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Interband cascade (IC) laser structures offer the attractive potential for operating at room temperature as both broadband
coherent sources of mid-infrared light and also fast photodetectors. This makes the realization of extremely compact
spectrometers on a monolithic platform possible, and even dual-comb spectroscopy (DCS) configurations. IC comb
devices are perfect candidates for this configuration, since they develop near-THz-wide optical frequency comb spectra
from a millimeter-sized cavity, using a multi-stage structure that can also function as a very fast photodetector. In this
work, we leverage IC photodetectors with gigahertz bandwidth to demonstrate a self-contained, free-running, roomtemperature DCS system in the mid-infrared. The DCS system used detection by the same bi-functional IC device
structure to measure 1,1-difluoroethane over ∼600 GHz of optical coverage around 3.6 µm. These results show that the
IC platform is suitable for full integration as a broadband, high-resolution on-chip spectrometer in a future chemical
sensing system.
The quest for fully-integrated broadband spectrometers has
triggered substantial advances in chip-scale light sources,
detectors and interferometers. The demand is strong because optical spectroscopy lies at the core of numerous fields
ranging from remote sensing1 , medical2 , and pharmaceutical
research3 to planetary sciences4 . Among the many ways to
address this need, considerable effort has been put in miniaturizing the most widespread Fourier Transform Spectroscopy
(FTS) technique5–7 , which relies on interfering light with a
delayed copy of itself to produce an autocorrelation signal
as a function of optical delay, known as the interferogram.
Whereas FTS has the distinct advantage of compatibility with
any light source, including an incoherent thermal emitter, its
resolution is inversely proportional to the maximum optical
path difference (OPD)8 , which imposes a practical limit in the
sub-THz range for compact spectrometers. One way to overcome this is to employ an optical frequency comb (OFC) with
discrete spectral structure. OFCs also offer straightforward
calibration of the spectral axis and extremely high brightness
per spectral element9 .
While OFC sources can enable chip-scale FTS to surpass the OPD resolution limit10 , particular attention has
been devoted in recent years to the rival technique of dualcomb spectroscopy (DCS)11 , which retrieves broadband and
high-resolution spectral information from a fast photodetector through optical multi-heterodyne beating with a second
comb12 rather than itself. This approach relaxes the OPDimposed resolution limit by enabling line-resolved spectroscopic assessments, although it naturally relies on the availability of a stable comb source and a high-speed optical detector operating in the relevant spectral region. Following early
table-top demonstrations13 , the progress in miniaturization
has recently resulted in extremely compact battery-operated
OFC generators14 . This has paved the way toward smart
spectroscopic sensors operating in the technologically-mature
near-infrared region. However, a large gap remains between
these advances and the less-developed, but spectroscopically-
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more-relevant, mid- and far-infrared regions that contain the
strongest molecular transitions15 .
Broadband molecular DCS within a self-contained platform
has never been demonstrated to date. So-called self-detected
DCS platforms have allowed multi-heterodyne beat notes to
be observed in the terahertz range using a pair of cryogenic
QCLs16–18 , and in the mid-infrared under microwave injection locking conditions19 . However, these techniques that rely
on illuminating one comb (LO – local oscillator) with another
comb (signal) are limited by the optical injection locking effect. Hence, microwave injection is required to prevent the
LO comb from following the signal due to injection locking.
One can naturally reduce the coupling to the LO comb, but
only at the expense of lower DCS signal-to-noise ratio (SNR).
It would therefore be of great interest to have a single roomtemperature device structure that operates as a mid-infrared
frequency comb when biased above threshold, but also as a
sensitive and fast photodetector (which uses multi-heterodyne
beating to down-convert spectroscopic information from the
optical to the electrical domain) when operated at zero or
negative bias. This intriguing opportunity can in fact be realized using bi-functional quantum cascade20 and interband
cascade lasers (QCLs and ICLs)21,22 . In particular, we expect monolithic DCS platforms based on ICL bi-functional
devices22,23 to play a key role in future on-chip spectrometers.
Prior mid-infrared DCS experiments24–29 have employed external, thermoelectrically-cooled photodiode detectors (usually Hg1−x Cdx Te / MCT) that are incompatible with full onchip integration.
