber processing,
and laser machining, have a more complex manufacturing process and introduce non-uniformity [75];
for instance, in the laser machining approach, rapid divergence of the tightly focused laser leads to
thickness non-uniformity, this inhomogeneity causes interference in the signal generated from the
traducer elements. In addition to the challenges in the fabrication process, incorporation of the backing
layer in piezoelectric transducers adds manufacturing difficulty to maintain layer thickness uniformity.
Since medium range frequencies are commonly used for PAI of biological tissues, the DF method can
be utilized to manufacture piezoelectric transducer arrays.

3.2. Micromachined Ultrasonic Transducers

3.2.1. Capacitive Micromachined Ultrasonic Transducer (CMUT)

Capacitive micromachined ultrasonic transducers (CMUTs) are considered to be the next generation
of ultrasound transducers [108]. CMUT is an array of miniaturized capacitors consisting of suspended
membranes made of silicon nitride on dielectric posts, made of silicon nitride/oxide, with a conducting
layer made of aluminum/gold and a rigid silicon conducting substrate as the base with a cavity in
between. Different polymer materials (e.g., bisbenzocyclobutene) have also been used as the dielectric
posts and diaphragms of CMUT arrays [109,110]. As opposed to the conventional piezoelectric
transducers, CMUTs rely on electrostatic principles for ultrasound wave generation and reception
when a superimposed DC bias and AC signal of desired frequency is applied [111] (see Figure 2a).
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Figure 2. Capacitive micromachined ultrasonic transducer (CMUT) technology. (a) Schematic
of a cross-section of a CMUT and its working principle, (b) steps of sacrificial release process:
(i) substrate and insulation layer realization, (ii) sacrificial layer deposition and pattern, (iii) membrane
layer deposition, (iv) sacrificial layer release, and (v) top electrode deposition, (c) steps of wafer
bonding process: (i) thermal oxidation of silicon wafer (substrate), (ii) gap height and shape
realization, (iii) bonding between silicon on insulator (SOI) and oxidized silicon wafer, (iv) thick silicon
wafer etching, (v) buried oxide layer etching and top electrode realization [112], and (d) other CMUT
designs fabricated using: (i) local oxidation of silicon (LOCOS) process [113], (ii) thick-buried-oxide
process [114–117], (iii) mechanically coupled plate to the membrane [118], (iv) compliant post
structure [114]. Reproduced with permission from [46].

Several process flows have been proposed by various research groups to implement CMUT
arrays including, surface micromachining, fusion bonding, and adhesive bonding techniques [105].
Among those, the two most common fabrication methods of CMUT arrays are sacrificial release
and wafer bonding processes. The basic process flow of the sacrificial release process is as follows
(Figure 2b); initially, a sacrificial layer is deposited or grown on the carrier substrate. After membrane
material deposition, the sacrificial layer is etched out with an etchant, specifically chosen for sacrificial
layer material and not to etch the membrane layer material [115]. Although, sacrificial release
process is relatively simple, reliable, and can be achieved at lower maximum processing temperature
(250 ◦C) [116], non-uniform effective gap height due to the roughness in the silicon nitride layer causes
deviations in device performance [117]. In addition, the diaphragm may induce substantial intrinsic
stress that eventually alters the device properties. The basic process flow of the wafer bonding process
is as follows (Figure 2c): initially, a highly doped silicon wafer is thermally oxidized to grow a SiO2

layer followed by etching the oxide layer to determine the gap height and shape of the transducer
elements. Next, silicon on insulator (SOI) wafer is brought in contact with the oxidized silicon wafer
for bonding process [118]. The bulk silicon form SOI is removed by mechanical grinding and the
buried oxide layer is etched to expose the Si diaphragm. Finally, a conducting layer such as aluminum
is deposited for electrical routing. This process offers better control over gap height and thickness
of the diaphragm with less residual stress. However, the wafer bonding process is very sensitive to
surface roughness and cleanness that might affect the overall yield. There are a few other less popular
fabrication processes such as local oxidation of silicon (LOCOS), thick buried oxide, mechanically
coupled plate, and compliant post structure based CMUT arrays. The details of these processes can be
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found in [46]. A graphical representation of the final device structure for each method is depicted in
Figure 2d.

CMUTs have gained much popularity over the last decade because they consume lower power,
provide excellent electrical and thermal stability, and have a wider fractional bandwidth [46,104,105].
Micromachining techniques have advanced to allow batch fabrication of CMUT arrays of different
shapes and frequencies on the same wafer with high yield and reduced price. CMUT technology
has also enabled realizing densely packed elements in 2D configurations for volumetric imaging
(see [119–121] for more details). The limitation of CMUT is that a large DC bias near the collapse
voltage is required to achieve adequate sensitivity. This increases the risk of dielectric charging, changes
the DC operating point which leads to an early breakdown of the device, hence greatly limiting the
biomedical applicability of CMUT [111]. Hitachi Medico, Japan, Vermon, France, Butterfly Inc., USA,
Kolo Medical, USA, Philips, USA, and Fraunhofer Institute for Photonic Microsystems (IPMS) are the
pioneers in developing and commercializing CMUT technology.

As compared to conventional piezoelectric transducers, capacitive transducers may offer higher
sensitivity and wider bandwidth as well as higher acceptance angle. These features are all important in
photoacoustic imaging, where the spectral content of PA signals is distributed over a wide frequency
range [43,122]. There is extensive literature discussing the use of CMUTs in different photoacoustic
applications [43,119,120,123,124]. In Table 3, the existing CMUT probes that have been used in
photoacoustic imaging applications are listed.

Table 3. Different configurations of CMUT that have been used in photoacoustic imaging applications.

Configuration Element no. CF (MHz) BW (%) Imaging Target Ref

2D (16 × 16) 256 3.48 93.48 Fishing line filled with ICG, pig blood, and mixture of both [120]

2D (16 × 16) 256 5 99 Tube filled with ink [125]

2D (16 × 16) 256 5.5 112 Hair sample in tissue mimicking phantom [119]

2D (Transparent) NR 3.5 118 Wire phantom [126]

2D (Transparent) Single 1.46 105 Pencil lead; loop shaped tube filled with ICG [126]

2D (Transparent) NA 2 52.3 Characterization with hydrophone [127]

Ring NA 3 NA Two polyethylene tubes [128]

Hemisphere (spiral) * 500 4 >100 Arterioles and venules [129]

BW: bandwidth; CF: center frequency, NA: not available. * Clinical application.

3.2.2. Piezoelectric Micromachined Ultrasonic Transducer (PMUT)

Piezoelectric micromachined ultrasound transducers (PMUTs) are low-cost technology with a
high sensitivity that follows the principle of piezoelectric effect. In PMUT, an ultrasound wave is
generated and detected based on flexural vibration of a diaphragm similar to a thin film on a silicon
substrate without any vacuum gap [40] (see Figure 3a). Apart from the classification of sacrificial layer
release and reverse wafer bonding methods that are similar to those used in manufacturing CMUT
(see Figure 2b,c), there are two other methods to realize PMUT array diaphragms through back and
front side etching (see Figure 3b,c) [130].

