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Abstract: Interband cascade infrared photodetectors (ICIPs) combine interband optical transi-
tions with fast intraband transport to achieve high-frequency and broad-wavelength operation
at room temperature. Here we study the bias-dependent electronic impulse response of ICIPs
with a mid-infrared synchronously pumped optical parametric oscillator (OPO). Since the OPO
produces ultrashort 104-fs pulses, it is possible to probe the impulse response of the ICIP. From
this impulse response, we identify two characteristic decay times, indicating the contribution of
electron as well as hole carriers. A reverse bias voltage applied to the ICIP reduces both time
scales and leads to an increased electrical cut-off frequency. The OPO emits up to 500 mW
average power, of which up to 10 mW is directed to the ICIP in order to test its saturation
characteristics under short-pulse illumination. The peak of the impulse response profile as well
as the average photocurrent experience a gradual saturation behavior, and we determine the
corresponding saturation powers by measuring the photo-response as a function of average power
directed to the ICIP. We demonstrate that an increasing reverse bias increases the saturation
power as well as the responsivity of the ICIP.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The mid-infrared (mid-IR) wavelength-region is of great interest for many industrial and scientific
applications. Trace-gas molecules exhibit strong and distinct absorption features at mid-IR
wavelengths, also often referred to as the molecular fingerprint region, making it the desired region
for gas sensing and frequency comb spectroscopy [1–3]. Further, reduced water absorption and
Rayleigh scattering in the atmosphere make the long-wavelength region attractive for free-space
optical communication and lidar [4–7]. These high-speed photonic applications create an urgent
need for fast and sensitive detectors.

Today, most infrared detectors for high performance and wide spectral range applications are
based on narrow bandgap Mercury Cadmium Telluride (MCT). Wavelength operation in the
range of 1–30 µm can be achieved with a high quantum efficiency. However, cryogenic cooling is
still widely used to improve the performance of MCTs due to their higher noise compared to
near-infrared detectors. Also, the high dielectric constant of MCTs, as well as a long carrier
lifetime, result in a frequency response limited to one Gigahertz (GHz) [8,9]. Further, technical
challenges arise from the large thermal expansion coefficient and the demanding growth process,
which compromises the spatial uniformity of the material.

Intersubband transitions in quantum well infrared photodetectors (QWIPs) based on Al-
GaAs/GaAs heterostructures exhibit a very short carrier lifetime in the order of few picoseconds,
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making them ideal candidates for high-speed detectors with high saturation intensities [10,11]. In
photoconductive QWIPs the optical transition in the quantum well occurs from a bound electron
state to a quasi-bound electron state that is close to resonance with the conduction band edge of
the quantum well barrier. Carriers in the upper state can be efficiently extracted by applying a
bias voltage, which generates a corresponding photocurrent [12]. The high responsivity of such
photoconductive detectors comes at the price of a considerable dark current, which limits the
achievable signal-to-noise ratio, especially at high operating temperatures.

Dark current induced noise can be circumvented by a photovoltaic detector design, such
as the quantum cascade detector (QCD) [13]. The one-directional electron transport in such
a device is achieved by quantum wells with gradually increasing width. This band structure
creates ladder subbands with decreasing energy, which acts as an internal potential ramp for the
electrons. QCDs have nowadays demonstrated high-frequency response up to 21 GHz at room
temperature operation [14]. In contrast to interband detectors, however, the spectral response
of an intersubband detector is relatively narrow, which is a consequence of the joint density of
states of intersubband transitions [15].

