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Abstract—We report the measured sensitivities of a 
superconducting NbN hot electron bolometer (HEB) heterodyne 
receiver at 5.25 THz. The terahertz (THz) radiation is quasi-
optically coupled to the HEB mixer with a lens and a spiral 
antenna. Using a measurement setup with black body 
calibration sources and a beam splitter in vacuum, and an 
antireflection coated Si lens, we obtained a double sideband 

(DSB) receiver noise temperature ( ) of 1150 K, which is 

4.5 times h/k (the quantum limit). In addition, the measured 
far field beam patterns of the integrated lens antenna from 2.5 
THz to 5.3 THz show collimated beams that make it reliable to 

measure using the vacuum setup. Our experimental 

results in combination with an antenna-to-bolometer coupling 
simulation suggest that the HEB mixer can work well at least up 
to 6 THz, suitable for next generation of high-resolution 
spectroscopic space telescopes and, in particular, for the 
detection of the neutral atomic oxygen (OI) line at 4.7 THz. 
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I. INTRODUCTION 

Superconducting hot-electron bolometer (HEB) mixers 
are so far the most sensitive heterodyne detectors at THz 
frequencies above 1.5 THz. The HEB mixers based on NbN 
or NbTiN superconducting films have been successfully used 
to detect spectral lines up to 2 THz from ground based [1-3] 
and space [4] telescopes. The performances, such as the low 

double sideband (DSB)  of 1300 K at 4.3 THz [5], an 

intermediate frequency (IF) gain bandwidth of 3 GHz and 
noise bandwidth of ~5 GHz [6], low local oscillator (LO) 
power of 50-500 nW [7], and a long Allan variance stability 
time [1], have been reported by different research groups. 
They become the choice of the detector in the upper THz 
frequency range (3-6 THz) for high resolution spectroscopic 
observations for astronomy. One example is the fine-
structure line of neutral atomic oxygen OI (3P1-

3P2) at 4.7448 
THz, which is a major coolant of dense interstellar medium 
and is a vital tool for probing the physical conditions of 
massive young stars [8]. The OI line has been recorded by a 
Schottky heterodyne receiver flying on the Kuiper Airbone 
Observatory [9]. However, the sensitivity of the receiver used 
is very poor and is 75000 K at 4.7 THz. The sensitivity of a 

receiver, i.e. , is a crucial parameter that defines the 

minimal detectable line amplitude and also the observation 
time.  
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The far field beam pattern of a quasi optical HEB mixer, 
governed by a lens/antenna combination and radiation 
frequency, is also an important performance parameter for a 
practical receiver. The beam pattern of a spiral antenna at 5 
THz is not known, which motivates us to investigate that. 
Besides, we also notice that the beam patterns are crucial for 

measuring T when hot/cold loads with a limited surface 

area are used, which is the case in our vacuum setup.  
The aim of this work is to demonstrate experimentally 

the ultimate sensitivity of an NbN HEB mixer at the high-end 
of THz frequency range. Here we use a similar HEB mixer 
and measurement setup as reported earlier at 4.3 THz [5]. 
However, we extend the LO frequency to 5.25 THz. We 

report  of 1150 K at 5.3 THz. In addition, the coupling 

efficiency between spiral antenna and bolometer is simulated. 
The far field beam patterns of the mixer were measured at 
several frequencies up to 5.3 THz. 
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II. HEB DEVICE AND MEASUREMENT SETUP 

The HEB mixer used consists of 2 m wide, 0.2 m long, 
and 5.5 nm thick NbN bridge on a highly resistive Si 
substrate. The NbN thin film was produced by a group at 
Moscow State Pedagogical University (MSPU), Russia. The 
details of the NbN film can be found in [10]. The bridge is 
connected to the antenna by Nb (10 nm)/Au (50 nm) 
superconducting bilayer contact pads [11]. Prior to deposition 
of the contact pads, Ar ion etching is applied to clean the 
surface of NbN, eliminating contact resistance between NbN 
and contact pads. Such contact structures allow RF and DC 
power being dissipated only in the NbN bridge, thus there are 
no RF loss and no additional noise contribution due to the 
contact interface. The antenna is an on-chip self-
complementary spiral antenna that is made of a 170 nm thick 
Au layer. It has a tight winding design with an inner diameter 
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of 6.6 m close to the NbN bridge [Fig.1(a)]. The HEB has a 
low-temperature normal-state resistance (RN) of 83  a 
critical temperature of 9.3 K, and a critical current of 210 A 
at 4.

e absorption due to water in the air and due to 
the 

er is 
regu

n has a gain of about 80 
dB and a noise temperature of 7 K. 

ng efficiency between 
bolo  and antenna versus frequency (right axis). 