In this work, we present mid-infrared molecular dual-comb
spectroscopy measurements using room-temperature, freerunning, low-power, electrically-pumped sources and detectors that are fabricated from the same material. By replacing a
pair of MCT detectors with a single IC detector, we have substantially improved the system power budget and minimized
its footprint, while maintaining intact the spectroscopic performance. Previously, the multi-stage thermoelectric cooling
required for fast operation of MCT consumed a few watts of
electrical power, whereas the driving electronics required active heat dissipation. The sub-millimeter sized IC detector is
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free of these encumbrances – it requires at most a few milliwatts of electrical power with virtually no self-generated heat.
Careful optical feedback management has also stabilized the
sources sufficiently that ordinary video-averaging of the dualcomb spectra is permitted, without any phase post-correction
routines30 or advanced hardware feedback loops.
Both ICL frequency combs and interband cascade photodetectors (ICIPs) were processed from the same GaSb-based
wafer material, which was designed and grown as discussed
in Ref. 23,31. To characterize the performance of the ICIPs
used in the broadband DCS reported below, we first cleaved a
400 µm long Fabry-Pérot device from the wafer and mounted
it on a beryllium oxide submount with patterned gold contacts that provided a ground-signal-ground microwave probe.
A black diamond lens with high numerical aperture focused
light from an ICL comb emitting at λ = 3.6 µm onto the photodetector facet. The resulting DC electrical and spectral responsivities at room-temperature are plotted in Fig. 1. The
current-voltage (I-V) characteristics depicted in Figs. 1a and
Fig. 1b were collected under dark and illuminated conditions
using a Keithley 2420 Source Meter. The photovoltaic performance highlighted by the shaded area, is delineated by the
short circuit current (Isc ) and open-circuit voltage (Voc ), which
are 33.5 µA and 0.267 V, respectively, when the device is illuminated by 3.8 mW of power from the ICL comb. That
these values are 3–4 times lower than what was reported previously for an on-chip ICL laser-detector pair21 is attributed
to lower light coupling efficiency into the IC detector. The
earlier experiment obtained 9% collection efficiency by coupling the light from a laser facet into a 12 µm wide ridge
waveguide located just 12 µm away, whereas our beam was
collimated and focused by external free-space optics into a
waveguide that was 3 times narrower (3.5 µm). That naturally
rendered the coupling less effective and lowered the responsivity. To estimate how much light is coupled into the photodetector’s optically-active area under edge illumination, we
first project the responsivity limited by the external quantum
efficiency (EQE)21 . Accounting for the ∼30% reflection loss
at the uncoated air-detector interface, we obtain 10% EQE for
our 7-stage devices. The corresponding room-temperature responsivity (Rλ ) at 3.6 µm is 290 mA/W. Next, the power incident on the detector’s active area is estimated from the shortcircuit current through Pi = Isc /Rλ , and compared with that
available before the coupling lens. The coarse estimate that
115.5 µW of light is coupled corresponds to a coupling efficiency of ∼3.4%. Nevertheless, this level is more than sufficient for many spectroscopy applications.
To retrieve the zero-bias spectral responsivity (Fig. 1c), we
illuminated the ICIP facet with a globar source from a Bruker
Vertex 80 Fourier Transform Spectrometer, which was calibrated using an MCT photodetector with known responsivity
characteristics. The ICIP photocurrent was amplified with an
SRS810 lock-in transimpedance amplifier, whose voltage output was fed to the FTIR’s external detector acquisition channel along with the optical chopper reference signal for the
step-scan measurement. The measured relative responsivity
spectrum was next normalized by the incident optical power
at the laser wavelength32 . The rapid responsivity roll-off at
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FIG. 1. Electrical and optical characteristics of the ICIP. (a) Linear
and (b) log-scale plot of the dark and illuminated (linear curve only)
I-V response. For an illumination power of 3.8 mW at 3.6 µm, the
short-circuit current Isc is 33.5 µA while the open-circuit voltage Voc
is 0.267 V. At room temperature the differential resistance at zero
bias is 15 kΩ, which corresponds to ∼100 pW×Hz−1/2 of Johnsonnoise-limited noise-equivalent power (NEP). (c) Spectral responsivity of the ICIP for edge coupling (solid curve), under illumination by
a globar source with normalized power given by the dashed curve.
The vertical dotted line indicates the emission wavelength from the
same material when it is operated under forward bias as a laser.

