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THz Hot-Electron Photon Counter

Boris S. Karasik and Andrei V. Sergeev

Abstract—We present a concept for the hot-electron
transition-edge sensor capable of counting THz photons. The
main need for such a sensor is a spectroscopy on future space
telescopes where a background limited NEP ~ 102® w/Hz!? is
expected at around 1 THz. Under these conditions, the rate of
photon arrival is very low and any currently imaginable
detector with sufficient sensitivity will operate in the photon
counting mode. The Hot-Electron Photon Counter based on a
submicron-size Ti bridge has a very low heat capacity which
provides a high enough energy resolution (~140 GHz) at 0.3 K.
With the sensor time constant of a few microseconds, the
dynamic range would be ~ 30 dB. The sensor couples to
radiation via a planar antenna and is read by a SQUID
amplifier or by a 1-bit RSFQ ADC. A compact array of the
antenna-coupled counters can be fabricated on a silicon wafer
without membranes.

Index Terms—radiation detectors, submillimeter wave
detectors, bolometers, superconducting devices.

1. INTRODUCTION

everal new advanced space submillimeter (SMM)
Sastronomy missions (Single-Aperture FIR Observatory —
SAFIR [1,2], Submillimeter Probe of the Evolution of
Cosmic Structure — SPECS [3], Space Infrared Telescope for
Cosmology and Astrophysics — SPICA [4]) have been
recently proposed. What they all have in common is a
dramatic impact on the attainable sensitivity in the moderate
resolution mode (R =+v/Av ~ 1000) which is typical for
application of direct detectors in spectroscopy. This will be
achieved by active cooling of telescope mirrors in space to 4-5
K. For all existing platforms, the temperature of the telescope
and radiation of the atmosphere set the limit of the sensitivity.
Deep cooling of a telescope mirror to ~4K would almost
compleicly eliminate the effect of the telescope emissivity.
Then the limiting noise equivalent power (NEPY would be set
by the background fluctuation at the level of NEP ~ 107%-10%
W/Hz'" in the most of the SMM range (see Fig. 1). Below 1
THz, the radiation is from the Cosmic Microwave
Background. At higher frequencies, the radiation from the
galactic core and dust clouds dominates.
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The required NEP is two-three orders of magnitude lower
then that currently achieved by the state-of-the-art (SOA)
micromachined bolometers. Although it has been speculated
that more than order of magnitude improvement of the
performance could be achieved for such devices [2,5], we
show that the required improvement of the bolometer
sensitivity is restricted by the quantum limitations imposed
on the phonon conductance in 1-D channels below 1 K.
Alternative approaches for achieving the NEP ~ 10 W/Hz'"”
include a number of superconducting concepts, namely a
superconducting [6] or normal metal {7] hot-electron
bolometer, a kinetic inductance detector [8,9], a
superconducting tunnel-junction device with single-electron
transistor readout [10], and a hot-spot superconducting
detector [11].

Data of Fig. 1 show that the low NEP above 1 THz
corresponds to a very low photon arrival rate Ny < 100 s,
This makes integration of weak signals impossible for the
most of the above detector concepts. Indeed, the time constant
cannot be easily engineered and is determined by either the
electron-phonon relaxation time [6,7,11] or by the
quasiparticle recombination time [8,9,10] which are of the
order of millisecond at 100 mK where the low NEP can only
be achieved. This circumstance makes photon counting a
preferable mode of operation at least for detection of weak
signals. The photon counting mode has been considered for
devices [10] and [11]. The only experimental demonstration of
the detection of single SMM photons was done using
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Fig. 1. The NEP corresponding to the background limit for the moderate
resolution spectrometer (R = 1000) and the corresponding rate of photon
arrival. The later is less than 100 sec.”’ above 1 THz.. The dashed and
dotted line show contributions to the NEP of a telescope mirror with a 5%
emissivity at different temperatures (4K, 10K, and 30K).
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quantum-dot devices [12]. The low operation temperature of
the devices (50 mK) and potential difficulties associated with
coupling of radiation to such devices and with their readout
make alternative approaches worth of pursuing.