 

III. SIMULATION PEDANCE AND THE

pedance (Zantenna) of the spiral 
antenna can be given as [16]: 

   

2 K.  
We apply the same vacuum measurement setup as 

described in [5] except for a different heat filter [12] and 
without bandpass filter. The HEB chip is glued to the 
backside of Si elliptical lenses [13] without and with an 
antireflection coating, mounted in a mixer unit that is placed 
in a 4.2-K liquid helium cryostat. As calibration sources, a 
blackbody at 295 K is used as the hot load and another one at 
77 K as the cold load. The two loads can be selected by 
rotating a mirror. The radiation from the hot/cold load is 
combined with that from the LO by a 3-m Mylar beam 
splitter. Before reaching the HEB, the radiation passes 
through the heat filter at 4.2 K that blocks infrared radiation. 
There is no window on the cryostat and all these components 
are in the same vacuum [14]. Therefore the radiation does not 
suffer from th

window.  
The LO is an optically pumped FIR ring laser, operated 

at a frequency of 5.2456 THz using CH3OD gas, which is 
pumped by 9R08 CO2 line. We choose this frequency 
because it provides enough amount of power in the frequency 
range of our interest. The LO power coupled to the mix

lated by rotating a wire grid in front of the gas laser 
The IF signal, resulting from the mixing of the LO and 

the hot/cold load signal, first passes through a bias-T, a 
circulator, and then a cryogenic low noise amplifier 
(Berkshire 1.3-1.7 GHz) operated at 4.2 K, followed by 
room-temperature amplifiers. This signal is filtered at 1.5 
GHz within a band of 80 MHz. Between each two 
components in the IF chain, an attenuator is added to avoid 
standing waves. The entire IF chai

 
Fig. 1 (a) SEM picture of a tight winding spiral antenna with an inner 
diameter of 6.6 m; (b) SEM picture of the NbN bridge with a length of 0.2 
m and a width of 2 m; (c) Equivalent circuit of the whole antenna 
structure, which includes parasitic inductance and capacitance; (d) Simulated 
impedances of the spiral antenna versus frequency using HFSS and using the 
equivalent circuit (left axis) and calculated coupli

meter

OF THE ANTENNA IM  

COUPLING 

To predict the impedance of the antenna and further 
calculate the coupling efficiency for the radiation power from 

the antenna to the HEB at the upper THz frequencies, we 
model the antenna using a three dimensional electromagnetic 
field simulator HFSS based on finite element method [15]. 
We assume that an RF signal is excited at the slit between 
two contact pads of the HEB, which is called lumped gap 
source. The Si substrate with a refractive index nsi=3.42 is set 
to be much thicker than the wavelength () of the radiation 
and is treated as the half infinite space. All the surfaces are 
taken as radiation boundary. The scattering parameters are 
extracted from the electromagnetic field distribution. From 
the complex reflection coefficient (S11) and its characteristic 
impedance (Z0), the input im

11
0 1 Santenna 

111 S
ZZ


                                             (1) 

SS. The result is also plotted 
in Fi

 can be calculated based on the 
impedance match: 

Fig. 1(d) shows the simulated Zantenna of the spiral antenna 
as a function of frequency between 1 and 6 THz. At lower 
frequencies the impedance is real and has a value close to 75 
as expected for an equiangular spiral antenna [. But 
with increasing the frequency the reactive part appears and 
increases to -50  at around 5 THz. The reactance can be 
explained by a parasitic effect that is due to the presence of a 
transition structure, namely the contact-pad structure between 
the HEB and the two arms of the spiral [see Fig.1(b)]. This 
leads to deformation of RF current and thus inductive and 
capacitive parasitic effects [18]. One can describe this by 
assuming an equivalent circuit that is shown in Fig.1(c). The 
transition structure acts as a series inductance L1 to the 
antenna resistance Rantenna, and the slit between contact pads 
can be represented as a parallel capacitance C. Furthermore, 
the difference in the width between bolometer and contact 
pads causes current crowding which can be described as a 
series inductance L2. Using this argument together with the 
following parameters: Rantenna=75 , L1=2.34 pH, L2=0.7 pH, 
and C=0.45 fF, we can obtain a very similar impedance for 
the antenna as predicted by HF

gure 1(d) for comparison.  
Given that our HEB impedance is constant [19], equal to 