The manufacturing process of PMUT with circular diaphragms released from the front-side is
described in [131]. For front-side etching (depicted in Figure 3b), a silicon wafer with a platinized
thermal oxide layer is used as the substrate for the deposition of the piezoelectric and electrode
layer. Lithography and reactive ion etch processes are used to pattern the top electrode, etch the
thin film PZT layer to expose the bottom electrode followed by the deposition of insulation layer
and electrode track fan-out to bonding pads. Then, the SiO2/Ti/Pt/PZT/Pt thin film membranes are
released from the Si substrate with XeF2. Finally, the devices are laminated with a 15 μm thick dry
film resist to seal the etched chambers and protect the thin film stack. In backside etching [132]
(depicted in Figure 3c), the fabrication process flow starts with a Si (100) wafer [29]. As is the case
for surface micromachining, the process begins with preparation of the insulator, (e.g., SiO2 or Si3N4)
on the silicon. This is then etched from one side of the Si in preparation for boron (B) doping. Boron

68



Micromachines 2020, 11, 692

diffusion occurs at a specific rate, allowing the control of the junction depth. After doping, the surface
is cleaned and coated with low temperature oxide (LTO). Subsequently, standard photolithography
is used to pattern the backside etch window. Later, the wafer is etched with an etchant such as
ethylenediamine-pyrocatechol-water-pyrazine (EDP). After the back-side etching, a Ti/Pt bottom
electrode is deposited by e-beam evaporation, followed by deposition of PZT and the top electrode.
Finally, the top electrode and PZT are etched separately to pattern the top electrode and access the
bottom electrode.

Figure 3. Piezoelectric micromachined ultrasound transducers (PMUT) technology. (a) Schematic
of a cross-section of a PMUT and its working principle, (b) fabrication process flow of PMUTs with
diaphragm defined by front-side etching method: (i) deposition of piezoelectric and electrode layer
on top of oxidized silicon wafer, (i) SiO2, Ti, Pt, and PZT layer grown on silicon wafer, (ii) pattern top
electrode, (iii) insulation pad deposition, (iv) Ti/Pt deposition, (v) etch through layers to realize bias, and
(vi) release the front side diaphragm, reprinted with permission from [130], and (c) steps of backside
etching method: (i) silicon wafer, (ii) wet oxidation, (iii) oxide etching, (iv) boron diffusion, (v) low
temperature oxide growth, (vi) oxide etch, (vii) Si etch, (viii) Ti-Pt deposition, (ix) PZT deposition,
(x) TiW-Au deposition, (xi) top electrode etch, and (xii) PZT etch. Reprinted with permission from [132].

Since ultrasound transducers become smaller with increasing frequency, the effects of surface
damage introduced during composite machining should be taken into account because the damaged
layer volume increases in relation to the size of active piezoelectric materials. The use of a
micromachining technique resolves the miniaturization issue of conventional piezoelectric transducers
by realizing narrow channels or kerfs less than 10 microns, enabling high aspect ratio of piezoelectric
elements [62]; this problem has been resolved in PMUT. Since the sensitivity is not limited unlike
CMUTs, because they do not have a vacuum gap between the top and bottom electrodes, there is
room to improve the coupling coefficient in PMUTs. Attributes of PMUTs such as low-cost with
stable operation, established fabrication process, usage of popular materials (similar to conventional
piezoelectric transducers) and capability of miniaturization [40,130–133] have made PMUTs a suitable
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candidate for photoacoustic imaging applications. Table 4 lists the studies where PMUTs have been
used for photoacoustic imaging.

Table 4. Different configurations of PMUT that have been used in photoacoustic imaging applications.

Configuration Element no. CF (MHz) BW (%) Imaging Target Ref

Linear 65 6.83 29.2 Six pencil leads at different depths [134]

Linear 80 7 68% Four pencil leads at different depths [135]

1.5D Endoscopic 256 (32 × 16) 5 30 Metal spring; tricuspid valve and right ventricle in a porcine model [136]

BW: bandwidth; CF: center frequency.

3.2.3. ASIC Technology in Physical Ultrasound Transducers

In clinical transducer arrays, each element is connected through a long wire to the analog-front-end
(AFE) unit which includes transmit and receive beamformer, preamplifier, switches, and analog-digital
converters (ADCs). Although this keeps all the electronics in one place, this arrangement causes
interferences and reflections along the cable [137,138]. The number of cable connections can be
reduced by multiplexing, however that has negative consequences such as limited bandwidth and
slower processing [139]. CMOS technology-based application specific integrated circuits (ASIC) [140]
is a novel technology, applicable to micromachined transducers, that is capable of integrating the
AFE along with preamplifiers immediately after the ultrasound waves are received [141]. Philips,
GE, and Siemens have successfully implemented ASICs within their probes (Philips X7-2t [142],
GE 6VT-D [143], Siemens Z6M [144]). ASICs are also applicable to CMUTs and PMUTs [123,134].
Recently, Kolo Medical [145] and Butterfly Network [123] have launched commercial CMUT arrays
based on SiliconWave™ and CMOS technologies, respectively. Since ASICs are custom designed, they
are expensive, and their repair processes are still highly complicated.

3.3. Comparison between Physical Ultrasound Transducer Technologies

The physical ultrasound transducer technologies including PZT, CMUT, and PMUT are compared
in terms of sensitivity, bandwidth, energy conversion and some other technical specifications in Table 5.
Quantitative measurements of piezoelectric and CMUT are based on 2.43 and 2.63 MHz transducers,
respectively, presented in [146,147] and that of PMUT are based on a 7~9 MHz transducer presented
in [134,135].

Table 5. Comparison between physical ultrasound transducer technologies. DF: dice and fill, IC:
integrated circuit, DC: direct current.

Parameters Piezoelectric (PZT) [146,147] CMUT [146,147] PMUT [134,135]

