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Abstract—We describe recent work at Yale on Superconducting
Tunnel Junction (STJ) direct detectors that have been developed
for submillimeter astronomy. To monitor the response of the
detector with large readout bandwidth and excellent sensitivity,
we use a novel readout based on radio frequency (RF) reflectom-
etry, like the readout invented for the RF-SET. For calibration
of the detector, we have developed an in-situ, on-chip, hot-cold
photon source. This is a voltage biased gold microbridge. Noise
emitted by the microbridge couples via a coplanar stripline to the
detector. This provides a calibrated blackbody photon source with
near unity coupling, fast chopping, and calculable output. We
present recent detection results in the range 100-160 GHz. These
demonstrate the expected good responsivity, high sensitivity, and
fast response. This approach is easily used with a frequency-mul-
tiplexed readout, allowing economy of cold electronics. Ultimate
sensitivity is in the range 1 x 10~1° W /(Hz)/2,

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

I. INTRODUCTION

URING the past decade, advances in superconducting
Dthin—ﬁlm technology have enabled the development of
increasingly sensitive power detectors for observations in the
mm-wavelength and sub-mm range. Bolometer detectors are
read out with superconducting thermometers (TESs) and multi-
plexed SQUID amplifiers. These and other approaches are under
development for current and future astronomy observations [1],
[2]. Increasingly, thin film circuits allow for integration of the
rf coupling and bandpass elements; sensitive SQUID readouts
are on one or a few chips. One cited future application is the
measurement of the Cosmic-Microwave Background (CMB)
polarization anisotropy [3], [4]. Some future experiments,
with cooled, space-borne collectors, may be able to utilize
sensitivity values characterized by a Noise-Equivalent Power
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NEP ~ 1019 to 10-2° W /(Hz)'/2. At this level, counting of
individual photons may be possible, and has been predicted to
be feasible with future developments [5], [6].

We describe here research at Yale University in collaboration
with researchers at Goddard Space Flight Center. This work is
to develop an extremely sensitive direct (power) detector for the
mm and sub-mm wavelength region. The approach uses photo-
excitation, the breaking of a Cooper pair into single-charge units
by the absorbed photon. Our approach differs from those in
which thermal excitations are created in a normal or gapless
metal. The readout we have recently developed, a rf-resonant
impedance transformer used in a measurement of reflection co-
efficient, allows frequency multiplexing of many single pixels to
form a planar array. Moreover, the readout is very fast (< usec)
and simple to implement. Testing of any of the proposed devices
at the low power level of the future applications, P = 10718 to
10~ W, is very challenging. We have developed an on-chip
photon source that allows testing with the photons that are in
the mm-wave band, and can also be used easily with other de-
vice approaches. With these new techniques we have tested de-
vices and demonstrated a NEP < 10716 W/(Hz)'/2, lim-
ited by noise of the HEMT amplifier. With colder and smaller
tunnel junctions and a lower noise (SQUID) amplifier, we ex-
pect this readout method will allow NEP =~ 1019 W /(Hz)'/2.
To achieve sensitivities that are even better, a RF-SET readout
would need to be employed with this STJ detector [5]. The
testing we have done has characterized the tunnel junctions and
the general fabrication approach in a realistic model system,
with all pieces functioning and integrated together. It lays the
groundwork for tests of more sensitive devices in the future.

II. DETECTOR AND READOUT DESIGN

The device geometry is shown in Fig. 1 with a band dia-
gram. The planar Nb antenna couples photons to the Al strip.
A bowtie antenna is shown as an example, but other antenna
types can be employed. For photon energies above the gap of
Al (Eg a1 = 2Aa1 = 100 GHz) the photon is absorbed in
the Al; each photon breaks a Cooper pair to produce two quasi-
particles. These quasiparticles are at relatively low density and
recombine slowly, on a timescale of msec [7]. The quasiparti-
cles are confined to the Al strip by the larger gap Nb electrodes,
and tunnel to the other Al electrode in a few psec. With a fi-
nite voltage bias applied, the quasiparticles all tunnel as elec-
trons [8] and a current flows proportional to the absorbed power
P: T = 2e (P/hf), with (P/hf) the number of photons absorbed
at energies above K, if the power is in a narrow band at fre-
quency f. We assume that the resistance at frequency f of the
Al strip matches the impedance of the antenna or the source
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Fig. 1. Schematic of detector and band diagram.

