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Antenna-Coupled Niobium Bolometers for
Terahertz Spectroscopy
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Abstract—We report characterizations of antenna-coupled
hot electron bolometers designed for laboratory-based terahertz
spectroscopy. These direct detectors combine sub-nanosecond re-
sponse, high sensitivity, and the ability to operate below saturation
when viewing a room temperature background. The optimum
small-signal responsivity is 4.4 x 10* V /W, measured at a bath
temperature T}, =~ 0.9T.. The corresponding saturation power
is 7 nW. The saturation power increases and the small-signal
responsivity decreases as the bath temperature is lowered. The
measured noise equivalent power is 2.0 x 10~'* W /(Hz)/2,
near the predicted thermal fluctuation limit. The noise is white
from approximately 100 Hz to 100 MHz.

Index Terms—Bolometers, submillimeter wave detectors, super-
conducting devices.

I. INTRODUCTION

HE development of ultra-sensitive superconducting detec-
Ttors has recently led to predictions of achievable single
photon sensitivity in the far-infrared [1], [2] with important ap-
plications in radioastronomy [3], [4]. These detectors are de-
signed for satellite-based observation, as they would be driven
into saturation by a room temperature background. For labo-
ratory-based terahertz (THz) spectroscopy, the two commonly
used detector types are the large-area bolometer [5] and the pho-
toconducting antenna [6]. The most sensitive silicon bolometers
are slow (~ms) and require bath temperatures below 1 K for
optimal sensitivity. Photoconducting antennas operate at room
temperature and are extremely fast, but for maximum sensi-
tivity they require a synchronous pulsed detection scheme that is
impractical for some applications [7]. Neither detector is prac-
tical for measurements of the evolution of dynamic systems on
nanosecond to millisecond timescales, which is too fast for typ-
ical commercial bolometers and too long for an optical delay
line.

We have developed a superconducting hot electron direct de-
tector that has a sub-nanosecond response, operates at a con-
venient bath temperature of 4.2 K, and is designed to optimize
the tradeoff between sensitivity and saturation when viewing a
room temperature source. This combination of properties makes
the device uniquely well suited for a variety of applications in
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Fig. 1. Optical image of a niobium hot electron bolometer with double-dipole
antenna on a silicon substrate.

laboratory THz spectroscopy, such as studies of transient pho-
toconductivity in molecular and nanocrystal ensembles [8] and
the decay of highly excited molecular species similar to those
found in protostellar molecular clouds [3].

Previous work on an antenna-coupled niobium microbridge
suspended over a vacuum gap measured a noise equivalent
power (NEP) of 1.4 x 10~'* W /(Hz)!/? at a bath temperature
of 4.2 K, but with a response that is significantly slower than
the device we present [9]. (The response exhibited a roll-off
above 50 kHz that was attributed to the SQUID readout.) Re-
cently, a large-area niobium bolometer has been commercially
developed by QMC Instruments. It has a fast response, similar
to our device, but much lower sensitivity, with a quoted optical
NEP of 2 x 10~ W/(Hz)'/? [10].

Antenna coupling enables a significantly smaller, more sensi-
tive detector element. The antenna couples to photons of a single
mode and spatial polarization, collecting much less background
power (~nW) than large-area bolometers, which typically use
a multi-mode Winston cone to couple to the device. The geom-
etry of our device is seen in Fig. 1. The planar antenna structure
consists of two half-wave dipoles and is designed for a detec-
tion bandwidth of 0.8—1.6 THz in a silicon environment [11].
Larger bandwidth antenna designs are possible [12]. The an-
tenna is composed of 12 nm of niobium covered by 200 nm of
aluminum with a sheet resistance of less than 0.1 2 /square. A
choke structure prevents loss of the THz signal to the biasing
and readout ports but allows dc-GHz input and output with near
unity efficiency.

The superconducting niobium microbridge, oriented at the
center of the antenna, serves as both the absorber and ther-
mometer. It is approximately 2.5 pym long, 1 ym wide, and
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Fig. 2. Resistance versus temperature curve measured with I4. = 1 pA. Inset:
Current versus voltage curves at T, = 5.2 K taken with different applied mi-
crowave powers. Arrows indicate the optimum bias point for detection.

12 nm thick. The device was fabricated using a process orig-
inally developed for smaller microbridges which has been de-
scribed elsewhere [13]. The response time of the device is set by
the electron-phonon time, measured to be 0.7 ns. This is consis-
tent with previous measurements of the electron-phonon time in
thin niobium films [14], [15].

