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Abstract: Quantum cascade detectors (QCD) are photovoltaic mid-infrared detectors based on
intersubband transitions. Owing to the sub-picosecond carrier transport between subbands and the
absence of a bias voltage, QCDs are ideally suited for high-speed and room temperature operation.
Here, we demonstrate the design, fabrication, and characterization of 4.3 µm wavelength QCDs
optimized for large electrical bandwidth. The detector signal is extracted via a tapered coplanar
waveguide (CPW), which was impedance-matched to 50Ω. Using femtosecond pulses generated
by a mid-infrared optical parametric oscillator (OPO), we show that the impulse response of the
fully packaged QCDs has a full-width at half-maximum of only 13.4 ps corresponding to a 3-dB
bandwidth of more than 20 GHz. Considerable detection capability beyond the 3-dB bandwidth
is reported up to at least 50 GHz, which allows us to measure more than 600 harmonics of the
OPO repetition frequency reaching 38 dB signal-to-noise ratio without the need of electronic
amplification.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

There is a growing interest in sensitive and high-speed photodetectors operating in the mid-infrared
(MIR) range. Demanding applications are found in different fields including spectroscopy [1,2],
free-space optical telecommunication [3] and frequency comb research [4–6]. In dual-comb
spectroscopy, fast MIR detectors are required to detect the multi-heterodyne beating between
the comb lines. The temporal resolution of this technique is particularly high and ultimately
only limited by the bandwidth of the photodetector - provided that frequency combs with large
repetition rate are available [7]. MIR detectors with 20 GHz or more electrical bandwidth will
enable spectroscopic real-time monitoring of chemical reactions [8,9] on time-scales as short
as tens of nanoseconds. Furthermore, fast photodetectors have become an invaluable tool to
measure the phase-coherence and timing jitter [10–13] of frequency combs and to reconstruct
the waveform of mode-locked lasers [14,15].

Intersubband photodetectors are based on transitions between electronic states in the conduction
band and are ideally suited for high-speed operation in the long-wavelength range. Band structure
engineering allows to tailor the spectral response from 1.55 µm [16] over MIR wavelengths
[17] to the Terahertz (THz) range [18]. Transport between the subbands typically occurs on
the picosecond timescale dominantly due to efficient scattering with longitudinal-optical (LO)
phonons [19] and resonant tunneling. This property enables electrical detection bandwidths up
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to several tens of Gigahertz (GHz). Quantum well infrared photodetectors (QWIPs) [20] are
among the most prominent and well-studied types of intersubband detectors. The active region
of a QWIP consists of a biased superlattice acting as a photoconductor. It was shown that the
electrical detection bandwidth is determined by the lifetime of the upper state in the quantum
wells, which is on the order of a few picoseconds [21]. As a result, heterodyne detection up to
110 GHz was demonstrated using a QWIP connected to a coplanar microwave transmission line
[22]. At elevated temperatures, however, the detectivity of QWIPs decreases exponentially due
to thermally activated dark current. Recent work has shown that this issue can be mitigated by
embedding the QWIP into a patch array antenna [23,24]. This technique effectively reduces the
electrical area and the dark current of the detector and thus allows room temperature operation.

Quantum cascade detectors (QCDs) [17] are similar to photovoltaic QWIPs [25]. Instead of an
external bias, QCDs make use of a series of subbands spaced by the LO phonon energy (Fig. 1(a)
[26]). This LO phonon ladder can be seen as a built-in field to extract the photoexcited electrons
from the upper state of the optical transition and inject them into the ground state of the next
period [27]. As a consequence, the dominant noise mechanism of QCDs is thermal Johnson noise
related to the detector resistance, which is favorable for room temperature operation. Similarly to
QWIPs, carrier transport in QCDs occurs on the picosecond timescale, which enables high-speed
heterodyne detection at room temperature [28,29]. It should be noted that interband cascade
infrared photodetectors (ICIPs) based on type-II broken band gap structures are also emerging
as promising candidate for high-speed and spectrally broadband detectors [30–33] and 7 GHz
bandwidth has been reported recently [34].

Fig. 1. a: simulated band structure of the QCD based on InGaAs/InAlAs lattice-matched to
InP. Excited electrons are extracted from the active quantum well and injected into the next
period via a LO phonon ladder. The first three states of the extraction region are separated
by less than the LO phonon energy to enhance the extraction probability. Further, the energy
separation between lowest state of the LO phonon ladder and the ground state of the optical
transition is larger than the LO phonon energy to prevent thermal backfilling of carriers into
the injector region. The design of this structure can be found in Ref. [26]. b: responsivity
of a 100 µm x 100 µm large QCD mesa at room temperature (295 K). The data was obtained
by recording the QCD spectrum with a Fourier transform infrared (FTIR) spectrometer and
a globar. The power incident on the QCD was normalized by mapping the focal spot of the
globar with a motorized translation stage and recording the globar spectral density with a
calibrated thermal powermeter. The shaded area corresponds to the CO2 absorption band.

