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Abstract—Traditionally, hot-electron-bolometer (HEB) mixers
are employed for THz and “super-THz” heterodyne detection. To
explore the near-IR spectral range, we propose a fiber-coupled
NbN film based HEB mixer. To enhance the incident-light absorption, a quasi-antenna consisting of a set of parallel stripes of gold
is used. To study the antenna effect on the mixer performance, we
have experimentally studied a set of devices with different size of
the Au stripe and spacing between the neighboring stripes. With
use of the well-known isotherm technique we have estimated the
absorption efficiency of the mixer, and the maximum efficiency
has been observed for devices with the smallest pitch of the
alternating NbN and NbN-Au stripes. Also, a proper alignment

of the incident E-field
with respect to the stripes allows us to
improve the coupling further. Studying IV-characteristics of the

mixer under differently-aligned E-field
of the incident radiation,
we have noticed a difference in their shape. This observation
suggests that a difference exists in the way the two waves with

orthogonal polarizations parallel and perpendicular E-field
to the
stripes heat the electrons in the HEB mixer. The latter results in
a variation in the electron temperature distribution over the HEB
device irradiated by the two waves.
Index Terms—Hot-electron-bolometer mixer, optical antenna,
optical heterodyne detection, polarization-sensitive detection.

I. I NTRODUCTION

F

OR over a decade, superconducting NbN hot-electronbolometer (HEB) mixers have shown excellent per-
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formance at frequencies above the gap-frequency of the
superconductor [1]–[4]. Since the conversion efficiency of the
HEB mixer does not degrade with increasing frequency until
the plasma frequency of the metal is achieved, it is quite
promising to explore the performance of these mixers at even
higher frequencies than reported so far. Development of the
HEB mixer for the near-IR frequency range is potentially
beneficial for astrophysical observations, where power detection with high sensitivity and resolution will allow precise
profile measurement of spectral lines and quantum applications,
such as quantum optical tomography [5], [6], optical coherent
tomography [7], or distributed fiber-optic sensing [8]. On the
other hand, pumping the HEB mixer with IR radiation presents
an interesting scientific subject in itself, because it is the first
attempt to evaluate the HEB mixer performance and response
to radiation at a frequency of ∼200 THz. We reported recently
the development and initial characterization of a heterodyne
receiver with a fiber-coupled HEB mixer with a DistributedFeedback (DFB) laser acting as a Local Oscillator (LO) at a
wavelength of 1.55 micrometers [9]. In general, such a mixer
could be made of a NbN film of the same area as the fiber core
counting on the direct absorption of the incident light in the
film. This approach possesses two drawbacks. First, a significant LO power is needed to pump the mixer to its optimal bias
point and, second, the mixer conversion efficiency is limited by
the absorption efficiency of the NbN film. To overcome these issues, we have introduced an optical quasi-antenna which helps
us both to reduce the LO power required and to improve light
coupling to the mixer. This quasi-antenna consists of a set of
equally spaced gold stripes on top of the NbN film. The antenna
efficiency is strongly determined by the geometry of the stripes.
In this paper we present an experimental study of the
incident-light coupling and the dependence of the power absorption on the size of the Au stripe and spacing between the
stripes, as well as on the alignment of the incident radiation

E-field
with respect to the stripes.
II. D EVICE L AYOUT AND C HARACTERIZATION
A. HEB Mixer Integrated With Optical Quasi-Antenna
The mixers are made of a 3.5 nm −20 nm thick NbN −Au
bilayer-film deposited on a sapphire substrate in an in situ
process. Technological details are given in [9]. Parameters of
the devices are given in Table I. The use of fiber optics allowed
us to align the LO and test signals easily with a fiber beamsplitter and to couple radiation directly to the NbN bridge
measuring 7 µm × 7 µm. To enhance radiation absorption by
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TABLE I
PARAMETERS OF THE D EVICES

Fig. 1. A schematic view and SEM photographs of the devices. (a) Two
examples of the gold stripe patterns are shown. The circle represents the device
area aligned with the fiber core. (b) SEM photos of the three types of the
devices. For type 1, the square NbN bridge and partly small contact pads are
shown, for types 2 and 3, the pattern of stripes of gold and partly small contact
pads are shown.

