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ABSTRACT

We report the characterization of superconducting niobium microbolometers designed for time-resolved terahertz
spectroscopy on nanosecond to millisecond timescales. Coupling of the incident signal is achieved via a planar antenna
mounted on a hyperhemispherical silicon lens. We have integrated these detectors into a custom Fourier-transform
spectrometer. The spectrometer optics are frequency independent over the spectral range 0.1-3 terahertz and thus the
system bandwidth is set by the detector antenna. We have fabricated devices with two different antenna geometries, the
double-dipole and the log spiral, and have characterized the spectral response of each. This detector will enable a variety
of novel spectroscopy applications.
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1. INTRODUCTION

The superconducting microbolometer has been developed extensively over the past decade as a heterodyne mixer for
submillimeter wavelength astronomy.' These detectors are designed to have high sensitivity and a large intermediate
frequency bandwidth, typically several GHz. We have adapted this technology to develop direct detectors for
applications in laboratory-based terahertz (THz) spectroscopy. These applications can make use of the high sensitivity
and fast response time of the superconducting microbolometer, but they typically require greater power handling. The
goal of this work is to develop a detector capable of performing sensitive time-resolved measurements on nanosecond to
millisecond timescales. These timescales are too long for techniques utilizing a free space optical delay line but too short
for a standard commercial bolometer.

Earlier work characterized the infrared response of large area niobium films.>* By utilizing antenna-coupling to a small
area Nb bolometer, we can minimize the active device volume and improve the sensitivity. Additionally, a planar
antenna couples to a single electromagnetic mode, collecting much less background power than a large area, multi-mode
detector. The development of an antenna-coupled niobium microbridge suspended over a vacuum gap has also been
reported.” That device is designed for terahertz imaging applications. It demonstrated similar sensitivity but orders of
magnitude slower response than the device we present. The inductance of the relatively long microbridge limits efficient
coupling to below ~1 THz. An antenna-coupled niobium bolometer for the spectral range 0.3-3 THz has recently been
developed by Insight Product Co.® The specifications quote a similar response time and sensitivity to our device. We
report here more detailed performance data, including the dependence of the responsivity on bath temperature and input
power, as well as the frequency dependence of the output noise and the spectral response of the antenna.”®’ These
characterizations are intended to serve as a guide for future spectroscopy applications.

Together with the Fourier-transform spectrometer we describe, this detector can be used to study a variety of dynamic
systems. One possibility is the study of time-dependent conductivity in semiconductor nanoparticles following a sub-ps
optical excitation pulse. This type of measurement has already been performed on ps timescales using an optical delay
line,"™"" and our detector would enable the extension of these measurements to longer timescales. Other potential
applications include studies of phonon relaxation'” and the dynamics of highly excited molecules.”® To perform such
time-resolved measurements, the THz transmission through the sample or emission from the sample can be monitored in
real time on an averaging oscilloscope following an initiating event such as an optical excitation pulse. This can be used
to measure the frequency-averaged THz response without the use of an interferometer. Alternatively, an interferometer
can be used to measure the time-dependent response at each point in the interferogram. This will give the time
dependence of each spectral component within the measurement bandwidth.
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2. DEVICE OPERATION

The device consists of a niobium (Nb) microbridge spanning two much larger non-superconducting contacts, which are a
bilayer of 12 nm of Nb and 200 nm of aluminum (Al). The contacts form an antenna for coupling the incident THz
signal to the microbridge, as well as electrical leads for dc biasing and ac readout. The leads consist of a quarter-wave
THz choke structure to minimize loss of the incident signal. The Nb-Al bilayer has a sheet resistance of less than 0.1
Q)/square. Typical microbridge dimensions are 2 um wide, 5 pm long, and 12 nm thick. The bridge is designed to have a
resistance of approximately 100 Q to be well-matched to the antenna. Devices are fabricated on double-side polished,
200 pm thick, high-resistivity (>20 kQcm) silicon substrates for quasi-optical coupling.® Optical micrographs of devices
with two different antenna geometries are presented in Figure 1.

100 pm

Fig. 1. Optical micrographs of devices with two antenna geometries: (a) 79 um double-dipole, (b) log spiral. The niobium
microbridge is in the center of each antenna, and the lead structure with quarter-wave choke is visible to the right.

