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ABSTRACT
We have successfully fabricated niobium diffusion-cooled hot-electron bolometer (HEB) mixers on membranes of silicon nitride less than one micron thick.  This advance has allowed us to construct a 1x5 HEB
receiver array intended for operation at 1.45 THz. This poster provides an overview of the integration of the HEB array chip with silicon micromachined backshorts and feedhorns, discusses materials issues
surrounding the device fabrication, reports resistance and I-V measurements, and compares HEBs fabricated on silicon nitride to similar devices on quartz substrates.

SUMMARY
We have successfully fabricated the HEB block portion of a 1x5 receiver array for operation at 1.45 THz, and made substantial progress in the fabrication of the corresponding micromachined backshort and feedhorn
blocks, and other associated hardware. Materials issues involving film stress, gallium contamination, and the physical etching of gold as a key step in the fabrication process were addressed. In general, the device
resistance of this FIB fabrication process is not as controllable as we might desire, for which the difficult physical properties of gold in combination with the substantial thickness of the final layer of Au (atop the
bolometer) to be sputter etch removed, required in this FIB process, are largely to blame. Germanium films were incorporated into the process successfully as a passivation material. Electrical measurements of the
FIB defined HEBs indicate working devices which respond appropriately to RF radiation. Future work will involve RF testing of these elements at 1.45 GHz.

Device Basics and Fabrication

    Several 1x5 arrays have been fabricated, and now await RF
testing.  Because the CPW lines are too small to probe, all of
the measurements on Si/Si3N4 substrates presented herein
apply to DC test samples fabricated at the same time, and
processed  along with, the arrays.
    Fig. 6. shows, for comparison, resistive transitions of an
unpassivated device on a quartz substrate, and a Ge
passivated device on a silicon nitride membrane. Their
resistance ratios, RRR = R(300 K)/R(10 K), were 1.6 and 1.4,
respectively. Niobium films on quartz in this work have
generally had higher transition temperatures than films on
silicon nitride.
    Fig. 7. shows I-V curves for the device on a silicon nitride
membrane, HEB21, from the earlier figure. Its critical
current, at 4.2 Kelvins, is a little more than 20 mA. Fig. 7.
also shows the I-V curves for HEB21 with 10 GHz RF power
applied to the device through a capacitively-coupled antenna;
this demonstrates that the  microbridge may be driven normal,
as expected. Further information about the performance of
these devices will be available once receiver testing, now
underway, is complete.

FIB Ga Contamination of HEB Nb

Fig. 1. The result of the FIB fabrication process,
including a view of the CPW structure leading to the
semicircular waveguide probe, which extends to the
right out of the field of this picture. About 100 nm of
gold remains atop this niobium microbridge after the
FIB3 mill, which defines the length of this HEB as
318 nm. The FIB2 mill determines the width of the
device.

Fig. 3. Diagram of the Si micromachined feedhorn
block, HEB membrane block, and backshort block for
a 1x4 variant of the receiver. The sections are aligned
and assembled into the completed 1.45 THz receiver
array.

Fig. 2. Electric field shade plot detailing the
operation of one pixel in the array of mixers. The
HEB sits at the throat of the semicircular
waveguide probe; the IF signal travels out through
the 3 mm line tapping into the probe.

The main area of this research is the fabrication of HEB mixer circuits on silicon nitride membranes, supported by a Si wafer “block.” The
microscale components of the mixer are produced by liftoff patterning of Nb and Au, resembling the pattern of Fig. 2. At the HEB region
lying at the apex of the semicircular probe, the nanoscale HEB is milled using a Focused Ion Beam (FIB) from the metal layers previously
deposited. Three separate milling patterns (FIB1,2,3) are used to precisely define the coplanar waveguide of the probe, the HEB bridge width,
and the HEB bridge length, respectively. Fig. 1 shows the HEB region after these milling steps where HEB Nb/Au sits atop a deep mesa. Ar
ion bombardement is then used to etch away remaining Au atop the Nb bridge. The completed HEB block becomes a section of the complete
Si micromachined receiver array.

Fig. 6. Resistive transitions of two devices
fabricated recently, normalized to their 10 Kelvins
resistances.  M2747C is an unpassivated device on
a quartz substrate, R(10 K) = 76 W.  HEB21 is a
Ge passivated device on a Si3N4 membrane, with
R(10 K) = 43 Ohms. 50 Ohms is the resistance
target.

Fig. 7. I-V curves at 4.2 K for HEB21. The LO
power is supplied through a coaxial cable, which
is capacitively coupled to the pogo pins
contacting the sample in the dipstick. The stated
powers are merely relative measures of the
power applied, and do not represent the power
absorbed by the device.

HEB Au Etch Details
After the FIB milling steps, it is then necessary to remove the exposed gold remaining atop the HEB
microbridge. We have attempted this using an iodine-based wet etchant with devices on a quartz
substrate, often with good results (resistances uniform within 10%). However, undercutting of the 30
nm niobium mask at the ends of the bridge is a problem, and the etchant seems to damage the
niobium film, causing devices to open-circuit over a time frame of a few weeks. Therefore it is
necessary to remove the microbridge gold with a physical etch of Ar ions in an RIE. An RIE self-
bias of 150 Volts produces reasonable results after long etch times (2 hours is typical). The
measured etch rate on large, smooth areas with these etch conditions is around 3 Å/min. if the
sample is not heat-sunk to its glass carrier, and 9 Å/min. if it is lightly greased. On the simple
criterion of having a sample device which can be tested and which superconducts, the yield of this
process is quite good (typically 75% or better), though the spread in device resistance is typically +/-
15%.

Fig. 4. The completed HEB bridge after Au etching.

Results

    Because of the nature of Ga bombardment in the FIB milling of the
HEB structure, the FIB2 step is especially likely to implant a
significant amount of gallium into the microbridge, but only into its
edges. Since the microbridge is typically at least 1000 Å wide, it is
reasonable to estimate that 80% or more of the width of the HEB
should be free of contamination. Nevertheless, it is of interest to
consider what the effects of this contamination might be. To this end,
samples of Au[100 Å]/Nb[100 Å] on quartz substrates were prepared,
irradiated with gallium using the FIB, and measured.
    Simulations in SRIM (“The Stopping and Range of Ions in Matter”,
www.srim.org) predicts that 35% of the ions incident upon the HEB
structure will stop within the niobium layer, although with a very non-
uniform dose profile.  The average dose within the film is therefore
estimated to be on the order of 1019 atoms/cm3.  The correlation
between average dose and transition temperature for two sets of
samples is shown in   Fig. 4.

Fig. 5. Measurements of critical
temperature vs. implanted gallium
dose.  The two sets of samples were
deposited in our multi-target sputtering
system many months apart; changes in
the sputtering conditions or the
thickness monitor settings probably
explain the discrepancy between the
two sets of data.  Note that the
sacrificial layer of 10 nm of Au is
likely partially sputtered away during
implantation; however, since a reduced
gold thickness should reduce the
proximity effect and thereby increase
Tc, the effect of gallium implantation is
accurately demonstrated here.