Method DF, Laminating Wafer bonding,
micromachining

Micromachining,
wafer transfer

Sensitivity (mV/kPA) 4.28 22.57 0.48

Bandwidth (%) 60–80 ≥100 50–60

Energy conversion (%) 45–75 [148] >80 2.38–3.71

SNR (dB) 18–22 [149,150] 22–87 [120,151] 10–46

IC integration Not compatible Compatible Compatible

Matching layer Required N/A N/A

DC bias N/A Required N/A

4. Optical Ultrasound Detection Technologies

The large size and optically opaque design of the widely used piezoelectric ultrasound transducers
cause technical difficulties in some of the biomedical applications where optical illumination path
and acoustic detection path must be coaxial. The mechanism that optical ultrasound detection
methods offer could be a potential solution. This method employs high-finesse optical resonators
to detect incident elastic waves. Providing miniaturized and optically transparent ultrasonic
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detectors [41], this technique yields a high sensitivity over a significantly wide frequency range,
that are together ideal for photoacoustic imaging [42]. Wissmeyer et al. and Dong et al. have reviewed
different methods with which optical ultrasound detection can be realized [41,42]. Based on different
configurations and detection parameters, optical ultrasound detection techniques can be categorized
into: (i) interferometric method and (ii) refractometric method [42]. Interferometric detection can be
realized using Michelson interferometry (MI) [152,153], Mach-Zehnder interferometry (MZI) [154,155],
doppler [156,157], or resonator [158–160]. In MI or MZI, two-beam method is employed where a
laser beam passes into two optical paths, one of which is disturbed by the ultrasound wave and
the other serves as a reference (see Figure 4a(i),(ii)). The changes in the optical path caused by the
received pressure waves cause proportional changes in the intensity of the beam at the interferometer
output [42]. In contrast to two-beam interferometers, doppler method senses ultrasound waves by
measuring doppler shift (see Figure 4a(iii)). In resonator-based technique, a micron-scale optical
resonator detects ultrasound waves (see Figure 4a(iv)); using this technique, miniaturization of the
ultrasound detection unit is feasible. The optical resonator geometries that are most frequently
used in photoacoustic imaging are Fabry–Pérot interferometers (FP) [161–163], micro-ring resonators
(MRRs) [164–166], and π-phase-shifted fiber Bragg gratings (π-FBGs) [167–169]. Refractometric
methods can be classified as intensity sensitive, beam deflectometry, and phase sensitive [41,42].
In intensity sensitive method [170,171], when the ultrasound waves pass through the interface of two
media with different refractive indices, the intensity of the beam incident on that interface varies
(see Figure 4b(i)). In the beam deflectometry method (see Figure 4b(ii)) [172,173], the interaction of
the received acoustic waves with the medium alters the refractive index of the medium, which in
turn deflects the probe beam that is eventually detected using a position-sensitive detector such as a
quadrant photodiode [42]. In phase sensitive method [174], a collimated light beam passes through an
acoustic field; the beam is deflected from the original path and perturbed; this beam is then focused
through a spatial filter (see Figure 4b(iii)); the resultant beam is collimated and detected by a charge
coupled device (CCD) or complementary metal-oxide-semiconductor (CMOS) camera; the image
produced by the camera is the intensity map of the acoustic field.

One of the major limitations of optical ultrasound detection techniques is that they are slow.
Although the scanning time can be reduced by parallelization [42,175], this would increase both
the complexity and cost of the detection unit [41]. Another limitation is that these configurations
mostly rely on continuous-wave (CW) lasers. CW interferometry is sensitive to temperature drifts
and vibrations [42]. More details about the limitations of optical ultrasound detection techniques
are given in [42,176–178]. Performance comparison between different optical ultrasound detectors is
summarized in Table 6. The sensitivity of the optical ultrasound detection methods are represented
in terms of noise equivalent pressure (NEP) that is a function of frequency [42]. By multiplying the
square root of the center frequency, NEP can be presented in terms of pressure unit (Pascal) as shown
in [41]; we used this unit in Table 6.
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Figure 4. Optical ultrasound detection techniques. (a) Interferometric methods: (i) Michelson,
(ii) Mach–Zehnder, (iii) doppler-based sensing, (iv) resonator-based sensing, and (b) refractometric:
(i) intensity-sensitive detection of refractive index, (ii) single-beam deflectometry, (iii) phase-sensitive
ultrasound detection. AL: acoustic lens, US: ultrasound, BS: beam splitter, D: detector, DM:
demodulator, LA: laser, R: reflector, US: ultrasound, CMOS: complementary metal-oxide-semiconductor,
FP: Fourier plane, L: lens, P: prism, PD: photodiode, QPD: quadrant photodiode, SB: Schlieren beam,
SF: spatial filter. Reprinted with permission from [42].
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Table 6. Summary of the performances of different optical ultrasound detection techniques. Reproduced
from [41,42].

Method Configuration
Readout Element

Diameter/Dimension (μm)
Detection
Geometry

BW
(MHz)

NEP (Pa) Ref.

Interferometric

MI ** Point; disk 5; 20 35; 275 [179]

MZI (free space) 90 Bar 17.5 100 (x mm) [176]

MZI (fiber optic) 125/8 Bar 50 92 × 103 (x mm) [180]

Doppler -/12 Point 10 - [181]

RI

FP (free space) ** Bar 25 20 [182]

FP (fiber optic) 125/8 Bar 50 1 [180]

MRR (integrated) 60/0.8 × 0.8 Ring 140 6.8 [183]

FBG (fiber optic) 125/8 × 100 Bar 20 450 [184]

FBG (integrated) 500/1.5 × 1.5 Bar 60 6.5 × 103 [185]

Refractometric

Intensity-sensitive 15 × 10−3 Prism 100 100 * [186]

Deflectometry 90 Needle beam 17 2.76 * [172]

Phase-sensitive 10−2 Schlieren 110 486 * [174]

* Unit: mPA·Hz−1/2, ** Diffraction limited, BW: bandwidth; NEP: noise equivalent pressure, MI: Michelson
interferometry; MZI: Mach–Zehnder interferometry; DI: doppler- interferometry; RI: resonator- interferometry.

5. Discussion and Conclusions

During the past several years, photoacoustic imaging technology has advanced in preclinical
and clinical applications [7,8,16,18,122,187–193]. The clinical translation of this emerging imaging
technology largely depends on the future of laser technology, data acquisition systems, and ultrasound
transducer technology [194]. The ideal fabrication flow of a transducer device is as follows: depending
on the application requirements such as geometrical restriction, desired penetration depth, and spatial
resolution, the type and technology of the transducers are determined; an optimized structural/material
design is then obtained by adjusting the geometric characteristics of the transducers’ layers and their
material properties; finally the transducers are built with a particular fabrication method, complexity
of which depends on the budget. Ultrasound transducers with a high sensitivity in a wide spectral
bandwidth, if cost is not a deciding factor, are ideal for photoacoustic imaging; a higher sensitivity can
help reduce the necessary optical excitation energy and improve the penetration depth.

Among various ultrasound detection technologies, piezoelectric transducers are the most
commonly used [195]; they have been made in forms of single element, as well as linear, arc,
ring, hemispheric, and 2D matrix arrays. Their main limitations are that they require a matching
layer, thermal instability, difficulty in realizing high frequency transducer arrays, and difficulty in
miniaturization. As compared to piezoelectric transducers, CMUTs offer a higher sensitivity and
a wider bandwidth, as well as a higher acceptance angle that are all important in photoacoustic
imaging, where the spectral content of the PA signal is distributed over a wide frequency range [43,122].
In addition, fabrication of miniaturized transparent transducer arrays with desired shape is feasible
using CMUTs. PMUT is a more recent technology with an improved bandwidth, higher sensitivity,
lower acoustic impedance mismatch, flexible geometry, and the capability of CMOS/ASIC integration.
PMUT, although does not outperform CMUT, relies on the established and reliable piezoelectric
technology with micromachining capability. There is extensive research focused on improving
the performance of PMUT that has led to promising results [40,130,133], therefore, despite better
performance of CMUT, PMUT may have faster growth due to existing infrastructure.