CQurrent [pA]

-100 0
Voltage [uV]

100 200

Fig. 2. I-V at low voltages versus temperature.

driving it, so all incident power is absorbed. With the Nb an-
tenna, the frequency range for operation of this specific design
is from 100 GHz to ~650 GHz. (The Nb gap is slightly reduced
in our thin film.) The Au quasiparticle trap ensures that the
quasiparticles, after tunneling, leave the junction area rapidly by
diffusion and cannot tunnel back to the Al absorber. The ther-
mally excited quasiparticles give a dark current with current shot
noise = 2e|lqc|. This can typically be ignored for T < 0.2 K.
We note that this dark current is given by the BCS prediction for
the sub-gap current down to at least 150 mK [9].

Prior to photon testing we wanted to test the various readout
methods and to better understand the junction fabrication issues.
We first used tests of response vs. temperature, with the increase
of BCS subgap current at higher temperatures modeling the ef-
fect of the induced current due to absorbed photons. In Fig. 2 we
plot the I-V curves for two temperatures, the base temperature
of that measurement, 260 mK, and a temperature 270 mK, only
10 mK higher. We see a current increase of 3 pA, measured with
conventional room temperature dc instruments. (Cold rf filters
are employed.) Such measurements confirm the ideal quality of
the junctions, and also the suppression of the critical current.
We use a magnetic field perpendicular to the plane of the junc-
tions, which form a SQUID magnetometer. The individual small
junctions are too small to suppress their critical current with a
parallel field that is below H, of the Al film.

The response speed of the ‘dc’ electronics is far too slow for
most applications, due to the large junction resistance (> Mohm
for V. > 20 V) combined with the cable capacitance to room
temperature. A much faster readout method is offered by the res-
onant impedance transformation and rf reflection measurement
developed for readout of the RF-SET [10]. We have further de-
veloped this technique, and describe it below. It offers the great
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Fig. 3. Resonant readout method, as described in the text.
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Fig. 4. 1-V curve and reflection coefficient. Peak near V. = 0 is due to the

larger conductance seen in Fig. 1 near V = 0. This peak grows when the tem-
perature or photon-induced current increases with increased absorbed power.

advantage that one can frequency multiplex many individual de-
tectors using a ‘comb’ of interrogating radio frequencies, each
addressing one detector with its own resonant frequency. Only
one cold amplifier and cable are required, with each detector of a
planar array being read out simultaneously with all others, each
having a bandwidth >1 MHz [11], [12].

Fig. 3 shows the resonant 1f readout method. The Nb antenna
is shown schematically. The impedance of the tunnel junction
connects to the C-L circuit which is attached directly to it on
the same chip. A wire bond connects this chip to the cold bias
Tee, which allows one to dc bias the junction with a voltage V,
and to pass tf signals at 350 MHz in this case through a large
coupling capacitor. A cable connects to the directional coupler
at 4.2 K. The 1f signal is sent toward the tunnel junction, and
the impedance of the junction “seen” at the wire bond is trans-
formed down from the large (Mohm) value of the junction re-
sistance to around 50 ohms. If the transformed impedance is
exactly 50 ohms, there is no reflection, and if it differs from
50 ohms, the voltage reflection coefficient is either positive or
negative. Thus, small changes of the tunnel junction impedance
are sensed when one measures the reflected power. The reflec-
tion coefficient measured over the full I-V curve is shown in
Fig. 4. The peak around V = 0 is due to the large conductance
near V = 0, in Fig. 2.

