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ABSTRACT

I leterodyne mcasurements have  been  made at 533 Gl 1z using a

hot-electron

novel

superconducting hot-clectron bolometer in a waveguide mixer. The bolometer isa 0.3 um

long niobium microbridge with T =5 K. Theshortlength ensures that electron diffusion

domi nates over elect ron-phonon interactions as the electron cool ing mechanism, which

should alow heterodyne detection with intermediate frequencies (if) of several GHz. A Y-

factor response of 1.15 dBB has been obtained at an if of 1.4 GHz with 77 K and 295 K

loads, indicating a rcceciver noise temperature of 650 K DSR. The -3 dB rolloff in the if

response occurs at 1.7 GHz.




Bolometers have been used occasional] y over the years as heterodyne detectors duc to their high
sensitivity, and their ability to operate at submilli meter and far-i nfrared wavelengths ', Bolo meters are
simplesquare-law or total-power detectors. There is no instantancous responsc at the signal frequency

(rf) as with clectronic mixers such as Schottky diodes or S1S tunnel junctions, and there is no harmonic

responsc. The principal disadvant age of abolometer mixer isthe Jong thermal response tinie, T, which

th?

limits the intermediate frequency (if) tolow values, usually of order M 1 Iz for a conventional
semiconductor bolometer. This is too low to be useful for mostmolecular line Spectroscopy  applications
in radioastronomy, atmospheric chemistry, and planctary science.

Recently, however, a novel superconductive transition-edge bolometer has been proposed which
is both fast and sensitive®. It has a thermalresponse time as short as several 10's of picoseconds, leading
toarolloff in the ~j’response of several Gllz, which is high enough for practical heterodyne applications.
This bolometer mixer should operate wc]] to s/ frequencies of many ‘1’1 1z, since there is no
superconduct i ng energy gap limitation as in an S1 S mixer. 1 n fact, »/ power is absorbed more uniformly
abovce the supercond uctive energy gap freq uency. 'I'he mi xer noi se temperature can be very low:a fcw
limes the quantum limit. Very low local oscillator (1 .0) power is required: = 20 nW for a Nb device. This
iscomparable to the, requirements for an S1S mixer and isan important i ssue at high submillimeter wave
frequencies where 1.0 power is difficult to gencrate. The rf impedance of the device is essentially
resistive and is determined by the gcometry of the film, which greatly simplifies the #f circuit design.
Unlike a Schottky diode or S1S tunnel junction, there arc no parasitic reactances to tunc out. The rea rf
resistance of the bolometer should be independent of frequency from about the energy gap frequency up
to afrequenc Y corresponding to t he i nverse clect mn-electron clastic scat tering t imc, which is
approximately 1 60 ‘1’ 11z for athin Nb film*.

We here present the first demonstration of a heterodyne bolometer mixer with both low noise and
alarge if bandwidth operating at 533 (3117,. Figure 1 shows the gcometry of the device, which congists of
a submicron-length strip (microbridge) of Nb between two normal metal gold contacts. 1t is important
that the film be very thin, < 10nm,andhencein the "dirty 1imit”. Such dirty limit films have a very high
clastic scat tering rate duc to surface and bulk scattering and hence a short electron mean free path. 1t has

been found for suchfilms that the clectron-clectron interactionis enhanced, resulting ina she]’l c]cctl”oll-




clectron interaction {l ME, =, and the electron-phonon interaction is weakencd®. ~'bus, whew absorbing rf

34

power, the electrons heat uprelative to the lattice ternperature. The clectrical resist ance in the film depends
on the clectron temperature; such a device is known as a “hot-electron” bolometer. Since only the
electrons arc heated, the heatcapacity Ccan be very small, especial 1y for asubmicron-sized device.

A high thermal conductance G between the ¢ cctrons and the “bath” and hence an overal 1 short
thermal relaxat ion t ime 1=C/G is required for a high if. The unique feat ure of this device isthat it uses the

rapid diffusion of hot clectrons out of the microbridge into the normal metal as the cooling mechanism. In
order for diffusion to dominate over electron-phonon i nteractions?, it is nccessary for the microbridge (o

be short; typically less than 1Tum  for thin Nb films. The appropriate bridge length 1. is given

approximately by 2.. \/1)-1'()(, , Where. 1D is the diffusion constant, When an electron absorbs energy from
an 2/ photon, it shares its cnergy in atime 1., . The resulting hot ¢l ectrons diffuse adist ance -1 ./2 in cither

direction, at which point they encount er anormal metal heat sink. The t hermal conductance is determined
through the Wicdemann-Yiranz relation by the total resistance Ry of the microbridge (see ref. 5 for amore
det ailed discussion of the device operation). Simi lar devices which rely on an electron-phonon cooling
mechanism*® have recently achicved anintermediate frequency roll-off as high as 1 G117,, using a thin
niobium nitride film’,