Typical dc characterizations are presented in Fig. 2. The
normal state resistance is 96 (2. The critical temperature, T,
measured with I3c = 1 pA is approximately 5.8 K. The
current-voltage (IV) curves were measured with a 20 Q dc
load line, the same dc biasing condition used in detection. The
optimum bias point for detection is indicated on each IV curve
with an arrow.

‘We have measured the device response to a broadband, pulsed
THz source; to a thermal source (hot-cold load); and to a time-
varying microwave signal. Two devices were studied, with sim-
ilar dc properties. One was studied at microwave frequencies
and the other at THz frequencies. The microwave character-
ization allowed us to test over a broader range of conditions
than is convenient in the THz test system. We measured the re-
sponsivity as a function of dc voltage and signal power at dif-
ferent bath temperatures. In the THz test system, the device was
mounted on a hyper-hemispherical silicon lens in an optical ac-
cess cryostat. Measurements of the response to a known thermal
source enabled us to determine the optical coupling efficiency.
The noise performance was measured in both systems.

II. MICROWAVE CHARACTERIZATION

The microwave characterizations were performed with the
sample mounted in a vacuum can in a pumped “He cryostat.
Negligible infrared radiation reached the device. The sample
temperature could be adjusted above the bath temperature with
a simple heater block. This experimental setup is similar to one
described previously [15], except electrical coupling to the de-
vice was achieved with wirebonds rather than a flip-chip tech-
nique. An ~1 GHz input signal was amplitude modulated at
80 MHz, and the device response was measured at the modu-
lation frequency with a low noise cryogenic amplifier coupled
to a spectrum analyser.
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Fig. 3. Optimum responsivity as a function of signal power at different bath
temperatures. Dashed lines are a fit to (1).

We measured the responsivity, R, as a function of dc voltage,
bath temperature, and signal power. The responsivity is defined
as the change in voltage measured at the input of the 50 2 ampli-
fier divided by the absorbed signal power, in V/W. The respon-
sivity at the optimum bias voltage as a function of the modulated
signal power is presented in Fig. 3 for three different bath tem-
peratures. The largest responsivity is obtained for bath tempera-
tures near T'.. This is in contrast to similar devices employed as
heterodyne mixers, where the largest response is obtained at low
temperature (T}, < T./2) as a result of the use of a local oscil-
lator [15]. Operating near T has the additional benefit of excel-
lent biasing stability due to the rounded features and non-hys-
teretic quality of the IV curve.

The saturation power is defined as the absorbed power at
which the responsivity decreases from its small signal value
(P < Pgut) by a factor of two. The optimum responsivity at
a given T}, approximately follows the empirical relation

1(0)

1+ (#2)

where o = 1l5at Ty = 52Kanda = 2atT, = 42K
and 3.2 K. The saturation powers at 5.2 K, 4.2 K, and 3.2 K are,
respectively, 7 nW, 79 nW, and 126 nW. The tradeoff between
responsivity and saturation can be optimized for a particular ap-
plication by an appropriate choice of bath temperature.

R(P) = (D

III. THz CHARACTERIZATION

Devices were fabricated on a high resistivity silicon substrate
for quasi-optical coupling. We lithographically patterned a sil-
icon wafer with alignment marks on each side using a back-side
optical alignment technique. The substrate with the device was
aligned on one side of this wafer and attached with UV-curable
adhesive, and a 6 mm diameter hyperhemispherical silicon lens
was aligned and attached on the opposite side. The detector was
at the silicon-air interface. We estimate that the alignment accu-
racy is within 10 pm.

The antenna response at a silicon-air interface was sim-
ulated in Microwave Office. The results show a response
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peak at 1.8 THz with an integrated bandwidth of approxi-
mately 1.0 THz. Experimental antenna characterizations are in
progress and will be reported in a future publication.

The device response over the full antenna bandwidth was
measured by switching between hot and cold thermal sources
at 315 Hz. The hot source (295 K) was the surface of the chop-
ping wheel coated in a mixture of Stycast 2850FT and 1 mm
silicon carbide grains [16]. The cold source (77 K) was an 8
mm thick piece of Eccosorb foam dipped in liquid nitrogen. A
Zitex G110 membrane was used as an infrared filter on the heat
shield window [17]. The available power from each source was
found by integrating the one-dimensional Planck thermal spec-
trum over the antenna bandwidth [18]. Assuming the same re-
sponsivity as measured in the microwave characterization [15],
[19], we find an optical coupling efficiency, defined as the ratio
of power absorbed in the device to power incident on the cryo-
stat window, of n = 0.15.

