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Outline

TES nano-HEB

Thermal conductance and energy relaxation

Nano-HEB for THz power detection



Presenter
Presentation Notes
In this presentation, I am describing one of the very promising far-IR detector approaches for achieving the ultimately low Noise Equivalent Power (NEP) ~ 1E-19 – 1E-20 W/sqrt (Hz) required for application in line spectroscopy with moderate spectral resolution ~ 1000, on space telescopes with cryogenically cooled primary mirror. The novel detector, the Hot-Electron Nanobolometer (nano-HEB), can be implemented as either a Transition-Edge Sensor (TES) with a dc SQUID readout or a Normal Metal bolometer with the Johnson Noise Thermometry (JNT) readout. The former version has been developed to the degree of experimental NEP demonstration. The latter version is at the conceptual stage when the theory of operation has been developed and some preliminary measurements have been done. 
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Superconducting direct detectors

e High energy resolution
» High speed



Presenter
Presentation Notes
Because of the very small size (micron to submicron) nano-HEB detectors can be used in the far-IR and mid-IR ranges where small integrated antennas are available for radiation coupling. 
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Far-IR line spectroscopy with moderate resolution v/év ~ 1000 in space

SPICA, Millimetron, SAFIR, SPECS, CALISTO

photon-noise limited NEP ;.
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» Power detection below 1 THz |
* Photon counting above 1 THz Frequency (THz)

Karasik & Sergeev, IEEE Trans. Appl. Supercond. 15, 618 (2005) |\lEPphot = hV(ZNphot.)ll2

Nano-HEB
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Presenter
Presentation Notes
This slide explains the sensitivity requirements for the moderate resolution spectrometer in space. The required NEP is set by the irreducible photon-shot noise originating in the far-IR / THz background seen by the instrument.  Along with the natural (cosmic) sources like Cosmic Microwave Background (CMB), galactic dust emission and zodiacal light, the telescope thermal emission contributes significantly. Cooling the primary mirror to 5 K, as has been proposed in a number of mission concepts, can eliminate the telescope emission almost completely. The remaining background emission corresponds to NEP ~ 1E-19 – 1E-20 W/sqrt(Hz) within a narrow bandwidth of 0.1%. The low NEP means that the photon arrival rate above 1 THz will be low too: between 100 photon/s and 1000 photon/s.  This opens up a possibility for operating the nano-HEB detector in the photon counting mode which may be more sensitive than the power detection in some cases.
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"Leg-isolated” bolometer



Presenter
Presentation Notes
Description of the principle of operation of a bolometers in the power detection mode and the calorimetric (photon detection) mode. The fundamental sensitivity limit in bolometers is set by the Thermal Energy Fluctuation (TEF) noise which is often called in the literature as “phonon noise”. In the calorimetric mode, this noise sets the limit for the minimal resolved energy (of the absorbed photon, for example). 
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Transition-Edge Sensor (TES)
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Presenter
Presentation Notes
TES as a thermometer for a sensitive bolometer
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Electro-thermal feedback (ETF)

R, =1Q;neg. ETF 325mK ™ < 1 negative ETF
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T* > 1 positive ETF
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Presenter
Presentation Notes
Electro thermal feedback (ETF) effect inherent in TES can make the detector faster (negative ETF) or slower (positive ETF) depending on the load resistor. Typically, direct detector TES with SQUID readout operate in the negative ETF regime.
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Phonon-cooled nano-HEB
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normal electrons

Karasik et al., SUST 12, 745 (1999) .
J. Appl. Phys. 87, 7586 (2000) G ')dGe-ph vc()jlume . I
T¢.on does not depend on volume
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Presenter
Presentation Notes
This slide explains how the hot-electron detector operates and what the thermal conductance is for this detector version. Low temperature, small sensor volume, and the presence of superconducting contacts with large gap (Andreev contacts) are important for achieving the overall low thermal conductance.
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Wei et al., Nat. Nano. 3, 496 (2008) 1y = L2m2D ~ 0.1 ns