The bolometer used in the receiver measurements consists of a0.14 pm wide by ().27 pum long
by 10 nm thick strip of Nb on aquartz substrate. The length is defined by the gap between the contacting
gold pads; sec. Fig.]. The thick Nb Jcads form the coupling-probe anti rf choke filter for the waveguide

mixer mount. The device was passivated by 40 nm of SiO. This device has a transition temperature

“I’.= 5 K, the width of the transition iS AT =~ 1 K, andthenormal resistance is R ;= 20 Q.}or

these very thin films the sheet resistance is higher and the T is lower than the bulk values.

The bolometer chip was mounted into a 547 GHz two-tuner waveguide mixer block®’ which was
cooledto 2.2 K i n avacuum cryostat. A multipl icr driven by a Gunn oscil lator generated the local
oscillator power at 533 GHz. A cooled HEMT amplificr with an isolator was used as the first stage inthe
i/ amplifier chain, which opcrated at 1.4 Gllz with atotal if' noisc temperature of 6 K. A 320 Mliz

bandpass filter was used to limit the. if bandwidth. The receiver sensitivity was determined through Y-
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factor measurements with 295 K and 77 K blackbody loads in the signal beam path outside the cryostat.
1 ‘ig. 2 shows the best Y-factor response achicved after adjusting the waveguide backshortand 1 i-plane
tuner for best coupling of the 1O, and optimizing the 1,0 power. The best response isin the resistive
branch of the 1 V curve at a bias voltage just above where the device switches back into the low-resistance
state (the bias circuit would not allow for astable bias in the. ncgative resistance region of the IV curve).
Thelargest Y-factor was 1. 1540.01dB, corresponding to a double sideband (1 )SB) recciver noisc
temperaturc of 650 K.

In a separate mcasurement, the noise temperat urc and gain of the {f system were accurately

determined by conncecting atemperat urc-cent rol led 50 €2 terminat ion in place of the mixer. Using this

calibration, it is possible to estimate the conversion cfficiency and noise temperature T, of the

bolometer mixer (including diplexer 1osscs and contribut ions from the warm and cold optics). This gives
N =-11.4 dB(DSB)and T = 560 K (DSB).

The recciver response was also measured at4.3 K yielding a Y-factor of 0,3 dB which
corresponds to a receiver noise temperat ure of about 3000 K (11S13) and a conversion efficiency of
-19 dB (11S13). At this higher operating temperature the optimal amount of 1.0 and 1X: power that will
bring the clectron temperature up to ‘I’ .is lower. The conversion efficiency will therefore also be lower
since it depends on t hese power level S'. The increase in noise is likel y due to the poorer conversion
efficiency, and not to an increasc in mixer output noisc. This is dominated by fluctuations in the clectron
temperature'', which is always near T.. This explanation issupported by the fact that the increasc i nnoise
correlates well with the. decrease in conversion efficiency.

An important issue for a bolometer mixer is the! response duc to the broadband thermal radiation
from the 295 K calibration load, which could heat the lattice as well as saturate the mixer. T'o ensure that
we were correctly measuring the intrinsic heterodyne propesties, several tests were madeto check for
non-hetcrodync contributions to the response.. Switching between Joads in the signal path with 1O power
applied and with both loads at 295 K gave noresponsc, which Shows that the mixer response is not duc
to standing waves in the local oscillator path. Switching between 295 K and 77 K loads without 1()
power didnot give ally output power responsc. The same switching with opt imum 1.0 power applicd did

not shift the bias voltage of the device measurabl y (the measurement sensit ivit y was 2 pV) with the
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bolometer current-biased at tic, indicating that the mcasured mixer response was not aresult of a bias
point shift duc to heating from the hot and cold loads.

in a separate measurement, an additional Gunn oscillator was connected to the mult ip] icr, which
thereby gencrated both power at the local osci Hator frequency and a weak signal that could beused as a
monochromat icsource for mixer experiments. The i/ output was connected to a spectram analyzer.
Mcasurements were made with the mixer block at 4.3 K and 2.2 K. in both cases the mixer output did
indeed contain a distinct monochromatic signal, which could be tuned over the. whole available o
2 G] 17if band by adjusting the frequencics of the two Gunnoscil | a ors. A measurement at 2.2 K
showed that the difference in if output power when switching bet ween ahot and a cold blackbody load in
the recei ver beam showed the same bias voltage dependence as did the output power ducto the
monochromatic signal source. This fact further supports that the measured Y-factor is due to a heterodyne
response. Additionall y, asuperconducting magnetinside t he cryostat was used to appl y a magnetic ficld
of approximately 400 Gauss to the bolometer, but was observed to have no effect on the monochromatic
if output power to wit hin the accuracy of this measurement (0.2 d B). This suggests that none of the
response was duc to Josephson effect mixing in this microbridge, and that the rf heating, was gencerally
uniform wit h no hot spots or superconductor- normalboundaries'2