The device is a sensitive bolometric detector when biased on its superconducting transition. Devices are cooled below
the superconducting transition temperature of the microbridge and biased on the normal branch of the I-V curve with a
20 Q dc load line. A typical resistance versus temperature curve and I-V curves are presented in Figure 2.
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Fig. 2. Resistance versus temperature measured with Iy, = 1 pA (left), and current versus voltage measured at three different
bath temperatures with a 20 Q dc load line (right). Arrows indicate the direction of sweep for hysteretic curves.

Previous work on Nb mixers found that the response time is set by electron-phonon coupling in the Nb film for bridge
lengths greater than approximately 1 um.'* For thin Nb at ~4 K, the electron-phonon time is proportional to T, where T
is the temperature of the electron system."” For a superconducting bolometer, the operating temperature is always

approximately equal to the superconducting critical temperature T., and thus the thermal response time of the detector
will be proportional to T, ™.



In a simple lumped-element model of bolometer performance, the responsivity S, in units of V/W, is given by
S=1 d{(dR/ dT) / G, where G is the thermal conductance between the electron system in the microbridge and the

bridge/substrate phonons.'® G was measured using Johnson noise thermometry to be 2.1 x 107 W/K at T = 6 K.” For I
=20 pA and dR/dT = 100 CU/K, we expect S ~ 10* V/W. In this model, the saturation power Py, = GAT,, where AT, is
the width of the superconducting transition. For AT, = 0.5 K, Pg, ~100 nW. As G is proportional to the bridge volume,
Py should scale linearly with the volume.

Device sensitivity is typically specified as a noise equivalent power (NEP), which is the signal that can be resolved with
a signal-to-noise ratio of one with a 1 Hz output bandwidth, in units of W/(Hz)"?. Noise sources include photon shot
noise, thermal fluctuation noise, Johnson noise, and amplifier noise. These noise sources are assumed to be uncorrelated

and hence the noise amplitudes add in quadrature. The NEP due to Johnson noise is NEP, = \/k, TR / S, where R is the

device resistance. For T=6 K, R =50 Q, and S =4 x 10* V/W, we get NEP; = 1.6 x 10" W/(Hz)”z. An amplifier with a
noise temperature Ty will contribute noise equivalent to a Johnson noise source at a physical temperature Ty. Presently
available broadband rf amplifiers have noise temperatures of ~100 K at room temperature and ~10 K at cryogenic
temperatures. The NEP due to photon shot noise from a blackbody background at temperature T in the Rayleigh-Jeans

limit is NEP, ~=nk,T/2B , where n is the optical coupling efficiency and B is the input bandwidth.' For n = 0.2, B

photon

=1 THz, and T = 300 K, we get NEPpoon = 1.2 X 107 W/(Hz)”z. The thermal fluctuation noise is given
by NEP, = 4|4k, T°G . For T = 6 K, we get NEP;, = 2.0 x 10" W/(Hz)"?. Thus, given a sufficiently low noise

amplifier, the thermal fluctuation noise should determine the device sensitivity.

Important figures of merit for any bolometer are speed, sensitivity, and saturation power. For our device, these have
competing dependencies on the microbridge volume and critical temperature, both of which are a function of the
microbridge geometry. These dependencies are summarized in Table 1. The optimum tradeoff between these competing
parameters will depend on the requirements of a particular application.

Table 1. Dependence of sensitivity, saturation power, and time constant on bridge volume and critical temperature for a
phonon-cooled Nb bolometer.

NEP, o volume'”, T.*

saturation power oc volume

. 2
time constant oc T,

3. MICROWAVE CHARACTERIZATION

Microwave frequency performance was characterized with the device mounted in a vacuum can in a pumped ‘He
cryostat. Negligible infrared radiation reached the device. The time constant was measured via a mixing measurement at
a bath temperature of 4.2 K. The sum of two high frequency signals (f; = 1.4 GHz and f, = 1.5-2.4 GHz) was coupled to
the device with a directional coupler, and the device response at the difference frequency (f, — f) was amplified by a
broadband cryogenic amplifier (0.1-8 GHz) and measured on a spectrum analyzer. The mixer conversion efficiency as a
function of the difference frequency is seen in Figure 3. The data are fit to a Lorentzian roll-off to get a -3 dB frequency
fis8 = 240 MHz, which corresponds to a time constant T = 1/(2nf;4) = 0.7 ns. This is consistent with previous
measurements of the electron-phonon time in thin Nb films.'*"?
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Fig. 3. Conversion efficiency versus difference frequency (circles) fit to a Lorentzian (dashed line) to determine the time
constant T = 0.7 ns.

