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We present a development of a novel photon detector based on superconducting tunnel junction
(STJ) and silicon-on-Insulator (SOI) technology for application to an experiment to search for
radiative decays of cosmic background neutrinos using photon energy spectrum in the cosmic
infrared background region. The requirement of the detector for the experiment is a capability
of photon-by-photon detection in the far-infrared region. In principle, a Nb/Al-STJ is expected
to be able to detect a single far-infrared photon, however, it has not succeeded yet even with the
STJ since the signal from the single far-infrared photon is much smaller than the readout noise
level currently achieved. To solve this problem, we employ a preamplifier that can be operated
at a cryogenic temperature below 1K to improve the signal-to-noise ratio in STJ readout signal.
SOI preamplifier is a promising candidate as it was reproved to function at 4K by a JAXA and
KEK group. We process a STJ directly on the SOI wafer with the preamplifier circuit to make
the detector simple and compact. First we tested a STJ on a SOI board only with SOI-MOSFETs
to verify the electrical contact between the STJ and the SOIFET electrodes as well as the STJ
being processed without causing any damage on SOI-FET. We have confirmed that the SOI-FET
shows an excellent performance below 1K and the STJ on the SOI can operate normally. Then
we designed a more practical version of the SOI-STJ photon detector with a preamplifier circuit
in the SOI wafer.
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1. Search for radiative decays of cosmic background neutrinos

The mass-square differences between neutrino generations, Am?, Am%2 and Am%1 were mea-
sured to be (2.32J_r8:(1)§) x 1073 eV2 and (7.50 + 0.20) x 1073 eV?, respectively, by various neutrino
oscillation experiments [1]. However, the neutrino mass itself has not been measured yet. We aim
at measuring the neutrino mass itself with the neutrino radiative decay.

The photon energy from the neutrino radiative decay (v3 — Vv, + 7 ) in the vs rest frame is
described as the following equation:
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where E, is the photon energy from the neutrino radiative decay, and m3 and m; are the heaviest
and the second heaviest neutrino masses, respectively. The numerator has been measured by the
oscillation experiments, therefore, the measurement of the photon energy enables us to determine
the neutrino mass itself. The neutrino lifetime is expected to be very long (73 = O(10*) years) in
the standard model [2]. However, in the left-right symmetric model, which is described in SU(2),,
® SUR)r ® U(1)p_; symmetry group, the lifetime is allowed to be 73 = O(10'7) years [3] in the
shortest.

The most promising method is to observe the photon from the decay of the cosmic background
neutrino, which has a temperature of 1.9K and a particle density p of 110 cm ™! per generation. The
detection of the neutrino decay also indicates an experimental discovery of the cosmic background
neutrino which is only predicted by the standard cosmology.

The expected photon energy from the
neutrino radiative decay is about 25 meV as-

suming m3 = 50 meV. In this energy region,
the largest background is the zodiacal emis-
sion. To estimate the requirement for the
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cay has a sharp edge at the expected photon energy from v3 at rest and the tail in the lower energy
region due to the red shift effect. To detect the neutrino radiative decay significantly in such a large

background, it is found the photon detector is required to have 2 % energy resolution at the edge.
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We plan to perform a rocket experiment, aiming at improving the current experimental lower
limit to the neutrino lifetime by two orders of magnitude in a 5-minute measurement [4, 5]. We
deploy 8 spectrometers each of which consists of an array of 50 Nb/Al-STJ pixels, and a diffraction
grating is adopted to separate photons according to their wavelengths across the pixel array to
measure the photon energy in the range from 15 meV to 31 meV (A =40 - 80 um).

2. Introduction to superconducting tunnel junction

The superconducting tunnel junction (STJ), also known as a Josephson junction, where con-
sists of two superconductors separated by a very thin insulator layer is shown in Fig. 2. The typical
time constant of the Nb/AI-STJ signal is a few micro seconds. It originates in the diffusion time of
quasi-particles and faster than the bolometer such as the transition edge sensor (TES), which is one
of traditional superconducting detectors. By using a narrow time window for the STJ signal charge
collection, signal-to-noise ratio is expected to be improved.

