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Abstract - Superconducting hot-electron potometers A1EB)
represent a Promising candidate for heterodyne mixing at fre-
quencies exceeding 1THz Nb HEB mixers offer performance
competitive with tunnel junctions without the frequency limit
imposed by the superconducting energy gap. Although the
performance of YBa;Cuy07.5 HEB mixers is not projected to be
superior (o that of Nb devices, Which operate at low tempera-
tures, they introduce the possibility of sensitive, low power het-
crodyne detectors operating at temperatures approaching 90 K
for applications requiring portability and closed-cyclerefrig-
eration. We report on the fabrication and characterization,
both DC and RF, of high-Tc mixers based on ultra-thin (<20
nm) Y Ba;Cu:0-5 films patterned to micrometer dimensions
and incorporated into 2.5 THx planar mixer circuits.

1. IN'I'ROIIUCI'1ON

1 Ieterodync reccivers based on superconductor-i ygyiator-
superconductor (S1S) junctions arc used in submillimeter
astronomical and atmospheric studies at frcquencics up to 1
THz. Athigher frequencics, Schottky diode mixers or direct
detection techniques arc generally used.  Superconducting
hot-clectron bolomcters (HEB), consisting of a thin filmin-
timatcly coupled to a cooled substrate, have been proposed
for usc in mixing applications in the terahertz (THz) range
[ 1,2]. Superconducting HEB mixers require orders of mag-
nitude Jesslocal oscillator (1.0) power than semiconductor
mixers, allowing for solid statc 1.0s rather than the large
lasers required of Schottky diode mixers. Nb mixers operat-
ing at 2-4 K have shown excclient performance at 530GHz
[31, and recently demonstrated low noise at 1.2THz 4] and
2.51'11z(5]. While some initial expcriments on device phys-
ics and hetcrodyne performance|6,7] have been carrier out
on high-temperaturc superconductor (1 1'1'S) bolometers, No
optimized devices have been reported to date.

The lower 1O power requircments of superconducting
HEB mixers makes them particularly attractive for remote
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sensing systems with constraints on the availability of power
or weight, such as on balloon or slJacc-based platforms. HEB
mixers made from NS operating in the range of 60-85 K
arc particularly attractive for space based applications since

they can be cooled with existing space qualified closed-cycle
refrigerators.

1. REQUIREMENTS

The operating principles of a2,5 T11~. WI'S HEB mixer
have been described in detail clsewhere [8]. HEB mixer
operation depends 011 breaking heating the clectrons with
incoming radiation, resulting in a noncquilibrium energy
distribution. Cooling, occurs via electron-phonon interac-
tions Whereby the hot electrons give their energy to phonons
which escape into the substrate.  Alternatively, cooling can
occur by diffusion of the hot electrons out of the device and
into the normal-metal clectrical contacts [2]. Duc to the
short electron mean-free-palhsin 11'1’S materials, the clec-
tron-phonon cooling mechanism dominates in HTS HEB
mixers. Inspace applications, sysicm-level powcer restrictions
constrain mixers to operate at low 1.0 power levels, with
major implications for device Size.

As aresult of these considerations, the major design re-
quircments {8] for} 1'1'S HERB’s arc described below. The first
four rcquirements perlain to the substrate. While a large
number of substrates can individualy meet these conditions,
itisimportant for optimal mixer performance to mcet all
simultancously.

(1) The substrate must have a high thermal conductivity
and be compatible with epitaxial YBa;Cu,075 (YBCO)
growth. This requircment can be met by a number of sub-
strales compatible with high-quality YBCO films. MgO,
1.aA10;, Al,O3 and Y AIO; have thermal conductivity’s at 90
K of 3.4, 0.35, 6.4 and 0.2-0.4 W K-’ cm™, respectively. For
comparison, yttrium stabilizcd zirconia (Y $7) has a thermal
conductivity at 90 K of only 0.015 W K™ cm [8].

(2) The Kapitza boundary resistance (Ry) between the
H1S film and the substrate should be as small as possible.
This second requirement can be met by several of the afore-
mentioned substrates. The values of 1%, infcrred from meas-
urcments Of the phonon escape time, between YBCO and
MgO, 1.aA10; and ALO; at 90 K arc 5,10, and 11 x 10" K
cm’W-" respectively [9-13].
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(3) Substr’aes need to have a small loss-tangent a both
2.5 THz and d the 1 F frequency. The fourth requirement can
also be met by a number of the aforcmentioncd substratces.
Mg0, 1.aA10;, ALO; and YAIO; have loss tangents of 7, 5,
8, and 10, x 10°, respectively at 90 K and ~10 Gilz. For
comparison, yttrium stabilized zirconia (YSZ) has a loss
tangent of 400x 10" al 90 K at -10 GHz|8).