Nano-HEB
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Presenter
Presentation Notes
One of the smallest nano-HEB devices achieved in our work and the experimental relaxation time measured in the device. The devices were prepared using angled deposition of evaporated Ti and Nb in situ. The strong temperature dependence and the long relaxation times are the indicators of the electron-phonon nature of the thermal conductance. The electron diffusion is heavily suppressed by the Andreev contacts otherwise the relaxation time would be orders of magnitude shorter and the NEP would be much greater.
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Presentation Notes
The electron-phonon thermal conductance measured in several small devices (square symbols) was significantly lower than the thermal conductance of very good membrane supported bolometers (round symbols).
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Presentation Notes
The corresponding “phonon noise” NEP was below 1E-20 W/sqrt(Hz) for T < 50 mK.
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Presentation Notes
The ways of coupling such small nanodevices to far-IR radiation are well developed. It is either a quasioptical antenna coupling or a waveguide coupling. Both techniques have been proven up to ≈ 5 THz.
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Presenter
Presentation Notes
In our optical NEP measurement experiment, we used somewhat larger, micron-size devices prepared using magnetron sputtering and ion etch or dry chemical etch techniques. The contact material was NbTiN rather than Nb. Nb was found to be difficult to use in this process as Ti ceased to superconductive at the end due to the poorly controlled electro-chemical interaction with Nb in the presence of residues of water, chlorine and fluorine.  We used a twin-slot antenna centered at ~ 600 GHz.
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Presentation Notes
Setting the subfemtowatt radiation power required for NEP determination is very challenging. There are no standard techniques for such low power levels. We used a home made source consisting of a blackbody submillimeter radiator with high emissivity in the 500-700 GHz range and a high-pass frequency selective surface filter with a cut-off at 620 GHz. The power was determined by the integration of a single-mode black body Planck spectrum corresponding to the black body temperature over the transmission curve of the filter.  As a results, the desired power level could be achieved in the black body temperature range of 2-5 K.
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Presentation Notes
An illustration of the effect of the black body temperature on the IV curve of the nano-HEB device operating at ~ 100 mK.
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NEP = noise/responsivity

-
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Presenter
Presentation Notes
During the experiment, a change of the current through the nano-HEB device and the output noise were measured as functions of the incident power. The former dependence allowed for determination of the detector responsivity S =  dI/dP_rad. From these data, an optical NEP was determined as a ratio of the noise to the responsivity.  A very low NEP = 3E-19 W/sqrt(Hz) achieved in this experiment confirms the feasibility of the nano-HEB as an ultrasensitive detector.  The last column in the Table represents the ratio of the intrinsic thermal NEP_TEF and the optical NEP.  This ratio is a measure of the optical coupling efficiency of the detector which was reasonably high in this case.
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Presenter
Presentation Notes
The experimental achieved NEP (green dot) is very close to the background limited value for observations in space with a cold telescope.
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® device #1
& device #2
m large Ti film devices

NEP-z in small devices was 10 times higher than that expected from the G-measurements
in very long Ti samples

Nano-HEB
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Presenter
Presentation Notes
Despite the excellent optical sensitivity, the detector devices fell short of their theoretical limit suggested by the Ti material properties. Measurements of the electron-phonon thermal conductivity in very long, large area samples made from the same Ti film showed a much lower thermal conductivity.  Apparently, the NbTiN contacts employed in optical nano-HEBs did not provide the complete confinement of the thermal energy. The potential cause for that was a seed layer of Ti adhered to Si substrate at the beginning of the contact deposition. That layer could carry the thermal energy away via the electron diffusion since the small energy gap in Ti would not provide a sufficient Andreev reflection effect. This problem can be solved by making Andreev contacts from Nb or NbN, or by optimizing the NbTiN deposition process to avoid the seed layer of Ti.  When this is achieved, the NEP of the same devices will be 10 times lower, that is close to 1E-20 W/sqrt(Hz) at ~ 100 mK.
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Karasik et al., AIP Conf. CP1185, 257 (2009); SPIE 7741, 774119 (2010)
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Presentation Notes
Now I will discuss the readout and array multiplexing issues. Since the SQUID amplifiers must be employed for TES readout, the best multiplexing option allowing for a large signal bandwidth is the microwave SQUID. Here each SQUID amplifier is coupled to an individual resonator tuned to a certain microwave frequency.  A change of the SQUID impedance caused by the detector signal changes the Q-factor of the resonator. The latter can be read out using a transceiver similar to that used for MKID readout. In this approach, a frequency comb generator generates a set of frequency tones corresponding to the resonators’ frequencies in the range < 1 GHz. This comb is upconverted to the X-band and passed through the transmission lines weakly coupled to the resonators. The passed tones carry the changes in the resonance amplitudes and phases caused by the detected signals. They are downconverted to the base band, digitized, and channelized.


|[EEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Invited presentation 3A-E-O2.1 given at EUCAS 2015; Lyon, France, September 6 — 10, 2015. Not submitted to IEEE Trans. Appl. Supercond.