In comparison with physical transducers, optical ultrasound detection technologies offer higher
sensitivity over a significantly wide frequency range [42]. These technologies also demonstrate the
capability of miniaturization and optically transparent transducers, which are both valuable features in
biomedical imaging applications where optical illumination and acoustic detection paths must be coaxial
for higher efficiency; this is an ideal arrangement of illumination and detection units in a photoacoustic
imaging system. The main limitations of optical transducers are high sensitivity to temperature
fluctuations and vibrations, as well as system cost. Overall, NEP of the reviewed technologies,
(piezoelectric: 2 mPA·Hz−1/2 [52], CMUT: 1.8~2.3 mPA·Hz−1/2 [123], PMUT: 0.84~1.3 mPA·Hz−1/2 [196],
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optical ultrasound detection: 0.45~486 mPA·Hz−1/2 [42]) suggest that micromachined transducers
(i.e., CMUTs and PMUTs) may be the more suitable transducers for photoacoustic imaging applications.

ASIC is a complimentary technology in transducer manufacturing to integrate the analog-front-end
within the probe housing in order to reduce the noise of the transducer signal. ASIC improves the overall
performance of existing transducers and therefore could help in facilitating the clinical translation of
photoacoustic imaging. According to the technology market analyst projection, the usage of ASIC
integrated miniature ultrasound transducer probes based on micromachined technologies will see
~18% annual compound growth rate by 2023 due to the advent of micromachining processes [197].
With the fast-growing ultrasound transducer technology, numerous computational methods have also
been studied to further improve the performance of transducers by reducing noise in the transducer
signal [198,199]; the result has been higher quality images [5,200,201]. With the advancement of
ultrasound technology, more biomedical applications, which are currently performed using optical
technologies, can be realized [12,202–208].
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Abstract: The use of multilayer semiconductor heterojunction structures has shown promise in infrared
detector applications. Several heterostructures with innovative compositional and architectural
designs have been displayed on emerging infrared technologies. In this review, we aim to illustrate
the principles of heterostructure detectors for infrared detection and explore the recent progress on
the development of detectors with the split-off band and threshold wavelength extension mechanism.
This review article includes an understanding of the compositional and the architectural design of
split-off band detectors and to prepare a database of their performances for the wavelength extension
mechanism. Preparing a unique database of the compositional or architectural design of structures,
their performance, and penetrating the basics of infrared detection mechanisms can lead to significant
improvements in the quality of research. The brief outlook of the fundamentals of the infrared
detection technique with its appropriateness and limitations for better performance is also provided.
The results of the long-term study presented in this review article would be of considerable assistance
to those who are focused on the heterostructure infrared detector development.

Keywords: heterostructures; split-off band; wavelength extension; device performance

1. Introduction

Technological advancement in material growth, processing, and characterization setups, furnished
with new concepts of device structures and functions, has been widely implemented for the development
of new, low-disorder, and often highly engineered material combinations, such as heterostructures [1,2].
The using layers of structurally abrupt interfaces of dissimilar compounds artificially periodic structures
can be obtained [3]. Many scientists have thus used refractive indexes, bandgap, effective masses
and mobilities of charge carriers, and the electron energy spectrum advantages of semiconductor
heterostructures with various material combinations, architectures, and doping densities for the
futuristic scientific, technical and biomedical applications [4–10]. The examples include GaAs/AlGaAs
heterostructures [11], which have been well-studied for its potential application in high-speed digital
and optoelectronic devices [12] including diode lasers [13], light-emitting diodes [14], solar cells [15]
and optical detectors [8,16–20]. The material advantage of GaAs/AlGaAs provides excellent uniformity
and large arrays. It is because there is a close match between the lattice constant of AlGaAs and GaAs.
Herein, AlGaAs has a lattice constant that varies linearly between that of AlAs, 5.661 angstroms,
and that of GaAs is 5.653 angstroms, depending on the mole fraction of aluminum [21]. The alternations
of the aluminum fraction in the AlGaAs layer modulate the band-gap [22] and hence, one can adjust the
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barrier height of the designed device to match the required photon energy. Similar to GaAs/AlGaAs [23],
research has been carried out on the number of other semiconductor heterostructures having various,
material combinations emitter/barrier architectures and doping densities for infrared (IR) detector
development [6,24–28].

The heterojunction detectors offer wavelength flexibility [29–33] and multicolor capability in
these regions. The wavelength range includes short-wave infrared (SWIR) of 1–3 μm [29], mid-wave
infrared (MWIR) of 3–5 μm [30], long-wave infrared (LWIR) of 5–14 μm [33], very-long-wave infrared
(VLWIR) of 14–30 μm [32], far-wave infrared (FWIR) of 30–100 μm or 3–10 THz [31] and so on. Among
these wavelength ranges of IR radiations, 3–5 [34] and 8–14 μm [35] are considered the atmospheric
windows and are suitable for IR applications.

In this review, we stepwise describe investigations concerning the physics and applications
of split-off band semiconductors heterostructures infrared detectors for the threshold wavelength
extension mechanism. The description systematically explains the architectural design of the device
and assesses current experimental and theoretical understanding used to improve the performance.

1.1. Heterostructure IR Detectors

The architecture of heterostructures [36] mainly involves alternate thin layers of lattice-matched
and band-gap tuned different compound semiconductors. The growth of sandwiches’ layers
follows appropriate fabrication so that unique (unlike from component semiconductors) electrical
and optoelectrical properties of heterostructure can be achieved. Bandgap engineered compact
heterostructure is then processed with appropriate conducting rings for characterization. The processing
for the fabrication also includes photolithography [37], etching to open an optical window for incidence
illumination, lift-off, and others. The typical architecture of the heterostructure detector is shown in
Figure 1A. In such a compact structure, each layer of the emitter is sandwiched between two layers of
barriers. A sharp interface between the junctions of each layer can be achieved by making it easier for
tuning the energy gap between the emitter and barrier. The development of sophisticated controllable
epitaxial growth methods, such as Molecular Beam Epitaxy (MBE) and Metal-Organic Chemical Vapor
Deposition (MOCVD), has allowed for the fabrication of such ideal heterojunction structures [38–40].

 
Figure 1. Typical architecture of a GaAs/AlGaAs heterostructure and the type depending on
band alignments. (A) The combination of two dissimilar semiconductors in the heterostructure.
The design is a p-GaAs/AlGaAs heterostructure and every layer of the emitter (p-type GaAs) is
sandwiched between two layers of the barrier (AlGaAs). (B) Type-I heterostructure made of GaAs
and AlGaAs. In such heterostructures, bandgap overlaps and ΔEg = ΔEc + ΔEv.
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The emitter and barrier regions of heterostructure have different energy bands, and it will
have an additional change in the presence of biasing [41]. In such compound heterostructures,
quantum-mechanical effects such as potential discontinuity (band off-set) play a crucial role [42].
Based on the alignment of bands producing (step) discontinuity, heterostructures are classified
into three types [36], type I, type II, and type III. Figure 1B shows the straddling alignment in a
type-I heterostructure, where signs of the band are offset, as the two bands are opposite. In type-I
heterostructures, the band gaps of one material entirely overlap with that of another, and potential
discontinuities are as ΔEc = Ec1 − Ec2, ΔEv = Ev1 − Ev2 and ΔEg (Eg1 − Eg2) = ΔEc + ΔEv. Similarly, in
a type-II heterostructure, Ev1 > Ev2 and ΔEc may or may not be larger than Eg1. Moreover, Eg2 is every
so often smaller than Eg1 in a type-II heterostructure. Type II staggered, (where ΔEc < Eg1) and type II
misaligned (where ΔEc > Eg1) are two subclasses of type-II heterostructures. Type-III heterostructures
are formed by combining semimetal with the inverted bands of semiconductors [43]. In this paper, we
have mainly used GaAs/AlGaAs to cover type I heterostructures as shown in the above figure.