The most sensitive detection will be achieved with small
junctions at cold temperatures, <150 mK. We predict that our
resonant rf readout can achieve a noise-equivalent power of
NEP ~ 1 x 10~ W/(Hz)Y/? if we employ a SQUID rf
amplifier instead of the HEMT amplifier that has been tested so
far. This NEP corresponds to a power level ~ 10~16 W, which
would generate a background-limited NEP (due to photon shot
noise) of this same level. This power corresponds to absorbing
150 GHz photons at a 1 MHz rate. This is the limit of sensi-
tivity of the present readout method even with the SQUID rf
amplifier. To achieve lower NEP values, one would need to
employ a RF-SET readout [5], [10]. We have opted to avoid
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that complexity in developing our understanding of junction
dynamics and the materials issues and how they affect device
performance, and instead used the resonant rf readout, Fig. 4.
With this readout we learned how to conduct tests of NEP with
mm-wavelength photons. We describe that next.

Testing the detector response with mm-wavelength photons
can be challenging, especially if this is done in a quantitative
fashion. We initially tested the antenna-coupled detector. We
used a well characterized 200 GHz black-body source that ra-
diated through a waveguide-horn combination [13]. We unfor-
tunately did not achieve good rf coupling in the initial exper-
iments, and opted instead to develop the on-chip black-body
source. This allows very efficient coupling, near unity efficiency,
and fast turn-on and turn-off. Moreover, it has an easily calcu-
lated spectrum which can produce photon power in the range
10716 to 1072 W in the millimeter band above the Al gap fre-
quency, as needed for the tests envisioned.

The blackbody source we developed is a narrow (0.1 pm)
gold wire, 0.5 pym long and about 20 nm thick; the resistance
is near 50 ohms to match the transmission line. It is contacted
on each end by a thick Au contact. When a voltage is applied,
the wire heats up, and the electrons are in a regime where the
electron temperature is defined, but varies with position x along
the wire, being largest in the center. The dissipated power is
removed by hot electrons flowing out of the wire, driven by the
temperature gradient. This diffusion cooling is well known from
work on hot-electron bolometer mixers [14], [15] and one can
simply compute T(x) of the wire. To compute the power emitted
into a matched load, we use the black-body emission formula
for a resistor and integrate along the wire length the emitted
power from each segment dx at T(x) at each specific frequency.
The total power is just the frequency integral starting from f =
Eqg,a1/h. The total power per Hz coupled into a matched load,
from a length dx at position x, is

P(x)/(Hz) = {hf/ [eﬂlf/kT(x)) - 1] } dx /L.

Here, L is the length of the Au wire, k is Boltzmann’s con-
stant, and h is Planck’s constant. At low frequencies, P(x)/(Hz)
from a length dx is kT(x)(dx/L). The total power emitted into a
matched load is k(T(x))/(Hz), with (T(x)) the average elec-
tron temperature along L. Recall that hf = kT for f = 20 GHz
and T = 1 K. For average temperatures of 1 to 3 K, the power
emitted is in the range <0.1 to 0.5 pW.

The photons emitted by the Au blackbody are coupled via a
coplanar stripline (CPS) of design impedance 50 ohms to the
Al strip, which absorbs photons of energy above Eg a1. The Al
strip has normal state resistance ~50 ohms, and at frequencies
above the Al gap, the rf impedance is close to 50 ohms (see also
below). The stripline has large SiO capacitors to block the dc
bias of the Au wire, so the Al strip has no dc voltage across it.
To make testing simple, we first used a relatively large single
junction, of area 2.5 ym?. This allowed us to use the existing
sample holder geometry, which has a magnetic field parallel
to the substrate, to suppress the Josephson current. This sup-
pression is needed for reliable biasing of the tunnel junction. A
schematic of the test chip and f readout is shown in Fig. 5. The

