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Abstract: We demonstrate for the first time the integration of a
superconducting hot electron bolometer (HEB) mixer and a quantum
cascade laser (QCL) on the same 4-K stage of a single cryostat, which is of
particular interest for terahertz (THz) HEB/QCL integrated heterodyne
receivers for practical applications. Two key issues are addressed. Firstly, a
low power consumption QCL is adopted for preventing its heat dissipation
from destroying the HEB’s superconductivity. Secondly, a simple spherical
lens located on the same 4-K stage is introduced to optimize the coupling
between the HEB and the QCL, which has relatively limited output power
owing to low input direct current (DC) power. Note that simulation
techniques are used to design the HEB/QCL integrated heterodyne receiver
to avoid the need for mechanical tuning. The integrated HEB/QCL receiver
shows an uncorrected noise temperature of 1500 K at 2.7 THz, which is
better than the performance of the same receiver with all the components
not integrated.
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1. Introduction

The very rich molecular rotational lines and atomic fine structure lines in the THz frequency
regime are key diagnostic probes of the interstellar medium in astronomy and planetary
atmospheres in atmospheric science. Observations of these spectral lines with high frequency
resolution are therefore of particular interest. Such applications require a THz heterodyne
receiver, which is typically composed of a sensitive mixer, a local oscillator (LO), and a low-
noise amplifier. At frequencies between 1~10 THz, superconducting hot electron bolometer
(HEB) mixers [1] are the most sensitive mixers, reaching nearly five times the quantum noise
[2, 3]. On the other hand, THz sources that can be used as LOs for practical receivers beyond
2 THz are still under development. Recently, THz quantum cascade lasers (QCLs) have
emerged as a good candidate [4]. Most of them, however, have large heat dissipation (namely
large power consumption), besides a fairly limited frequency tuning range. To use a QCL as
the LO of a heterodyne receiver, it is in general necessary to either rely on a separate cryostat
to cool the QCL at 4.2 K [5-8], or place the QCL on the higher-temperature stage (e.g. 40-K
stage) of a 4-K pulse tube cooled cryostat [9]. The integrated heterodyne receiver system in
the former case becomes fairly complicated, while in the latter one it requires a QCL of good
performance operating at relatively high temperatures. Furthermore, some additional optical
components are necessary outside the 4-K cryostat for the coupling of LO radiation. Here we
report on a compact and yet sensitive heterodyne receiver that integrates a log-spiral antenna
coupled niobium nitride (NbN) superconducting HEB mixer and a low power consumption
(~1.1 W) surface-emitting QCL at 2.7 THz on the same 4-K stage of a liquid helium cryostat.
A demonstration is also given with a pulse tube cooled cryostat.

2. Integrated receiver

Figure 1 shows the schematic of the 2.7 THz HEB/QCL integrated heterodyne receiver and its
view inside the 4-K cryostat. The NbN superconducting HEB mixer (also including an
elliptical silicon lens), the surface-emitting QCL, a spherical lens adopted to collimate the
QCL’s radiation beam, and a beam splitter for coupling the QCL signal are mechanically
aligned to a mount anchored onto the 4-K stage of the cryostat. Obviously such an HEB/QCL
integrated receiver is very compact. Furthermore, as the beam splitter is situated at the 4-K
stage, its thermal noise contribution can be reduced to some extent and the instability caused
by the air turbulence and the microphonic vibration in the beam splitter can be avoided.
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Fig. 1. Schematic view of the 2.7 THz HEB/QCL integrated heterodyne receiver. The inset
shows a photo inside the 4-K cryostat.

3. Quantum cascade laser

For such a fully integrated THz superconducting receiver, a concern is that the QCL’s heat
dissipation may destroy the HEB’s superconductivity. A QCL of low power consumption is
therefore mandatory. The 2.7 THz surface-emitting QCL used in this work is based on a
bound-to-continuum active region design [10], and consists of 90 repetitions of GaAs/AlGaAs
active region modules with a total thickness of 12 um. The bound-to-continuum active region
design exhibits a reduced parasitic current and a low applied bias, and therefore its power
consumption is limited. The measured dissipation power of the 2.7 THz surface-emitting QCL
is about 1.1 W when the device is operated in continuous wave (CW) mode for an injection
current of 268 mA. We found that such power consumption leads to a temperature increase of
~0.02 K on the 4 K stage of a liquid helium cryostat, or increases the temperature from 3.2 K
to 4.5 K in a pulse tube cooled cryostat with a cooling capacity of 0.9 W at 4.2 K. Our
previous study has demonstrated that the performance of NbN superconducting HEB mixers
is nearly unchanged at bath temperatures below 0.8Tc, where Tc is the critical temperature of
the HEB microbridge [11]. Hence integrating such a QCL on the same 4-K stage as the NbN
superconducting HEB mixer will not result in considerable degradation of the mixer
performance.

