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Quantum cascade detectors for the 8 um spectral range
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Quantum cascade detectors (QCDs) operating at room temperature and zero bias with extremely low dark
current are a promising platform for creating high-speed detectors in the long-wave infrared range for wireless
optical communication systems. Producing QCDs from the quantum cascade laser (QCL) heterostructures opens
up opportunities for integrating sources and detectors on a common wafer. We have demonstrated a maximum
QCD sensitivity of over 70 mA/W in the 8§ um region and implemented the concept of integrating QCD on a single
heat sink with QCL to create a feedback photodetector. Preliminary performance studies have shown that the QCD
bandwidth exceeds 1 GHz and may be significantly increased by optimizing the capacitive characteristics.
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Mid-infrared (IR) photonics attracts increasing attention
due to the existence in the mid-IR range of a large number
of intense absorption lines of various substances , as well as
of atmospheric transparency windows. These unique prop-
erties of the mid-IR range are of great practical importance
as they open up significant prospects for developing various
applications related to spectroscopy and also for developing
noise-immune wireless optical communication lines.

Development of applied areas of mid-IR photonics needs
creating both efficient emitters and photodetectors. At
present, the most efficient mid-IR laser emitters are quantum
cascade lasers (QCLs) which emit watts of optical power at
room temperature [1,2] and are successfully used both in
spectroscopy for identifying various substances [3] (among
others, in biomedical applications [4]) and also for trans-
mitting information through wireless optical communication
lines [5].

At the same time, operation of such systems needs not
only light sources but also efficient and, in the case of com-
munication systems, high-speed detectors. Conventional ap-
proaches imply the use of photodetectors based on mercury-
cadmium-tellurium (MCT) compounds [6], detectors based
on type-II superlattices InAs/InAsSb (T2SL) [7], and de-
tectors based on GaAs/AlGaAs superlattices (QWIPs) [8].
MCT detectors exhibit quite high sensitivity but require
additional cooling, which significantly reduces their com-
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pactness and increases energy consumption. In addition,
operation speed of up-to-date MCT detectors is restricted to
1 GHz. T2SL detectors exhibit room-temperature operation
speed exceeding 10 GHz at the wavelength of 4.5 um [7]. As
their disadvantages, we may consider the limited spectral
range available for these detectors (< 6, um) and high
room-temperature dark current which reduces the ability to
detect relatively weak signals. QWIP detectors have demon-
strated very a high operation speed (above 100 GHz for the
~ 10 um wavelength at room temperature [8]); however, in
the absence of cooling QWIP detectors have very high leak-
age currents, which reduces detectability of such devices.
An alternative approach is the use of quantum cascade
detectors (QCDs). QCD is a unipolar device operating on
electron transitions between the conduction-band quantum
levels rather than on interband transitions like, e. g., photodi-
odes. Similar to the QCL structure, that of QCD consists of
dozens of quantum cascades; in each of them, a photon is
absorbed, which ensures electron excitation from the lower
level to upper one with successive diagonal relaxation down
in energy between the levels of adjacent quantum wells
in the transport zone. Thus, the electron transits from
one cascade to another (Fig. 1). By now, QCDs have
been created for the 4.5um spectral range with a cutoff
frequency of more than 20 GHz [9]; it has been theoretically
shown that the cutoff frequency may exceed 100 GHz [10].
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Figure 1. ¢ — QCD band diagram; b — schematic representation of the setup for studying QCD characteristics.

In addition, detection of femtosecond pulses has been
demonstrated [11]. The possibility of creating high-speed
QCDs with the bandwidth of > 20 GHz for the long-wave
infrared range was demonstrated for a design comprising
an antenna amplifier [12]. Another QCD advantage is the
possibility of its integration with QCL; this was clearly
demonstrated in [13]. This fact is one of the main QCD
advantages, since it opens up the possibility of creating
photonic integrated circuits for practical applications which
are not only optical communications, but also heterodyne
detection and mid-IR spectroscopy. Therewith, for suc-
cessful QCL-QCD integration on a common platform, it

is preferable that either both devices be manufactured
based on the same heterostructure to obtain homogeneous
integration or have the same thickness of the waveguide
core and upper waveguide cladding to obtain heterogeneous
integration. The goal of this study was to develop and create
long-wave IR high-speed detectors for wireless optical
communications and gas analysis systems, which would be
able to be integrated with quantum cascade lasers on a
common platform.