No magnetic flux

|

9.4 942 944 946 948 9.5
Frequency (GHz)

Nano-HEB Copyright 2015 California Institute of Technology. U.S. Government sponsorship acknowledged.


Presenter
Presentation Notes
We implemented this approach for a 4-element nano-HEB array using X-band resonators. The total change of the resonator amplitude was about 1 dB per a full swing of the SQUID voltage (half of a flux quantum). Still it provided enough responsivity to avoid sensitivity limitation due to the readout amplifier noise.


Nano-HEB
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Single-photon HEBs

Tungsten TES for optical astronomy

main goal: high energy resolution

operates at very low temperature ~40 mK

typical bandwidth = kHz set by T,

uses negative electrothermal feedback ETF =>
more linear and faster response

Cabrera et al., Appl. Phys. Lett. 73, 735 (1998)

Tungsten TES for quantum cryptography

Percent error

S high energy resolution inherent in the detectors allows for
12345678091 photon-number states discrimination

P(n) =(4" /nl)e

Poisson-Gaussian distribution (1 =4, c = 0.12 eV)

Zh
4 5 6 7 8 9

? o haght Photon umben) Miller et al., Appl. Phys. Lett. 83, 791 (2003)

Copyright 2015 California Institute of Technology. U.S. Government sponsorship acknowledged.
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Presentation Notes
Now I turn to the single-photon detection discussion. Hot-electron TES made from W has been used previously for photon number resolving detection of optical and near-IR photons.
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using a microwave reflectometry technique with 20 GHz short pulses simulating 8-pum
photons (fauxtons), dEq,u = 0.1 eV at 300 mK has been determined, very close to the
theory prediction

Santavicca et al., Appl. Phys. Lett. 96, 083503 (2010)
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Presentation Notes
We carried out a set of experiments demonstrating the photon number resolving capabilities of the nano-HEB detector in the mid-IR, at a wavelength of 8 µm.  Typical Ti devices used in these experiments had volumes ~ 1E-19 m^3. The first set of experiments was a simulation of the mid-IR photon with an equal energy short microwave pulse (20 GHz). By using microwave probing and a reflectometry technique, the reaction of the nano-HEB was measured and the intrinsic minimum detectable energy was determined. This value was ~ 0.1 eV @ 300 mK that is close to the theory prediction.
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Setup for generation & detection of 8-um photons

a Ti HEB device with a volume ~ 0.1 ym?3 at 50-
100 mK

an 8-um Quantum Cascade Laser (QCL) at 4K

a metal light pipe guides light to the nano-HEB
placed in a light tight box

short triggered pulses (<< 1)

attenuation and filtration of radiation at 4K, 0.8K,
and at the mixing chamber in order to block any



Presenter
Presentation Notes
Another experiment was a direct detection of single 8-µm photons with a similar device. Here the short pulses were generated by a Quantum Cascade Laser embedded into the dilution refrigerator setup.
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Detection of single 8-um photons
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dE.yum = 110 meV is the best energy resolution figure for superconducting calorimeters
bolometric theory predicts dEgyy = 2.35(kgC.T?)Y2 = 38 meV
single 8-um photons have been detected with record energy resolution.

the minimum resolved energy is hx 27 THz (0.11 eV)