The availability of high-quality antimonide (Sb) based semiconductor materials grown with
molecular beam epitaxy (MBE) fueled the development of narrow bandgap detectors based on
type-II superlattices (T2SLs) [16–19]. In such detectors, a type-II superlattice (T2SL) consisting
of InAs quantum wells and GaSb barriers acts as an absorber. Due to the type-II broken-gap
alignment between InAs and GaSb, the bandgap of the superlattice can be tailored from semimetal
to small bandgap semiconductor by changing the thickness of the InAs and GaSb layers. For
applications at room temperature, the short carrier lifetime and diffusion length in T2SLs
introduce a constraint on the maximum absorber thickness and therefore the achievable absorption
efficiency [20]. By using novel designs based on a multiple-stage (cascade) architecture [21,22],
i.e., an interband cascaded infrared photodetector (ICIP) design, the absorber thickness limitation
can be overcome and high-speed operation can be achieved. Such ICIPs share many physical
characteristics with interband cascade lasers (ICLs) [23–25], and hence stand to complement and
benefit from the advancement of ICL technology. Such ICLs are promising mid-IR sources that
combine the advantages of diode lasers and quantum cascade lasers. ICLs make use of a long
upper-state lifetime of optical interband transitions with the cascading principle of QCLs via fast
intersubband carrier injection and extraction. Wavelength operation up to 16 µm [26], as well as
the formation of frequency combs [27,28] and even picosecond pulses have been demonstrated
[29]. The strongly reduced nonradiative recombination rate in the QW compared to quantum
cascade lasers reduced the threshold current density by an order of magnitude.

Also, ICLs offer an attractive platform for the monolithic integration of emitters and detectors.
The very same epitaxial material can be operated as a laser in forward bias and as a high-speed
detector at zero or reverse bias, which provides a promising technology for on-chip communication
as well as compact and energy-efficient frequency comb spectroscopy [28,30–32]. The fast
frequency response of ICIPs has been characterized with high speed modulated continuous
wave lasers and optical heterodyning revealing a bias-dependent response up to 7 GHz [32–35].
The low powers involved in these continuous wave investigations, however, did not reveal any
saturation effects.

In this paper we present the first temporal characterization of an ICIP with a femtosecond
synchronously pumped optical parametric oscillator, revealing a bias-dependent fast and slow
time-constant of the photo-response, as well as its saturation characteristics. Section 2 discusses
the working principle and band structure of ICIPs and section 3 describes the measurement setup.
The results are presented in section 4 before we discuss observed transport and saturation behavior.
Band structure simulation presented in section 5 indicate that the increased photo-response is
likely caused by the alignment of the hole extractor.
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2. Interband cascade infrared photodetector design

Interband cascade laser (ICL) structures can be used for the detection of mid-IR radiation by
operating them either at zero or reverse bias [28,30,31]. The ICIP investigated in this paper
is based on an ICL gain structure in order to elaborate the potential for high-speed integrated
photonics applications. One stage of the ICIP active region consists of three parts, an optically
active structure, a hole extractor, and an electron extractor forming one stage of the active section.
In Fig. 1(a) we show a section of the electronic band structure with the relevant electron and
hole states in the absence of an applied bias. The influence of applied bias will be presented in
section 5. The active region is based on W-quantum wells (W-QW), consisting of one GaInSb
hole quantum well sandwiched by two InAs electron quantum wells. This design enhances the
electron-hole wavefunction overlap, while simultaneously suppressing Auger recombination
losses [36]. The electron extractor consists of five InAs/AlSb-QWs of varying width, resulting
in the formation of an electron miniband. Additionally, the electron extractor acts as a large
potential barrier for the hole carriers, enforcing unidirectional carrier transport. Equivalently, a
hole extractor is formed by two GaSb/AlSb hole quantum wells.

Fig. 1. (a) Simulated electronic band structure of one and a half stages of the ICIP active
region, consisting of a W-quantum well (W-QW), electron extractor, and hole extractor. The
relevant electron (blue) and hole (red) states are shown. (b) Illustration of an ICIP embedded
in a dielectric waveguide. The ICIP is bonded to a 50-Ohm coplanar waveguide mounted on
a copper substrate. (c) Front view showing the epitaxial segments as well as the waveguide
structure of the ICIP.

ICLs exploit the broken-gap alignment between InAs of the electron injector and GaSb of
the hole injector. At this semimetallic interface electron-hole pairs are generated internally
[37]. Analogously to QCLs, this cascaded active region ensures an enhanced slope efficiency.
Parameters like threshold power and output power are critically influenced by the number of
stages in an ICL. Typical performance-optimized ICLs contain between 5 to 10 stages [38].

