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The objective

Advancing the state-of-the-art of THz hot-electron bolometer (HEB)
mixers for high-resolution molecular line spectroscopy by using
MgB, superconducting thin films

» Large IF bandwidth (~ 7 GHz)
* High operating temperature (= 15-20 K)

* Monolithic array architecture
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Sticky Note
In this presentation, I am describing the development effort on MgB2 based heterodyne detectors at JPL. The main application is in astrophysics heterodyne spectroscopy. The interest to this material is due to its high critical temperature (Tc =35-38 K in thin films) and the high thermal relaxation rate of hot electrons which allows for achieving the IF bandwidth greater than in conventional NbN based HEB mixers.
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Outline

» THz heterodyne spectroscopy in space
 Benefits of the MgB, films

» Thin film fabrication

» HEB mixer devices & data

* Josephson junction device & data

» Waveguide based array mixer

* New application: mid-IR broadband mixer

* Summary
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Far-IR galactic emission
- Half the luminosity and 98% of the photons falls into the far-IR region

- Red shifted galaxies from the early universe emit in the of far-IR
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This slide emphasizes the importance of the far-IR/THz spectroscopy in astrophysics. Left: A half of all the radiation energy in the Galaxy falls in the far-IR range. This corresponds to 98% of the total number of photons. Right: Because of the redshift, more distant (older) galaxies emit in the far-IR compared to close-by (younger) galaxies where optical radiation prevails. Studying similar galaxies of different age (at different frequencies) reveals the evolution processes within a galaxy. 
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THz line emission spectrum
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- THz is the primary frequency range for line and continuum radiation from cool (50-100 K)
gas (ions, atoms:and molecules) and dust

- 'High resolution (v/Av = 10%-107) spectroscopy provides information about abundance of

gas-phase species and their chemistry in regions of star- and galaxy; formation
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Along with the continuum radiation from the Cosmic Microwave Background (CMB) and dust, molecular line emission is an important part of the far-IR frequency spectrum. These lines carry information about the abundance of molecular species and the velocity of the corresponding molecular clouds. The line emissions carries important information about the chemical processes leading to forming stars an galaxies. The THz part of the spectrum has several important lines, tracers of the energy release processes. 
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High resolution heterodyne spectroscopy
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High resolution heterodyne spectroscopy is a powerful tool for studying molecular lines in the galaxy, especially when the velocity information is important. This spectroscopy is usually carried out using heterodyne receivers. In a receiver, the radiation from the space object is mixed in a non-linear device (mixer) with the radiation form the local oscillator. The output signal at the differential (intermediate – IF) frequency carries spectral information about the molecular line. The linewidth directly converts into the radial velocity of the corresponding emitting cloud via the Doppler relationship. Noise temperature (T_M) and conversion efficiency (h_M) are important characteristics of the heterodyne receiver determining its sensitivity.
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Herschel Space Observatory (HSO)

Heterodyne Instrument for Far-IR (HIFI)

Band Mixer LF (GHz) HF (GHz)
SIS 480 640

SIS 640 800

SIS 800 960

SIS 960 1120

SIS 1120 1250

HEB 1400 1600

HEB 1600 1910

~
LY
~ S

* Launched on May 14, 2009. Exhausted LHe on April 29, 2013

* HIFI used HEB mixers made from NbN films
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The most noticeable recent THz heterodyne receiver in space was HIFI instrument on the Herschel Space Observatory (HSO). It had receivers in 7 bands all covered by superconducting mixers. Hot-electron bolometric (HEB) mixers flown on HSO were based on NbN thin films. They represent the current state-of-the-art (SOA).
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Quasioptical THz HEB mixers