In this paper, we analyze the photon counting regime for a
Hot-Electron Direct Detector (HEDD) [6], which is a
transition-edge sensor (TES) operated in the hot-electron
regime and whose sensitivity is enhanced due to the material
disorder [13]. The main advantage of this approach is that the
NEP ~ 10 W/Hz"* can be actually achieved at 300 mK
instead of 100 mK that makes a huge difference for space
applications. The proposed Hot-Electron Photon Counter
(HEPC) can be planar antenna coupled and fabricated on bulk
Si substrate. The readout circuits can use either SQUIDs or
RSFQ devices. Both readout technologies are compatible with
the detector technology and relatively well developed.

[1. SENSITIVITY LIMIT IN MICROMACHNIED BOLOMETERS

Bolometers are currently detectors of choice for SMM
astronomical instruments. The state-of-the-art design of a
SMM bolometer represents a very fine mesh (“spider-web™)
etched from a 1 pm thick Si;Ns; membrane that suspends a
sensitive Neutron-Transmutation-Doped Ge (NTD-Ge)
thermometer. The mesh plays simultaneously the role of the
thermal conductance to the bath and of the radiation absorber.
One of the most important applications of these bolometers
will be the High-Frequency Instrument (HFI) on the
NASA/ESA Planck Surveyor Mission where a typical
background-limited Noise Equivalent Power NEP ~ 1077-10™¢
W/Hz"” will be utilized in several frequency bands between
100 GHz and 857 GHz [14]. The fundamental NEP of a
bolometer is set by the minimum possible thermal
conductance between the absorber of radiation and the thermal
sink. “Spider-web” bolometers use several (~10) 500 pm long,
1 pm thick and 3 pm wide Si;Ns legs, each of which
contributes ~ 1 pW/K into the thermal conductance at 100
mK,

A further decrease of the thermal conductance might be seen
via an increase of the leg length and decrease of the number of
legs and their crossection assuming that the “classical” T *-
dependence of the thermal conductivity still holds at lower
temperatures There is, however, new data on the thermal
conductance of dielectrics nanowires at low temperatures
setting some doubts about the realism of this approach for
increase of the detector sensitivity. Theory [15], which takes
into account the quantization of phonon modes in thin wires,
gives the following low temperature limit for the thermal
conductance:

Gp = 4x’ k3T [3h. )

Remarkably, this quantity does not depend on the length of
the wire and its material properties. The experiments with
Si;N; [16], GaAs wires [17] and nanotubes [18] confirm the
theory demonstrating the crossover of the conductance from
the T *-dependence to the linear dependence of (1). Though the

crossover temperature depends on the material purity, the
lowest possible conductance is given by (1). If we assume a
hypothetical leg-suspended bolometer with just three legs then
the intrinsic quantum conductance limited NEP will be given

by:
NER, = [4k,T% 3G, @

At 100 mK, (2) yields an NEP which is slightly less than
10™* W/Hz"”. It approaches the 10™ W/Hz" only below 10
mK, which is an impractically low temperature for space
instruments.

IMI. RELAXATION TIME IN NON-EQUILIBRIUM SENSORS

Since conventional micromachined bolometers cannot in
principle achieve the low enough NEP other alternatives must
be considered. Two other actively pursued approaches to
sensitive integrating SMM detectors are the Hot-Electron
Direct Detector (HEDD) [6] and the Kinetic Inductance
Detector [9]. Both use non-equilibrium phenomena in
superconducitng films. The HEDD relies on a weak electron-
phonon coupling in disordered Hf or Ti superconducting
films. Its sensitivity is limited by the same thermal energy
fluctuation noise mechanism as in ordinary bolometers but
with G.pn = Co/Tepn (C. is the electron heat capacity, T.» is
the electron-phonon relaxation time) playing a role of the
thermal conductance. T, Is the material parameter and does
not depend on the geometry. C, is proportional to the volume
therefore the sensitivity of the detector becomes greater for
small devices. A previous analysis [6] shows that the
corresponding NEP can be as low as 10 W/Hz"” at 100 mK.