When the ICL is operated as a detector, however, the cascading scheme causes the maximum
responsivity to be inversely proportional to the number of stages in the active region. This
leads to a reduced external quantum efficiency of such detector structures. Nonetheless, such
multi-stage detector architecture proved to be highly beneficial for high-speed detection and
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room-temperature operation with high sensitivity [21]. A tradeoff between signal strength and
thermal noise emerges if identical stages are used. The ICIP used for this work consists of four
stages.

The ICIP was grown by MBE on a GaSb substrate and processed as dielectric waveguide
detector, as shown in Figs. 1(b) and 1(c). To this end, 7 µm wide and 50 µm long ridges are defined
using Chlorine-based reactive ion etching (RIE) with an etching depth was 3 µm. Subsequently, a
SiN passivation layer is deposited around the sidewalls of the ridge by plasma-enhanced chemical
vapor deposition (PECVD). The thickness of the SiN layer is 1.5 µm to reduce the parasitic
capacitance of the detector. TiAu top and ground contacts are deposited by sputtering. The
vertical confinement of the waveguide mode is ensured by embedding the active region into
two superlattice claddings. After cleaving and top coating, the waveguide measures 36 µm in
length and has a width of 7 µm. Finally, the ridge waveguide is connected via wire bonding to
a coplanar 50-Ohm waveguide. The bonds were kept as short as possible (< 1 mm) to avoid
parasitic inductance.

3. Saturation measurement setup

The ICIP was illuminated with a pulsed optical parametric oscillator (OPO) (Radiantis Oria IR
XT) that was pumped by a Ti:sapphire mode-locked laser (Coherent Chameleon Ultra II). The
spectral response of the ICIP reaches from 1.6 µm up to 3.6 µm (measured with Bruker Vertex 70v
FTIR and a globar broadband mid-IR source). For the experiments presented in this paper, the
idler was tuned to 2.4 µm, allowing the use of high-performance extended InGaAs photodetectors
for power calibration. The OPO full-width at half maximum (FWHM) pulse duration is 104 fs
based on an intensity autocorrelation assuming a sech2 pulse shape. The optical spectrum has
a FWHM bandwidth of 74 nm. The OPO has a maximum output power of ∼500 mW, a pulse
repetition rate of 80.2 MHz (see Fig. 2), and the beam quality factor of the idler is M2 = 1.4.

The incident power on the ICIP was controlled and monitored using a variable attenuator
consisting of a rotatable wire grid polarizer (Thorlabs WP25M-UB) and a fixed one transmitting
only the polarization perpendicular to the growth direction of the ICIP. A reflection from the wedge
was chopped at 50 Hz and detected with an integrating sphere photo detector in combination
with a lock-in amplifier (LIA) for accurate monitoring of the incident power on the ICIP. A short
aspheric focal length of 3 mm (Thorlabs C093TME-D) was used to couple into the ICIP ridge
waveguide mounted on a high precision three-axis stage.

A bias tee separates the electronic photo-response into a constant DC part and a modulated RF
part. A low-noise current preamplifier (Stanford Research SR570) transforms the generated direct
current into voltage that was then detected with a voltmeter, while simultaneously controlling
the applied bias voltage of the ICIP. The RF part of the signal was either analyzed in the time
domain with a fast sampling oscilloscope (CSA 803 with a SD-32 50 GHz sampling head) or
in the frequency domain with a 50-GHz microwave spectrum analyzer (Agilent 8565EC). The
trigger signal for the oscilloscope was obtained by detecting the signal pulses of the OPO at
1.2 µm with a standard 5-GHz InGaAs fiber-coupled photodiode (Thorlabs DET08CFC).

The coupling efficiency into the waveguide mode is difficult to evaluate exactly. In contrast
to passive waveguide devices there is no transmitted beam which could be used for coupling
efficiency estimations. In principle the coupling efficiency can be predicted via a modal overlap
integral, however this would require knowledge of the M2 = 1.4 idler wavefront at the focal plane,
which is not known. In lieu of a precise coupling efficiency characterization, we obtain an
estimate as follows.