Herschel HIFI Band 5 and 6 mixers
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In most cases, the coupling of HEB mixers to radiation is organized through a planar microantenna integrated with the HEB device. Various types of antennas are commonly used, including the twin-slot antenna and the log-spiral antenna shown here. The former antenna, has linear polarization whereas the latter one has circular polarization but  a very broad bandwidth of the order of a decade. High-Resistivity Float Zone (HRFZ) silicon is the standard substrate material for the NbN based HEB mixers. The angle width of the main lobe of a planar antenna into silicon of about 120 deg. In order to collimate the beam better, extended hyperhemispherical or elliptical lenses are used. Parylene antireflection coating is used to eliminate the reflection loss (~30%) at the vacuum/silicon interface.
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Galactic observation of THz [CII] line
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Since the HIFI time, the interest to the THz spectroscopy has evolved that, in turn, set new requirements to heterodyne detectors. Beside the sensitivity, larger IF bandwidth is in demand.  This slide illustrates the scientific justification of the large bandwidth. It uses the result of the GOT+ survey performed using  the 1.9 THz channel on HIFI. Here the spectra of the [CII] line were collected along different line-of-sight (LOC) directions from Earth across the galaxy. Multiple molecular could contribute due to their rotational and radial movement as the whole. The scientific task is to disentangle these contributions and to extract local information about molecular clouds. The combination of all the spectral features occupies a significant bandwidth which increases proportionally to the radiation frequency. 
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Especially broad features are observed in the direction of the galactic center (GS). Here the equivalent radial velocity span occupies some 400 km/s. At 1.9 THz, this corresponds to the 2.5 GHz IF bandwidth which is within the reach of the SOA NbN HEB mixer. However, new interest to the neutral oxygen line [OI]@4.7 THz dictates the need for a broader IF bandwidth since the same velocity span would correspond to 6 GHz. With the additional bandwidth required for determination of the baseline, the overall receiver bandwidth must be at least 8 GHz.
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Our interest to the MgB2 based HEB is because this material has a shorter thermal relaxation time than NbN has and thus can provide the required large bandwidth of 8 GHz. Another benefit is the possibility to work at higher operation temperature (~ 20 K compared to 4 K for NbN) which leads to the simplification of the cryocooling. The material is also interesting because of the anisotropic superconducting gap structure with large 2D {\sigma}-component oriented in the a-b plane (the boron atomic plane). 
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Electron energy relaxation in thin films

/
Substrate

at T > 4K, phonons partially escape film but
partially return energy to electrons

very thin films and good acoustic transparency
at the film-substrate interface are needed to
accelerate the phonon escape

Material MgB, NbN
V¢ (km/s) 7.8 2.5

1EOr2B-01 ©:2018. All rights reserved.
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The electron energy relaxation rate determines the IF bandwidth of the HEB mixer. Two processes are responsible for this rate: the electron-phonon interaction with a characteristic time {\tau_eph} and the phonon escape with the time constant {\tau_es}. MgB2 has a very short e-ph time of the order of a few picosecond. The phonon escape time is also short as the sound velocity in MgB2 is unusually large, ~ 8 km/s vs 2.5 km/s in NbN.
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The two-temperature bolometric model predicts the overall relaxation rate (and the correspond IF bandwidth) as function of temperature and film thickness. At low temperature, the e-ph relaxation prevails but it has almost no contribution at the temperatures of interest, around 20 K. Here the phonon escape dominates and the IF bandwidth is nearly temperature independent but scales inversely proportional to the film thickness.
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=
Hybrid Physical-Chemical Vapor Deposition (HPCVD)

H, (~40 Torm)
BHg (2 - 20 sccm)

L1l
//® W\ |,

« c-axis oriented films on 6H-SiC

 thinnest films (= 10 nm) with high T, and moderate resistivity (~10s pQ cm)
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Hybrid Physical Chemical Vapor Deposition (HPCVD) is the film deposition technique yielding the best quality MgB2 films. In this technique, magnesium is evaporated separately that allows one to keep its vapor pressure as high as necessary. Boron is supplied in gaseous form using diborane gas. In order to keep Mg evaporated, the temperature in the reaction zone must be maintained at about 700 C.  In our experience, the best quality films grow on 6H-SiC substrate where the lattice structure is very favorable for growing of c-axis oriented epitaxial MgB2 film.
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Fast escape of phonons from MgB, to SiC

phonon escape (t.s = 4d/va) is the bottleneck for the energy relaxation in MgB, HEB