(4) Subs.[rates need to have a convenient dielectric con-
stant a both 2.5THz and at the IF frequency. This fifth re-
quircment can also be met by a number of HTS compatible
substratc materials. The dielectric constants of MgO,Y>0s,
Si-on-Al,0; and YAIO;, measured in a Fourier transform
spect rometer at JPL., arc 10.0, 12,9, 9.9 and 21.2, respec-
tively, at 77 K and 2.5 THz.

(5) The 1r1'S mixer film volume must be small cnough
to allow device operation at microwatt 1.O power levels, This
third requirement dictates that the mixer be constructed from
ultra-thin (10-20 nm) films patterned to micron oOr submi-
cron dimensions [8).

In thiswork, ~20 nm YBCO thick films on Y A1O; sub-
strates were used to fabricate 1B mixers.

1. GROWTH AND PATTERNING

Growth of the superconductor and gold (Au) contact
layers arc performed completely in situ without exposure of
interfaces to the ambient environment.  The devices arc
grown on 2.50 ym thick, 1 x1cm? (001) YAIO; substrates
polished on both sides. The nominal growth processis: The
substrates arc mounted on Haines alloy plates using Ag
paint. These arc transferred into tbe HTS deposition system
viaaload-lock. The substrates arc buffered using a 20 nm
PrBBa,Cu30,.5 (PBCO) layer deposited by pulsed laser depo-
sition (PL.D) at 790°C, 400 mTorr of O, at aflucnce of 1.6
Jem? at A=248nm. Substrate heating is radiative, monitored
by a thermocouple that is cross checked by an optical py-
romcter prior to film growth. Thc PBCO layer is followed
by 220 nn YBCO layer deposited at 8 10°C, 200 mTorr of
0,, and 1.6 Jem®. The deposited bilayer is cooled insitu @
40°C/minute in a500-650 Torr Oz atinosphere from the
growth temperature down to room temperature. Then 100
nm of Au is deposited in situ by DC magnetron sputtering in
almTorr Ar aimosphere (Fig. 1A). Typica transition tcm-
perature (T,) for these trilayers, as determined by AC sus-
ceptibility, IS83-86 K with atransition width of less than 2
K.

After the trilaycr growth process, the substrate is me-
chanically removed from tbc Haincs aloy plate. Photorcsist
(AZ5214) is spun onto the blank trilayers at 3000 rpm to a
thickness of 1.5 pum and soft-baked at 95 * C for 2 minutes.
The sintered Ag paste residue remaining from substrate
mounting on tbc Haincs plate is scraped off of the substrate,
followed by swabhing with 1000A HNO; and rinsing in wa-
ter. The photoresist is then removed with acctone and the

devices arc rinsed in 100% cthanol and blow-dried with dry
N,.

The initial patterning of the PBCO/YBCO/Au trilayer
into the antenna, RF filter, IF/DC contacts and bolometer
microbridge is performed using optical contact lithography.
Photorcsist (AZ52006) is spun onto the unpaticerned trilayers
at 5000 rpm 10 a thickness of 0.5 jun and soft-baked at 95°C
for 2 minutes. Theresist is exposed through achrome con-
tact mask for approximately 15 seconds at a 350 nm UV flux
of 10 mW/cm?, and then developed for approximately 20
seconds in AZ developer diluted 1:1 with waler. Theresist is
sof~-baked again at 95°C for 1 minute and ashed for 30 sce-
onds in 240 mTorr 0Xygen plasma in a Semi Group 1000TP
rcactive ion ctcb (R1E) tool at 120 watts, with a DC substrate
self-bias of -320 volts. The minimum feature size with good
definition for ibis processis 1 yum.

Next, the devices arc placed into the load-lock of the
deposition system in which an ion mill is located. The
etching process uscs normally incident 500 CV Ar'ionsat 1
mA/cm? for 5 minutes (Fig 1B). The pressure is 2. 0x10°
Torr. The substrates arc not cooled, however the tempera-
t urc remains below 100 ‘ C during the ciching process (Fig.
1¢).

After milling, the devices arc transferred from thc load-
lock directly into the deposition systci where 60 mn of YSZ
is deposited at room temperat urc by PLD (Fig. 1D).

The photoresist is then removed by ultrasonically
cleaning tbc devices inacctone for 1-2 minutes, The: devices
arc rinsed in 100% cthanol and blow dried with dry Na.. This
YSZ deposition and lift-off” process leaves the side-walls of
thc device coated with a protective layer of YSZ. (Fig,. 1E).

