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We report on the development of a highly sensitive optical receiver for heterodyne IR spectroscopy at the commu-
nication wavelength of 1.5 μm (200 THz) by use of a superconducting hot-electron bolometer. The results are
important for the resolution of narrow spectral molecular lines in the near-IR range for the study of astronomical
objects, as well as for quantum optical tomography and fiber-optic sensing. Receiver configuration as well as
fiber-to-detector light coupling designs are discussed. Light absorption of the superconducting detectors was en-
hanced by nano-optical antennas, which were coupled to optical fibers. An intermediate frequency (IF) bandwidth
of about 3 GHz was found in agreement with measurements at 300 GHz, and a noise figure of about 25 dB was
obtained that was only 10 dB above the quantum limit. © 2014 Optical Society of America
OCIS codes: (040.2840) Heterodyne; (060.2370) Fiber optics sensors; (120.1880) Detection; (310.6845) Thin film

devices and applications; (320.7080) Ultrafast devices.
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Heterodyne detection is a commonly used technique in
the microwave and terahertz frequency range where high
sensitivity and high spectral resolution are needed. How-
ever, there are various fields of interest within the IR fre-
quency range where such a technique is also desirable. In
astrophysics, IR range observations play a crucial role
because the data provide important information about
galaxy formation, the evolution of objects in the Uni-
verse, and, in particular, possible biochemical processes
on Earth-like planets [1–3]. In our galaxy, IR observations
can also reveal processes taking place in the atmos-
pheres of the planets and of the Sun [4,5]. Advanced sen-
sitivity in the IR spectrum range will allow detection of
molecules such as CO, CO2, NO2, NH3, CH4, C2H2, and
others at low concentrations and will facilitate isotope
analyses and doppler measurements of the velocity field.
Precisely measured profiles of the spectral lines will
allow reconstruction of the vertical temperature and
gas concentration distributions. Various other scientific
applications require both high sensitivity and high reso-
lution IR detection, such as applications used in quantum
optical tomography [6–8], optical coherent tomography
[9,10], or distributed fiber-optic sensing [11–13]. Since
the heterodyne technique comes from radio-astronomy,
first attempts were made in the far- and mid-IR range
[5,14–16]. Recently, a new approach in using heterodyne
detection at 1.55 μm has been introduced [17]. In this ap-
proach, a periodically swept tunable fiber-coupled diode

laser was used as a local oscillator (LO) source and a
PIN-diode was used to detect the signal mixed in an
intermediate frequency (IF) bandwidth of 1 MHz.

In this Letter, we demonstrate heterodyne spectros-
copy at the communication wavelength of 1.55 μm using
superconducting hot-electron bolometer (HEB) mixers
[18] with a relatively wide IF bandwidth of about 3 GHz
and a sensitivity approaching the quantum limit. The
HEB mixers are widely used as receivers at terahertz
frequencies [19–24]. Unlike a superconductor–insulator–
superconductor (SIS) mixer [25], the HEBmixer does not
have an identified upper frequency limit because its prin-
ciple of operation relies on absorption of radiation by the
electrons, which leads to a modulation of the electron
temperature at the IF frequency [26]. Operation up to
5.25 THz has been shown [27]. In addition, the noise tem-
perature of the HEB mixer close to the quantum limit
TN � hν∕kB has been demonstrated for various frequen-
cies, e.g., Refs. [24,28]. Therefore, it may be possible to
use these devices at even higher frequencies of IR wave-
lengths (on the order of 200 THz) at which a fiber wave-
guide can be used to guide the radiated power. According
to the antenna theorem [29], the maximal effective aper-
ture available in heterodyne detection depends on the
wavelength, i.e., Ω · S ≤ λ2 where Ω is the fiber efficient
field of view, S is the core cross section, and λ is the
wavelength. A similar constraint is dictated by the usage
of a single mode optical fiber, whose input aperture is
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determined by the diffraction and cannot be increased by
any front-end optics. Therefore, an optical fiber itself
does not limit the performance of heterodyne detection.
Moreover, it provides the aperture corresponding to the
theoretical limit at the wavelength given. In order to
match the absorbing film with the incident radiation, a
waveguide mixer-block or a lens in conjunction with a
planar antenna is commonly used in the terahertz range.
To improve the coupling at IR and optical frequencies a
number of optical antennas have been suggested and in-
vestigated [30–33]. An optical nanoantenna has also been
used with NbN superconducting single photon detectors
as well [34]. To enhance the incident light absorption, we
made use of Au stripes crossing the NbN bridge, which in
turn forms the HEB mixer. As stated in [31], these metals
do not conduct very well at optical frequencies and an
optical antenna cannot be designed just by scaling its ra-
dio frequency analogue with the frequency. Instead, an
effective wavelength must be used to determine the scal-
ing factor such that for optical antennas, 2 ≤ λ∕λeff ≤ 6
[35]; this gives an estimated value for an Au stripe length
of 60–220 nm. Each stripe acts as an antenna accumulat-
ing incident energy into the nearest pieces of the NbN
film, and the whole “zebra” structure helps in absorbing
light more efficiently than just a rectangular NbN bridge
will. To achieve an efficient coupling, special care is
needed to align the polarization of the incident radiation.
By means of the isothermal method [36], the absorption
coefficient of the “zebra” device was measured to be
about 25%, which means that it practically tripled the
efficiency compared to the plain NbN bridge efficiency.
By varying the length of both the NbN gaps and the Au
stripes we have found empirically that the best absorp-
tion enhancement (i.e., a relative increase of the mea-
sured light absorption coefficient for a given device
due to the gold stripe pattern on top of the NbN film)
can be achieved with a NbN length of 60 nm and a
NbN–NbN–Au period of 120–200 nm. Since the absorbed
power depends on the incident power polarization, we
suggest that the pattern of gold stripes acts as an optical
quasi-antenna [34].
The dimensions of the NbN rectangular bridge are dic-