In this work, we have investigated QCDs in the clas-
sical waveguide geometry for detecting radiation of about
8um. Fig. 1,a presents the energy band diagram of
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Figure 2. Results of studying the QCD sensitivity dependence on the chip length at a detected power higher than 1.5W (a) and on the

pump power for a QCD 700 um long (b).

the QCD quantum cascade; the absorption and transport
zones are marked. QCDs were fabricated based on QCL
heterostructures with 50 quantum cascades in the active
region, which are described in [1,2]. Thickness of the active
region consisting of InGaAs/InAlAs layers matched with the
InP substrate was 2.5um, while the total waveguide-core
thickness embracing the active region and lower InGaAs
buffer layer 100nm thick was 2.6 um. The waveguide
claddings consisted of indium phosphide. In experiments,
both stripe QCDs with the stripe width of 40 um and four-
cleavage samples ~ 0.1 mm? in area were used. Input
facets of all the samples were made by cleaving along the
crystallographic axes. No anti-reflective coating was applied.
Stripe QCDs were fabricated similarly to QCLs under the
procedure of post-growth treatment described in [14].

The QCD sensitivity dependence on the chip length was
studied on a set of samples 0.25 to 3 mm long. Pumping was
performed by using QCL with the generation wavelength of
~ 7.6um. QCL operated in the pulsed generation mode
under pumping with current pulses ~ 100ns in length
and 10kHz in repetition rate. The pump pulse power
was 1.75W.

Fig. 1, b schematically represents the experimental setup.
The QCL radiation was collected by an aspherical lens with
a broadband antireflective coating. Reflectivities of the lens
surfaces were below 1%. The lens numerical aperture
was NA = 0.56. QCL radiation was introduced into the
QCD waveguide with the aid of an identical lens. QCD,
QCL and lenses were secured on high-precision positioners
with differential micrometer screws. The QCL-to-QCD
distance was ~ 30cm. The results of studying the QCD
sensitivity dependence on the chip length are presented
in Fig. 2, a. The maximum sensitivity was obtained for QCD
0.7mm long and amounted to ~ 27 mA/W. This estimate
of sensitivity accounts for the Fresnel loss by reflection
from the QCD input facet but ignores the radiation loss
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by introduction into the QCD waveguide. Actually, here
is presented the instrumental sensitivity for the optical
system configuration suitable for practical application. The
focal spot size for an ideal Gaussian beam at the 1/e
level for the used lens with numerical aperture NA = 0.56
is wo=A1/(m-NA) =~ 4.5um. In this case, the realistic
value of the QCL beam propagation parameter M? along
the fast axis is at least 1.2. The M? effect comes to a
proportional increase in the focal spot size: wo — M>wy.
Then, neglecting the slow-axis divergence, obtain that the
radiation fraction introduced into the waveguide by the
optical system does not exceed 50 %, which should be taken
into account in calculating the maximum sensitivity.

Studies of the QCD sensitivity have shown that it
remains almost constant at pump powers of about 0.1 W
and higher. While the power to be detected continues
decreasing, an increase in sensitivity is observed (Fig. 2, b).
Data presented in [13] shows that the QCD sensitivity
saturation is also observed with increasing power under
detection. For QCDs we examine, the detected power of
about 0.1 W is, apparently, the saturation power. Therefore,
a considerable increase in sensitivity is observed at radiation
powers below this value. If the experimentally obtained
sensitivity is normalized to the ratio between the active
region thickness and focal spot size, and chip length is
optimal, the maximum sensitivity exceeds S0mA/W at a
watt-level detected power and 70 mA/W at the detected
power of about 10mW. If the power to be detected is
reduced to the microwatt level and normalized to the
thickness of a single quantum cascade (as in [15]), a further
increase in the maximum QCD sensitivity may be expected.

The non-monotonic dependence of QCD sensitivity on
the chip length (Fig. 2,a) is associated with its increase
due to an increase in the fraction of absorbed radiation at
short lengths and decrease due to signal shunting because of
an internal resistance decrease at chip lengths significantly
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exceeding the absorption length:

1 —exp(—al)

S=8y——
" T+ RWL/p

(1)
where Sy is the maximum sensitivity, L is the chip length,
W is the chip width, R is the external resistance, p is the
chip resistivity, « is the absorption coefficient.