Along with technological development, there is a growing demand for advanced IR systems with
better discrimination and identification. Group-IV, III-V, and II-VI semiconductor heterostructure-based [44,
45] photodetectors have been studied extensively for the IR detection, from near infrared (NIR) to far
infrared (FIR) region [46]. SiGe/Si heterojunctions were used to study internal photoemission LWIR
detectors [33,47]. Low dimensional II-VI oxides semiconductor structures such as NiO/ZnO were also
studied to understand their feasibility for light detection [48]. Similarly, studies of III-V semiconductor
alloys such as InGaAs, InAsSb, InGaSb, HgZnTe, HgMnTe, GaAs, AlGaAs and their heterostructures are
mainly focusing on the MWIR and LWIR detectors [49,50]. Mercury alloys led tin tellurides and selenides,
and other alloy combinations were further explored for their potential as alternative material that can
overcome the challenges of important semiconductor IR detector mercury cadmium telluride (HgCdTe
or MCT) [27,50–52]. HgCdTe-based IR detectors are the most widely used for high-performance
applications [50]. However, the progress has been impeded due to the fundamental material problems,
such as high defect density related to growth due to the weak HgTe bond [53]. This is a serious
technological problem for the mass production of HgCdTe large-sized Focal Plane Arrays (FPA), and to
achieve high FPA pixel uniformity and yield.

On the other hand, Quantum Well IR Photodetectors (QWIPs), based on the GaAs/AlGaAs
material system, are considered mostly for the LWIR spectral regime requiring high uniformity.
The industrial infrastructure in III–V materials/device growth, processing, and packaging brought
about by the utility of GaAs-based devices in the telecommunications industry gives QWIPs a potential
advantage in producibility and cost [50]. However, QWIPs are not sensitive to normal incident
light due to orthogonality between polarization vector of the incident photons and optical transition
dipole moment [54]; therefore, light coupling structures are required for a 45◦ angle incidence of light
which adds cost and complexity. Besides, a low operating temperature is typically required due to
fundamental limitations associated with intersubband transitions [50]. Studies of Quantum Dot IR
Photodetectors (QDIPs) are also making progress towards the development of IR detectors [50,55].

Because of the key pieces of evidence presented above, the studies show number of different
structures and material combinations were used. The trend of exploration of new material is still
increasing day by day. The superiority of heterojunction structures over the homojunction further
allows for the estimation of new materials and engineering compositions in the coming days.

1.2. Performances of IR Detectors and Acceptable Figures of Merits

Studies have illustrated a wide range of accepted figures of merit for a meaningful comparison of
the sensitivity performances of detectors [56]. These include responsivity, spectral response, specific
detectivity, dark current, and the current gain. Among these performance matrices, responsivity measures
the input-output gain (simply called gain) of the detector. Simply put, it is defined [57] as the ratio
of the photocurrent (Ipc) and incoming optical power (Io), i.e., R = Ipc/Io = ηqλ/hν ≈ ηλ/1.24 (A/W),
where hν = hc/λ is the energy of the incident photon, h planks constant, c velocity of light, the q charge of
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an electron, λ is the wavelength of incident light and η is quantum efficiency. Studies have used spectral
response [58] to describe the sensitivity (ability to convert light of various wavelengths to electricity) of
the photodetectors as a function of photon frequency (or wavelength). The efficiency of detection is also
simply expressed in terms of quantum efficiency in various studies [59,60]. Specific detectivity [56] is
another important performance matrix, which is defined as the reciprocal of noise equivalent power

(NEP) normalized pre-square root of the sensor’s area (A) and frequency (f ) bandwidth, i.e., D∗ =
√

A f
NEP .

Similarly, the current flowing through the detector in the absence of light, known as the dark current,
is another important parameter to determine the performance of the detector [61]. The dark current
characteristics are important to determine an optimum operating condition. Whilst the lowest possible
dark current is desired for the operation of an IR photodetector, a certain amount of bias voltage must
be applied to operate photoconductive photodetectors [61]. The study of dark current characteristics
offers important insights into the device parameters, such as activation energy (Δ). Dark current in the
semiconductor heterostructures is temperature dependent, which can be expressed [62,63] as:

Idark = Ae
μF[

1 +
( μF

vsat

)2]1/2
2
(

m∗kBT
2π�2

)3/2

exp
(
−Eact

kBT

)
(1)

where A is the electrically active area of the detector, e is the electronic charge, Eact = Δ − Af − Ef is
the activation energy, μ is the mobility of the holes, vsat is the saturation velocity, m* is the effective
mass, kB is Boltzmann’s constant, T is the temperature, h̄ is the reduced Planck constant, α is a constant
parameter that determines effective barrier lowering due to the applied field F, and Ef is the Fermi level.

1.3. Spin-Orbit Split-Off Band Heterostructures Infrared Detectors

The use of semiconductor heterostructures for the detection of electromagnetic (EM) spectrum
blind to the human eye (UV, IR, and THz) [64] leads towards the exploration of structural concepts,
their physics, theory, modeling, and experimental measurements. The study of intraband electronic
transition within the valance band (heavy hole (HH), light hole (LH) and spin-orbit/split-off (SO) bands)
is one of the primary characteristic features to understand the electronic process in semiconductor
alloys [65,66]. Split-off band effects have been observed in the emission of GaAs metal-semiconductor
field-effect transistors [67] and have enhanced the response of GaInAsP quantum wells [68]. This aspect
of career transition is also implemented to develop heterostructure infrared detectors [69].

A detailed explanation of experimental SO response depending on hole transitions between
LH, HH and SO bands has been presented by using GaAs/AlGaAs-based heterojunction interfacial
workfunction internal photoemission (HEIWIP) detectors [70–72]. The active region of the basic
HEIWIP detector consists of one or more periods, each consisting of a doped emitter and an undoped
barrier layer. These multiple emitter/barrier layers are sandwiched between two highly doped contact
layers. Depending on the doping required for ohmic contacts, the top contact may also serve as the
top emitter layer. Herein, the work function (Δ) is given by Δ = Δd + Δx, where Δd and Δx are the
contributions from doping and the Al fraction, respectively [23]. As the Al fraction is reduced, Δ will
be limited by Δd, which in turn is a homojunction detector [73,74]. The detection mechanism can
be divided into three main processes: (i) the photoabsorption that generates excited carriers, (ii) the
escape of the carriers, and (iii) a collection of the escaped carriers.