RN, the coupling efficiency 

2

4 (

Au

Si

)HEB antenna

HEB antennaZ Z
The calculated  is also given in Fig. 1(d).  We find that  

is nearly 100 % at the frequencies below 3 THz, while above 
this value it decreases, but decreases gradually with 
increasing frequency. Even at the highest frequency of 6 THz, 
it is still more than 80 %, suggesting that our particular spiral 
antenna with the tight winding design can work well up to at 
least 6 THz and even beyond this frequency. For comparison, 
Fig. 1(d) shows also the calculated coupling efficiency based 
on the simple equivalent circuit. The result suggests that the 
simple model is a

Z re Z                                        (2) 

ble to qualitatively explain the frequency 
dependence of . 

IV. CHARACTERIZING AN ANTI-REFLECTION COATED LENS 
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It is known that when a Si lens is used to couple THz 
radiation from the free-space to an antenna, a considerable 
amount of optical loss is due to reflection because of the high 
reflective index of Si, nsi. This loss can be minimized by 
coatin layer with a thickness of quarter 
wavel AR and with a refractive 

index

g an anti-reflection 
ength (/4n ) 

1.85AR sin n  . Parylene C is a known coating 

m

an uncoated lens. We also find that at the 
designed frequency (4.3 THz), the transmission reaches its 
maximum of 97 %. 

aterial since it has a refractive index (nPC) of 1.65, which is 
close to the optimum value [20].  

To measure the ultimate DSB
recT  at 5.25 THz, we apply an 

existing Si lens coated with a Parylene C. The coating layer 
has a thickness of 10.9 m and was originally designed for 
4.3 THz [5]. To find its transmission at 5.25 THz, we 
prepared a double-side polished Si wafer coated with a 
Parylene C layer of the same thickness (10.9 m) on both 
sides and measured the power transmission as a function of 
frequency by a Fourier transform spectrometer. The 
measured result is shown in Fig. 2. A good theoretical fit to 
the measured data is found when the coating layer is assumed 
to be 10.93 m thick and nPC=1.634. Based on the data and 
analysis, the transmission for the coated lens as a function of 
frequency is calculated and also depicted in Fig. 2. At 5.25 
THz the transmission reaches 92 %, which is 22 % higher 
compared to that of 
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Fig. 2 Measured and theoretical power transmission of a double-

coated with a Parylene C layer on both sides.
ylene C coating layer are 2 mm and 10.9 m thick,

V. EXPERIMENTAL RESU

A. R-T Curve and Pumped I-V Curves  

The resistance of a similar HEB from the same fabrication 
run has been measured as a function of temperature. The 
result is shown in the inset of Fig. 3. It is featured by three 
superconducting transitions. The lowest transition Tc1 of 6 K 
is associated to the Au/Nb/NbN contact structures; the 
middle transition Tc2 of 8 K is associated to the NbN under 
Au (thick) antenna layer; and the highest transition Tc3 of 9.3 
K is due to the NbN bridge. The resistance above Tc3 is about 
83  making a good impedance match possible with the 
spiral antenna. It is important to mention that in our case 
when the HEB is operated in the optimal biasing point, the 
contacts are in the sup

 the superconducting transitions in such structures can be 
found elsewhere [11]. 

A typical set of I-V curves of the HEB with different LO 
power levels at 5.25 THz, recorded at 4 K, are shown in Fig. 
3. With increasing LO power level, the superconductivity of 
the NbN bridge becomes gradually suppressed, showing a 
transition from the superconducting state to normal. The 
measured curves can be xplained by a nonuniform 
distribution model for a HEB [21]. The optimum operating 

region, where the lowest DSB
recT  can be obtained, is indicated 

in the I-V plot. This region is centered around a bias voltage 
of 0.6 mV and a current of 34 A. The optimum LO power in 
the HEB is about 150 nW, obtained by the isot

   
Fig. 3 A set of current-voltage curves of the NbN HEB mixer at 4.2 K and at 
different LO power, where the optimum oper

0 2 4 6 8 10

inset shows the DC resistance versus temperature of a very si
which was measured in the low current limit. 