Coupling into the waveguide was optimized at very low average powers below one mW,
measured before the focusing lens, to avoid saturation of the photo-response. We measured the
transmission through the lens to be 81% and the transmission at 2.4 µm of the uncoated ICIP facet
is about 70%. Therefore, the power inside the ridge waveguide is 0.56 times the power measured
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Fig. 2. (a) Experimental setup: A femtosecond OPO was used to characterize the fast
response of the interband cascade infrared detector (ICIP). The incident power was adjusted
by rotating the first of the two wire grid polarizers (WP). The horizontally polarized light was
coupled with a short focal length lens into the 7 µm × 3 µm ridge waveguide facet. A chopped
reflection from a wedge before the waveguide was used to monitor the incident power using
a Lock-In Amplifier (LIA). A bias tee was used to separate the slowly varying direct current
(DC) and the instantaneous radio frequency (RF) part of the electronic response. A current
preamplifier was used for the DC detection and to apply a bias voltage to the ICIP. The RF
signal was either analyzed with a fast sampling or by a spectrum analyzer. (b) Mapping of
the focal spot using a piezo translation stage. (c) Autocorrelation (d) Optical spectrum and
(e) Radiofrequency spectrum showing first 30 harmonics of the OPO pulse repetition rate.

before the focusing lens. This ratio can only be achieved under perfect coupling condition. In the
limit of a single mode waveguide that would imply perfect modal overlap. For a multi-mode
waveguide with a large detector facet that would require the focal spot to be smaller than the
aperture of the waveguide detector.

The focal spot was mapped by translating the waveguide in 1 µm steps in the focal plane using
the piezo motors of the high precision stage [Fig. 2(b)]. The M2 = 1.4 idler wavefront leads to
an asymmetric focal spot. The focal spot has an approximate width of 10 µm (full-width-half-
maximum of Gaussian distribution fitted to photo-response in vertical and horizontal direction).
An estimate for the modal overlap can be obtained from the ratio of the waveguide area and the
focal spot size. With an assumed waveguide facet of 7 µm x 3 µm we obtain a modal overlap
estimate of 18%, leading to an overall coupling efficiency of approximately 10% (ratio of power
inside the waveguide and power before the focusing lens). The maximum peak power of the
OPO pulses is 53 kW, which is 105 times higher than the average power (500 mW). This high
peak power enabled us to reach high peak intensities of a few MW/cm2 inside the ICIP, thereby
revealing its saturation behavior for the first time.

4. Experimental results

The electronic response of the ICIP was measured at average powers incident on the focusing
lens up to 10 mW and bias voltages ranging from 0 V to -3 V (reverse bias).

4.1. Saturation

The saturation behavior of multiple quantum well structures as well as T2SL has been studied
extensively [18,39–41]. Empirically, the absorption coefficient decreases with increasing
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intensities because of the depletion of available carriers in the two-dimensional quantum wells.
We define a saturation power Psat as the power at which the absorption is reduced to half of its
initial low-power absorption α0 according to a very simple model equation:

α(P) =
α0

1 + P
Psat

(1)

Fig. 3. (a) Power-dependent temporal response of the unbiased interband cascade infrared
photodetector (ICIP). The signal-to-noise ratio was improved by averaging 128 consecutive
traces for each power value. The peak voltage occurs at time zero and is marked with
an additional dot in the same color as the trace. (b) Bias-dependent temporal response
at an incident average power of 6.0 mW. The applied reverse bias ranges from 0 V (blue
curve) to -3 V (red curve). (c) Generated peak voltage and (d) Photocurrent as a function
of incident average power and applied bias. The same color solid lines represent the fitted
saturation curves. (e) Fitted saturation power to RF voltage response (orange circles) and
DC photocurrent (blue crosses). (f) The fitted responsivity of DC photocurrent response
(blue crosses) as well as maximum conversion gain of the voltage RF response.

As the absorption starts to reduce with increasing incident power the generated electrical
response saturates. The electrical signal is composed of two components: The time-dependent
photo-response (RF signal) and the time-integrated total photocurrent (DC signal). In our
measurements, we split the RF signal from the DC signal with a bias tee. We observe that the
generated peak voltage, as well as the constant photocurrent, increases with growing incident
power and higher reverse bias as shown Figs. 3(a) and 3(b), correspondingly. While we expect
the peak voltage of the RF signal to be offset-free [Fig. 3(c)], the applied bias causes a dark
current even if the detector is not illuminated. This dark current does not depend on the incident
light and therefore leads to a constant offset in the DC signal [Fig. 3(d)]. To quantify the
observed macroscopic saturation behavior of our ICIP we therefore use the following simplified
phenomenological model to fit the saturation behavior in generated peak voltage and current:

