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ABSTRACT

The paper describes a superconducting hot electron bolometer mixer that uses
diffusion rather thaninteractions with phonons as a cooling mechanism for the hot
el ectrons. The bolometerisa0.14 pm wide niobium microbrid ge with a length less than
0.5 pun. The submicron length ensures rapid diffusion of the hot clectrons into contacting
gold films. This mechanism is believedto be fast enough to allow mixer operation with
intermediate frequencies of several GHz. An electron cooling time of 55 ps iSin ferred from
DC resistance versus temperature measurements, indicating a rol I- off {frequency close to
3 Gllz. initia recciver measurements using a two-tuner waveguide mixer confirm
heterodyne mixing at 532 Gz with anintermediate frequency of 1.4 Gllz.

INTRODUCTION

Inrecent years SIS devices have been used successfully for low noise astronomical
receivers in the millimeter and submillimeter wave bands. There is a concern, however, that
tile superconducting energy gap Will limit tbe performance of S1S mixers at frequencies
above 1 THz. An alternative to S1S junctions above the gap frequency may be
superconducting hot electron bolometer mixers, since the response of these should in
principle be as good above the gap frequency as below. These bolometers c1o however have
alimitation in the intermediate frequency (1F) bandwidth duc to the finite time required to
cool the heated clectrons. This isasignificant issue, since a bandwidth of at lcast
500- 1000 Mt 1z is required for astronomical observations. Other groups [ 1,2] have studied
devices where the hot clectrons are cooled by electron-phononinteraction, which for Nb
films gives a cooling time of ~Insandan 1t roll-off at around 160 MHz. A receiver using
a NbN bolometer , however, has rccently demonstrated mixing at an intermediate
frequency of 1.4 GHz [3].

We arc investigating a different approach, where the hot electrons are a lowed to
diffusc out at the ends of the bolometer into a contacting normal metalfilm. ] f the device is
very short, less than 0.5 pum, the thermal conductance associated with the diffusion process
can dominate by a factor of more than 1() over that duc to the clectron-phononinteraction,
lcading to predicted intermediate frequencies as high as 4 Gllz.

Onc of the two objectives with the measurements presented here was to usc the
resistance versus temperature curve of adiffusion cooled bolometer (0 determine its thermal
conductance, and to calculate from this value the highest usable intermediate frequency.
The other objective was to adapt an existing 547 Gz S1S recciver for use With hot electron
bolometers, and to attempt to make heterodyne measurements in this frequency regime.




BOL.OMETER DESIGN AND FABRICATION

The bolometer consists of a niobium microbridge 0.14 um wide and 10 nm thick.
Different devices were fabricated with lengths ranging from 0.14 tm to 0.5 pm. The
length was determined by varying the spacing of the gold pads that overlap the
microbridge, see Fig. 1. All bolometers were fabricated on 100 pm thick fused quart.
wafers, which were lapped down to 50 pum after the device formation,

The firststep in the device fabrication is the definition of the base wiring layer,
which was patterned onto the quartz. substrate using an optical lift-off process. The layer
consists Of 110 nm of magnetron sputtered Nb and 30 mim of evaporated Au. The device
layeristhen fabricated by a blanket (imposition of 10 nmof Nb followed by 10 nm of Au.
An etching mask of 30 nm of Cr iS patterned using c-beam lithography with PMMA,
which defines the bolometer. The microbridge is produced by Ar sputtering of the gold,
followed by reactive ion etching of the Nb with a mixture of CCl2F24 CHy4 05 . The
chromium etch mask was subsequently stripped by a commercially available wet etch. The
100 nm thick gold lcads were evaporation deposited using an c-beamdefined PMMA lift-
off mask. The 10 nm thick gold layer on top of the Nb bolometer was then removed by an
Arsputtering step. The finished devices were passivated by deposition of 40 nm of SiO in
alift-off process.