B. Receiver Noise Temperature at 5.25

We start with a measurement in which the HEB is 

mounted on the uncoated Si lens and DSB
recT  is characterized 

in a conventional way. We measured the output power of the 
receiver, Pout,hot and Pout,cold, responding to the hot an ld 
load as a function of bias voltage under a constant, but 

optimum LO power. The results are plotted in Fig. 4. DSB
recT is 

obtained by the Y-factor method a using the equivalent 
temperatures for the blackbody at  and 77 K according 

to Callen-Welton definition [23]. DSB
recT as a ion of bias 

voltage is also plotted in Fig. 4. The lowest DSB
recT  (black dot 

nd 
 K

e) is roughly 2000±500 K. The uncertainties are mainly 
caused by the LO power fluctuation and drift.  

It has been well established that a HEB with a wideband 
antenna and low LO power requirement can suffer from the 
direct detection effect due to broadband blackbody radiation 
[24]. An additional demonstration of  direct detection 
effect in this particular experiment will be given in the 

subsection C. As a result, a measured DSB
recT is usually higher 

than it should be [25]. This effect can be corrected out by 
adjusting LO power such that the DC current of the HEB is 
the same responding to the hot and cold loads. For 
comparison, the receiver output power data after adjusting 
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LO power are also shown in . 4. For clarity a 2 dB 
positive offset in the vertical direction is introduced in the 

plot. The measured lowest DSBT  becomes 1500±300 K, 

 Fig

w

n be 

direct on effect. The advantage 
is 

reviously 
using the uncoated lens. Th rence is consistent with 
what is expected from using an n coating. 

rec

 detecti

is diffe
ti-reflectio

hich is on average 25% lower than what measured 
previously.  

By applying a different characterization method [5] we can 

measure directly DSB
recT , without suffering from the direct 

detection and the instability of the gas laser as well. At the 
bias voltage of 0.6 mV we measure the receiver output power 
as a function of bias current, which is the result of varying 
LO power. Two such data sets are recorded, Pout,hot(I) 

responding to the hot load and Pout,cold(I) to the cold load. The 
Y factor ca obtained by Y(I)= Pout,hot (I)/Pout,cold (I) at the 
same current using the fitted polynomial curves. The 

calculated DSB
recT as a function of bias current is plotted in Fig. 

5 and shows a broad minimum at the bias current of around 
34 A and the lowest value of 1550±50 K. This is in good 
agreement with the value measured in the conventional way, 
but after correcting the 

the high accuracy. Furthermore, the mixer conversion loss 
is found to be 8.9 dB. 

  Now we measure DSB
recT of the same HEB, but mounted 

on the coated Si lens. Again, we measure at the optimum bias 
voltage of 0.6 mV. The data are added in Fig. 5. For clarity, 
the receiver output power data as a function of current, 
responding to hot/cold loads, have an offset positively by 2 

dB. The lowest DSB
recT  obtained is 1150±40 K, which is about 

23 % lower than the value (1550 K) measured p
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Fig. 4 Measured receiver output power (left axis) responding to the hot and 
cold load at optimum LO power as a function of bias voltage. One set of data 
are measured with fixed LO power level, and another set (2 dB positive 
offset for clarity) by adjusting LO po
hot and cold loads. The re
plotted vs. bias voltage (right axis)

C. Direct Detection 

Fig. 6 shows measured receiver output power, together 
with the DC current of the HEB, as a function of time over a 
period of 150 seconds, during which the hot and cold loads 
are manually switched after roughly each 5 seconds. The 
HEB in this case is mounted on the coated lens. The bias 
voltage is fixed at 0.8 mV and the LO power set at the 
optimal value. The periodic jumps of  0.3 dB in the output 

power between the hot and cold load should reflect directly 
how large the Y-factor is. However, the actual value is 
affected by the direct detection effect [25]. This effect is 
demonstrated by the observed jumps in the current, which is 
about 1.2 A in amplitude. In principle, the direct detection 
effect can be minimized or eliminated

ackbody radiation power, for example, by adding a narrow 
bandpass filter in front of the mixer [24]. 