Vpeak(Vbias, Pin) =
α0,peak(Vbias) · Pin

1 + Pin
Psat, peak(Vbias)

(2)

I(Vbias, Pin) =
α0,DC(Vbias) · Pin

1 + Pin
Psat,DC(Vbias)

+ IDark(Vbias) (3)
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The measured peak voltage and DC photocurrent (colored dots), as well as the fitted saturation
curves (solid lines), are shown in Figs. 3(c) and 3(d) for the bias voltage ranging from 0 V (blue
curve) to -3 V (red curve). The fitted saturation powers are shown in Fig. 3(e). We observe that
the saturation power of both signals, RF as well as DC, grow significantly with increasing reverse
bias. However, the DC saturation Psat,DC(Vbias) power increases stronger with reverse bias than
the RF saturation power Psat, peak(Vbias).

The responsivity, as well as the dark current were obtained by fitting a linear function to the
photocurrent generated in the linear detector regime of average incident powers from 0.1 to 0.8
mW, well below the saturation power. Equivalently we determine the maximum conversion gain,
defined as the generated voltage per average input power, for the RF signal. Responsivity and
conversion gain both increase with negative reverse bias. We observed a significant increase
up to an applied voltage of about -1.5 V followed by a slower increase or even reduction in the
case of responsivity. This behavior indicates that the carrier extraction mechanism significantly
improves with applied reverse bias.

The characteristic bias-dependent detector quantities are summarized in Table 1. As seen in
Table 1 the RF saturation power increases from 1.9 mW at zero bias up to 7.2 mW at -3.0 V. The
corresponding saturation pulse energy increases from 24 pJ to 90 pJ. The increased detector
response and saturation power come at the cost of an increased dark current.

4.2. Fast and slow detector response

An absorbed photon in the active region of a detector creates an electron-hole pair. While this
process occurs instantaneously, the carriers need to be extracted from the active region and
transported to the electronic contacts of the detector, to generate an electric response. In this
section, we extract two characteristic response times and study the influence of applied reverse
bias.

Fig. 4. ICIP temporal and frequency response at 1 mW average input power and zero bias.
(a) the temporal response shows a short initial exponential decay (green interval), with a
fitted decay time of 41 ps, is followed by a slower second decay characterized by a decay
time of 157 ps. The insert shows the temporal response on a semilogarithmic scale. (b) Blue:
measured frequency response showing the harmonics of the OPO. Red: Fourier spectrum of
the temporal response; the estimated 3-dB bandwidth is 1.2 GHz.

The fast electronic ICIP response at zero bias and an incident average power of 1 mW is shown
in Fig. 4. The average power is low enough to avoid significant saturation effects while maintaining
a good signal-to-noise ratio. The electronic response shows a fast and slow exponential decay.
The semilogarithmic representation of the electronic response shows two linear regions with a
slope proportional to the exponential decay time. By fitting an exponential decay in the interval
of 12 ps to 33 ps after the maximum voltage (indicated by green dotted vertical lines), occurring
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at time zero, we extract a fast decay time of 41 ps. Equivalently, we extract a slower decay time
of 157 ps in the interval of 160 ps to 450 ps (purple dotted vertical lines). The pulse duration of
the incident pump pulses is at least two orders of magnitude shorter than the shortest resolved
time constant. Therefore, the shape of the pump pulse cannot be resolved electronically and the
measured electronic response corresponds to the impulse response of the device.

In addition, we measure the voltage response in the frequency domain with a microwave
spectrum analyzer [Fig. 4(b)]. The periodic pulse train samples the frequency response of
the ICIP at 80.2 MHz. The measured frequency response shows some ripples that are likely
caused by electronic signal reflections in the cables as well as the wire bonding of the detector.
For comparison, the calculated absolute square of the Fourier components from the measured
temporal response is shown in Fig. 4(b) (blue circles); note, an offset has been applied for better
comparability to the MSA measurement. A 3-dB power bandwidth of 1.2 GHz was calculated
from the temporal response. We note that the temporal and frequency characterization are in
good agreement as long as the detector is operated well below the saturation power.