Karasik et al., Appl. Phys. Lett. 101, 052601 (2012)
Nano-HEB Copyright 2015 California Institute of Technology. U.S. Government sponsorship acknowledged. 25
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Presentation Notes
The experiment produced a clear evidence of the single-photon detection through the demonstration of the Poisson photon-count statistics for a small average number of photons µ = 0.1-1 per pulse. The minimum detectable energy of ~ 0.1 eV was determined from these data at ~ 100 mK.  This is several times greater than the theory predicts.  An explanation of this loss lies with the avalanche effects of breaking photons into low-energy phonons not all of which are absorbed in the device volume. This is a pretty common situation for the single optical photon detection in superconductors. Such effects are not present at microwave photon energies which explains why the energy sensitivity derived from the measurements with 20-GHz pulses was better.  Nevertheless, these results are among the best to date and give the first demonstration of single photon detection using a superconducting device at such a long wavelength. 
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Presentation Notes
For a practical mid-IR single photon detector, antenna coupling is required. There are numerous antenna ideas for operation at about 10 µm so the efficient nano-HEB detector in this wavelength range is feasible.
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Prospect of single THz photon detection
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Presentation Notes
Returning to the astrophysics needs in the far-IR, the possibility to detect single THz photons is quite attractive. Our theoretical analysis has shown that, in this case, the NEP could be improved due to the thresholding of the detector noise providing that the photon energy exceeds the minimum detectable energy by a factor ~ 6. This is possible with small submicron nano-HEB operating at 100 mK or below.
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Microwave-photon-mediated cooling
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because of the opposite temperature Schmidt et al., Phys. Rev. Lett. 93, 045901 (2004)
dependencies of 1., and &g, the low NEP
requirement (small d¢) and the large dynamic
range requirement (small t) are hard to meet
simultaneously

connecting a nanodevice to a cold resistor via
a transmission line on the same chip will
enable an additional efficient cooling
mechanism through the emission of 1D TCinTinano-HEBT
microwave (GHz) photons which will reduce

the time constant in the the nano-HEB

Temperature (mK)
Nano-HEB Copyright 2015 California Institute of Technology. U.S. Government sponsorship acknowledged.
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Presentation Notes
A description of the microwave photon cooling mechanism which may help to adjust the nano-HEB speed independently of the energy resolution. This would allow for obtaining a dynamic range of the THz photon counter of about 45-50 dB.
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the thermal conductance derived from the IV characteristics turned out to be higher than
expected which suggests that the Al contacts did not provide the sufficient Andreev

reflection blocking

Nano-HEB
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Some first devices THz photon counting devices of the required submicron size with Al contacts have been fabricated. However, the superconducting gap in Al was too small to provide the sufficient blocking of electron diffusion so new improved devices with Nb contacts are needed.
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Features of superconducting nano-HEB

Real device impedance from MM up to UV wavelengths

Small device size is needed for low NEP = microantennas and waveguides
must be used (available)

Relatively simple fabrication (2-3 layers), does not require membranes

Low intrinsic noise
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Presentation Notes
Here I summarize pluses and minuses of the TES based nano-HEB


Nano-HEB
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Normal metal HEB (NM HEB)

lead copper
/ contacts gbsorber

300

Nahum & Martinis, Appl. Phys. Lett. 63, 3076 (1993)
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Now I discuss the normal-metal nano-HEB approach. The normal metal version of the HEB detector was proposed more than 20 years ago. Instead of a SQUID, an SIN junction was supposed to provide a thermometer for the hot-electron gas in the copper absorber.
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NM nano-HEB with Johnson noise thermometry (JNT) readout

d
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Nano-HEB
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Johnson noise power Py = KgAfT,
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We have a different approach to the readout. We proposed to use the Johnson noise generated by the normal metal as a measure of its electron temperature. The noise power would be read at a GHz frequency within some narrow passband.  This would open up a microwave photon mediated cooling channel in addition to the phonon cooling. Both of them need to be taken into consideration.
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Small photon occupation number effects (hf >> k;T,)

T*=T,, f<<kgT./h

50 mK, 10 GHz

10 15
Frequency (GHz)

In the Rayleigh-Jeans limit (f << kgT./h), Gy = kgAf

Nano-HEB Copyright 2015 California Institute of Technology. U.S. Government sponsorship acknowledged.

Af = 10 MHz . n(n+1) eff. noise temp.
B

n =[exp (hf/ kBTe) - T
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Under some conditions, where the occupation number of microwave photons is small, the corresponding thermal conductance becomes very small and also the effective noise temperature becomes much smaller than just the electron temperature. All these effects are included into the model.


Nano-HEB
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The noise temperature of the readout amplifier plays a big role. We consider both the ultimate case of the quantum noise limited amplifier and the case of the state-of-the-art cryogenic HEMT amplifier with the noise temperature of 2 K.


|[EEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Invited presentation 3A-E-O2.1 given at EUCAS 2015; Lyon, France, September 6 — 10, 2015. Not submitted to IEEE Trans. Appl. Supercond.