In the superconducting tunnel junction, ex-
cited electrons (quasi-particles) above their en-
ergy gap tunnel through the potential barrier by
the thin insulator layer due to the tunnel ef-
fect. By measuring the tunnel current of quasi-
particles excited by an incident particle, we can

measure the energy of the particle. The number
of quasi-particles in Nb/AI-STJ is given as the
following equation:

@A1/A10x/Al (Z0nm)

Ny =Ga 1E7YA’ (2.1) Figure 2: Schematic draw of the Nb/Al-STJ

’ (left) and the cross-section image of a Nb/Al-

where Gaj is a gain arising from the dif-  STJ with a transmission electron microscope
ference between gap energies of two super- (right)

conducting layers (Nb : 1.550 meV, Al :
0.172 meV), Ey is the absorbed energy of the
incident particle, A is the superconducting gap

energy of niobium. For example, the num- . —
ber of quasi-particles created by a single pho- ‘iiw" -
ton of 25 meV in Nb/AI-STJ is correspond- jw
ing to about 100 electrons assuming Ga; = 10. ‘°
3. Cold preamplifier m /
We confirmed that a Nb/A1-STJ with 4 yrm? ton e ‘0_5‘/‘ g g e

4 4.
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junction size can detect a visible light (A = Figure 3: Temperature dependence of the
465 nm) at a single photon level and found a leakage current for a Nb/AI-STJ (100um x
separation of the single photon signal from the 100pm). Measured data (dots) and the theo-

pedestal noise is at the level of 0.4 0 significance. retical prediction (solid curve) are shown.
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As we aim at 50 separation for a single far-infrared photon signal from the pedestal noise, we
need further improvement by a low-noise preamplifier working at the operation temperature of the
Nb/Al-STJ. Requirements for the amplifier are divided into roughly the following three categories:

First, the amplifier should be operated below 800 mK. The leakage current of the Nb/Al-STJ
is required to be below 100 pA to separate the signal from the shot noise from the leakage current.
The leakage current is practically caused by defects such as pinholes in the insulation layer as well
as thermal excitation of cooper pairs. The temperature dependence of the leakage current is shown
in Fig. 3. The solid curve shows theoretical prediction of the leakage current originating in the
thermal excitation in the BCS theory. The measured data differs from the predicted curve below
1 K because of the leakage current which arises from the defects. We expect to be able to reduce
the pinholes by using a smaller junction size. Meanwhile, to reduce the thermal excitation, we need
to operate STJ below 800 mK, and thus the amplifier is required to be at the same temperature.

Second, the total power consumption of the STJ and preamplifiers must be below the cool-
ing power of the refrigerator. Accordingly, it is desirable to keep the power consumption in the
amplifier to be as low as possible.

Finally, since the time constant of the Nb/AI-STJ signal is a few us, the gain of the amplifier
is required to be sufficiently high up to 1 MHz.

3.1 Silicon-on-Insulator devices

The Silicon-On-Insulator (SOI) amplifier is
a candidate for readout of the Nb/Al-STJ. It has
been reported to operate at 4K by a JAXA/KEK Bulk,tMOS ¥
group [6]. The large scale integration (LSI) on
Si0; insulator has been developed with the SOI
technology. The LSI on the insulation layer en-

ables denser integration of FETs than the con- SOI-CMOS 6ate

ventional bulk-FETs. The SOI-based device is Somen Drsini St
possible to reduce parasitic capacitance among
MOSFETs and the substrate. The smaller par-
asitic capacitance benefits operation with lower

power consumption and at higher speed. FD Figure 4: Schematic draws of the typical

(fully-depleted) -SOI-FET, which has a very thin ~ PUlK-FET and SOI-FET

channel layer (about 50 nm), further reduces the capacitance and enhances these advantages. Fur-
thermore, FD-SOI-FET does not have malfunctions such as kink, hysteresis and so on which arise
from surplus high mobility carriers created at ultra-low temperature in case of highly doped MOS-
FET.

4. Development of the SOI-STJ photon detector

Hereafter we refer to the device where a Nb/Al-STJ is formed directly on a SOI chip in which
the preamplifier circuit is integrated as the SOI-STJ photon detector. The SOI-STJ photon detector
can derive many benefits from the advantages in the SOI technology. It is expected to improve
signal-to-noise ratio as well as a potential for expansion to a multi-pixel device.
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As the first step, we tested the Nb/Al-STJ on the SOI board which includes only MOSFET

to answer the following questions: Whether SOI-FETs suf-
fer any damage during process of the STJ, whether quality
of the Nb/AI-STJ even on the SOI board is sufficiently good,
and so on. The schematics and the photo-micrograph of the
first prototype of the SOI-STJ are shown in Fig. 5 and Fig. 6,
respectively.