Fig. 5. (a) Electronic response measured at a fixed average input power of 1 mW for applied
reverse bias from 0 V (blue) to -3 V (red). The fast decay time shown in (c) was obtained by
fitting an exponential decay in the interval of [12 ps, 33 ps] (green vertical lines). Similarly,
slow decay time (d) was fitted in the interval [160 ps, 450 ps]. (b) Fourier spectrum of the
temporal response (circles) and corresponding measured frequency response. (e) Calculated
3-dB power bandwidth as a function of applied reverse bias.

Next, we studied the influence of reverse bias on the detector bandwidth at a fixed incident
average power of 1 mW. Analogous to zero bias we fitted the fast and slow decay time in the
intervals [12 ps, 33 ps] and [160 ps, 450 ps] for reverse bias ranging from 0 to -3 V [ Fig. 5(a)].
The calculated frequency response is used to extract the 3-dB power bandwidth. In Fig. 5(b) we
show the measured frequency response as well as the Fourier spectrum of the corresponding
temporal response for applied biases of zero (blue), -1.5 V (green), and -3.0 V (red).

The fast decay time [Fig. 5(c)] decreases monotonically with increasing bias from 41 ps at zero
bias to 34 ps at -3.0 V reverse bias. The slower decay time [Fig. 5(d)] decreases rapidly from
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157 ps at zero bias to 133 ps at -2.0 V and stays approximately constant for larger reverse bias up
to −3 V. Typically, one characterizes the detector speed by a 3-dB power bandwidth, defined as
the frequency at which the frequency response reduces by a factor of two compared to its value at
DC. We observe a considerable increase of the 3 dB bandwidth from 1.24 GHz at zero bias up to
1.68 GHz at -2.5 V and a slight decrease at -3 V. The characteristic fast and slow decay time as
well as calculated 3-dB bandwidth are summarized in Table 2.

Table 1. Response and Saturation Parameters for RF and DC Signals

Bias 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0

RF Conversion Gain (V/W) 54.3 63.1 65.3 70.1 69.5 70.5 73.0

DC Responsivity (mA/W) 16.0 17.5 18.6 20.1 20.8 20.7 20.6

RF Saturation Power (mW) 1.9 2.3 3.0 3.7 4.8 6.0 7.2

DC Saturation Power (mW) 1.8 3.5 5.0 6.6 8.7 13.6 24.8

Dark Current (µA) 0.44 1.95 5.93 10.0 24.5 46.5 94.0

The 3-dB bandwidth does not accurately represent the frequency response of a detector with
two distinct temporal responses. This can be seen by modeling the temporal response of an ICIP
as a superposition of fast and slow pulse response. The linearity of the Fourier analysis implies
that the corresponding frequency response remains a superposition of two frequency responses.
The initial fast temporal response in the order of 40 ps relates to a frequency response in the order
of 10 GHz. In addition, the slower temporal response of 160 ps generates a frequency response
at lower frequencies. In Fig. 5(b) we see a first exponential drop for frequencies above the first
3-dB point of about 1.2 GHz. At approximately 6 GHz the frequency response flattens before it
drops of again for frequencies above the second 3-dB point around 9 GHz. Since detectors are
typically characterized by one single 3-dB power bandwidth (defined as the frequency at which
the signal drops to half of its value at DC) we calculated the first 3-dB point for the range of
applied biases [see Fig. 5(e)].

Table 2. Bias Dependent Detector Response

Bias 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0

Fast decay (ps) 41 39 38 37 36 35 34

Slow decay (ps) 157 144 140 138 133 133 132

Calc. 3-dB power BW (GHz) 1.24 1.40 1.48 1.54 1.64 1.68 1.67

5. Transport and saturation behavior of ICIPs

The electronic response of ICIPs is fundamentally determined by interband and intraband
transitions of both photogenerated carriers. Incident radiation generates electron-hole pairs in the
W-QW of the active region. Electron and holes then either escape from the W-QW in the electron
and hole extractors or recombine at a rate characterized by the carrier lifetime. A long carrier
lifetime in the order of nanoseconds is obtained by the W-QW design, by reducing non-radiative
Auger recombination [36].