Fig. 5. Schematic of test chip with rf readout. Here, a single junction is used
for convenience. Squid-geometry STJs have also tested well.
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Fig. 6. Optical micrographs of finished device, with electron micrographs
of the Au emitter and the tunnel junction. Schematic of the Au wire emitter.
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Fig. 7. Schematic of the Au wire.

entire structure is shown in optical and electron micrographs in
Fig. 6. A schematic of the Au blackbody emitter is shown in
Fig. 7. We have measured separately the average temperature of
the Au wire with dc voltage bias, using GHz Johnson noise ther-
mometry. The result matches the computed average temperature
[15], [16]. We have also measured detectors in the SQUID ge-
ometry (Fig. 1) using the same transmission line geometry with
Au emitter.

Recent tests have shown that some of the mm-wavelength
photons may be lost by radiation into the SUBSTRATE when
we employ a different layout. This is not a problem for the de-
vice and layout shown. Use of a co-planar waveguide (CPW)
as the transmission line will give much more localized fields,
and minimize possible emission of photons into the substrate.
Many detector designs call for such a CPW feed; we used the
CPS transmission line only as a first test. The low frequency
connections, not seen in Fig. 6, are narrow and widely spaced,
and are designed to have much higher impedance. This prevents
leakage of the mm-wavelength photons out these connections.
Designed choke structures could be used. These would need to
be fairly broadband for the large frequency range used in these
tests.

III. EXPERIMENTAL RESULTS

Detector I-V curves for various levels of emitter power are
shown in Fig. 8. The temperature listed is the average for each
computed T(x) distribution. The junction resistance in this case
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Fig. 8. I-V curves for four average temperatures of the Au wire emitter.
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Fig. 9. Rf reflection with =100 Hz square wave heating the Au emitter. The
fast (usec) response is due to the photon-induced current. The much slower (5
msec) response is due to substrate heating, as outlined in the text.

was R, = 1 kohm, lower than small, SQUID-type junctions
that have also been tested in the two-junction SQUID geometry,
Fig. 1. The base temperature of the measurement was 260 mK.
These I-V curves have structure between 0 and 40 ¢V, unlike
those of Fig. 3, due to the difference in energy of the gaps of
the two Al electrodes. The higher gap electrode of the absorber
was evaporated more slowly, to ensure that its resistance was
~50 ohms. More recent tunnel junctions were produced with
Al films that had nearly identical gap values. While the I-V of
Fig. 8 appears more complex that the curves of Fig. 3, the rf
readout still operates to distinguish the increase in current due
to absorbed photons. We use a level of rf drive such that the
junction voltage gets to ~ 140 'V at its peak amplitude.

We checked the speed of the response by modulating the
voltage across the Au wire with an on-off square wave. We mea-
sured with square waves of different amplitudes. What we found
is shown with a &~ 100 Hz square wave drive. As seen in the inset
of Fig. 9, the fast response of the reflected rf voltage follows the
input power with a time constant of a few psec, which is the
response time of the quasiparticle tunneling current. This is the
expected result, since the tunnel time is expected to be the lim-
iting time for junction response to absorbed mm-wave photons.
The rf readout itself is much faster, being able to follow changes
of emitted power on a 0.1 us scale. The blackbody emitter turns
on and off even faster, with a time constant set by diffusion along
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Fig. 10. Response of detector to a 10 kHz on-off square wave applied to the Au
emitter. The response due to absorbed photons only is given by the peak-to-peak
amplitude of the resulting output signal.

its short length; we estimate this time constant to be < 0.1 nsec.
The quasiparticles in the Al absorber cool to near the gap in less
than a psec [8].