The adopted 2.7 THz surface-emitting QCL exploits a graded photonic heterostructure
(GPH) structure [12] as the resonator, as shown in the inset of Fig. 2. The GPH resonator is
realized by varying the lateral metal coverage, i.e., the grating filling factor defined as the
ratio of the metallic finger width to the period width. The GPH resonator used in this work
consists of 33 periods, and the grating period is 33.5 pm. In turn, the grating filling-factor
decreases symmetrically and linearly from the center (95.5%) to each end (66.9%) of the
ridge. The GPH resonator reverses the traditional mode competition in distributed surface-
emitting QCLs, and selectively excites the symmetric mode with high radiation efficiency. As
a result, single mode surface emission with high power efficiency can be realized. Figure 2
shows its frequency spectrum measured by a Fourier transform spectrometer with a resolution
of ~2.5 GHz. As a matter of fact, single mode or monochromatic emission (within the
resolution limit of the FTS) is realized in the whole laser dynamic range [12, 13]. The
maximum output power of the 2.7 THz surface emitting QCL has been measured with a
Thomas Keating absolute THz power meter in quasi CW mode (50% duty cycle at a repetition
rate of 40 Hz). A value of 1.6 mW was obtained, which is relatively low owing to low input
DC power, but still sufficiently high for pumping a superconducting HEB mixer with a LO
power requirement of only a few tens or hundreds nW.
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Fig. 2. Measured spectrum of the surface-emitting QCL biased at 268 mA. The inset shows a
schematic diagram (Upper) and a SEM image (Lower) of the 2.7 THz surface-emitting QCL
with a GPH resonator, in which the widths Wi of the opening slits on the top electrode of the
QCL increase from the center to the end.

4. Beam profiles

A challenge in making such a fully integrated THz superconducting receiver is that it will not
be possible to adjust the optical coupling between the QCL and the HEB at low temperatures.
It is therefore necessary to precisely align the optical components in advance. The beam
profile of a surface-emitting QCL with a GPH resonator is known to be still divergent,
although it is much improved compared with that of typical Fabry-Perot QCLs with metal-
metal waveguides [12—14]. In order to collimate precisely the emission beam from the QCL,
we firstly simulated the beam profile of the 2.7 THz surface-emitting QCL using an antenna
model [15], which treats all the opening slits on the top electrode of the QCL as an array of
dipole antennas and assumes a Gaussian distribution of electric field amplitude along the QCL
ridge direction. As shown in the Fig. 3(b), the simulated far-field beam of the 2.7 THz
surface-emitting QCL has a divergence of 10 x 40 degrees, in good agreement with the
experimental measurement [13]. It is indeed difficult to match the beam of the integrated NbN
superconducting HEB mixer with an elliptical lens of a 10-mm diameter. In terms of the
simulation results, we collimated the QCL's beam by introducing a simple high density
polyethylene (HDPE) spherical lens of a radius of curvature of 15 mm and a diameter of 20
mm. The lens is positioned 37 mm away from the QCL. Figure 3(c) shows the collimated
beam of the 2.7 THz surface-emitting QCL, calculated at the position of the NbN
superconducting HEB mixer (60 mm away from the HDPE spherical lens) by the physical
optics method. The collimated far-field beam of the 2.7 THz surface-emitting QCL has now a
much smaller divergence angle of only ~2 x 3 degrees. The power coupling efficiency
between the HEB and the QCL reaches approximately 8%, more than ten times better than the
non-collimated case. It should be pointed out that the power coupling efficiency could be
further increased by using a lens of larger size or with a specially designed surface profile.
The power coupling efficiency could also be improved by using a linear to circular
polarization converter as a log-spiral antenna coupled superconducting HEB mixer accepts
elliptically polarized radiation while the 2.7 THz surface-emitting QCL is linearly polarized.
To validate the simulation result, we measured the beam profile of the 2.7 THz QCL
combined with the HDPE spherical lens by scanning a pyroelectric detector with an aperture
of 0.8 mm in diameter at the position of the NbN superconducting HEB mixer. Figure 3(d)
displays the measured beam profile, which appears in good agreement with the simulated one.
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Fig. 3. Far-field beam profiles of the surface-emitting QCL. (a) Schematic diagram defining
the scanning angles used in beam profile measurements and calculations. (b) Calculated far-
field beam profile of the surface-emitting QCL itself. Note: the side lobes in the regions where
Oy is beyond + 40 degree were not experimentally observed. The deviation may be caused by
the simplified approximation used in our simulation. (c) Calculated beam profile of the 2.7
THz surface-emitting QCL after a HDPE spherical lens at the position of the superconducting
HEB mixer. (d) Measured beam profile of the 2.7 THz surface-emitting QCL after the HDPE
spherical lens.
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5. Noise temperature measurement