At this pointin the process, another layer of photoresist
(AZ5200) is spun on the device 10 athickness of 0.5.um, soft-
baked, exposed, and developed using the procedure described
above. The mask for thisstep opens asmall window in the
resist, exposing the 1 pum-wide bolometer bridge, which is
still covered with 100 nm of Au. The device is then placed in
the RIk system for the following procedure (Fig 1F): (1)
Oxygen ashing for Sminutes in @ 200 mTorr oxygen plasma
at 60 watts with approximatcly -80 self bias. (2) Etching for
S0 minutes in a 200 mTorr 1:10 0,: CCLF, plasma at 60
watts with approximately -20 volts self bias. The approxi-
mate Au removal rate is 2.5 nm/minute. Wc have found that
over ciching dots not damage c-axis-oriented YBCO. (3)
Oxygen ashed for 2 minutes in a 200 mTorr oxygen plasma
a1 30 watts with approximately -40 volts self bias. The re-
sulting structure is illustrated in Fig. IG. 1t should be noted
that without the YSZ side-wall coating covering tbc a-b
plane edges of the YBCO layer, lines as wide as SO um arc
no longer supcrconducting after tbc Au RIE process, pre-
sumably duc to chlorine being driven into the film aong the
a-b planes. With the YSZ side-wall coating, we have suc-
cessfully used this 3-step Au removal process 0020 nm thick

YBCO lines as narrow as 400 nm and maintained T, above
SO K.
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Fig. 1. Cross section of the mixer a various stages of the fabrication
process. The steps arc described in the text.

Next the devices are placed in the Pl . system load-
lock, pumped down and immediately transferred into the

Vi i o 7
Fig, 2 - Finished H'TS bolometric mixer showing the microbridge,
twin slot antenna, and RF filter structure for feeding the DC bias in and
extracting the intermediate frequency (1F) out.

deposition chamber’, where 100 nm of YSZ. isdeposited by
PL.D, filling in the area where the Au was just removed. The
total t imc from removal from the RIE to pumping down in
the load lock is always lcss than 10 minutes, and typicaily
less than 5 minutes. The photoresist is then removed by ul-
trasonically cleaning the devices inacctone for 1-2 minutcs.
Thedevices arc rinsed in 100% ethanol and blow dried with
dl')’ No.

The devices arc next placed back into the deposition
systcm where 100 nm of YSZ isdeposited by PLD onto the
ent irc substrate a room temperature (Fig, 11 1).

Photorcsist (AZ52 14) is next spun onto the 1 x 1 cm? sub-
strates (now containing 19 chips) at 3000 rpm to a thickness
of 1.5 pum and sof(-baked at 95 * C for 2 minutes. The sub-
stratcs arc mounted on adicing saw and cut into individual
1x1,5 mm’ HEB chips. The photoresist is then removed with
acctone and the devices arc rinsed in 100% ethanol and blow
dried with dry N.. A photograph of a finished device is

shown in Fig. 2.
IV.ELECTRICAL TESTS

For DC device tests, individual dic arc mounted in 28-
pin Kcocera ceramic chip packages which plug into the bot-
tom of a cryogenic dipping probe. Four wires arc ultrasoni-
cally bonded to the YSZ-covered Au contacts. With proper
settings, the wire bonds make contact through the nominally
100 nim thick YSZ7. over-layer. The wire bond connections
arc chosen in order to allow 4-terminal device mcasure-
ments, climinating resistance contributions from the probe
and instrumentation wiring,

Resistance VErsus temperature measurcinents arc taken
using a computer controlled system. A Keithley 220 DC
current source connccled to two leads applies 4 1pA and the
voltage response of the device under test (DUT) is measured
for both current polarities using an HP 3457A multimeter.
The difference is used to eliminate contributions from ther-
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Fig. 3 - Resistance versus temperature, and |-V @ 77 K with and without the
application of 2.5 THz local oscillator power, fOr a 1x1x0.02 pm* micro-
bridge | 1R device fabricated using the process desctibed above.

really induced voltages in the probe and instrumentation
wiring.

After processing, the microbridge T, determined from
the R vs.7 data is generally 2-3K lower than the T of the
initial trilayer film measured by AC susceptibility. The tran-
sition widths arc also slightly broader. Fig. 3 shows R vs. 7'
for alx1x().()2 pm® microbridge in the mixer circuit show
in Fig 2.

The samples arc RF tested by mounting in analuminum
block and placed in an optical cryostat.| 14] The 2.5 TH2~.1.0
consists of a methanol far-infrared laser, pumpcd by a
2=9.6pm CO; laser. 1-V curves at 77 K, with and without
applied 1.0 power (estimated to be about a pW), arc aso
shown. With the application of lTocal oscillator power, the
critical current of the microbridge at 77 K can bc alimost
entircly suppressed from is initial value of approximatcly
5X106 A/cm’.

CONCI .USION

Woc have designed and fabricated superconducting hot-
clectron bolometers based on a previously developed model
[4]. The devices utilize ultra-thin YBCO (<20 run) films
pattcrned into 1 pm by 1 pm microbridges and passivated
with YSZ. These bridges maintain 1. on the order of 80 K
and J.’s >1x10 “A/em’ at 77 K. Wc have demonstrated that
the devices were successfully coupled to a2.5 THz L.O
source when operated at 77 K.
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