The relaxation time in, e.g., 7/ HEDD greatly increases at
low temperature [13]:

Topn = 0.2-T *[usec]. (3)

Exponent 4 in the dependence of (3) arises due to the
scattering on defects in a metal at very low temeperautres that
additionally slows down the relaxation [19]. If an HEDD
device operated at 100 mK, z..,, would be ~ 2 ms. This is
still too short to integrate photons arriving at as low as in
Fig. 1 rate.

The situation with the KID is somewhat similar. Here the
detection mechanism uses a number of Cooper pairs broken by
photons. This causes a decrease of the kinetic inductance of
the superconducting film that can be detected by either an
inductive bridge with a SQUID [8] or via a shift of the
resonance frequnency in a strongly coupled microstrip
resonator [9]. The fundamental sensitivity limit is set by the
quasiparticle generation-recombination noise and can, in
principle, yield the NEP below 107 W/Hz"* [8]. This would,
however, require a very small number of quasiparticles N <
1000 in the entire volume of the detector. The response time
is given by the quasiparticle recombination time modified by
phonon trapping effects in the film. This time has a very
strong temperature dependence
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and can, on the first sight, be very long. Thus, e.g, in Al [9],
this time has been found to follow the dependence of (4)
reaching ~ 0.1 ms at 250 mK. An extrapolation of (4) to 100
mK would bring 7, to ~ 30 s that is sufficient for integration
of rare single photon events. However, in the experiment, a
saturation of ,, has been seen at lower temperatures. There are
a number of reasons causing a saturation of ., and of N, at
low temperatures. They can be internal traps with lower gap in
the material, sirain radiation or diffusion. It is unclear at this
time if the material properties and conditions for operation of
KID devices can be improved to the extent necessary to obtain
both a low NEP and a long time constant.

IV. HOT-ELECTRON BOLOMETRIC PHOTON COUNTER

It is quite obvious from the above that it will be very
difficult if possible at all to realize a combination of the NEP
~107 W/Hz"” and the time constant ~ 1 s. Thus, the photon
counting mode for THz radiaiton becomes unavoidable and
needs more attention and study. Superconducting photon
counters have been successfully developed from X-ray to near-
IR wavelengths. The main motivation is to achieve useful
energy resolution without using external wavelength
dispersing elements. In many cases they are also the most
sensitive detectors at these wavelengths. TES devices have
been in particular of great interest for such applications in
view of their robust thin-film technology, compatibility with
low-noise SQUID readout and the presence of the negative
electro-thermal feedback improving the energy resolution.
When the wavelength increases the energy resolution of the
photon-counters degrades and the only remaining advantage of
the photon counters over the integrating detectors is an ability
to detect very weak radiation fluxes with a small photon count
rate.

Just recently, submicron-size {down to 0.5 pm x 0.1 pm x
0.020 pm) Ti HEDD devices have become available for our
work [20]. This has created a situation when we can
realistically evaluate a performance of the Hot-Electron Photon
Counter (HEPC) in the THz regime. The envisioned HEPC
device is a submicron size superconducting bridge made from
thin disordered Ti film, which has a critical temperature,
Tc = 350 mK. The bridge is fabricated on silicon or sapphire
substrate between Nb contacts which block the diffusion of
hot electrons out of the bridge due to Andreev reflection. A
planar antenna provides coupling to THz radiation. The Ti
nanobridge will operate in the voltage-biased TES mode, that
is, its operating temperature T will be somewhat lower than
the critical temperature, T, and the resistance at the operating
point will be much smaller than the normal resistance. An
absorbed photon causes a fast increase of the electron
temperature in the device, 67. = hv/C., within the
characteristic time w = L/#°D (L is the bridge length, D is
the electron diffusivity). Then the relaxation of electron
temperature occurs with the time constant 7 = T.s/(L+1)

where L is the electro-thermal feedback (ETF) loop gain [21].