When we view the measurement of Fig. 9 on a msec time
scale (main plot), we observe a second behavior. We see a
second time constant where the response slowly approaches
its full value. There is a fast initial transition on the psec scale
due to the response to absorbed photons, seen in the inset,
but then a very slow approach to the final value, on the scale
of 5 msec. We have identified this slow response as due to
substrate heating. There are two pieces of strong evidence.
First, a second detector on the same chip, not connected to the
heated black body emitter, shows only the slow response, and
of a nearly similar magnitude as the detector that is connected
by CPS to the emitter. Second, when we later used multiple
wirebonds from Au pads on top of the substrate to the copper
frame, this slow heating effect was significantly reduced. We
thus conclude that the measurement of the rf reflection on the
fast timescale indicated the photon-induced change in quasipar-
ticle current and resistance. We thus find that by using a 10 kHz
square-wave drive for the voltage across the Au wire, we can
observe just the desired response due to absorbed photons. This
square-wave response is shown in Fig. 10. The slow response
seen in Fig. 9, and a fraction of the dc response seen in Fig. §,
is due to the substrate heating. We have thus corrected the
measured dc values of the current change of Fig. 8, and report
the value of the responsivity with the substrate heating effect
removed. We find this responsivity is R = 1700 A/W, which
compares reasonably well to the predicted value of 3000 A/W.
The predicted value was computed by accounting for the actual
black-body spectrum presented to the absorber, and also the
true impedance of the absorber at frequencies above the gap
of Al. The impedance of the Al strip above its gap frequency
differs slightly from the normal state resistance R,, due to the
BCS electrodynamics [17]. We used the Mattis-Bardeen theory
for this computation. We do not have a firm explanation of the
difference between the predicted and observed values of the
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Fig. 11. NEP of the detector as a function of frequency.

responsivity. However, we note that the overall agreement and
performance are very encouraging.

The optical NEP of our detector is shown in Fig. 11. This is
for measuring with absorbed photons. We use the responsivity
from the reflection measurement with the 10 kHz drive of the
Au emitter. We measured the noise while the detector was oper-
ating under load. The noise was found to be white down to about
1 Hz, as shown in Fig. 11. The value of the NEP for interme-
diate frequencies is 8 x 10717 W /(Hz)"/2. This value of NEP
is very close to that predicted solely on the basis of the amplifier
noise and the Q factor of the resonant circuit used, Q = 20. To
achieve the much lower values of NEP that this detector should
be able to provide, one would use smaller junctions (i.e., two
junctions of total area < 0.1 gm?, in a SQUID geometry) and
much lower temperatures. These changes, taken together, would
dramatically lower the dark current and thus give much larger
tunnel junction resistance hear V = 0. In turn this would allow
for Q values one to two orders of magnitude larger, reducing the
current noise referred to the tunnel junction by that same ratio.
These low dark currents were demonstrated in past dc measure-
ments, where dark currents = 10 fA were observed [16]. With
a SQUID rf amplifier, a NEP of 1 x 10719 W /(Hz)'/? is pre-
dicted [18].

We emphasize that we measure and report an optical NEP,
which is often a very challenging goal for this mm-wavelength
range of detection. For many thermal detectors, the electrical
NEP is what is reported, or the computed NEP based on a mea-
surement of thermal conductance. Our on-chip source allows the
optical NEP to be measured. Careful thermal design can make
the substrate (phonon) heating effects negligible.

IV. CONCLUSION

A conclusion of this work is that reliable testing of mm-wave-
length and sub-mm systems can benefit from using on-chip
sources of photons that produce a known spectrum and power
in the cryogenic environment. While the use of a blackbody

source in the cryogenic environment is over 20 years old
[19], [20], our use of an on-chip blackbody in this millimeter
frequency range appears to be new, and is very useful. We have
identified some of the potentially complicating issues, such as
substrate (phonon) heating, and shown how to remove these
as impediments. While the goal of achieving good coupling to
photons arriving from free space, for astronomy observations,
needs to also be implemented, the development of an on-chip
test system with fast response provide a useful tool during
development of these future astronomy systems.
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