The carriers can escape the quantum well either via tunneling or thermionic emission [42,43].
Thermionic emission occurs if states above the quantum well barrier get thermally populated
leading to the escape of those carriers. Therefore, the thermionic emission rate decreases
exponentially with the barrier height. The temperature-insensitive tunneling rate on the other
hand is determined by the tunneling barrier height and length, as well as the effective mass of
the carrier in the barrier. Resonant tunneling occurs if the carrier level inside and outside of the
quantum well have equal energy [44,45].
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Escaped carriers are swept away from the quantum well by the carrier extractor section, consist-
ing of consecutive QW governed by fast miniband transport. Subsequently, the photogenerated
electron-hole pairs recombine at the semi-metallic interface (SMIF). The timescales involved in
this process are however not yet fully understood. The active region is sandwiched by highly
doped InAs/AlSb SL contact layers.

If only one carrier type is involved in the electronic response, a single exponential decay of the
impulse response would be observed. Under the assumption that all contributing carrier transport
mechanisms are independent of each other, the exponential decay rate of the impulse response is
given as the sum of the individual rates. The observed double exponential decay of the impulse
response therefore indicates that both carrier types are involved in the electronic response.

We suspect that the fast decay can be attributed to electrons and the slow decay to holes. The
reason is threefold: First, hole carriers have a higher effective mass than electrons, which results
in a decreased tunneling rate. Second, the overlap with the upper level of the QW has a larger
overlap with the electron extractor state compared to its hole counterpart [Figs. 6(a)–6(d)], which
leads to a greater tunneling rate. Third, the hole level at zero applied bias lies above the levels
of the hole extractor [Fig. 6(e)]. As a result, the hole extraction rate of an unbiased detector is
compromised. In contrast, the electron wavefunction overlaps well with the miniband of the
electron extractor independent of the applied voltage bias.

When the ICIPs are reverse biased, both the fast and slow decay times are reduced leading to
an increase in the frequency bandwidth. This behavior can be explained by the band structure
of the lower level of the QW and the hole extractor region presented in Fig. 6. The potential
difference introduced by the reverse bias shifts the energy of the electron and hole states relative
to each other. In particular, the hole states are aligned in energy for a reverse bias of about −2 V
[Fig. 6(g)]. This alignment of the hole injector to the hole state in the W-QW could explain the
initial decrease of the slow decay time with increasing reverse bias up to -2.0 V. If the reverse
bias increases even further the hole state gets pushed below the hole extractor level [Fig. 6(h)].
Under these conditions, a hole could tunnel out of the W-QW and relax subsequently to the hole
extractor level. Also, we observed a continuously decreasing fast decay time with increasing
reverse bias. This could be explained by efficient electron transport in the heavily doped SL as
well as a reduction in effective tunneling barrier height by the applied electric field. The double
exponential decay of the electronic response was also observed for OPO idler wavelengths of
2.8 µm and 3.3 µm. At both wavelengths we observed a bias dependence of the fast and slow
decay as well as saturation behavior.

In addition to fundamental carrier transport timescales, the electronic detector speed is limited
by the parasitic electronic components introducing a low-pass behavior. The parasitic capacitance
is closely related to the detector area and minimized by the waveguide design. Parasitic inductance
and resistance can be introduced by the electronic wire bond contacts and minimized by keeping
them as short as possible. To estimate the RC cutoff frequency of the electronic circuit we assume
that the resistance is dominated by the 50-Ohm coplanar waveguide and we approximate the ICIP
capacitance by a simple plate capacitor. With these simplifications we obtain an estimated RC
cutoff frequency of about 16 GHz, which is comparable to the observed faster response process
observed in section 4.2. This implies that the observed faster detector response could be limited
by the electronic circuit rather than the electronic transit time. Coplanar waveguide connections
are elegant solutions to mitigate the circuit limitation introduced by wire-bond connections. This
technique has been successfully demonstrated with QWIPs and QCDs [14,46]. Unfortunately,
the high n–type doping of GaSb, required for optical transparency, prevents on-chip coplanar
waveguide designs due to the large capacitance that would be formed by the conducting GaSb
layer and the coplanar waveguide.