CALCULATED THERMAL. RESPONSE TI MI;
The voltage responsivity of the bolometer can be written [4]
dR 1
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where 1 is the DC bias current, R istile microbridge resistance, 1 is the temperature, G is
the thermal conductance between the hot clectrons and the thermal bath, @y is 2m X the
intermediate frequency, and 1 IS the thermal response time (cool ing time) of the hot

clectrons. The response time ist=C / G, where Cisthe electronic specific hecat of the
bolometer.

FromEq.litis clear that the response rolls off at the frequency :

1 ,
Jo= Y (Hz) (Yiq. 2)

The electronic specific heat of the bridge is given by:
C=y-7T-V (/K) (Iiq. 3)

where V is the volume of thc niobium microbridge and y = 700 J/K2m3 (experimental bulk
value).




The Wicdemann-Franz law gives the ratio of the clectronic thermal conductivity to the
clectrical conductivity. This predicts :
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Inour case Rpp=R/12 . This is an effective resistance that corrects for the distributed beat
dissipation and for the two heat sinks at opposite. ends of the microbridge [4]. The resulting
value of the thermal response time is given below, and should be used in Fiq. 1 if it is much
smaller than the electron-phonon time.

T“/l, =C/ (;H/I, (S) (}'(] 5)

MEASURED THERMAL RESPONSE TIML:

The thermal conductivity G can be estimated from measuring the  resistance versus
substrate, temperature characteristic for a bolometer at di fferent DC bias currents. Fi gure 2
shows such a measurement for a 0.2 pm long microbridge. The power dissipated in the
device by the DC current heats the el ectrons above the substrate temperature, thercby
shifting the 1-?-"1" curve. The shift in temperature for any given R is equalto the difference in
dissipated power (112 R - 152'R) divided by G. The difference in dissipated power versus
the shift intemperature for three pairs of currents (1, 12) and several values of Risplotted
in Fig.3 . The slope of the fitted curve is the experimental value of G.

Table ] compares the experimental value Gyixp, to the Wiedemann-tranz limiting
case Gwi: for two bolometers of different lengths. It also lists the heat conductivity of the

clectron-phonon interaction Gej.pn = 4-A-T3V, where A = 1.1.1010 W/K4m3 [5]. As
shown in the table, the cxy >Cnmuual heat conduction is significantly better than that of the
clectron-phonon mteractlon butit isless thanthat predicted by the Wiedemann-Franz law.
The experimental values of the heat conduction together with the specific heataccording to
Fq.3 above give estimated IF roll-off frequencics of close to 3 Gz for both bolometers.

Table 1 : Comparison of calculated and experimental values of thermal conductance, time
constantand 1 F roll-off frequency. T'wo expressions used in creating the table arc

Tpixp = C/ Grixp and Ikvax= 1/(2101 ixp): The device temperature is taken to be 5.2 K,
and the width is 0.14 pm.

length  |Resistanc | C Gigpooh Gwy Gpix Thixe THMax
m] |19 D/K] | [rid/K | (nW/K] | [nWIK] | [ps] (Gl
0.14 12.1 .10 102 127 12.5 57 2.8

0.2 18.3 10.2-10°19] 1.7 83 18.5 55 2.9




MIXER MEASUREMENTS

Mixer measurements were carried out using a waveguide S1S recciver for
547 Gllz [6]. The quartzchips with the bolometers were glued into a two-tuner mixer
block, as shown inFig. 4. The contacting sliding tuners Were made from beryllium copper,
andthe DC and1F connections were made by wire bonding the device 10 the mixer block
and to a matching circ uit. The mixer block wasmountedonto the 4 Kelvin cold surface of a
vacuumecry ostat,as Sf1IOW11 inFig. 5. A 1kQ metal film resistor in thermal contact with
the mixer block was used as a heater to vary the temperature of the bolometer. The
temperat ure of the block was monitored by a diode sensor. Because of temperature
gradientsinthe mixer block, however, we found that thethermal noise power in the
intermediate freq uency band provided a more accurate way Of m ca suring the device
temperature. No feed-back loop was needed for the temperature control, as the diode
sc nsor temperat ure versus heater voltage was reprod ucible to within 20 mK over a period
of several y10(117s. Asshown in Fig.5 the beam from the signal source is focussed into the
dual-mode conical feedhorn of the mixer block using off-axis elliptical mirrors. Two
fluorogoldinfrared filters are placed in the beam pathinside the cryostat, o reduce room
temperature heat flux into the mixer.