The absolute value of the bias current corresponding to 
either the hot or cold load varies less than
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Fig. 5 Measured receiver output powers at the optimum bias voltage of 0.6 
mV (dots) and the polynomial fit (lines) responding to the hot and cold load 
as a function of bias current of the HEB, which is varied by changing the LO 
power (left axis). One set of data are measured using uncoated lens and 
another set of data (2 dB positive offset for clarity) are m
coated lens. The resulted DSB receiver noise te
shown as a function of bias current of the HEB (right axis)

D. Beam Patterns of the Lens/Antenna 

The far-field beam patterns of the same HEB mixer on the 
uncoated Si lens are measured at several frequencies from 2.5 
to 5.3 THz using a computer controlled setup as described 
previously [26]. We apply the same gas laser as a signal 
source to measure the beams of the mixer. The HEB cryostat 
is placed on a rotation/tilt table in the far-field of the gas laser, 
which has a linearly 

rection. The center of the spiral antenna is located in the 
axis of the rotation.  

The HEB is heated to a temperature which is slightly 
below the superconducting transition temperature of the NbN 
bridge Tc3. It is voltage biased and the current changes due to 
the modulated incident power are measured as a function of 
the angle of rotation/tilt by a lock-in amplifier. The tilt 
movement is referred to as vertical scan and the rotation as 
horizontal scan. The dynamic range of the setup is about 20 
dB. The antenna is positioned in such a way that the d

ng the NbN bridge width is about 30 degrees counter 
clockwise from the vertical direction of the setup.  

Fig. 7 shows the beam patterns, measured in both 
horizontal and vertical directions of the integrated 
lens/antenna at 2.5 THz, 4.3 THz and 5.3 THz. The main 
lobes are similar in horizontal and vertical scans, which 
indicate that our beam patterns are close to rotational 
symmetry. The full width half maximum (FWHM) at 5.3 
THz is 0.6 degree, which is similar to 0.55 degree at 4.3 THz, 
but smaller than 0.9 degree at 2.5 THz. At such high 
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frequencies the beam pattern of integrated lens antenna is 
diffraction limited, which scales with the wavelength and the 
effective aperture. The main beam becomes narrower from 
2.5 to 4.3 THz due to wavelength, while it is almost the same 
between 4.3 THz and 5.3 THz, indicating the effective 
aperture at 5.3 THz is smaller. The difference in the side 
lobes is likely due to combination of antenna misalignment, 
IF feed structure and the measurement setup. Especially at 
5.3 THz the beam profile in vertical scan has a large shoulder 
[see Fig. 7(c)], the reason for which is unclear yet. The first 
side lobes at 2.5 THz, 4.3 THz and 5.3 THz occur at -13, -11 
and -7 dB, respectively, which increases with increasing the 
frequency [27]. The physical reasons of this are the internal 
reflection and surface roughness [28], [29]. Although the 
beam patterns are not ideally Gaussian, the measured beam 

ns of the lens/antenna
ated beam, which is cru

patter  combination confirm the 
collim cial to correctly measure 

using the vacuum setup. DSB
recT
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Fig. 6 Measured receiver output power, together with the bias current of the 
HEB, is measured as a function of time over a period of 150 seconds, during 
which the hot and cold load are manually switched after roughly each 5 
seconds. 

ed a h

d allow
constructing new receivers [30] for detecting OI line at 4.7 
THz for future airbo lescopes.  

change Programme executed by KNAW and CAS, 

and by the AMSTAR+ project of RadioNet under FP7 and 
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VI. CONCLUSIONS 

We have demonstrat ighly sensitive NbN HEB mixer 
at 5.25 THz using a spiral antenna coupled NbN HEB. We 

measured the lowest DSB
recT of 1150 K at 5.25 THz. It is 

worthwhile to note that the sensitivity at 5.3 THz is about 65 
times better than the Schottky diode mixer at 4.7 THz [9]. 
We also present the far-field beam pattern of the mixer at 
5.25 THz, which shows a collimated beam with the side lobe 
occurring roughly at -7 dB level. With further improvement 
of the beam pattern, such a mixer together with recently 
developed THz quantum cascade lasers as LO shoul  

rne and space-borne te
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Fig. 7 Measured far field beam patterns of the HEB mixer on the uncoated Si 
lens, which are the same as used for the sensitivity measurements, at 2.5 
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