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We report the first demonstration of an all solid-state heterodyne receiver that can be used for
high-resolution spectroscopy above 2 THz suitable for space-based observatories. The receiver uses
a NbN superconducting hot-electron bolometer as mixer and a quantum cascade laser operating at
2.8 THz as local oscillator. We measure a double sideband receiver noise temperature of 1400 K at
2.8 THz and 4.2 K, and find that the free-running QCL has sufficient power stability for a practical
receiver, demonstrating an unprecedented combination of sensitivity and stability. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1949724g

Present day heterodyne receivers use a combination of
an electronically tunable solid-state local oscillatorsLOd
source based on multiplier chains,1 with either a
superconductor-insulator-superconductor2 mixer or a hot-
electron bolometersHEBd mixer.3,4 The heterodyne instru-
ment for the far infrared on the Herschel Space Observatory,5

to be launched in 2007, is the first instrument to perform
very high-resolution spectroscopy using such receivers from
480 GHz to 1.9 THz in space. Future space missions require
improved angular resolution, improved sensitivity, and, most
important, an increase in frequency from 2 to 6 THz.6 The
development of new receivers operating at such high fre-
quencies is limited by the availability of suitable LO sources.
The existing solid state LOs are unlikely to generate suffi-
cient output power at such high frequencies since the power
falls off rapidly with increasing frequency due to reduced
multiplication efficiency.1 Optically pumped gas lasers can
operate at higher frequencies but are in general massive,
bulky, and power hungry. Very recently, a new type of solid-
state THz source was developed based on quantum cascade
lasersQCLd structures.7 This new source holds great promise
for LO applications because of its compactness and high
power efficiency. Here we report the first demonstration of a
fully operational heterodyne receiver at 2.8 THz based on
such a THz QCL as LO source and a hot-electron bolometer
as mixing element.

The concept of a QCL was first demonstrated in the mid-
infraredsl>4 mm;75 THzd by Faistet al.8 Photons are cre-

ated via electronic intersubband transitions in semiconductor
heterostructures that take place entirely within the conduc-
tion band. Furthermore, in a QCL the heterostructure active
region consists of a stack of repeated identical quantum well
modulesstypically 20–200d, which enables a single electron
to cascade down and emit a photon in each module. Due to
this cascading effect, QCLs have large quantum efficiency
and high output power. The QCL frequency range is deter-
mined by the energy spacing of the subbands, which is set by
the design and growth of the quantum-well structure. The
precise operating frequency is determined by the waveguide
cavity of the laser. While the development of a THz QCL has
proven to be more challenging than for mid-infrared QCLs
because of the difficulty of achieving population inversion
for small subband separations and of obtaining a low-loss
cavity for long wavelengths, a first THz QCL was demon-
strated at 4.4 THz by Köhleret al.7 To be suitable as an LO,
a QCL has to meet a number of essential requirements, such
as single line lasing with a high spectral purity, cw operation,
adequate output power, and good stability.

We use a QCL device described in Ref. 9, which is based
on resonant phonon scattering to selectively depopulate
the lower radiation level, while maintaining a long upper-
level lifetime. The active region contains 176
GaAs/Al0.15Ga0.85As quantum-well modules, with a total
thickness of 10mm. The cavity of the QCL is a double-sided
metal-metal waveguide fabricated via Cu–Cu thermocom-
pression wafer bonding, which provides low-loss mode con-
finement at THz frequencies. Similar QCLs have allowed
lasing at lower frequencies down to 2.1 THzssee Ref. 10d
and in cw mode up to 93 K,11 and tuning the frequency by
12 GHz by varying temperature.12 The 25mm wide ridge
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waveguide was cleaved at both ends to form a 670mm long
Fabry-Perot cavitysshown schematically in the inset of Fig.
1d. The QCL is indium soldered to a copper mount and is
attached to the cold plate of a helium vacuum Dewar. The
main figure shows a typical spectrum of the QCL lasing at
2.814 THz swavelengthl0=106.6mmd, measured using a
Fourier-transform spectrometersFTSd. It is biased with a dc
current of 84 mA and dissipates a power of about 1 W.
When operated in cw and free-running mode, a single lasing
line is observed, with a linewidth of about 1 GHz, which is
limited by the resolution of the FTS. The actual linewidth is
likely to be much smaller, for example, 30ssee Ref. 13d and
65 kHz sobtained over an arbitrarily long period of time us-
ing frequency/phase lockingd.14 The maximum output power
is 1 mW, measured using a Winston cone in front of the
QCL to collect all the radiated power. In a practical hetero-
dyne experiment, the available power will be limited by the
divergence of the beam, the window size, and the distance
between the QCL and the first focusing element of the optics.

In recent years, phonon-cooled HEB mixers15,16 have
matured as the only sensitive mixer for the frequency range
from 1.5 to 6 THz. It uses the response to radiation of the
temperature-dependent resistance of a small NbN supercon-
ducting bridge.3 The electronsshot electronsd in the super-
conducting bridge are heated by the THz photonsspredomi-
nantly by the LO signald and the local electron temperature
reaches the critical temperature of the superconductor. The
mixing signal at intermediate frequencysIFd is the result of
the fact that the electron temperature can follow the beat-
frequency of the LO signal and the signal to be detected. The
sensitivity of receivers is characterized by their receiver
noise temperaturesTN,recd in Kelvin. The HEB receivers have
demonstrated superior sensitivity; for example, aTN,rec of
950 K at 2.5 THz.16

Figure 2 shows a schematic view of the experimental
setup with the QCL and the HEB mounted in two separate
dewars. A wideband spiral antenna coupled NbN HEB
mixer17 is used with a superconducting bridge of 4mm wide,
0.4 mm long, and about 4 nm thick. The normal state resis-
tanceRN of the device, measured above the critical tempera-
ture of 9 K, is 65V. Without radiation applied a critical
current Ic of 320 mA is observed at 4.2 K. The radiation is
coupled to the antenna using a standard quasi-optical tech-
nique: the Si chip with the HEB is glued to the back of an
elliptical, antireflection-coated Si lens. The lens is placed in a

metal mixer block, thermally anchored to the 4.2 K cold
plate. When used with a gas laser at 2.5 THz aTN,rec is
obtained of 1200 K,18 using a setup identical to that in the
experiment with the QCL.