The signal source was a X2x3 multiplicr that was pumped by two Gunn oscillators

as shown in Fig.5.Gunn 1 in the fig ure wasused to pumpthe multiplier atthe frequency
{Gunnt. thereby providing thelocal oscittator (1 .0)for the hot electron bolometer at

6X1Gunn 1- The second Gunn was used to inject a small amount of power at frequency
fGunn?2 into the multiplier through a -20 dB coupler. Thisresultedin additional output

power from the multiplier at afrequency 5xXfGunn 14 {Gunn 2 » thus providinga
monochromatic signal. The reason that we used this source configuration wasthat only one
multiplier was available for the experiments. The frequencies of the two Gunn  oscillators
could be independently measured with a frequency counter (17g.5) .

The ] .4 GHz intermediate frequency (1FF) system IS shown in Fig.6 , The cooled
am plifier had a nominal noise temperature of 5.6 K, but duc to the other Components in the
system the total 1F noi se temperature was between 6.5 and 7.0 K, depending onthe 1F
impedance of the device in the. mixer block. several configurations of the room temperature
part oft he 11; system were used, giving total gain values from the mixer to the power meter
ranging from 90 to 1 05 dB. Part Of the Il o utputp ower was coupledto i sp ectrum
analyzer, to verify the heterodyne response with the monochromatic signal source.

The bolometer usedin the mixing experiments hadalength of 0.2 um, anda width
of 0.14 pm. The normal resistance was 23.5 Q. Fig. 7shows two 1-V curves. The first
was measured on a dip-stick with the device immersed in liquid heli um. The second wa s

measuredin the receiver ery ostat, where the device was slightly warmer.

The receiver measurements were made at a local oscillator frequency of 532 Gz
with the signalin the upper sideband. The temperature at the sensor on the outside of the
mixcr blockwas4.6 K, but the act val temperature of thebolometer wasa few tenths of a
Kelvinlower, Figure 8§ shows the 11 spectrum for five different frequency settings of the
signal Gunn oscillator. Shifting the monochromatic signal frequency cause.s a
corresponding shiftin tile 1 spectrum, which showsthat the response is heterodyne. We
al so verified that the measured frequency of the i signal equals the difference between the
measured frequencies of the two Gunn oscillators. The mixer output shows amaximum at




a bias voltage of about 0.1 mV, as shownin Fig.9 . The figure shows the total output
power inthe intermediate frequency band with and without a signal, Italso shows onc
pumped (with local oscillator power at 532 GHz) and onc unpumped (no local oscillator
power) -V curve. in this mecasurement the total gain in the amplifier chain was -94 dB, not
including the mismatch between the device and the 105 € 11 ‘system.

When the mixer block was heated, the mixer output signal decreased. The data in
Fig.10 was prepared by subtracting the output powers with and without signal at a few
different temperatures. Thelocal oscillator and signal power levels were held constant for
the data points inthe figure. As canbe seen, the mixer output fell rapidly as the bolometer
approached the, critical tempcrature of the niobium film, which was 5 to 5.5 K. The
temperatures in Fig. 10 were inferred from measurements of the thermal noise in the
intermediate frequency band from the device at zero bias current. Duc to small uncertainties
inthe calibration of the intermediate frequency amplifier chain, we estimate the systematic
error in the temperature readings to be approximately 0.4 K .