longer wavelengths approaches a 90% cutoff at 3.85 µm, only
250 nm longer than the laser wavelength. At shorter wavelengths, the responsivity slowly decays through about 2 µm.
This decrease, which was also observed in Ref. 21, is due to
an increase in parasitic absorption losses outside the active IC
core at shorter wavelengths when the detector is illuminated
from the edge. Nevertheless, the peak sensitivity at 3.5 µm
reaches ∼12 mA/W at room temperature without any correction for reflection loss or coupling efficiency.
Having characterized the ICIP, we multi-heterodyned two
unstabilized ICL combs (cleaved from the same wafer as the
detector) in the dual-comb configuration shown schematically
in Fig. 2a. A pair of Vescent Photonics D2-105-500 drivers
controlled the laser currents and temperatures. The signal
comb interrogated the L = 5 cm long gas absorption cell prior
to being combined on a beam splitter with the repetition-ratemismatched (∆ frep = 23 MHz) local oscillator comb. The
4 mm long devices with ∼9.7 GHz repetition rates operated
at temperatures of 20.7◦ C and 26.7◦ C, with injection currents
of 300 mA and 234 mA for the local oscillator and signal
combs, respectively. The electrical power delivered to each
laser was < 1 W. Because the detector surface is highly reflective (∼30%), direct illumination generally causes optical
feedback that induces instabilities in the comb operation. In
this experiment, the insertion of a 30 dB optical isolator drastically improved the stability of the DCS system compared to
our previous works27,29 (discussed further below). This modification eliminated the need to normalize the power using
a matched reference photodetector. We see from the spectra in Fig. 2b that the two combs developed 25–30-nm bandwidths centered around 3.62 µm. Their mutual overlap provides ∼600 GHz of optical coverage mapped to 1.4 GHz of
radio frequency (RF) bandwidth. To calibrate the optical frequency axis in the RF signal, we relied on the knowledge of
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FIG. 2. Free-running dual-comb beating on the ICIP operating at room temperature. (a) Experimental setup. (b) Optical spectra measured
with an FTIR of the two mid-IR ICL combs operating slightly above room temperature and consuming less than 1 W of electrical power each.
(c) Free-running dual-comb beating spectrum obtained by averaging 500 short (4 µs) power spectra that were acquired within 2 ms without
any computational phase manipulation. Such spectra were used for spectroscopy. (d) Characterization of the free-running linewidths and
computational correction efficacy. The raw power spectrum (top) was obtained by Fourier-transforming the full 2 ms long dual-comb beating
signal. The SNR is considerably improved with the CoCoA30 phase correction algorithm (bottom panel), which cancels out multiplicative
phase noise from the comb lines. (e) Despite the initial high signal-to-noise (up to 30 dB) and low free-running linewidth of the RF comb lines
(∼500 kHz), further improvement of the DCS signal quality is possible. A phase-noiseless signal would gain 20 dB within 2 ms of acquisition.

the combs’ repetition rates along with the FTIR-measured positions of the two characteristic LO comb lines at 2763.6 cm−1
and 2764.6 cm−1 .
In the multi-heterodyne experiment, we reverse-biased the
room-temperature ICL detector to improve its electrical highfrequency response (see below), and used a 40 dB gain broadband amplifier to increase the microwave signal extracted
from the RF port of a bias tee. The signal was next recorded
for 2 ms with a Lecroy WavePro7Zi-A oscilloscope. Figure 2c
plots the reverse-mapped dual-comb (multi-heterodyne) spectrum derived from optical beating between the two freerunning combs, as detected with the ICIP. This plot was
generated by ordinary (video) averaging five hundred 4-µslong power spectra without any phase manipulation or postcorrection. In contrast to our previous experiments without
an optical isolator, the individual RF comb lines are easily
resolved. This eliminates the need for sophisticated signal
processing in the target sensing platform. Instead, the transmission can be estimated by ordinary averaging of the Fast
Fourier Transform (FFT) squared magnitude spectra, known
as the Welch’s modified periodogram averaging method33 , albeit at the expense of signal-to-noise ratio and lost phase information due to the incoherent averaging. Figure 2d was
generated from a conventional Fourier transform of the entire
2-ms-long dual-comb interferogram. This still possesses the
discrete comb structure with 500 kHz RF beat note linewidth
and 30 dB peak signal-to-noise ratio. The high relative power
of the beat notes is comparable to those of dual-comb systems employing dedicated thermoelectrically-cooled photodetectors. From the RF beat note linewidth, we estimate a free-

running optical comb linewidth of ∼350 kHz on a 2 ms time
scale. This order-of-magnitude improvement over our initial
demonstrations of ICL-based DCS29 is attributable to the effective feedback management provided by the optical isolator.