4.1 Performance of Nb/Al-STJ processed on SOI board

We measured a current-voltage relation (I-V curve) of a
Nb/AI-STJ with the size of 50 um x 50 pm processed on
a SOI board at 700 mK with a dilution refrigerator. The I-
V curve shows a DC Josephson current which is confirmed
to be suppressed after applying a magnetic field of 35 Gauss
parallel to the insulator plane as shown in Fig. 8. The leakage
current, which is defined as the current at operation voltage
0.5 mV, is found to be around 6 nA. This indicates the STJ
on the SOI board has a similar performance to the best of the
nominal Nb/Al-STJ samples which is processed on a Si wafer
and measured to be the leakage current of 10 nA (see Fig. 3).

We also observed the response of a Nb/AI-STJ processed
on a SOI board to a pulsed laser light of 465 nm as shown in
Fig. 7. The time constant of the signal is found to be about
1 ws. It implies that the signal is originating from the quasi-
particles and their diffusion.

4.2 Performance of SOI-FET at ultra-low temperature

We also measured I-V curves of SOI-FETs after process-
ing Nb/AI-STJs at an ultra-low temperature. The measured
I-V curves are shown in Fig. 9a and Fig. 9b. Both the nMOS-
FET and the pMOSFET are confirmed to function below
800 mK. Fig. 9c and Fig. 9d show the the trans-conductance
gm, Which is proportional to the gain, as a function of Vg at
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Figure 5: Schematics of the first
prototype SOI-STJ
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Figure 6: A photo-micrograph
of the first prototype SOI-STJ

each temperature of room, the liquid helium and lower. The plots indicate gy, at the operation

voltage (V45 = 0.2 V) is not so sensitive to the temperature, and we can employ the SOI-FET for

CMOS amplifier which is operated with low power consumption at the cryogenic temperature.
We investigated the SOI-FETs with different dimensions in the channel width and the channel
length as well (ranging from 1 pum to 1000 um), and found we can control the drain current at the

operation voltages. This means that we can adjust the power consumption of the cold amplifier.
Figure 10 shows the I-V curve of the SOIFET with the smallest power consumption in the FETs we
measured. In this case, the power consumption at the operation point Vgs = 0.5 V and Vg = 0.8 V
in the saturation region is found to be 45 nW from Fig. 10b. The SOI-FET thus can operate with
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comparative small power consumption and is consequently expected to be suitable for our applica-

tion.

We, however, need to evaluate the thermal model of our ap-
paratus first and clarify the requirement for the power con-
sumption in the amplifier. We are also examining a possible
improvement for FET with higher gain and lower power con-
sumption in exchange of the response speed by using FET
around the threshold voltage.

Due to the large output impedance in the first prototype,
capacitance in the external readout cable hinders to estimate
the amplifier response in the high frequency region above the
order of kHz. We are updating the SOI-STJ design for the
readout of the amplified Nb/Al-STJ signal via the external
cable. The new design of the SOI-STJ is shown in Fig. 11.
In the new design, we adopt the CMOS amplifier since it is
confirmed that both of nMOS and pMOS are available at the
cryogenic temperature, and integrate the follower stage where
the output impedance is reduced to transmit the output signal
in higher frequency region to the external cable.
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Figure 7: Oscilloscope picture
of the response of the Nb/Al-STJ
processed on the SOI wafer to
465nm pulsed laser light illumi-
nation in the range of 1 us/DIV
horizontal and 500 uV/DIV ver-
tical. The trigger pulses from the
laser pulser controller are shown
together.
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Figure 8: I-V curves of the Nb/AI-STJ processed on the SOI wafer.
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Figure 9: I45-Vgs curves of SOI-FET (width = 100 x 10um, length=1um) after processing the
Nb/Al-STJ.
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Figure 10: Igs-Vgs curves of SOI-FET (width=1.42um, length=0.42um) after processing the
Nb/Al-STJ.
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5. Conclusion

The Nb/AI-STJ photon detector for detecting the far-
infrared single photon is under development to search for
the radiative decays of the cosmic background neutrino. To
satisfy our requirements for the photon detector, we adopt
the preamplifier operates at an ultra-low temperature. We
processed the Nb/AI-STJ on the SOI preamplifier board di-
rectly, and examine the SOI-FETs at the ultra-low tempera-
ture as well as the Nb/AI-STJ processed on SOI wafer. Both
of nMOS and pMOS indicated an excellent performance be-
low 800mK and the Nb/AI-STJ processed on SOI board also
showed to be of the nominal quality. SOI-STJ consequently
can be a candidate for the detector.
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