The schematic of different intervalence and intra-band optical transitions showing the infrared
detection mechanism is shown in Figure 2 in terms of energy wave vector diagrams. Figure 2A–C
shows the energy wavenumber (E-k) diagram for intrinsic, extrinsic, and quantum well infrared
photodetectors. Figure 2D shows Split-off detector threshold mechanisms. Infrared photon excites
holes from the light/heavy hole bands to the split-off band. (1) Indirect absorption followed by
scattering and escape (threshold energy: EESO − Ef). (2) Direct absorption followed by scattering
and escape (threshold energy: EESOf − Ef). (3) Indirect absorption followed by escape and some
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scattered (threshold energy: EBSO − Ef). The band alignment during split-off band intra-valance
transitions is shown in Figure 3F.

 
Figure 2. Schematic of different intervalence and intraband optical transitions showing an infrared
(IR) detection mechanism. (A–C) Energy wavenumber (E-k) diagram for intrinsic, extrinsic,
and quantum-well-IR photodetectors, respectively. (D) Split-off detector threshold mechanisms,
where the IR photon excites holes from the light/heavy hole bands to the split-off band. (1) Indirect
absorption followed by scattering and escape (threshold energy: EESO − Ef). (2) Direct absorption
followed by scattering and escape (threshold energy: EESO − Ef). (3) Indirect absorption followed by
escape and some scattered (threshold energy: EBSO − Ef). (F) Band alignment using during split-off
band intra-valance transitions.

Figure 3. Absorption coefficient of p-type (5 × 1018 cm−3) GaAs0.955Sb0.045, In0.15Ga0.85As and GaAs as
discussed [69]. The p-type GaAs0.955Sb0.045 shows the highest absorption coefficient by comparing
with the other two materials.

The spectral response of the heterojunction detector is primarily determined by the absorbing
properties of the emitter, which is, in turn, determined by the electronic structure of the valence bands
(VBs) and the concentration of holes. Utilizing semiconductor heterojunctions for the heterojunction
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detectors is subject to limitations, such as low absorption coefficient in the 3–5μm range for p-type GaAs.
The p-type semiconductor absorbs extra photons owing to optical transitions among three VBs, i.e., the
LH, HH, and SO bands, contributing to an absorption band spanning primarily from 1 to 10 μm for
p-type GaAs, as shown in Figure 3. The p-type semiconductors including InGaAs, GaAsSb, and GaAs
indicate that the shifting of the absorption peak (between 1 and 5 μm) can be associated with the SO–HH
transition. The intra-band free-carrier absorption is typically proportional to λp, which becomes
dominant in the very-long-wavelength range, where λ is the wavelength, and p is an exponent. p can
be predicted by the Drude theory, and usually equals 1.2, 2.5, and 3.5 correspondings to scatterings by
acoustic phonons, polar optical phonons, and ionized impurities, respectively. By comparing with
p-type GaAs, p-type GaAsSb shows a higher absorption, which benefits a higher absorption efficiency
and hence the detector performance.

Jayaweera et al. studied an uncooled infrared detector for 3–5 μm and beyond [75] by using
the concept of a split-off band infrared detection mechanism [70,71]. In their study, they have
experimentally demonstrated uncooled infrared detection using intra-valence bands using a set of
three p-GaAs/AlGaAs heterostructure. The focus of their study is to demonstrate an uncooled infrared
detection using intra-valence bands. The uncooled detection of infrared radiation is important in
a wide range of applications in the civilian, industrial, medical, astronomy, and military sectors.
The calculated D* value in this study is 6.8 × 105 Jones at a temperature of 300 K and an SO band offset
of 0.31 eV, while, for those with an SO band offset of 0.155 and 0.207 eV, D* values are 2.1 × 106

and 1.8 × 106 at temperatures of 140 and 190 K, respectively. It is noted that the studies on the high
operating temperature that split off the transition in such a heterostructure [70–72] further support the
infrared detection mechanism. These studies have introduced intra-valence band transitions, such as
LH to heavy-hole HH transitions or HH transitions to SO band in detectors to overcome the selection
rule limitations. A band diagram (E-k) of the emitter region of an S-O band detector illustrating the
detection mechanism is based on the carrier transitions in the three valence bands is also demonstrated.

In the study by Lao and et al. [76], the development of structure with multi-spectral detection
probability is presented. The hole transition from the HH to the LH band of p-GaAs/AlGaAs detectors
show a spectral response up to 16.5 m, operating up to a temperature of 330 K where the LH-HH
response is superimposed on the free-carrier response. Similarly, in another study by Matsik, and et
al. [77] device modeling study of S-O band IR detector was carried out to find optimized conditions for
its performance improvement. The study suggested two important device architecture modifications
in order to improve device performance. One of the suggestions was to include an offset (δE) between
the energy barriers so that the low energy barrier towards the collector side would enhance the
collection. The other suggestion was to include a graded barrier on the injector side so that the carrier
trapping would be reduced and the injection of the carriers to the absorber/emitter would be improved.

Altogether, the peak response due to intra-valance band transitions [70,71,78] is believed to
originate from a build-up of a quasi-equilibrium Fermi level, at a fixed level, irrespective of the
variation of the device parameter. Thus, the SO band was found to be the most probable energy level
to build-up a quasi-equilibrium Fermi level as a consequence of the hot-phonon bottleneck effect.
The study of the dark current characteristics of these IR photodetectors confirmed no compromise in
the dark current due to the presence of the extended-wavelength mechanism of the photoresponse.
Furthermore, the quasi-equilibrium will be built-up not only in the emitter but also in the bottom and top
contact layers as long as there is photoexcitation to the SO band. The net flow of the photo-excited
carriers will determine the spectral photoresponse [62,79].

In summary, HEIWIP detectors [80], based on intra-valence band transitions LH to HH transitions or
HH transitions to SO band were introduced to overcome the selection rule limitations. The SO band infrared
detector is a newly developed, emerging device based on the p-doped GaAs/AlGaAs system [71], which
utilizes hole transition in the HH/LH band to the SO band as the detection mechanism [71]. The SO
band detectors have shown promising results to be developed as an uncooled IR detector [75].
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1.4. Effect of a Current Blocking Barrier on Heterojunction Infrared Detector

Studies have shown that incorporating current blocking architectures into detector designs
alters their performances. As part of their studies, Wang and et al. [81], Rotella and et al. [82],
Wang and et al. [83], Lin and et al. [84], Pal and et al. [85] and Nevou and et al. [86] have
presented the use of AlGaAs current blocking layers in quantum dot IR photodetectors (QDIPs)
to enhance the performance of detectors. Similarly, Stiff et al. [87], Tang [88], and Chakrabarti [89] have
presented the use of a similar concept to achieve higher operating temperatures. In another study
by Nguyen et al. [90], hole blocking layers have been implemented in type-II InAs/GaSb superlattice
infrared photodetectors. The electron blocking and hole blocking unipolar barriers in complementary
barrier infrared detectors [91] and p-type-intrinsic-n-type photodiodes [92] were also studied. The most
important goal in these architectures is to increase the performance by lowering the dark current with
a relatively small compromise in the photocurrent.