In this work, we demonstrate high-speed QCDs operating up to at least 50 GHz with a
3-dB bandwidth above 20 GHz. The peak responsivity of the fabricated detectors near 4.3 µm
wavelength reaches almost 10 mA/W at room temperature (Fig. 1(b)). The QCDs are connected
to an on-chip tapered coplanar waveguide (CPW) matched to 50Ω impedance, which allows
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packaging with a microwave end-launch connector. We present the first temporal characterization
of QCDs with a femtosecond MIR oscillator, revealing a fast impulse response of only 13.4 ps.

2. Quantum cascade detectors optimized for radio frequency operation

In order to exploit the high-speed detection capabilities of QCDs, the parasitic components of the
circuit connected to the detector have to be minimized. An equivalent circuit of the QCD and
its parasitic circuit is shown in Fig. 2(a). The electrical power frequency response R(ω) of this
system is given by

R(ω) =
|︁|︁|︁|︁ Uout(ω)

Uout(ω = 0)

|︁|︁|︁|︁2 = 1(︂
1 + ZL

RD
− ω2LCD

)︂2
+ ω2

(︂
L

RD
+ ZLCD

)︂2 (1)

Fig. 2. High-speed QCD connected to a tapered coplanar waveguide. a: equivalent
circuit of the QCD. RD and CD: parasitic resistance and capacitance of the detector. L:
parasitic inductance caused by wire bonds. ZL: load resistance (50Ω). b: lateral schematic
of the fabricated QCDs. The detector mesas are etched using a H3PO4:H2O2:H2O mixture
(3:2:40 mass fractions). Subsequently, the highly-doped contact layer (n+ InP) is removed
on one side of the mesa and a 1.5 µm thick Si3N4 layer is used to passivate the sidewalls of
the detector. Finally, the CPW consisting of a top contact (or center conductor, CC) and two
ground planes (GND) is sputtered onto the chip. c: microscope image of the detector mesa
connected to a tapered CPW. d: Measured (blue line) and simulated (red line) transmission
through a 2 mm long CPW tapered from 250 µm to 25 µm CC width. e: photograph of a
fully packaged high-speed QCD soldered to a 2.92 mm end-launch connector. The inset
shows a microscope image of the soldered QCD chip. f: rectified voltage for 200 µm x
200 µm (blue line) and 100 µm x 100 µm (red line) large QCD mesas. Both curves show a
lowpass behaviour due to the parasitic capacitance of the active region. The dashed lines
correspond to a fit using Eq. (1).

RD and CD are the parasitic resistance and capacitance of the detector, respectively, and L is
the parasitic inductance. ZL is the load resistance (ZL = 50Ω). This circuit shows a low-pass
behaviour, whose 3-dB bandwidth depends strongly on the parasitic inductance and capacitance.
The latter can be minimized by decreasing the detector area. Parasitic inductance is mainly
caused by wire bonds connected to the detector. The LC resonance introduced by wire bonds and
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the detector capacitance is particularly detrimental for the high-frequency performance, because
it causes a 1/ω4 (40 dB/decade) decrease of the frequency response above the cut-off frequency.

In order to avoid wire bonds, we fabricated QCDs connected to a coplanar waveguide (CPW,
Figs. 2(b) and 2(c)). The center conductor (CC) of the CPW is connected to the top contact of the
detector and surrounded by two ground planes (GND). Due to a 1.5 µm thick Si3N4 passivation
layer around the sidewalls of the detector, the CPW does not require an air bridge connector
to the mesa as reported in other works [35]. The impedance of the CPW must be matched to
50Ω to avoid RF reflections. This is achieved by adapting the gap width W to the CC width
S (Fig. 2(c)). The latter is then tapered from the dimensions of the detector mesa (25 µm) to
the diameter of the pin of a commercial microwave connector (250 µm) while maintaining 50Ω
impedance. Using COMSOL Multiphysics simulations, we find an approximately linear taper
curve W(S) for a 320 µm thick InP substrate.