The responsivity at the optimum bias point as a function of signal power was measured by coupling to the device the
sum of two ~1 GHz signals separated by 80 MHz and measuring the device response at the difference frequency. The
data for several different bath temperatures are presented in Figure 4. The largest responsivity is obtained for bath
temperatures ~ 0.9T.. At lower bath temperatures, the responsivity decreases but Py, increases, where we define Py, as
the power at which the responsivity decreases by a factor of 2. The data approximately follow the empirical relation

S(0)

S(P)= 1+(P/P_)"

(1)

where oo = 1.5at T=52 Kand aa =2 at T = 4.2 K and 3.2 K. The small-signal responsivity and saturation power
obtained from fitting the data for each bath temperature to Equation 1 are summarized in Table 2.
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Fig. 4. Responsivity at the optimum bias point as a function of signal power at different bath temperatures. Dashed lines are
a fit to Equation 1.

Table 2. Small signal responsivity and saturation power at different bath temperatures.

Small-signal
Bath temperature (K) Responsivity (V/W) Saturation power (nW)
52 44x10* 7
4.2 1.0x 10* 79
32 0.7 x 10* 126




The output noise was measured as a function of frequency at a bath temperature of 5.2 K. At audio frequencies, we used
a low-noise preamp with an input transformer. At microwave frequencies, we used a cryogenic 50 Q amplifier. In each
case, the amplifier noise temperature was calibrated in-situ using the Johnson noise of the device above T.. At the
optimum bias point, the measured device noise was flat from approximately 100 Hz to 100 MHz, corresponding to an
NEP of 2.0 x 107 W/(Hz)"?. In this output bandwidth, the device operates near the limit of thermal fluctuation noise.
Below 100 Hz, there is a 1/f-like rise. We note that the relatively low 1/f noise is favorable, as it permits measurements
with a mechanical chopper to be performed with similar sensitivity to higher frequency measurements. Above 100 MHz,
the noise rolls off with a frequency dependence that is similar to the device response, as expected.”"”

4. SPECTROMETER DESIGN

The device substrate is aligned and attached to the back of a 6 mm diameter hyperhemispherical silicon lens,'” where the
device is at the silicon-air interface. The device is electrically connected to the sample holder with wirebonds, and the
sample holder is mounted in an optical-access “He cryostat. The cryostat window is a 90 um thick Mylar sheet. A cooled
Zitex G110 membrane, which absorbs strongly above 4 THz, serves as an infrared filter on the heat shield window.'®

The spectrometer uses a silicon carbide globar as a hot blackbody source.'® At a current of 5 A, the globar temperature is
approximately 1000 K. The source is modulated by a room temperature chopping wheel, the surface of which has been
coated with carbon-loaded epoxy. For a single-mode detector, the power from a blackbody at temperature T into a
matched load is given by the 1D Planck spectrum

hf
—_— 2
T 2)

e

P=

where f is the photon frequency. The power modulation between 300 K and 1000 K in the frequency range 0.5 — 1.5 THz
is 0P = 9.7 nW. At frequencies of order a terahertz and temperatures of order room temperature and higher, the source is
in the Rayleigh-Jeans limit, in which Equation 2 simplifies to P = kyTB, where B is the frequency bandwidth.

The size of the globar is defined by a 6 mm iris, and the signal is collimated with a 63.5 mm diameter 90° off-axis
parabolic mirror.”® The collimated signal is sent to a beamsplitter consisting of a 6 mm thick, 100 mm diameter high-
resistivity silicon wafer.”' The use of a thick beamsplitter allows for broadband, high-efficiency interferometry provided
that the desired frequency resolution Af is larger than approximately twice the etalon spacing.”> For 6 mm thick Si (g =
11.9), the etalon spacing is 7 GHz. A plot of the calculated power transmission versus frequency for normal incidence
for the Si beamsplitter is presented in Figure 5, along with a plot of the calculated power transmission for 50 um thick
mylar (¢ = 3.1) for comparison. These calculations neglect loss in the beamsplitter.
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Fig. 5. (a) Calculated power transmission versus frequency for 6 mm Si beamsplitter showing etalon peaks (solid curve) and

the average power transmission (dashed curve). (b) Caculated power transmission for a 50 pm mylar beamsplitter.
Note the difference in scale on the frequency axis.