Chauhan et al. have reported the performance of a p-GaAs/AlxGa1xAs heterojunction photovoltaic
infrared detector, with graded barriers, operating in the 2–6 μm wavelength range [16]. They found
that the incorporation of the current blocking barrier in heterostructure architecture leads to achieving
a significant improvement in the specific detectivity (D*). It further reduces the dark current under
photoconductive operation and increases the resistance-area product (R0A, R0 is the resistance at 0 V
and A is the electrical area) under photovoltaic operation. In blocking barrier studies, measurements
across the top and bottom contacts include the current blocking barrier, whilst the middle and bottom
contacts measure the same sample (mesa) without the current blocking barrier, as shown in the schematic
diagram of the valence band of the heterostructure in Figure 4. Herein, the implementation of a current
blocking barrier increases the specific detectivity (D*) under dark conditions by two orders of magnitude
to 1.9 × 1011 Jones, at 77 K. Furthermore, at zero bias, the resistance-area product (R0A) attains a five orders
enhancement due to the current blocking barrier, with the responsivity reduced by only a factor of 1.5.

Figure 4. Schematic of the valence band alignment of the heterostructure under equilibrium showing
the connections with and without the current blocking barrier.

1.5. Threshold Wavelength Extension Mechanism

The study of the S-O band detector devices with the barrier offset (δE) and a graded barrier
showed an unprecedented result in terms of the spectral range of the photoresponse: a photoresponse
that is far beyond the spectral limit. In general, the standard expected threshold wavelength (λt)
of a photodetector is governed by the spectral rule Δ = 1.24/λt, where Δ controls the dark current.
The extended wavelength IR photodetectors are a novel class of photodetectors showing spectral
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photoresponse far beyond the conventional limit of Δ = hc/λt. In extended wavelength detectors,
the effective response threshold wavelength (λeff) is governed by a Δ′ = 1.24/λeff, with an effective
activation energy Δ′ 
 Δ. The valance band diagram used to demonstrate the extended wavelength
photoresponse utilized an offset (δE) between the energy barriers in the heterostructure is shown in
Figure 5B. A reference photodetector without the offset and cannot show the extended wavelength
mechanism is also shown in Figure 5A.

 
Figure 5. Conventional and wavelength extended photodetector. (A) Conventional photodetector.
The threshold wavelength (λc) of detection is determined by Δ, where λc = hc/Δ. (B) Wavelength
extended photodetector showing barrier offset contributing to wavelength-extended photoresponse.

The mechanism responsible for the extension of threshold wavelength in heterostructure detectors
has been analyzed by Somvanshi et al. [93], which is based on the hot carrier effects in the
semiconductor heterostructures [94–96]. The hot carrier effect is principally governed by the carrier–carrier
and carrier–phonon scattering processes and has been widely studied in the past [96–98]. In general,
hot carriers are created in energy states above the band edge, interact with lattice vibrations, and cold
carries through carrier–carrier interactions. This leads to quasi-equilibrium Fermi distributions at a
temperature much higher than the lattice temperature [97,98]. It is observed that, upon the incidence of
light from an external optical source, hot holes have created in the bottom contact, photon absorber, and top
contact of heterostructure detectors, as shown in Figure 5. In heterostructure detectors with band offset
(Figure 5B), a net flow of hot holes has observed towards the top contact, owing to the difference in barrier
heights, ΔEv. However, no such flow of carriers observed in heterostructure detectors without band offset,
i.e., conventional detectors (Figure 5A). The dynamics of hot hols and cold holes interaction in the p-GaAs
photon absorber can be explained based on hot carrier effects. Upon the interaction of carriers in the photon
absorber, the exchange of energy takes place through hole–hole and hole–phonon scattering that leads to
the formation of a quasi-Fermi distribution (EquasiF) at a hot hole temperature (TH) that is significantly
greater than the lattice temperature (TL). The distribution of hot holes at this quasi-Fermi level will lead to
an escape of hot holes across the collector barrier when a long-wavelength photon is absorbed and the
extension in threshold wavelength is observed.

Chauhan et al. have studied the photoresponse of extended wavelength IR photodetectors [99] under
different bias conditions. It is observed that, with the increase in bias voltages, the photoresponse becomes
stronger; however, the spectral threshold remains relatively constant. The dark current and photo-response
characteristics of extended wavelength infrared photodetectors [62] studied by Chauhan and et al. show
that the measured dark current of extended wavelength detectors was found to agree well with fits obtained
from a 3D carrier drift model using the designed value of Δ. In contrast, the spectral photoresponse showed
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extended wavelength thresholds corresponding to Δ′. Since the dark current in the extended-wavelength
IR photodetectors is still limited by Δ as in the conventional photodetectors, the extended wavelength
mechanism offers a new avenue for the design and development of the IR photodetectors.

To understand the role of energy offset for threshold wavelength extension, a few heterostructure
semiconductors were comparatively analyzed using references [100–102]. Schematic diagrams of the
valence band alignment of the detector designs under equilibrium are shown in Figure 6. Detectors without
barrier offset, LH1002 is shown in Figure 6A. SP1001 (Figure 6B) consists of a p-GaAs emitter (80 nm), an
80 nm Al0.75Ga0.25As barrier at the bottom, and a 400 nm Al0.57Ga0.43As barrier at the top. These layers are
sandwiched between highly doped p-GaAs top and bottom contact layers. SP1001 has an energy offset (δE)
of ~0.10 eV between the barriers. In SP1007, 15SP3, GSU17I, GSU17II, and GSU17III, as shown in Figure 6C,
the bottom AlxGa1-xAs barrier (80 nm) has a graded potential profile obtained by increasing the Al mole
fraction from X1 at the bottom of this layer to X2 at the top. The top AlxGa1-xAs barrier (400 nm) has a
constant barrier potential profile with X3 = X4. The emitters (80 nm) are thick enough to have a bulk-like
distribution of energy states. Changing the X3 causes the δE variation and changing X1 causes the gradient
variation, as summarized in Table 1.

In summary, these studies and the devices LH1002, SP1001, SP1007, 15SP3, GSU17I,
GSU17II, and GSU17III were grown on semi-insulating GaAs substrate by molecular beam epitaxy.
Each heterostructure device consists of an AlxGa1-xAs barrier at the bottom, followed by a p-GaAs emitter,
and then another AlxGa1-xAs barrier at the top. The bottom AlxGa1-xAs barrier is graded by increasing the
Al mole fraction from a lower value x1 at the bottom of this layer to higher value X2 at the top, except for
SP1001 with X1 = X2 to form a constant barrier. These emitter/barrier layers are sandwiched between the
bottom and top contact layers of p-type doped GaAs. The emitter and the top and bottom contact layers are
degenerately p-type doped at 1 × 1019 cm−3, whilst the AlxGa1-xAs barriers are undoped. The thickness of
the p-GaAs emitter in all devices is sufficiently large to have a bulk-like distribution of energy states. 15SP3,
GSU17I, and GSU17II constitute another set with varying values of the gradient ~20.6, 28.9, and 37.1 kV/cm,
given by (ΔEv(x2) − ΔEv(x1))/w1 for x1 = 0.45, 0.33, and 0.21, respectively. The gradients are the only
differences in these three devices. It should be noted that the device 15SP3 is common in both sets with
an δE ~0.19 eV and gradient 20.6 kV/cm. The energy values (ΔTDIPS) corresponding to the determined
wavelength threshold are also shown in Table 1. Herein, nearly doubling the barrier gradient from 20.6 to
37.1 kV/cm did not show a significant change in the wavelength threshold. These results confirm that the
extended wavelength mechanism originating from the quasi-equilibrium Fermi level at a fixed energy level.