Excessive phase noise in the laser signal can corrupt a
DCS system’s apparent RF signal-to-noise level. To estimate the quality of the DCS signal detected by our roomtemperature photodiode in the absence of phase noise, we
have self-corrected for phase and frequency noise using the
CoCoA algorithm30 . This extracts the instantaneous RF comb
repetition rate ∆ frep (t) and offset frequency ∆ f0 (t), and corrects for their non-stationarity. While the operation may at
first look like a computational trick that renders RF linewidths
limited by the acquisition time, it has provided spectroscopic
validity in numerous dual-comb platforms28 . The lower panel
of Fig. 2d shows that following phase-correction (and resampling) of the spectrum, most of the RF lines have SNR exceeding 30 dB, while the strongest lines reach 50 dB. A sideby-side comparison of the same line at 845 MHz, shown in
Fig. 2e, reveals 20 dB of correction gain and an acquisitiontime-limited linewidth of ∼500 Hz. Moreover, the simultaneous narrowing and amplification of all the RF comb lines
proves their high phase noise correlation. In principle, the appearance after the correction of weaker lines with 10–15 dB
of SNR should allow extension of the spectral coverage to
∼840 GHz. However, since practical low-power spectrometers lack the high computational power needed for digital
phase correction, we restricted the analysis to ordinary averaging of the Fourier power spectrum. This limited the usable
optical coverage to ∼600 GHz.
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FIG. 3. Experimental (points) and simulated (curve) spectrum of
1,1-difluoroethane at atmospheric pressure. The standard deviation
of the residual between the DCS data and HITRAN2016 model is
3.4%, corresponding to NEA of 1.5×10−3 Hz−1/2 .

As a molecular target we chose Freon-152a refrigerant (1,1difluoroethane, DFE), a spectrally broadband organofluorine
compound with the chemical formula CHF2 CH3 . It is envisioned as an alternative to the hydrofluorocarbon refrigerants
commonly used in domestic and automotive air conditioners,
because it does not deplete ozone. The absorption cell was
filled with the gas at atmospheric pressure and room temperature, and a zero-gas reference was acquired. The DCS spectrum shown in Fig. 3 was then obtained with the ICIP, and processed using the Welch’s averaging method. We used a flat top
window in the calculation of the overlapped segments spectra,
as it provides improved robustness against inaccurate peak detection often leading to large errors in comb teeth amplitude
estimates. Furthermore, no baseline correction has been applied to the transmission spectrum – the data was obtained directly from the ratio of raw zero-gas reference to gas sample
spectrum. The broad absorption feature at 2757 cm−1 is simulated using an absorption cross-section model based on the
HITRAN2016 database34 . We exclude RF beat notes weaker
than –18 dB (relative), and calculate 2σ confidence intervals
for the M = 51 remaining ones based on formulae in Ref. 26.
The DCS-based transmission spectrum (points) agrees well
with the model (curve), as reflected in the low standard deviation of the residual. We obtain σ = 3.4%, which corresponds
to a noise-equivalent absorption (NEA) of 1.5×10−3 Hz−1/2 .
This is comparable to the values obtained previously with
ICL-based dual-comb spectrometers27,29 , which proves that
the present setup’s far greater simplicity and lower cost have
not sacrificed performance.
From a chemical sensing perspective, of interest may be
the system detection sensitivity. The minimum detectable absorption coefficient per spectral element αmin =NEA/(LM) is
5.9×10−6 cm−1 ·Hz−1/2 . This value allows to detect 1500
part-per-million by volume (ppmv) of DFE in a 5 cm absorption path at 1 s of integration. However, 1 s DFE detection limits of dozens of ppm are possible by targeting absorption bands located at 3.36 µm with >100× larger absorption
cross-sections using future shorter-wavelength ICLs. Alternatively, if the setup compactness is not a requirement, enhancement of the 5 cm absorption path with a Herriott cell as in
Ref. 29 should enable detection levels in a parts-per-billion
(ppb) range.