An important propert y of a bolometer mixer is the if dependence of the conversion efficiency,
which is set by the therimal response, time.. Due to significant output power variations with frequency in
the multiplier/t wo-Gunn source, wc chose to determine this dependence wit h a broadband blackbody rf
signal source and with aspect rum anal yzer used as at unable I M 1 7 filter after t he if amplifier chain] *.
The if system of the receiver was reconfigured witha broadband 1 1T amplifier that was cooledto 77 K
in place of the HIiMT amplifier and isolator. The measurement was done by switching between @295 K
and a 77 K loadint he receiver beam, thereby varying the receiver jf output power. 1 duc to variations in
the Spectrum analyzer response, parlicular Care was taken in the gain Calibration of the if chain'®. The
receiver wast uned to maximize the 1,0 coupling to the bolometer in the same way as for the Y -fact or
measurement described carlier, but the applied 1.0 power level was slight 1y higher. An earlicr Y -factor
mcasurcment where the device IV curve indicated the same amount of 1.0 pump power yiclded arecciver

noise temperature of 660 K (1) SB).



1 iigure 3 shows the relative conversion cfficiency versus intermediate frequency at 3 bias points above
the drop-bad voltage. A fitted curve with the expected frequency dependence' (14(f Aot ,ﬂ.)z)" is aso
shown, Where f

r

i 1S U he intermediate frequency at which the conversion efficienc y drops by 3dB. The
rolloff in Iig. 3 occurs at 1.7 to 1.9 Gllz. As can be seen, f, , -~ docs notincrease as quickly as the
conversion efficiency decreases with bias voltage. This su pporls the prediction of no fi xed "gai n-
bandwidth” product for this device'®,

The measured rol loff frequency al lows the actual effect ive thermal conductance G_of the

bolometer to be caleulated from f, .

=] /2nt,) where 1, =C/G_ 1'or this device this gives
G=15nW/K, which compares wc]] with DC measurements that we have previously reported for similar
microbridges™. The 1.O power applicd to the bolometer mixer can then be approximated using P, + P, .
= G(12-T,2)/(27,) where ‘I’ cistaken tobe 5K, T\x2.2 K is the mixer physical temperature, P, . is the
DC dissipated power, and G' = G_. This yiclds P, , = 15nW which is consistent with the expected low
1.0 power requirements for this device.

A simulation of the bolometer mixer that takes into account thetemperature profile in the device has
been made using a finite difference method. The heat diffusion in t he bolometeris assumedto follow the
Wiedemann-1ranz Jaw, where the thermal conductivity is proportional to temperature. The
proportional ity constant was adjusted to agree with 1X measurements ', The calculated mi xer conversion
efficiency at low intermediate frequencies 1S 6.3 dB (13SB), and the -3 dB rolloff occurs at 1.3 Gllz.
These values arc in reasonable agreement with the measured results, and hence validate the basic physical
principles of thisbolometer.

Insummary, a novel transition-edge bolometer mixer that uses diffusion asa cooling mechanism
for hot ¢l ectrons has been demonstrated at 533 Gl 1z. This mixer provides very low heterodyne receiver
noisc temperatures, with high intermediate frequencies. ‘1 'he -3 dB if response extends to1.” GHy. The
diffusion-cooled bolometer mixer isexpected to perform wc]] up to at Ieast several THz with ittle change
in performance. It is thus an attractive alternative to ]css-sensitive Schottky mixers at very high (> 1
‘1'11~,) submillimeter wave frequencics.
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FIGURE CAPTIONS

1g.1:SEM photo of the cliffusion-cooled bolomcter.

1 ‘ig.2: The current-voltage (V) curve for the bolometer with local oscillator power applicd. The dashed
lincs show the regions in which switching occurs. The device resistance is negative below about 0.4 mV.
The normal resistance Ry is 20 €. The if output power is shown for both ahot (295 K) anda cold

(77 K) load in the receiver signal path.

Jiig.3: The mixer conversion as a function of intermediate frequency for three di fferent bias conditions.
These data are normalized to the conversion atlow if for a bias voltage of 0.35 mV. The bias voltages
and the roll-off frequencics of the fitted theoretical curves are O: 0.35 mV, 1.7GHz; A: 040 mV,

1.8 Gllz; O: 0.48 mV, 1.9 Gllz. The threc DC bias points are markedinthe IV curve in the inset.
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