The saturation behavior of the ICIP is closely related to the carrier lifetime. The saturation
power is inversely proportional to the carrier lifetime in the W-QW. The RF saturation power is



Research Article Vol. 29, No. 9 / 26 April 2021 / Optics Express 14097

Fig. 6. Band structure simulation of one period of the ICIP active region, consisting of a
W-shaped quantum well (W-QW), electron extractor, and hole extractor The relevant electron
(blue) and hole (red) states are shown as a function of applied reverse bias ranging from zero
(a) to -3 V (d). (e)-(h) Zoomed in image shows the hole wavefunctions in the W-QW and the
hole extractor as a function of reverse bias ranging from zero to -3 V.



Research Article Vol. 29, No. 9 / 26 April 2021 / Optics Express 14098

determined by the generated peak voltage whereas the DC response represents the time-integrated
photo-response. We observed a strong nonlinear increase in saturation power of the DC response
of the ICIP as well as an approximately linear increasing RF saturation power increasing reverse
bias. A possible explanation for this behavior can be found by considering the RF saturation as an
effect of carrier depletion in the W-QWs, whereas the DC saturation power is influenced by the
carrier transport mechanisms. A faster carrier transport implies a higher carrier saturation power,
since the generated charge pairs are extracted more efficiently from the W-QWs. Similar behavior
has been observed in reverse biased quantum well systems [40,41]. The saturation behavior of
ICIPs, however, requires more extensive experimental as well as theoretical investigations.

6. Conclusion

Interband cascade infrared photodetectors are promising mid-IR detectors for fast and broad
wavelength detection at room temperature. The ICIP investigated in this work is based on a ICL
band structure and operated at a wavelength from 1.6 µm to 3.6 µm with 3-dB bandwidth up to
1.64 GHz. We have presented the first characterization of an ICIP with a femtosecond mid-IR
oscillator. Our results show that, while ICIPs can be operated under photovoltaic conditions,
both the detection speed and the saturation power can be increased by applying a reverse bias
underlining the potential of ICL band structures for integrated photonics applications. Moreover,
the bias-dependent electronic impulse response was measured with a fast sampling scope and
found to match the frequency response measured with a microwave spectrum analyzer.

We observed a double exponential decay of the impulse response indicating that both carriers
contribute to the electronic response. The slow decay can likely be attributed to hole carriers for
three reasons. First, the hole wavefunctions are more localized in the W-QW and have therefore
less overlap with the wavefunctions of the hole extractor. Secondly, holes have a higher effective
mass and thirdly the hole level lies energetically above the extractor when no bias is applied.
These three effects all reduce the tunneling rate of hole carriers from the W-QW in the hole
extractors.

Both decay times decrease under reverse electric bias. The faster time scale decreases linearly
from 41 ps at 0 V down to 34 ps at -3 V. The longer time scale first drops rapidly from 157 ps at
0 V down to 133 ps at -2 V and stays approximately constant for values above. As a consequence,
the 3-dB bandwidth increases from 1.24 GHz at zero volts up to 1.64 GHz at −2 V reverse bias.
These experimental findings are further supported by our band structure simulations. At a reverse
bias of about -2 V, the hole extractor is aligned to the hole level in the QW enabling efficient
carrier extraction. High-frequency photovoltaic operation could be achieved by designing the
hole extractor such that it is aligned to the level in the QW at zero voltage. Further, the width
of the barrier between the lower state in the W-QW and the hole extractor could be reduced to
improve the hole tunneling and therefore the detector speed.

Higher carrier extraction rates imply an increase in saturation power. RF saturation power
increased considerably from 1.9 mW at zero bias to 7.2 mW at -3 V. Correspondingly the
saturation pulse energy increased from 24 pJ to 90 pJ. Further, we observed a 28% increase
in responsivity from 16.0 mA/W to 20.1 mA/W. This result has an important implication for
measuring ultrashort pulses. Increasing the reverse bias not only increases the detector response
but also allows for higher incident pulse energies.

The study presented in this paper reveals valuable insights into the transport timescales
involved in ICIPs. Future experimental as well as theoretical investigations will lead to a
deeper understanding of these complex semiconductor architectures and enable the design of
next-generation high-frequency ICIPs.
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