Figure 6. Schematic diagrams of the valence band alignment of the detector designs under equilibrium. (A)
Detectors without barrier offset LH1002. (B) SP1001 consists of an emitter at the bottom, the barrier at the
top, with an energy offset (δEv) of ~0.10 eV between the barriers. (C) In SP1007, 15SP3, GSU17I, GSU17II,
and GSU17III have graded bottom by tuning the Al mole fraction and barrier offset δEv not equal to zero.
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Table 1. Summary of results from the temperature-dependent internal photoemission spectroscopy
(TDIPS) fitting method with corresponding device parameters (threshold wavelength is also shown).

Device
Δ

(eV)
δE (eV)

Al Fraction
Thickness

(nm)
Gradient
(kV/cm)

ΔTDIPS (eV) λt (μm)

x1 x2 x3 = x4 We W1 W2
[ΔEv(x2) −
ΔEv(x1)]/w1

LH1002 0.3 0 0.57 0.57 0.57 20 20 60 0 0.2781 ± 0.0006 4.50 ± 0.01
SP1001 0.4 0.1 0.75 0.75 0.57 80 80 400 0 0.0248 ± 0.0001 50.0 ± 0.3
SP1007 0.4 0.1 0.45 0.75 0.57 80 80 400 20.6 0.0223 ± 0.000 56.0 ± 0.5
15SP3 0.4 0.19 0.45 0.75 0.39 80 80 400 20.6 0.0207 ± 0.0001 60.0 ± 0.3

GSU17I 0.4 0.23 0.45 0.75 0.3 80 80 400 20.6 0.0203 ± 0.0003 61.0 ± 0.8
GSU17II 0.4 0.19 0.33 0.75 0.39 80 80 400 28.9 0.0217 ± 0.0001 57.0 ± 0.3
GSU17III 0.4 0.19 0.21 0.75 0.39 80 80 400 37.1 0.0214 ± 0.0001 58.0 ± 0.3

The role of barrier parameters is very critical in determining the photoresponse of extended
wavelength detectors. In this view, the effect of δEV and gradient on the extended threshold wavelength
of infrared photodetectors for the temperature range up to 50 K was studied by Somvanshi et al. [103].
In this study, it is observed the δEV is critical to obtain extended wavelength response λeff (� λt) in
IR detectors at 5.3 K; however, the gradient is needed to obtain λeff at 50 K. A conventional detector
shows λt − λeff over operating temperature from 5.3 K and 50 K whereas the flat injector barrier
and barrier-energy-offset-detector (SP1001) shows λeff ~36 μm at 5.3 K and 4.1 μm at 50 K. When the
injector barrier changes from flat (SP1001) to graded (SP1007), the λeff increases from 4.1 to 8.1 μm at
50 K for a given graded injector barrier, as δEV increases from 0.10 to 0.19 eV, the λeff also increases from
8.9 to 13.7 μm. The results of this study clearly indicate that by the optimization of δEV and the gradient,
infrared detectors with λeff (� λt) can be designed to operate over a wide range of temperature.

For practical applications, to provide an advantage over the conventional detector, an extended
wavelength detector should have a lower dark current and specific detectivity (D*) that is comparable
or better than the conventional detector. In general, by lowering the operating temperature, the dark
current can be reduced; however, this makes detectors’ operation more costly. Therefore, lowering
the dark current without cooling will be an advantage, especially for longer wavelength detectors for
next-generation optoelectronic devices. In extended wavelength detectors, the dark is determined
by designed Δ as in the conventional photodetectors. This leads to an advantage in specific detectivity
(D*) for extended wavelength detectors even though their responsivity is much lower as compared to
conventional detectors. Using this idea, standard threshold semiconductor detectors could be designed
to operate as long-wavelength detectors with a higher value of detectivity and reduced dark current
(corresponding to the original short-wavelength threshold).

2. Conclusions

Objects having temperatures higher than absolute zero (T > 0 K) radiates the energy in the form
of electromagnetic waves and so are the sources of infrared. Thus, infrared detectors can have diverse
civilian and military activities applications. Major applications include: estimating heat losses in
buildings, roads or any heat-emitting objects of engineering use; imaging and quality control check in
biomedical use; security applications for firefighters, night vision, airports; technological applications
for electrical circuit manufacturing or identifying faulty connections; application for astronomical
studies and much more.

To date, many materials, and physics characteristics have been investigated in IR detection [60,104].
The example includes [105] thermoelectric power (thermocouples) [106], change in electrical
conductivity (bolometers) [107], gas expansion (Golay cell) [108], pyroelectricity (pyroelectric
detectors) [109], photon drag, Josephson effect (Josephson junctions) [110], internal emission
(PtSi Schottky barriers) [111], fundamental absorption (intrinsic photodetectors) [112], impurity
absorption (extrinsic photodetectors), low-dimensional solids (superlattice (SL) and quantum well
(QW) detectors) [113], and so on. Progress in semiconductor infrared detector technology has been
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made in IR detector technology to improve their performance. Furthermore, studies are going on for the
improvement of detector performances. In reference to this, potential applications of a heterostructure
IR detector working within a wide range of temperatures, including a room-temperature environment,
can be anticipated. Of course, innovation in the heterostructure architecture of thoroughly documented
semiconductor compounds will create another degree of freedom in recent technology.

This study documented the present studies on the S-O band energy, and H-H/L-H transitions give
rise to the photoresponse in heterostructure infrared detectors with a peak in the 3–5 μm regime, with
the most important band being an atmospheric window. The incorporation of current blocking barriers
to lower the dark current density and to increase the performance of heterostructure semiconductor
detectors is also discussed. The importance of the wavelength threshold extension mechanism is
also clearly illustrated, with its application for future IR photodetector design and development.
Finally, a considerable achievement in the practical application of a new kind (unlike the conventional)
of IR photodetectors, with the wavelength threshold determined in the near future, can be anticipated.

Photovoltaic infrared sensor arrays for the 3–5 μm and 8–12 μm atmospheric windows can
be fabricated using similar techniques. GaAs/AlGaAs heterostructures can overcome the serious
technological problem for the mass production of HgCdTe large-sized Focal Plane Arrays (FPA) [114],
and to achieve high FPA pixel uniformity and yield. Large line or area arrays of such photovoltaic
infrared detectors can be desired for thermal imaging and spectroscopic applications.
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