Material

1EOr2B-01 © 2018. Al rights reserved.
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Using the HPCVD technique, films a s thin as ~ 2 nm have been grown. A Transmission Electron Microscopy (TEM) image on the slide demonstrates the perfect interface between MgB2 film and 6H-SiC and alignment of atomic layers. This also improves the acoustic impedance match between the films and the substrate thus reducing the phonon escape time.
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As-grown and ion milled 15 nm thick films

ﬁ‘ 5/22/2014 HY  |spot | HAW | det |mode |  +———— i ﬁ 7/8/2014 | HV | spot | HPW | det | mode |
* | 2:44:15pM | 10.00kv | 3.0 | 4.93pm [ETD | SE | 1:41:14PM | 10.00 kv | 3.0 | 5.00ym | ETD | SE

HPCVD alone HPCVD+ion mill
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In order to improve ultrathin films even further, we treated them with Ar+ ions in order to smooth out the surface and also to reduce the thickness in a well-controlled fashion. 
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very thin as-grown films (< 10 nm) lose continuity
ultrathin films were achieved using ion mill of thicker (~ 40 nm) continuous films
Good quality superconducting material (jc ~ 107 A/lcm?)

N. Acharya et al., APL Mater. 4, 086114 (2016)
1EOr2B-01 © 2018. All rights reserved.
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Ultrathin MgB2 films on SiC demonstrate high Tc and moderate resistivity in the normal state.
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Antenna-coupled HEB devices

Prior to the device fabrication, films are ex-situ passivated with SiO, or Au

The device was thinned
down by ion mill as the
final step that resulted in

7 pm SiC Substrate the non-uniform film
thickness

LEI 20kV  X1,700 10um WD 92mm
1EOr2B-01 © 2018. Al rights reserved.
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We make antenna-coupled HEB device from those films. A typical device is a 3µm x 2µm microbridge. The device is made from a 40-nm thick film and integrated on a chip with a spiral planar antenna made from Au. The thickness of the device is reduced in a post fabrication process using ion mill. Because of the aspect ratio of the MgB2 device between Au contacts, the material sputtered by Ar ions is not getting immediately removed but rather partially redeposits on the device edges and Au walls thus making the thickness profile of the device non-uniform. This results in the reduced local oscillator power requirement for such devices compared to the uniform devices.
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THz test setup
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THz measurements of the HEB mixers are carried out in a specialized test system where the THz beam is always enclosed into a vacuum shroud in order to eliminate the absorption loss. The device chip is mounted on the back side of an extended hyperhemispherical Si lens with anti-reflection parylene coating. This design is very similar to that used for NbN HEB mixers. We used both a molecular gas laser and a quantum cascade laser as local oscillators in mixer measurements.
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Noise temperature and bandwidth

| =600 GHz

| ® 600GHzLO fowor~ 6.9 GHz
| m 189THzLO

Noise Temperature (K)
DSB Noise Terperature (K)

10 15 20
Device Bath Temperature (K)

Intermediate Frequency (GHz)

« No noise temperature degradation up to at least 15 K. Acceptable increase at 20 K.

* A 6.9 GHz noise bandwidth.

D. Cunnane et al., IEEE TAS 27, 2300304 (2017)
1EOr2B-01 © 2018. All rights reserved.
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This slide shows the performance figures of the MgB2 HEB mixer. The left plot shows the DSB noise temperature measured at two different frequencies as function of the bath temperature. The noise temperature stays constant up to 15 K. The right plot shows the noise temperature at 600 GHz as function of the intermediate frequency. From these data, the noise bandwidth of the system is 6.9 GHz.
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This plot summarizes the noise temperature data obtained using a single HEB device with spiral antenna. The data taken using two different local oscillator sources. 
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In-plane Josephson junction

thick MgB,/Au Antenna t1in MgB, microbridge

MgB, MgB,

SiC substrate weak link

in-plane (a-b) WL junction is due to the overetch of the film during the ion mill process

similar technique using Focused lon Beam (FIB) was employed for fabrication of YBCO JJ
Cybart et al., NatNANO 10, 598 (2015)

because of the strong c-axis orientation of the film, o-gap contributes in Josephson
tunneling