With the collimated QCL beam, we found that the NbN superconducting HEB mixer could be
efficiently pumped at 2.7 THz. The NbN superconducting HEB mixer, fabricated by an in situ
process [3], has a 1.5-um wide, 0.15-pum long and 5.5-nm thick microbridge. The HEB mixer
has a room temperature resistance of 113 Q and a critical temperature Tc of 7.5 K. Note that
the NbN superconducting HEB mixer has a log-spiral antenna (see the inset of Fig. 4)
originally designed for the 0.1-1.4 THz frequency band, but can also operate at 2.7 THz
according to a simulation by Microwave Studio CST. The calculated power coupling between
the log-spiral antenna and the microbridge is about 0.94 at 2.7 THz.
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Fig. 4. Current-voltage curves of an NbN superconducting HEB mixer with and without
radiation from the 2.7 THz surface emitting QCL. The inset shows the SEM micrograph of a
log-spiral antenna coupled superconducting HEB mixer.

Figure 4 shows the current-voltage (I-V) curves of the NbN superconducting HEB mixer
(with a critical current of 60 pA at 4.2 K) pumped at different LO powers by changing the DC
bias applied to the 2.7 THz QCL. At the optimal LO power, the 2.7 THz QCL was biased at 4
V and 268 mA. For this case, the cryostat (with 2.6 L of liquid helium capacity) is capable of
providing nearly two hours of holding time. It should be pointed out that there is no such time
limit if a closed-cycle cryostat is used for cooling the QCL and the HEB.
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Figure 5 shows the measured intermediate frequency (IF) output powers responding to the
hot (295 K) and cold (77 K) load, respectively, under the optimum LO pumping. The
uncorrected receiver noise temperature calculated by the standard Y factor method is also
plotted in Fig. 5. Note that the direct-detection effect [16] was compensated by adjusting the
LO power to keep the same DC bias for the superconducting HEB mixer irradiated by the hot
and cold load. It can be clearly seen in Fig. 5 that the lowest receiver noise temperature with
no corrections for optical losses is about 1500 K at a DC bias voltage of 0.5 mV. This noise
temperature is mainly determined by our NbN superconducting HEB mixer as the measured
one with all the components not integrated showed a higher noise temperature (~2000 K). For
this integrated THz superconducting receiver, there are still some optical losses in the radio
frequency (RF) signal path, with 0.5 dB due to the cryostat vacuum window (0.8-mm thick
HDPE), 0.7 dB due to the IR filter (Zitex G104), 1.0 dB due to the beam splitter (6-pm thick
Mylar) and 1.5 dB due to the silicon lens without anti-reflection coating. After correcting
these optical losses, we found that the receiver noise temperature can be as low as 600 K. This
result is comparable with the best results [2, 3].
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Fig. 5. Measured receiver output powers (responding to the hot and cold load) and the resulting
receiver noise temperature as a function of the DC bias voltage at the optimal LO power.

The 2.7 THz HEB/QCL integrated receiver was also tested in a pulse tube cooled cryostat
with a cooling power of 0.9 W at 4.2 K. As introduced before, the temperature on the 4-K
stage of the closed-cycle cryostat increases from 3.2 K to 4.5 K when the QCL is in operation.
The measured receiver noise temperature is about 1500 K, similar to that measured in the
liquid helium cryostat.

6. Conclusion

In conclusion, we have demonstrated for the first time the integration of a superconducting
HEB mixer and a QCL local oscillator on the same 4-K stage of a single cryostat. It has been
found that the heat dissipation of the 2.7 THz low power consumption QCL leads to a small
temperature increase on the 4-K stage and does not degrade the performance of the nearby
superconducting HEB mixer in a liquid-helium or a closed-cycle cryostat. In addition, the
NbN superconducting HEB mixer can be easily pumped by such QCL with its beam simply
collimated by a HDPE spherical lens. The measured noise temperature of the 2.7 THz
HEB/QCL integrated receiver, even with an un-optimized HEB device, is about 1500 K and
can be reduced to 600 K after correcting the noise contributions of the quasi optical
components. Fully integrated THz HEB/QCL receivers of the type that we propose here
should be attractive for practical applications, especially for balloon- and space-borne
applications.
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