tated by two contradictory conditions: first, it should be
as small as possible to easily provide sufficient LO power
needed to set the mixer to the appropriate bias condi-
tions (i.e., where it has the lowest noise and highest gain),
and, second, the sensitive element area should approach
that of the single mode fiber core diameter, which is
∼9 μm for 1.55 μm in standard fibers. Hence, we chose
7 μm as the characteristic size of the sensitive element
area. In this case, the device bandwidth (∼2.5–3 GHz)
is mainly determined by the combination of electron–
phonon interactions and phonon to substrate escape
times [37]. In fact, a third condition for the geometry
of the nanobolometer relates to surface impedance
matching. Impedance matching should be achieved for
both the incident light to the nanobolometer, as well
as for the 50 Ω coaxial line for the IF. These two condi-
tions on impedance matching are difficult to achieve for
semiconductor devices. However, for a superconducting
device this complication is released because the optical
coupling can be simulated and achieved in practice
using just an impedance value in the normal state. This

approach is relevant for frequencies ν ≫ Δ∕h, where a
superconductor impedance approaches its normal state
resistance. This could also be justified by ellipsometry
measurements [38]. The IF matching can be precisely
adjusted to the optimum value of 50 Ω by the proper
choice of the LO power and DC biasing of the device.

The devices were made by first forming a NbN–Au
bilayer using an in situ process, which is important to
ensure better electronic contact between the films and
avoid possible NbN layer oxidization or contamination.
The NbN film was deposited onto an epi-polished surface
of a 350-μm thick C-cut sapphire substrate by reactive
DC-magnetron sputtering of a Nb target in an Ar-N2 gas
mixture (the partial pressure was 5 × 10−3 mbar and
2 × 10−4 mbar for Ar and N2, respectively). The substrate
was heated to 800°C and a 4-nm thick NbN film was
formed. After the substrate cooled down to 300°C, a
20-nm thick Au layer was formed by DC-magnetron sput-
tering, also in an Ar atmosphere. Subsequently, the sen-
sitive element was shaped to a 7 × 7 μm2 rectangular
bridge of the NbN film or to a structure of alternating
NbN and NbN–Au stripes by removing the Au selectively
(as shown in Fig. 1). These structures were made using
ZEP-520A7 resist with e-beam lithography, ion milling,
and wet etching (which prevents NbN film damage by
the accelerated ions of Ar) of the gold layer. A specially
developed mixture of chemicals that does not affect the
NbN film properties was used for the gold etching. The
width of the bridge was formed with a SiO passivation
layer shaped by e-beam lithography and lifted-off of
the structure. The Ti–Au–Ti contact pads, which were
photolithographically formed on top of the Au small con-
tact pads, served two purposes. Namely, these contact
pads acted as a DC-bias branch of the mixer and as its
IF readout. The first titanium layer provides a better ad-
hesion between the layers and the second one acts as a
protection mask during the ion milling process.

Figure 2 shows the schematic of the experimental
setup that was used to test the bandwidth and sensitivity
of the mixers. The HEB mixer was precisely aligned with
the fiber core under an optical microscope (Fig. 2, inset)
and installed onto a cold plate of either a wet cryostat or
closed-cycle cryocooler [we used a Gifford–McMahon