1EOr2B-01 © 2018. All rights reserved.
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Another promising heterodyne detector is Josephson Junction (JJ) mixer. We achieved such a detector accidentally in our HEB fabrication process while trying to thin down the MgB2 film using ion mill.  Appraently, the film became so thin in the middle, that instead of the uniform film we ended up with a weak-link junction between two superconducting banks. This way of making JJ  resembles the Focuses Ion Beam (FIB) technique used by some for making JJ in YBCO.
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In-plane Josephson junction
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in-plane (a-b) WL junction is due to the overetch of the film during the ion mill process

similar technique using Focused lon Beam (FIB) was employed for fabrication of YBCO JJ
Cybart et al., NatNANO 10, 598 (2015)

because of the strong c-axis orientation of the film, o-gap contributes in Josephson
tunneling
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Since our MgB2 film is epitaxial, the tunneling occurs along the substrate surface, in the a-b plane. Here both supercondcucting gaps are presents.
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Josephson mixing at 600 GHz
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D. Cunnane et al., Appl. Phys. Lett. 109, 112602 (2016) A. Brinkman et al., Phys. Rev. B 65, 180517R (2002)

Shapiro steps at V = hv/2e
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The presence of the Shapiro steps on the IV curve of such a junction proves the Josephson nature of the response. Using a 600 GHz source we observed clear steps corresponding to half-quanta. The large value of the I_c*R_n product is theoretically explained by the hybrid tunneling of Copper pairs from {\pi} and {\sigma} bands. The theoretical value of the I_c*R_n product is 5.9 meV, similar to the 5.3 meV found in our experiment.
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JJ mixer noise temperature
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e NT= 1,500 K has been measured at 1.9 THz

» focused development of this technology will likely improve NT
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Although nearly random, the achieved JJ mixer has demonstrated a remarkably good performance having operated up to 2 THz with the noise temperature below 2,000 K. The sensitivity remains nearly constant up to 15 K as in HEB mixer. It is believed that a focused development of the planar JJ (e.g., using FIB process) can lead to very sensitive heterodyne detectors below 2 THz requiring very small local oscillator power.
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In-plane JJ using FIB technique

Shapiro step
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An example of a preliminary planar JJ prepared using FIB. The notch across the bridge creates a weak link which works as JJ. Shapiro steps corresponding to 90 GHz are clearly seen in the IV characteristic.
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THz heterodyne arrays
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The current trend in the THz heterodyne receivers is pursuing arrays. This is much more challenging compared to direct detector arrays because of the high-frequency readout and the necessity to distribute local oscillator power among many pixels. A few-pixel arrays have been achieved but achieving 10^2-pixel arrays is the goal.
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Waveguide THz HEB mixers

2.7 THz / JPL

2.7 THz fixed-tuned HEB NbN mixer in a The JPL prototype 2 THz mixer has 16-
single-mode waveguide block. The mixer pixels in a monolithic package with no
circuit is suspended with a ~ 2.3 pym thick practical limit to the number of pixels (the
Si substrate goal is 100 pixels)

F. Boussaha et al., I[EEE Trans. TST. 2, 284 (2012)
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Sticky Note
At JPL, we pursue waveguide based arrays. An HEB mixer is prepared on Si membrane, about 2-3 micron thick. The mixer chip is inserted into a gap in the waveguide. The waveguide is terminated by a back-short (fixed-tuned) and expands into a horn antenna on the front side. The horn antenna block is produced by direct drilling and milling of copper.
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16-pixel horn-antenna block