When the device is in the limit of small heating of the electrons above the bath temperature
by the DC current, the temperature in the Wicdemann-Franz law may be approximated by
the bath temperature T. This leads to a temperature increase for the hot electrons that is

proportional to the DC power Py, so that (19,-Tp) o< Py =R-192 where Th is the. hot

clectron temperature. The hot electron temperature increase sho uld be proportional to Ip2.
For large DC bias currents this approximation is incorrect, and instead the Wiedemann-
Franz lawleadsto the dependence (11 W-Th?) < Py = R-1p? . Thismeans that for large bias
currents the hot electron temperature should increase in proportion to Ig . This would cause
the output thermal noise power from the device to increase in proportion tolginstead of
1o2. This linear dependence canbe observed intig. 11, It should be pointed out, that a
lincardependence Of output noise power with currentcanalso beindicative of shotnoise.
This requires, however, that atunneling barrier is present inthe device. At this point we are
not aware of any such barrier.

SUMMARY

The resistance versus temperature measurements of the 0.2 umlong electron
diffusion cooledbolometer indicates that the thermal conductivity is approximately 18.5

nW/K. Together with an estimated clcctronic specific heat of 10.2.10- 19 JK this gives a
thermal response time of 55 ps, leading to an estimated highestintermediate frequency of
2.9 GHz. This would clearly be sufficient for heterodyne receivers for submillimeter
astronomy. The shorter (O. 14 um) bolometer gave similar results, namely 57 ps and
2.8 Gllz.

A quartz chip with a 0.2 junlong bolometer was mounted into an existing
waveguide block S1S receiver. Measurements using a localoscillator and monochromatic
source confirm that the bolometer shows heterodyne response at a local oscillator freq uency
of 532 GHz and an intermediate freq uency of 1.4 GHz. The st rongest mi xing is scen at
bias currents slightly above the non-linearity inthe 1-V curve. The Il signal output power
decreases strongly with temperature, which suggests that the heterodyne response will be
even stronger with the device cooled to lower temperatures thaninour present
measurements,




At high DC bias currents the output noise in the intericdiate frequency band
increases proportionally with the current, which is predicted by the Wicdemann-Yranz law
in the large beating limit. A proportional] dependence of output power on bias current can
also be expected from a shot noise source, but no such source inthe device is known to us
at this time.
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Fig. 1: SEM image of a hot electron bolometer. The crosshatched areas in the inset are
10 nm of Au on 10 nm of Nb; both layers arc under the large 100 nin Au film.
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Fig.2: Rversus T for a0.2 pumlong bolometer, The different curves were measured
at 5, 10, 15, 20 and 25 pA.
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lig.3: The difference in dissipated DC power AP plotted against the temperature shift AT,
for three different pairs of R-T curves. Six points are plotted for cach pair, corresponding

to different resistance values. Ideally, al the points would fall ona straight line through the
origin, the slope of which would be the thermal cc) nductivity G. The dashed line inthe figure
gives Gy y7-135.0W/K. The data is for an 0.2 pumlong device. The three DC current

pairs are: f,:SmA &1, =10mA ( 0); I)=10mA & IL,=15mA (A); I)=10mA, 1,=20mA (m ).
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17ig.4: Split view of the waveguide block showing, the bolometer substrate.
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Fig. 6: The intermediate frequency (1F) chain.



I-V curve with the device
dipped into liquid helium.
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Fig. 7: Two DC I-V curves of the 0.2 pm device used in the mixer measurements. The
difference between the -V curves is due to the slightly warmer environment in the receiver.
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Fig. 8: The intermediate frequency spectrum for 5 different signal frequencies.
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Fig.11: The 1-V curve and output power in the intermediate frequency band. On this scale,
the non-linear partof the |-V curve isbarely visible at the lower left corner of the diagram.
The bend upwards at high bias currents is an artefact caused by a current limiting diode in
the bias circuit. The output noise power curve includes approximately 90 uW of amplifier

noise.