A fixed mirror and a moveable mirror define each arm of the interferometer. The moveable mirror is mounted on a
linear translation stage driven by an Ealing EncoderDriver linear actuator with a range of motion of 10 mm, a
resolution of 0.02 um, and a repeatability of 0.1 um. This range corresponds to a frequency resolution of 15 GHz,
which should effectively average out the etalons from the beamsplitter. The combined signal from the two arms is
focused onto the detector inside the cryostat with a second off-axis parabolic mirror. A mechanical chopper with a
maximum chopping frequency of 400 Hz is positioned in front of the cryostat window. The entire system sits inside
a nitrogen drybox to minimize absorption by water vapor. Maintaining a positive pressure of dry nitrogen gas
overnight yields a relative humidity of approximately 2-4%. A schematic of the spectrometer is presented in Figure
6.
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Fig. 6. Schematic of the Fourier-transform spectrometer.

The device signal at the chopping frequency is amplified by a low-noise voltage preamp. A 1:60 transformer steps up the
device impedance to achieve optimum noise performance. A large inductor is used on the biasing line to minimize noise
from the biasing electronics. The output of the preamp is coupled to a lock-in amplifier, which detects at the chopping
frequency.

S. TERAHERTZ CHARACTERIZATION

The spectrometer was used to measure the spectral response of the two antennas pictured in Figure 1. The double-dipole
antenna is designed so the two half-wave dipole elements radiate in-phase in the direction perpendicular to the substrate
and out-of-phase in the direction parallel to the substrate.”” A dipole in a dielectric half space radiates power
preferentially into the high dielectric material in proportion to the square root of the dielectric constant, so our antenna
should couple with approximately 80% efficiency from the lens side of the device.”* The log spiral antenna is defined in

a(g+¢,

polar coordinates by the equation p (@) = ke ' In our design, a = 0.15, each arm is defined by a shift ¢, = /2, and

the shift between arms is 7. The lower frequency limit of the log spiral bandwidth corresponds approximately to the total
arm length, and the upper frequency limit is set by the finite size of the load.”

The device response as a function of mirror displacement was measured with a step size of 10 um, corresponding to a
maximum frequency of 7.5 THz. The time per step was 0.8 s and the lock-in time constant was 0.3 s. Typical scans for
both antennas at 2-4% relative humidity are presented in Figure 7. The data presented are single scans, and the average
(off-peak) device response has been subtracted from the data. The response is highly reproducible from scan to scan. The
scan length of 6 mm corresponds to a frequency resolution of 25 GHz, and it takes approximately 8 minutes to acquire
the data. The slight asymmetry in the interferograms is likely the result of imperfect alignment of the spectrometer.
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Fig. 7. Typical interferograms for 79 um double-dipole antenna (left) and log spiral antenna (right).

The measured interferogram is Fourier transformed to get the spectral response. Normalized spectra from the two
devices are presented in Figure 8. The irregular structure in each spectrum is highly reproducible and thus does not
appear to be dominated by noise. The 0.8 THz response peak of the double-dipole response is approximately equal to the
half-wave resonance of a 79 um dipole in an effective dielectric that is equal to the mean of the dielectric constants of Si
and air. The log spiral response has unanticipated attenuation at frequencies above 1 THz. The cause of this is unknown,
although it may be due to a distortion of the antenna geometry that results from the fabrication process.*”® This issue, as
well as other antenna geometries, will be investigated in future work.
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Fig. 8. Normalized spectra for device with 79 um double-dipole antenna (left) and log spiral antenna (right) with optical
device micrograph insets.

6. CONCLUSION

We have demonstrated a superconducting microbolometer with a sub-nanosecond response time and a sensitivity
approaching the limit of thermal fluctuation noise. This detector was integrated into a custom Fourier-transform
spectrometer, which was used to measure the bandwidths of two antenna geometries. This system can be used to perform
time-resolved measurements of dynamic systems on nanosecond to millisecond timescales, enabling a variety of novel
spectroscopy applications.
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Erratum
Proc. SPIE 6772, 67720Q (2007).

In the first paragraph of section 5, the sentence

A dipole in a dielectric half space radiates power preferentially into the high dielectric
material in proportion to the square root of the dielectric constant, so our antenna should
couple with approximately 80% efficiency from the lens side of the device.?

should be corrected to read

A dipole in a dielectric half space radiates power preferentially into the dielectric
material approximately in proportion to the dielectric constant to the power 3/2.%*