Fig. 2. A schematic of the experimental setup for measuring current-voltage
dependence. A mechanical fiber-optics attenuator is used to vary the LO power

and a mechanical polarization controller is used to align the E-field.
For biasing
the mixer we used a voltage source.

the NbN film, a resonating or quasi-optical antenna structure is
needed. Examples of optical antennas are given in [10]–[14].
Structures employing a surface plasmon resonance have been
proposed as well [15]–[17]. An RF or THz antenna may be
designed as scaled versions of their low-frequency prototypes,
but this is not a valid solution for the optical range. To design
an optical antenna, an effective wavelength λeﬀ must be used
to determine the geometry of the antenna, and as has been
shown by Novotny [18] it should be in the range λ/6 ≤ λeﬀ ≤
λ/2. Considering a single Au stripe as an antenna element we
estimated a required size of about 60–220 nm [9]. We used a
20-nm-thick gold layer to form a set of alternating NbN and
NbN–Au stripes by selectively removing the gold. A schematic
view and SEM photographs of the devices are shown in Fig. 1.

B. Absorption Efficiency of the HEB Mixers
Fig. 2 shows a schematic of the experimental set-up used to
study the HEB current-voltage characteristics and to measure
the dependence of the absorption efficiency on the stripe geometry and incident-light polarization. We used a single-mode linearly polarized (1:6) fiber-coupled Distributed-Feedback laser
operating at 1.55 µm. A Thorlabs polarization controller [19]

was used to set the E-vector
orientation of the laser signal. A
mechanical fiber-coupled attenuator was used to attenuate the
laser power. The HEB mixer was installed on top of the fiber
core, with an optical microscope to perform the alignment.

Fig. 3.

A schematic representation of the isotherm method.


Pumping the device with a fixed orientation of the field E,
we were able to estimate the absorption efficiency of the mixers
with the help of the isotherm method [20].
The method (Fig. 3) is based on the assumption that the
DC resistance of the device depends on the electron temperature which increases linearly with the dissipated power. Also,
heating the device by DC power and by incident power are
considered to be equivalent. The latter is only true for high
bias voltages where a large uniform hot spot is formed and the
device is in the (quasi-)normal state [21].
Hence, for a given resistance the electron temperature and
dissipated power are constant with no dependence on the origin
of the dissipated power (applied DC bias or incident radiation).
For this reason, for any two bias points such that U1 /I1 =
U2 /I2 and known incident power for the same bias points
P1inc and P2inc one can estimate both absorbed power by
the HEB mixer and absorption efficiency. From I1 U1 +
P1absorbed = I2 U2 + P2absorbed and with another assumption
that P1absorbed /P2absorbed = P1inc /P2inc we found P2absorbed =
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Fig. 4. Current-voltage characteristics of device #2 under differently polarized
incident power set by the polarization controller. Pol max (lines) and pol min
(dots) correspond to the polarization controller set to maximize and minimize
pumping power, respectively. Inset shows the unpumped IV-curve.

(U2 I2 −U1 I1 )/(P1inc /P2inc −1). And, hence, the absorption efficiency is simply ef f = P2absorbed/P2inc . Using this technique,
we estimated the absorption efficiency for both laser polarizations independently. Note that this calculation is only valid
if no change of the laser polarization is made during the
measurement and the accuracy of this method is determined by
the assumptions made. The obtained results are in line with the
HEB-mixer performance measurement [9]. Table I summarizes
results obtained for different devices. With an increasing number of Au stripes (i.e. decreasing the individual stripe length)
the absorption efficiency increases. The measured absorption
efficiency for devices #3 and #4 is significantly improved
compared to the mixer with a plain square NbN bridge.
C. Current-Voltage Characteristics of the HEB Mixer
Under 1.5 µm Drive
By varying the applied LO power with a fiber-optical attenuator families of voltage-current characteristics were recorded.
We notice a significant difference in the DC response of the
 by 90◦ . The DC response of
devices when turning the vector E
a given device to the near-IR applied radiation was found to be
different depending on the (1) type of the device investigated
and (2) polarization of the electrical field with respect to the
position of the Au stripes on top of the superconducting bridge.
Device with no Au stripes on top of the NbN bridge (device
#1) responds to incident radiation independently on the settings
of the polarization controller proving that the NbN bridge itself
has no polarization sensitivity at all. IV-curves in this case are
similar to those of a typical HEB obtained by applying radiation
at frequencies higher than the energy gap of the superconducting material [22]. Gold stripes placed atop the NbN bridge
cause the device to exhibit a number of critical currents which
corresponds to the number of stripes in the pattern.
−
→
−
→
Applying Differently Polarized Radiation E and E⊥ to
a device with somewhat long NbN (0.4 µm) and NbN-Au
(2.9 µm) stripes [device #2, Fig. 4] one can see that (1) the
absorption efficiency strongly depends on the light polarization

of the laser and (2) the alignment of the E-field
also causes
the shape of IV -curve to change in such a way that I(V, P⊥inc )
is not a scaled version of I(V, Pinc ) anymore and cannot be
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Fig. 5. Current-voltage characteristics of device #4 under differently polarized
incident power set by the polarization controller. Pol max (lines) and pol min
(dots) correspond to the polarization controller set to maximize and minimize
pumping power, respectively. Inset shows the unpumped IV-curve.