For strong ETF, £ =a/m (=2 /8T-, 8T¢ is the
superconducting transtion width). The response time does not
vary significantly over the range where the sensitivity is high.
The value of N,.. = 1/(w7) determines the maximum count
rate. This would provide a large dynamic range for the
counter: DR = Ny /Ny The ability of the device to detect a
single photon will depend on the magnitude of the intrinsic
thermal fluctuations compared to the photon energy. The rms
energy fluctuation for a TES with srtrong ETF is given by
[21]:

OF = Af4~ln 12ksT2C, Jor . ©)

Here » = 6 is the material exponent in the temperature
dependence of the electron-phonon thermal conductance. This
value of n corresponds to the 7~ temperature dependence of
(3). Frequency vz = 8E/h can be treated as the “red boundary”
or the low frequency limit for the detection mechanism.,

In order to detect low energy photons, the temperature must
be low and the volume of the device must be small. On the
other hand, 7> 0.3 K is quite desirable for space applications
since this tremendously simplifies the cryocooling.
Minimization of the device length is limited by the proximity
effect: for shorter microbridges, the superconducting order
parameter will propagate from Nb contacts in Ti microbridge
and raise its critical temperature. The lower limit on the
microbridge length corresponds to the thermal length in

normal metals L. =1'hD/ (4Jz2kBT). For the experimental

value D = 2.4 cm*/sec [13], this estimate gives L¢ ~ 30 nm.
The available device length of 500 nm is by an order of
magnitude greater, therefore the proximity effect can be
neglected.

In order to realize the photon-noise limited NEP, the dark
count rate imposed by the energy fluctuations in the electron
subsystem should be below the count rate due to the
background radiation. This is achieved by choosing the
corresponding level of the discrimination threshold,
Er= Chv (£ < 1), in the photon counter or/and in the readout
electronics. Then the counts are caused only by the energy
fluctuations, which exceed the discriminator threshold. The
corresponding dark count rate is approximately given by [22]:

(=7} %
N,= flﬂ -ETf/aEexp(-xz/Z)dx. ©®)

The results of a numerical modeling demonstrating the
parameters of the Ti HEPC for detection of 1 THz phototns at
300 mK are summarized in Table L.

With the above parameters the probability to detect a 1-THz
photon is 95% (see Fig. 10.2 in [22]). Since N depends very
strongly on the lower integration limit (sec¢ (6)) it can be
varied broadly by choosing £ or adjusting the device volume.
That may be necessary in order to increase the range of
frequencies where the counter would operate (Vimay = C.0T/h).
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TABLE 1
MODELED PARAMETERS OF THE HEPC

o w(GHD)  New (S & Ny (™) DR (dB)

It is important to mention that the limited device speed is a
key condition for keeping the dark count rate low. In another
concept [23], a similar counting device was considered using a
small piece of normal metal absorber capacitively coupled to a
superconducting antenna through a pair of normal
metal—insulator—superconductor tunnel junctions. In that
device, the absorption of a photon in the normal metal
produces a spike of the electron temperature, which is
measured by a normal metal-insulator-superconductor (NIS)
junction. Since the device does not have superconducting
contacts its thermal relaxation is governed by the electron
diffusion with the characteristic time 7z ~ ns rather then the
electron-pohonn relaxation as in our case. Under conditions of
the above example, this would result in a very high rate of
dark counts exceeding the background photon arrival rate.

V. CONCLUSION

The paper demostrates the importance of the photon
counting detector for a specific application in the space THz
astronomy where this kind of technology is currently lacking.
A proposed HEPC approach is promising for meeting
sensitivity needs while operating at 0.3 K. Beside the
astronomical applicaitons, such sensors might be of interest
for laboratory molecule spectroscopy, quantum information
applications, and nanoscale physics of thermal processes.
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