Af =10 MHz Af =1 MHz

NEP (w/Hz"?)

NEP i
TEF NEP
TEF

6 8 10 12 6 8 10 12 14

Frequency (GHz) Frequency (GHz)

QL amplifier: T, = hf/2kg

Karasik et al. IEEE Trans. THz Sci. Technol. 5, 16 (2015)
Nano-HEB Copyright 2015 California Institute of Technology. U.S. Government sponsorship acknowledged.



Presenter
Presentation Notes
The modeling done in the referenced paper suggests that the readout noise likely dominates the NEP.  For the 2-K amplifier, the minimum NEP can be at a level of 1E-19 W/sqrt(Hz) or slightly below depending on the readout bandwidth. For the quantum noise limited amplifier, the amplifier contribution is the same as the bolometer’s phonon noise. However, achieving quantum noise limited amplifiers is not straightforward at this time. Nevertheless, there are several on-going efforts towards parametric Josephson or kinetic inductance amplifiers which may produce the desired low-noise device.


Nano-HEB
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This viewgraph shows a preliminary design of a filter-bank channelizer which can be used for implementation of the Frequency Domain Multiplexed (FDM) normal-metal nano-HEB array. It uses coupled transmission lines. The channel frequency is controlled by the length of the resonator and the bandwidth of the channel is set by the spacing of the gaps between the coupled lines. In the shown case, a ~ 50 MHz channel frequency separation would be required in order to avoid the crosstalk. This would limit the number of channels (pixels) to ~ 100 per a single 4-GHz bandwidth low-noise amplifier.  A more elaborated design would be needed in order to increase the multiplexing ratio to about 1000.
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LNA2 (T, = 5K, BW = 11 GHz)

ADC + digital spectrometer

LNA1 (To= 2K, BW = 4 GHz)

1 Transmission line N

Af =10 MHz

He3/He4
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From the point of view of the readout architecture, the normal-metal nano-HEB array is very attractive. It does not use any bias or modulation lines and needs only a chain of low-noise amplifiers and a digital spectrometer to read all the channels simultaneously.
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Some preliminary measurements of the Johnson noise power vs the Joule power dissipated in the bolometer have been made using non-superconducting (normal metal) Ti nano-HEB and a SQUID rf amplifier with the noise temperature of 0.6 K. The Johnson noise power behaves as expected assuming the cooling occurs via thermal phonon emission. This should be the case for the studied temperature range.
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S/C NM

NEP ~ 10-20 W/HzY2 NEP ~ 1019 W/Hz2

Small dynamic range ~ 30 dB, Large dynamic range > 100 dB,
hard saturation no hard saturation

Tuning T for a large array needs serious Works at any temperature up to ~ 10 K
material development

A SQUID based transceiver is needed for A spectrometer is needed for readout
array readout

Karasik et al., IEEE Trans. THz Sci. Technol. 1, 97 (2011) Karasik et al. IEEE Trans. THz Sci. Technol. 5, 16 (2015)
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In comparison, the TES nano-HEB has potentially lower NEP as it is not limited by the low SQUID noise. The normal metal nano-HEB has an NEP limited by the amplifier. Still the NEP figure of 1E-19 W/sqrt(Hz) is very good, that is such a detector can be very interesting for space instruments especially given its relative simplicity and its tremendous dynamic range.
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Summary

The TES nano-HEB detector has demonstrated an excellent sensitivity in the far-IR

With some improvement of the fabrication technique, the NEP could be lowered to ~ 10-
20 W/HZlIZ

Normal metal nano-HEB offers the simplicity of fabrication and architecture with the
benefit of large dynamic range and low NEP ~ 10-19 W/Hz12

The ability to detect single mid-IR photons is quite unique and may find applications in
astrophysics, free-space quantum communication, single-molecule spectroscopy, etc.

Experimental astrophysics remains to be the area where the demand for better detectors
IS strong and drives the search for new detection mechanisms

The work described in this presentation was carried out in part at the Jet Propulsion Laboratory,
California Institute of Technology, under a contract with the National Aeronautics and Space
Administration

Nano-HEB
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