achieved by adjusting the LO power only. This observation
suggests that a difference exists in the way the two different

waves (with parallel and perpendicular E-field
to the stripes)
heat the electrons in the HEB mixer.
−
→
−
→
Applying differently polarized radiation E and E⊥ to a device with somewhat short NbN (0.06 or 0.08 µm) and NbN-Au
(0.18 or 0.10 µm) stripes (device #3 and device #4 (Fig. 5))
one can also see that absorption efficiency strongly depends
on the light polarization of the laser but the IV-curves show a
similar shape with a negligibly small difference and I(V, P⊥inc )
can be approached by adjusting incident power applied to
IV-curve I(V, Pinc ). This observation suggests that the HEB
mixer with a much shorter length of the stripes is heated more
or less uniformly independently of the way the incident power
is absorbed.
As is seen from Figs. 4 and 5, for devices with significantly
different parameters of the stripes (i.e., the Au stripe size
and spacing between the stripes) and the NbN film properties
(critical temperature and current of the devices) we can deduce
a phenomenological rule stating that a similar pumping level
−
→
can be obtained if a device is irradiated by E⊥ with incident
−
→
inc
inc
inc
power P⊥ or by E with power P = 2 · P⊥ . This factor of
2 is also clearly seen from the data of Table I.
The measured bias current under LO power is the result of
the DC bias voltage and the applied optical pumping. To reach
a proper understanding of the observed response one needs a
detailed analysis of the nonequilibrium state, the hot-electron
state, for a non-uniform system in which the proximity effect
plays a role. Such an investigation for a long superconducting
strip terminated by the two bulk normal metal equilibrium
reservoirs was carried out recently for a model system [23]
which can be applied to a standard HEB.
In the model system, a nonuniform state of superconducting
wire was observed with a maximum of the effective temperature
in the middle of the strip and a double-peaked profile of superconducting gap [23]. In this case, one should take into account
Andreev reflection which significantly complicates calculation
of IV-curves.
For our devices we can also expect a multi-peaked temperature profile because of the non-uniformity of the temperature
distribution over the bridge, caused by the difference in the
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alternating NbN and NbN-Au stripes response to the incident
power. The difference in the shape of the IVs set by applying
differently polarized LO power (Fig. 4) suggests that the change

in the E-vector
orientation causes a redistribution of the elec
tron temperature over the NbN bridge. For power with E-vector
oriented perpendicular to the stripes, the absorption should
mostly take place in the stripes with the higher impedance, i.e.,
in the NbN ones, leading to a temperature rise in the free-of
gold NbN stripes. For power with E-vector
oriented collinearly
with the stripes the absorption should mostly take place in the
stripes with the lower impedance at 200 THz, i.e., in the gold,
leading to a temperature rise in the NbN-Au bilayer. For perpendicular orientation of the field the absorption is expected to be
more efficient than for the collinear one. This is because the average sheet impedance [24] in the former case is determined by
the free-of-gold NbN film and for all the investigated devices is
of the order of the half-space impedance Z0 /2n (with n = 1.54
being the refractive index of the fiber and Z0 = 377 Ohm) and
corresponds to good coupling of the film to the incident radiation. At the same time, the average impedance in the latter case
is determined by the Au stripes and is of the order of only a few
Ohms leading to significant reflection of the incident radiation.
A smaller difference in shape of IVs of the devices with
shorter NbN and NbN-Au stripes (Fig. 4) indicates that a more
uniform temperature distribution exists in this case.
III. C ONCLUSION
In conclusion, we have integrated an HEB mixer with a
planar quasi-optical antenna, which has significantly improved
the coupling of the IR radiation to the detector. The mixers have
been tested at 1.5 µm with fiber-optics to guide and couple the
radiation. The measured absorption and efficiency of the HEB
mixer with a fiber-coupled DFB laser serving as the LO shows
the influence of the NbN—NbN-Au pattern on the coupling
improvement. The measured receiver performance [9] is in line
with the results obtained in the THz frequency range. However,
the polarization direction of the applied LO power causes a
different distribution of the electron temperature over the superconducting structure. As a result, the current-voltage characteristics differ not only in the different pumping levels achieved,
but also in their shape. A more detailed study may provide a
better understanding of the light absorption by the NbN—NbNAu patterned structures. This is important both for understanding the cooling mechanisms of the thin film and bilayer-based
superconducting structures and modeling and development of
plasmonic antennas which play an important role in the optics
and are being studied extensively for various applications.
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