Finally, to evaluate the effects of electrical parasitics on
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FIG. 4.
(a) Microwave rectification32 characterization of ICIP
devices with three different lengths and two alternative electrical
connection schemes. (b) Optical heterodyne characteristics of the
400×400 µm wire-bonded device acquired with a microwave spectrum analyzer. (c) Optically-detected intermode beat note at different reverse bias voltages. The source and detector were separated by
more than 1 m to avoid any pickup of the microwave signal. (d) Freerunning signal-to-noise ratio of the intermode beat note as a function
of bias. The dashed line indicates that the response improves by approximately –1.3 dB/V at negative voltages.

the ICIP response, we cleaved two additional devices with
the same 400 µm top gold contact width but 4 and 8 times
shorter in length (100 µm, and 50 µm). The electrical responses of these and the original device were characterized
in a microwave rectification experiment35 that injected a microwave (GHz) carrier signal with kHz-rate amplitude modulation into the detector through a bias tee, while the rectified voltage was measured by a lock-in amplifier. The frequency response characteristics plotted in Fig. 4a show two
general regions: hundreds of MHz where the parasitic LC resonance dominates and GHz where low-pass roll-off occurs.
We see that lowering the device’s capacitance by ×4 shifts
the parasitic resonance at sub-GHz frequencies by approximately a factor of two. This is accompanied by lower attenuation of the higher-frequency response, as well as a shift
of the low-pass corner frequency. The 50 µm device has the
flattest microwave response, owing to the lack of wire bonding since that device was measured with a microwave probe
on top. This suggests that multi-GHz bandwidths may become possible with future optimization of the packaging and
impedance matching36 . To validate the agreement between
the microwave rectification and optical heterodyne characteristics, the multi-heterodyne beating spectrum was measured
for the longest detector (lasing at positive bias). Different injection currents (in steps of 2 mA above 250 mA) were supplied to the local oscillator, while the signal comb remained
biased at a fixed value. Laser injection current simultaneously
changes the ICL comb offset frequency f0 and repetition rate
frep via thermal tuning of the refractive index and thus allows
to tune the comb’s frequencies. Although frep varies by subMHz values across the scan, it induces spectral shifts approximately N times larger, where N ≈ 8560 here is the order the
comb’s center line. Fig. 4b shows that the strongest peak in
the dual-comb RF spectrum follows a roll-off curve of approximately –40 dB/decade. Thus from a practical standpoint, the
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ICIP remains useful at frequencies close to half the repetition
rate (4.5 GHz) with a SNR of 20 dB for the strongest lines,
which enables future gapless DCS experiments37 exploiting
the wide electrical tunability of ICL combs. We also find
that reverse-biasing the ICIP improves the frequency response
even further, due to faster carrier extraction. Figs. 4c,d show
that the SNR of the signal comb’s optically-detected RF beat
note at ∼9.7 GHz exceeds 30 dB at zero bias, and increases
by –1.3 dB/V when a reverse bias is applied.
In conclusion, we have shown that mid-infrared type-II
ICL frequency combs are perfect candidates for future monolithic, chip-scale, dual-comb spectroscopic platforms operating at room temperature with low power consumption. The
bi-functional ICL/ICIP capability allowed us to implement a
self-contained free-running DCS with performance, as characterized by the spectroscopic noise equivalent absorption
and spectral coverage, comparable to more complex systems
with commercial off-the-shelf MCT detectors. While the microwave response of our current ICIP is limited by electrical
parasitics, those can be addressed straightforwardly through
optimization of the detector size and packaging. Also the
EQE can be improved in future designs to ∼20% by employing anti-reflection (AR) coated devices with a reduced number
of stages (i.e. five) while maximizing the light coupling efficiency to the detector. And whereas the self-contained DCS
platform demonstrated here is chip-based rather than on-chip,
we envision truly monolithic broadband spectrometers38 with
plasmonic waveguides that enhance the sensitivity to ambient analytes20 . Given the successful deployment of ICL-based
spectrometers on Mars39 , the ICL comb’s extension of singlemode lasing into > 100 phase locked modes will enable the
implementation of solar-powered, tunable mid-infrared dualcomb spectrometers for terrestrial and space applications.
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