4.7 THz |
20 pm x40 ym
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Current fine machining technology allows us to produce array mixers up to 5 THz.
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Si substrate
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» Boron buffer layer protects Si against reaction with Mg at 700 C
» MgB; film on SOI wafer fabricated

W. Withanage et al., SuST 31, 075009 (2018)
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In order to take advantage of the waveguide mixer architecture, an HEB mixer must be fabricated on Silicon-On-Insulator (SOI) wafer with a 2-3 µm thick “device” (thin Si layer). After the HEB fabrication and removal of the thick part of the wafer (“handle”), a chip on thin membrane is inserted into the waveguide. The micron-wide slit in the waveguide walls does not carry the propagating EM wave thus the device remains electrically encapsulated inside the waveguide. Prior to our recent work, MgB2 films were not available on Si. The reason for that is the high processing temperature (~ 700 C) inthe HPCVD process that led to formation of Mg2Si alloy. This problem has been solved by using a boron buffer layer on Si. In the HPCVD process, this step was easy to implement by starting the process with the magnesium source being turned off.
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MgB, film on Si

lon milled film
Rq = 2.6 nm
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As grown film on ion milled B buffer
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» Superconducting properties similar to those in films grown on SiC

 C(Clean interface between the film and the buffer
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The resulting films on Si are of good quality with a clean interface between the MgB2 film and the B buffer. The could be treated using ion mill in order to improve the smoothness.
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IF bandwidth in MgB, HEB on SOl
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Measurements of the bandwidth using two low-power microwave sources

The device is biased just below TC to ensure a temperature sensitive, continuous IV
characteristic

The IF bandwidth figure is similar to that for SiC substrate
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The acoustic transparency of the MgB2/B interface may be different than that of the MgB2/SiC interface so we carried out additional IF bandwidth measurements. Here a microwave setup was used where the HEB device was mounted into a coaxial line on a dipstick immersed into cold He gas above the surface of LHe. Two microwave signals with a controllable frequency offset in the 0-8 GHz range were sent through the coax onto the device. The mixing signal at the differential frequency was retrieved through the same line. Using band limiting filters and isolators, the rf signal and the IF signal were separated. The IF frequency response demonstrates an IF bandwidth of 6.5 GHz which is similar to that on the SiC substrate.
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SOA mid-IR heterodyne detectors (e.g., HQCdTe photo-diode) have a typical IF bandwidth ~
1 GHz

Applications in frequency-comb spectrometers, interferometers, and lidars require detectors
with larger bandwidth, up to 10 GHz

The IF bandwidth in HEB is a:thermal property and does not depends on the radiation
frequency

Given the high power LO available at'10 um, one can use large HEB devices cavity-coupled
to radiation
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Yet another promising application of the MgB2 HEB is heterodyne detection of mid-IR radiation. This niche for astronomy is currently filled with HgCdTe photo-diode. There are, however, applications (e.g., frequency comb spectroscopy) where an instantaneous input bandwidth of 10 GHz is required. The HgCdTe photo-diode mixer has a limited IF bandwidth not exceeding 1.5 GHz. The MgB2 HEB, however, is a much more broadband. Using two tunable mid-IR (wavelength 10 µm) quantum cascade lasers (left panel), we demonstrated that the IF bandwidth of the MgB2 HEB in this frequency range is at least 6 GHz (the input optical bandwidth would be 12 GHz). This is not surprising though, given the fact that the IF bandwidth is determined by the thermal relaxation in the material and therefore should not depend on the radiation frequency.
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Summary

Ultrathin MgB, films (HPCVD deposition + ion mill) are available for THz detector
development

QO HEB mixers made from these films demonstrate good noise performance up to 20 K
throughout the entire THz range

noise bandwidth of about 7 GHz has been achieved in HEB mixers

J mixer; is a promising approach to the mixers at 1.9 THz requiring low LO power (needed
for arrays)

Ultrathin MgB, films on Si have been developed for achieving the waveguide based array
mixer

There is a potential for expansion of MgB, HEB mixers into the mid-IR range where Brge
IF bandwidth is required for a number of applications
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