Note that the demonstrated sensitivity is quite sufficient
for solving applied problems. One possible solution is to use
QCD as a feedback photodetector for QCL. Using QCDs
made from the same structure as QCLs allows avoiding
problems with height adjustment during installation. Mount-
ing QCD at the distance of 30—100um from QCL, it is
possible to obtain a sufficient input factor for calibrating
the laser output power. We have prepared QCL samples
mounted on the common heat sink with QCD having a
four-cleavage configuration ~ 200 x 500 um in dimensions.
Since the laser stripe size was 20um, selection of this
configuration made unnecessary precise alignment both ver-
tically and in the heat sink plane. Both QCD and QCL were
mounted with the epitaxial layer down, which ensured auto-
matic fast-axis alignment. A photo of the installed feedback
QCL—-QCD pair is given in the inset to Fig. 3, b. Evidently,
QCD is located at a distance significantly less than 100 um
from the QCL rear mirror (the QCL chip width is 400 um).

Fig. 3,a shows the QCL volt-ampere -characteristic
(curve I) and watt-ampere characteristics measured with
the external photodetector (curve 2) and QCD integrated
with QCL on a common heat sink (dots). One can
see that shapes of both watt-ampere characteristics match
well. The total feedback QCD sensitivity is slightly lower
than 3mA/W (Fig. 3, b), which is because of a decrease
in the chip internal resistance due to an increase in the
active region (1) width; however, it is quite sufficient for
controlling the QCL power based on its readings.

As already noted, long-IR QCDs are important for
wireless optical communication systems. Fig. 4 presents a
track of pulses recorded using QCD pulses less than 20 ns
in duration and 10 MHz in repetition rate. It is clear that
in this configuration there may be realized a stable wireless
optical communication with the data transmission rate of
10 Mb/s which is limited only by capabilities of the QCL
electrical pumping circuit.

To refine the maximum response time of QCDs under
consideration, we have studied detection of optical radiation
with QCL 300 x 300 um in size pumped by subnanosecond
current pulses. The QCL radiation beam was split into
two parts in the 9:1 ratio between QCL and high-speed
MTC photodetector Vigo PVI-4TE-10.6-1x1 with four-stage
cooling and 1 GHz bandwidth. Both photodetectors were
connected to real-time oscilloscope Rigol DS70504 with the
bandwidth of 5 GHz.

As shown in Fig. 4,b, duration of the photo-response
pulse detected by QCD is not inferior to that of the high-
speed CMT photodetector and does not exceed ~ 0.8ns.
Note here that sensitivity of the reference MTC receiver

is significantly higher than that of the studied QCDs,
because, among other factors, a high-speed amplifier is
used. At the same time, the achieved result shows that
even without optimizing the QCD design and installation
techniques aimed at reducing the device capacitance and
inductance, the QCD bandwidth exceeds 1GHz. This
allows us to expect applicability of such photodetectors
in wireless optical communication systems with the data
transmission speeds of 1 Gb/s and higher.

Thus, this paper presents the results of studying the 8 um
QCDs. The study has shown the fact that the maximum
QCD sensitivity exceeds 70 mA/W in the vicinity of 8 um,
and also the potential for implementing wireless optical data
transmission lines with the rates of approximately 1 Gb/s.
Further research into QCDs will be aimed at increasing
their performance by optimizing the QCD chip design
and mounting it so as to reduce its electrical capacitance;
the research will be also devoted to developing the ideas
for integrating QCL and QCD on a common platform
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Figure 3. a — the QCL volt-ampere (curve /) and watt-ampere
characteristics. Curve 2 is the watt-ampere characteristic measured
on a computer-aided setup. Dots represent the measurements
obtained by using a feedback QCD (axis Iqcp). b — dependence
of the feedback QCD sensitivity on the QCL power. The
inset shows a photograph of the QCL—feedback QCD pair.

Technical Physics Letters, 2026, Vol. 52, No. 4



Quantum cascade detectors for the 8um spectral range

57

0.12 u

0.08

Ugcep, V

0.04

08 04 0 0.4 0.8
t, us

Intensity, a. u.

Figure 4. a — a track of pulses 10 MHz in repetition rate emitted by QCL and recorded by QCD. » — measurements of radiation of
QCL pumped by subnanosecond current pulses. The solid curve represents the current through the laser, dashed line is for the radiation
detected by QCD, dash-dotted line is the radiation detected by the MCT photodetector.

for the purpose of expanding the range of their possible
applications.
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