We also measured the response to a broadband, pulsed THz
source. This source is based on a photoconductive switch driven
by a Ti:Sapphire laser oscillator and has been described previ-
ously [8]. The switch consists of a semi-insulating GaAs 100
wafer with a pair of electrodes separated by 30 pm that have
a 10 V dc bias applied, and roughly 200 mW are used to drive
the switch. The fast response of our detector allowed us to de-
tect directly at the 80 MHz pulse repetition rate. Based on the
measured responsivity and optical coupling efficiency, we de-
termined that the THz signal power external to the cryostat is
~1 nW. This is consistent with previous work on a similar ex-
perimental setup [6].

IV. NOISE PERFORMANCE

The measured noise has contributions from photon shot noise,
from intrinsic device noise, and from amplifier noise. These
noise sources are uncorrelated and the noise amplitudes add
in quadrature. Within the response bandwidth, intrinsic device
noise is predominately due to thermal fluctuations, although at
low frequencies 1/f noise may become significant. It is cus-
tomary to express the sensitivity as a noise equivalent power
(NEP), defined as the input power that can be resolved with a
signal to noise ratio of one in a one hertz output bandwidth, in
W/(Hz)/2.

The NEP due to photon shot noise in the Rayleigh-Jeans limit
is given by [5]

NEPphoton = nkT V zAf (2)

where 7 is the optical coupling efficiency and Af is the detection
bandwidth. For n = 0.15, T = 295 K, and Af = 1.0 THz, we
get NEP photon = 8.6 % 10~ W/(Hz) 1/2 The amplifier noise,
measured separately, is approximately 1 x 10~'* W /(Hz)'/? in
both test systems. The thermal fluctuation noise is given by [5]

VART2G 3)

where T is the average bridge temperature and G is the thermal
conductance between the electron system in the bridge and the
bridge/substrate phonons.
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Fig.4. Outputnoise as a function of frequency (amplifier contribution has been
subtracted). Note the discontinuity in the frequency axis. Inset: Average electron
temperature as a function of applied dc power to determine the thermal conduc-
tance G, as described in the text. Dashed line is a fit to (4).

We determined G via Johnson noise thermometry at 1 GHz
[15]. The device was heated above T, and the average bridge
temperature T = Py /(kB), where Py is the noise power cou-
pled to a matched load and B is the measurement bandwidth,
was measured as a function of applied dc power P4.. The data
were fit to the experimentally established relation

Pie=A(T*-T})V 4)
where V is the device volume, to get A = 8.2x 109 WK ~*m~3,
in good agreement with previous work on thin niobium films
[14], [15]. This gives a predicted value for the thermal fluctua-
tion noise NEPj, = 1.9 x 10~ W/(Hz)'/2.

In both test systems, the output noise was measured at T}, =
5.2 K with the device at the optimum bias point. At audio fre-
quencies, we used a homemade bias tee to minimize the noise
from the biasing electronics. The ac signal was fed through an
audio transformer to a low noise preamp. At higher frequencies,
we used a commercial bias tee and a 50 {2 amplifier.

The electrical NEP referred to the detector was the same
in both systems, 2.2 x 10~'* W/(Hz)'/2. Removing the
measured amplifier contribution, we get NEPgevice =
2.0 x 10~ W/(Hz)'/?, close to the predicted value of
thermal fluctuation noise. The optical NEP referred to the cryo-
stat window is the electrical NEP divided by the optical coupling
efficiency, thus NEPptica1 = 1.3 x 1071 W/(Hz)'/2,

The output noise as a function of frequency is presented in
Fig. 4. The amplifier contribution has been measured separately
and subtracted. The noise is white from approximately 100 Hz
to 100 MHz. Below 100 Hz, 1/f noise becomes significant. We
note that the relatively small 1/f contribution is favorable, as it
permits measurements with a mechanical chopper to be per-
formed with similar sensitivity to higher frequency measure-
ments. Above 100 MHz, the output noise rolls off with a fre-
quency dependence that is similar to the signal power, as ex-
pected [15]. At frequencies well beyond the response band-
width, the dominant contribution to intrinsic device noise is
Johnson noise.
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V. CONCLUSION

We have demonstrated an antenna-coupled niobium hot elec-
tron bolometer with a geometry designed to optimize device pa-
rameters for applications in THz spectroscopy from room tem-
perature samples. The peak responsivity is obtained for bath
temperatures near T, while the largest saturation powers are
obtained at lower bath temperatures. The response time is 0.7 ns,
set by the electron-phonon time. The measured sensitivity is
near the predicted limit of thermal fluctuation noise.
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