W(S)|Z=50Ω ≈ 6.5 µm + 0.53 · S [µm] for 25 µm ≤ S ≤ 250 µm (2)

Gold is not deposited on the backside of the chip, as this would result in a microstrip-like
mode of the CPW, which does not allow tapering of the CC while maintaining 50Ω impedance.
Furthermore, the two ground planes should be connected behind the detector mesa to avoid
exciting the odd waveguide mode of the CPW, which shows large dispersion at frequencies higher
than 10 GHz. For similar reasons, the length of the CPW should be kept as small as possible,
because the ground planes cannot be connected by conducting vias like it is usually done in
printed circuit boards. Figure 2(d) shows the transmission through a 2 mm long tapered CPW
measured using an RF synthesizer, a microwave spectrum analyzer (MSA) and two RF probes to
inject and extract the signal. The loss stays below 1 dB up to 20 GHz and is in good agreement
with the simulated |S12 | parameter.

The CPW is finally connected to a commercial 2.92 mm end-launch connector using a low-
temperature SnBi solder paste as shown in Fig. 2(e). Hence, the high-speed QCDs are fully
packaged in a volume of roughly 1 cm3 and can be connected to a microwave network for
characterization and RF signal processing without the need for RF probes.

We measured the capacitance of two 200 µm x 200 µm and 100 µm x 100 µm large QCD mesas
using microwave rectification [21] (Fig. 2(f)). In both cases, the rectified voltage shows a lowpass
response caused by the parasitic capacitance of the QCD. The resistance of the QCDs varies
between 200Ω and 15 kΩ for mesa sizes between 200 µm and 25 µm, which can be neglected
compared to the 50Ω impedance of the transmission line. We estimate that the RC cut-off
frequency of the smallest mesa (25 µm x 25 µm) is above 60 GHz (corresponding to C<0.05 pF),
which is beyond the bandwidth of our rectification setup. Thus, we resort to optical methods for
measuring the frequency response of the smallest QCD.

3. Impulse and frequency response

There are multiple methods to characterize the frequency response of fast photodetectors optically.
A regularly employed technique uses the heterodyne signal between two tunable single-mode
lasers [28]. When both lasers are combined on the photodetector, they generate a beating at their
difference frequency. The frequency response of the detector is obtained by tuning the frequency
of one laser and recording the beatnote amplitude as function of its frequency.

Another method, which allows to retrieve even more information, uses short optical pulses and
a fast oscilloscope to record the impulse response of the photodetector, as shown in Fig. 3(a).
This technique was widely used to investigate the frequency response of QWIPs [36,37]. The
equivalent circuit of the QCD in Fig. 2(a) is a stable linear time-invariant system. Thus, its
frequency response is given by the Fourier transform of the impulse response.

We measured the latter by coupling mid-infrared femtosecond pulses into the QCD via a 45 ◦

polished facet with an aspheric lense. The detector signal is recorded using a 50 GHz sampling
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Fig. 3. a: experimental setup for measuring the impulse response of the QCD using
femtosecond pulses. b: optical spectrum of the OPO operating around 2600 cm−1 (3.85 µm).
The FWHM of the spectrum is approximately 130 cm−1, suggesting a transform limited pulse
duration of 115 fs. c: autocorrelation of the OPO pulses operating at 3.3 µm. Assuming
a sech2 shape, a pulse width of 115 fs is found. At 3.85 µm, the response of the InGaAs
detector used in the autocorrelator is decreased considerably. In addition the available optical
power from the OPO decreases significantly leading to very low signal-to-noise ratio. Under
these conditions, we estimate that the pulse width is increased to 140 fs.

oscilloscope and a 50 GHz microwave spectrum analyzer (MSA). The optical pulses are generated
by a femtosecond pulsed optical parametric oscillator (OPO, Radiantis Oria XT) with a pulse
repetion rate of 80.2 MHz. The non-resonant idler was tuned close to its maximum wavelength at
3.85 µm (2600 cm−1, Fig. 3(b)), where the incident average power is roughly 3 mW. The soliton
shaped optical spectrum was centered at 3.85 µm with a full-width at half maximum of 130 cm−1

(Fig. 3(b)). The measured pulse duration ranges between 115-140 fs depending on the idler
wavelength (Fig. 3(c)). This can be regarded as a good approximation for δ-pulses, because the
microwave frequency bandwidth of the pulses is given by the inverse of their pulse duration,
which is more than an order of magnitude larger than the bandwidth of the oscilloscope.

Figure 4(a) displays the impulse response of a 25 µm x 25 µm QCD mesa. The oscilloscope
trace consists of a 13.4 ps short initial burst followed by a negative voltage dip. This phenomenon
was also observed in photovoltaic QWIPs [38], where it was attributed to thermionic emission of
carriers in the extractor region back to the excited state of the optical transition. This gives rise to
transport in the opposite direction of the photocurrent. However, we observe that the magnitude
of this ringing depends strongly on how the QCD is mounted on the end-launch connector and its
connection to the RF cable. An air gap between the QCD chip and the dielectric of the end-launch
connector as well as overtightening the RF cables should be avoided to minimize pulse ringing.
The impulse response recorded over 15 ns (Fig. 4(b)) shows two subsequent pulses spaced by the
cavity roundtrip period of the OPO. The signal around 5 ns is caused by reflections in the cable.