Fig. 1. Schematic representation of the HEB devices. (a) Cross
section and (c) top view of the regular NbN bridge, (b) cross
section and (d) top view of the HEB device with golden stripes
atop.
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cryocooler from Janis, Inc. (www.janis.com)] along with
a cold bias-tee and cryogenic low noise amplifier (LNA).
First, we determined the IF bandwidth of the mixers. The
gain bandwidth was measured by means of a standard
frequency beating method with two CW sources [we used
a couple of narrow-line fiber-coupled distributed feed-
back (DFB) lasers (www.furukawa.co.uk) irradiating
at 1.55 μm]. The mixer was pumped to its operating point
by applying power from the LO, which was one of the CW
sources. The second CW source had its power-level
strongly attenuated to mimic a signal. Both signals were
coupled together with a fiber-optic beam splitter and
then directed to the HEB device. To measure the HEB
mixer IF bandwidth, we tuned the LO frequency by a
slight change of the operating temperature of the DFB
laser. The crucial requirement for this method is the LO
power constancy, which was monitored both by the de-
vice current (which strongly depends on the LO power)
and also directly by an optical power meter. The IF band-
width of the HEB mixer is the result of the electron–
phonon interaction time, which is determined by the
material, and combined with diffusive processes due to
the geometry. In addition, the phonon escape time from
the film to substrate plays a role, which depends on the
acoustical coupling of the NbN phonons to the substrate
phonon bath. Given these processes, one should not
expect that the IF bandwidth at IR frequencies will be
different from the one at subterahertz frequencies. To
confirm this statement, we measured the IF bandwidth
of the same device at an LO frequency of 300 GHz. Both
results are shown in Fig. 3(a). The good agreement
proves our intuitive expectation and indicates that at
both frequency regimes the same hot-electron processes
are responsible for the mixing.
To further characterize the mixer performance, both

the receiver dynamic range and its sensitivity were
measured. Using a weak signal from the signal laser,
we observed the IF output power PIF

out as a function of
the incident signal power Psign

in . As shown in Fig. 3(b),
the HEB mixer response was fully linear over a 50 dB
range of power. The system sensitivity was determined
with the well known Y -factor measurement. As a test sig-
nal source, we again used the attenuated signal of one of
the lasers. First, we measured the signal laser power and
then the IF output power from the mixer. After changing

the signal laser power by a slight change of the attenu-
ation, the signal laser power and the IF output power
were measured again. By setting the power of the signal
laser low enough to not disturb the mixer operating point
set by the LO, we eliminated the direct detection re-
sponse [39], which often affects HEB mixer performance
measurements. In the future, a more detailed analysis
may be needed, similar to the one used in [40]. Assuming
that the receiver output power is Pout � Gsys ·
�Pin � Psys�, where Gsys is the system gain, Pin the input
radiation power, and Psys the noise power added by the
system, the receiver noise spectral density can be ex-
pressed as Ssys � �Pin

1 − Y · Pin
2 �∕��Y − 1� · B�, where

Y � Pout
1 ∕Pout

2 , Pout
1 , and Pout

2 are the receiver power out-
puts produced in response to the input signals with
powers of Pin

1 and Pin
2 irradiated by the signal laser. From

the measurements, we estimated the system noise figure
to be about 25 dB (where the noise figure is NF �
10 · lg�1� Ssys∕�kB · T0�� and T0 � 290 K), and notably,
it exceeded the quantum limit by only 10 dB, which is
encouraging in line with the results obtained around
5 THz. To verify these results, the output noise density
of the receiving system (i.e., with no test signal coming
from the signal laser) was measured directly and normal-
ized to the system gain. The same noise figure of the sys-
tem was obtained. An analysis of the radiation absorption
showed that the excess noise was most likely due to
suboptimal coupling of the incident light to the NbN
nanobolometer. Hence, by further improving the optical
coupling of the noise figure of the receiver, we should be
able to approach the quantum limit further.

In conclusion, we have developed a highly sensitive
near-IR broadband fiber-optic coupled heterodyne
receiver using a superconducting HEB that is suitable
for numerous applications where a weak signal needs
to be detected with a high spectral resolution. It has been
shown that NbN HEBmixer can be operated successfully
at IR wavelengths, where the incident photon energy is
∼100 times larger than at the conventional terahertz fre-
quency range. In addition, a novel “zebra” structure was
implemented to enhance the incident radiation-to-NbN
film coupling. The measured receiver noise figure was
about 25 dB and only 10 dB higher than the limit set

Fig. 2. Principle schematic of the experimental setup. A bias-
tee allows both to apply dc-biasing to the device and read the IF
power, which is further amplified by both a cryogenic low noise
amplifier (LNA) and a room temperature amplifier. An RF spec-
trum analyzer was used for the IF signal analysis. Inset shows
coupling between the fiber waveguide and the HEB device.

Fig. 3. (a) Intermediate frequency bandwidth of the HEB
mixer measured at the LO wavelength of 1.55 μm and compared
to the IF bandwidth measurement performed at a conventional
for the THz detection LO frequency of 300 GHz. To perform the
latter measurement, two backward wave oscillators (BWO)
were used. (b) Receiver dynamic range measured with the
test signal power varied and was found to be more than
50 dB.
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by the quantum noise. Further improvement in light cou-
pling to the NbN nanobolometer should be achievable by
making use of a resonator structure or implementing an
advanced optical antenna. A relatively wide IF band-
width of about 2.5 GHz was observed, which was found
to be identical to the one at 300 GHz thereby proving that
hot-electron effects are determining the mixing process.
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cation and Science of the Russian Federation,
grant no. 11.G34.31.0074, and by the contract
no. 14.B25.31.0007.
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to this work.
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