The divergent beam from the QCL passes through a
high-density polyethylenesHDPEd Dewar window and is
collimated with a parabolic mirror. The radiation is further
guided to the HEB Dewar through a flat mirror and a 6mm
thick Mylar™ beam splitter. A blackbody sourcesof
Eccosorb®d is used as the signal, which defines a hot load at
295 K and a cold load at 77 K. The signal is combined with
the QCL beam through the beam splitter. Both signals pass
through the thin HDPE window and a metal mesh heat filter
at 77 K of the HEB Dewar. The total known loss is −16.2 dB
for the QCL sto the HEBd optical path and −4.0 dB for the
hot/cold load path. The IF signal, resulting from the mixing
of the LO and the hot/cold load signal, is amplified using a
low noise amplifier operated at 4.2 K, and is further fed to a
room-temperature amplifier and filtered at 1.4 GHz in a band
of 80 MHz. The entire IF chain has a gain of 80 dB and a
noise temperature of 4 K.

The key result of this work is demonstrated in Fig. 3. A
set of current versus voltagesI-Vd curves of the HEB is
shown for various levelss270, 300, and 330 nWd of the ef-
fective power of radiation absorbed at the HEB, together
with the receiver noise temperature,TN,rec, as a function of
voltage. sThe inset shows a top view of the HEB with its

FIG. 1. sColor onlined Emission spectrum of the quantum cascade laser
biased with a dc current I of 84 mA and operated at a temperature T around
7 K. The inset shows a schematic view of the QCL and the dimensions of
the laser cavity.

FIG. 2. sColor onlined Schematic view of the heterodyne measurement
setup.

FIG. 3. sColor onlined Current-voltage characteristicssfull lines, left axisd of
a NbN hot electron bolometersHEBd mixer without and with radiation from
the QCL at 2.814 THz. The dashed line indicates an unstable bias region.
The measured receiver noise temperatureTN,rec ssymbols, right axisd versus
the bias voltage for different LO power levels at the HEB. The inset shows
a top view of the HEB with its spiral antenna.

244104-2 Gao et al. Appl. Phys. Lett. 86, 244104 ~2005!

Downloaded 13 Aug 2010 to 131.180.130.114. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



spiral antenna.d The power level, which is estimated at the
HEB by the isothermal technique,19 is varied by changing the
dc bias current of the QCL. The noise temperatureTN,rec is
determined from the ratio of the IF output noise power for a
hot and a cold load.18 Each set ofTN,rec-V data shows a
minimum region, indicating the optimum bias point. Best
results are obtained for 300 nW LO power and 0.7 mV dc
bias withTN,rec being as low as 1400 K, comparable to what
was obtained with the gas laser at the lower frequency of
2.5 THz. The maximum power from the QCL coupled to the
HEB, taking all losses into account, is estimated to be
14 mW. This is only 1.4% of the total output power available
from the QCL, which is due to the poor optical coupling of
the divergent beam.

We have performed two separate experiments to deter-
mine the stability of the HEB-QCL receiver, in which the
HEB is operated at the point where it gives the lowest noise
temperature. First, we measured the Allan variances2

Astd of
the normalized IF output power, given20 by s2

Astd; 1
2sstd2,

wheres2 is the average squared standard deviation of each
number from its mean andt is the sampling period. The
noise of any receiver is a combination of three terms: white
suncorrelatedd noise, 1/f electronic noise, and low-frequency
drift. Since, to first order, only white noise can be integrated
out, there is an optimum integration time, known as the “Al-
lan” time TA, beyond which the signal/noise ratio no longer
improves.21 A measurement ofs2

Astd is a powerful tool to
distinguish the various noise terms in a real receiver and to
evaluate its optimal integration time. The measureds2

Astd
for the HEB-QCL receiver is plotted as a function of the
sampling period in Fig. 4. As a comparison, we also plot
s2

Astd obtained using a similar HEB mixer pumped by a
phase-locked solid-state LO at 1.5 THz.1 Both measurements
indicate an identicalTA of about 0.5 s within the 80 MHz
bandwidth of the IF chain. In the same figure we also include
the measureds2

Astd when the HEB is biased at 10 mV,
which shows the expected white noise behavior. This sug-
gests that the observed Allan time is limited by the HEB
mixer itself and not by any other sources, such as mixer bias,
amplifier fluctuations, etc. Secondly, we have measured the
output power of the QCL as a function of time using the
HEB as a direct detector. As shown in the inset of Fig. 4, the

averaged current of the HEB varies only 0.2% in a period of
1000 s, indicating that the output power of a QCL is suffi-
ciently stable over a long time scale.

In conclusion, we have demonstrated that a heterodyne
receiver based on a QCL and an HEB can be operated with
an excellent receiver noise temperature of 1400 K at
2.8 THz, uncorrected for losses in the optics. The free-
running QCL has sufficient power stability for a practical
receiver and the output power is more than adequate for use
with HEBs. We envision the QCLs, the HEBs, and other
components to be integrated together into a mechanical cryo-
cooler at 4 K, leading to a compact, easy to use, rugged, and
space qualifiable all-solid-state receiver system.
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