The frequency response of the QCD is given by the absolute square of the Fourier transform
of its impulse response and shows a 3-dB cut-off frequency at 21 GHz (Fig. 4(c)). This result
includes the losses of the RF cables and the bias-T used to connect the QCD to the oscilloscope.
The parasitic capacitance is found to be roughly 0.18 pF by fitting Eq. (1) to the measured
frequency response. This is considerably larger than expected by extrapolating the rectification
curves in Fig. 2(f) to a 25 µm x 25 µm mesa size. This observation potentially indicates that the
electrical bandwidth is not limited by the parasitic capacitance of the QCD anymore, but rather
by the intrinsic response time of its active region. Nevertheless, significant detection capability
extends up to at least 50 GHz (limited by the oscilloscope), because no wire bonds were used.

The fundamental pulse repetion rate of the OPO at 80.2 MHz and its 620 higher harmonics
can be extracted from the QCD photocurrent using a microwave spectrum analyzer as shown



Research Article Vol. 29, No. 4 / 15 February 2021 / Optics Express 5779

Fig. 4. Frequency response of high-speed QCDs. a: impulse response of a 25 µm square
mesa showing a FWHM of 13.4 ps. b: impulse response recorded over a cavity roundtrip
period of the OPO. Two subsequent pulses are visible. c: frequency response of the QCD
(blue line), and losses of the coaxial cable and bias-T connecting the QCD to the oscilloscope
(red line). The green dashed line constitutes a fit using Eq. (1) and the measured cable loss.
The frequency response is only plotted for f>2 GHz, because the impulse response in a
resembles a high-pass behaviour due to the negative voltage dip. d: Harmonics of the OPO
beatnote up to 50 GHz (blue line) compared to the frequency response from c (red line). At
low frequencies, the amplitude envelope shows periodic modulations with a period of roughly
3 · frep (240 MHz). This is attributed to reflections at the connector of the MSA, which leads
to standing waves in the 50 cm long coaxial cable connected to the QCD (Huber+Suhner
Multiflex 141, roundtrip frequency≈210 MHz). The amplitude envelope becomes flatter at
higher frequencies due to the growing RF losses of the cable, which prevent standing waves
from forming. The decreasing SNR at higher frequencies is mainly due to the increased
noise-floor of the MSA (green line). The resolution bandwidth was 30 kHz. e: first and
610th harmonic of the OPO detected with 80 dB and 38 dB signal-to-noise ratio, respectively.
f1=80.2 MHz. The resolution bandwidth was 30 Hz.

in Fig. 4(d). As expected, the envelope of the radio frequency spectrum is in good agreement
with the Fourier transform of the impulse response. The agreement between the curves could
be further improved by eliminating standing waves in the coaxial cable [39]. Figure 4(e) shows
a detailed zoom on the first and 610th harmonic of the OPO beatnote. Despite the increased
noise of the MSA at higher frequencies, these beat tones can be measured with a signal-to-noise
ratio (SNR) of 80 dB and 38 dB, respectively. This result is particularly astonishing keeping in
mind that the average power of the OPO is only 3 mW and the pulse spectrum is not exactly
matched to the peak of the detector spectrum. The SNR could be further increased with a high
bandwidth electronic amplifier. Moreover, it can be seen that the width of the 610th harmonic is
increased, which can be attributed to phase-noise. This could be used in future work to sensitively
characterize the phase-noise of MIR frequency combs using the von der Linde method [11].

4. Conclusion and outlook

We have demonstrated the capabilities of quantum cascade detectors as high-speed MIR
photodetectors. They operate at room temperature and without bias voltage. A tapered microwave
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transmission line allows convenient packaging in a small volume using a standard 2.92 mm
connector. Design rules for the CPW have been presented. The fabricated QCDs operate up to
50 GHz with a 3-dB bandwidth around 21 GHz. By fabricating even smaller mesas in future
work, it could be investigated whether the observed detection bandwidth is still limited by the
parasitic capacitance or by the intrinsic response of the QCD active region. Furthermore, the
pulse ringing visible in the impulse response will be improved by refining the soldering procedure
of the detector chip to the end-launch connector. In conclusion, QCDs constitute a promising
tool for characterizing mode-locked semiconductor lasers [40–43] in the mid-infrared region
with repetition frequencies exceeding 10 GHz.
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