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We have applied ion-implantation inhibit patterning as a new method of fabricating low-loss
microwave transmission lines in high-temperature superconductor thin films. To determine the
effectiveness of this technique, we fabricated coplanar waveguide transmission lines in
YBa,Cu;0;_5 thin films that had been deposited on LaAlGubstrates using pulsed laser
deposition. Microwave characterizations of these lines are compared to a reference line fabricated
with conventional ion milling. At 76 K and 12 GHz, the attenuation constants of the ion-implanted
transmission lines are approximated 0.02 dB/mm, and the overall loss response is indistinguishable
from that of the ion-milled device. €996 American Institute of Physics.
[S0003-695(96)03840-3

Over the past few years, there have been several demoplicability of ion-implantation patterning to microwave de-
strations of high-temperature supercondudtdiS) micro-  vice fabrication could not have been predicted, particularly
wave circuits® Planar filters, resonators, and delay lines allsince other crystalline perovskite insulators exhibit very
benefit from the low microwave losses intrinsic to HTS ma-large dielectric losses. In this letter, we apply ion-
terials. However, device topologies are currently limited to aimplantation patterning techniques to the fabrication of co-
single layer due to the lack of adequate multilayer processinglanar waveguidé CPW) microwave transmission lines in
techniques. Typically, HTS devices are fabricated using conthin film YBa,Cu;O,_ 5. We report on the microwave per-
ventional patterning methods such as wet-chemical etchinfprmance of these devices and compare the results to the
or ion-milling. 23 These patterning processes remove materiaperformance of YBCO transmission lines fabricated using a
in select regions and leave nonplanar surfaces. The resultingonventional ion-milling process.
topology limits the quality of subsequent HTS layers, since  For this study, three transmission lines of the same de-
the step edges in the etched film induce grain boundary forsign were made: one reference device patterned with conven-
mation in the overlaying film. tional ion milling and two test devices patterned with ion

Inhibition patterning using ion-implantation provides a implantation of two different Si ion doses. The ion-milled
promising alternative patterning technique well suited forline was made by depositing 350 nm thick YBCO on 0.5 mm
multilayer device processing. This method uses Si or B dopthick LaAlO; (LAO) substrates using pulsed laser deposi-
ing to “poison” select regions of thin film YBgCwO; s  tion. The thin films were patterned using standard photoli-
(YBCO) without removing material or significantly altering thography and Ar ion milling. Following an Oplasma
the original crystal structure. The implanted YBCO materialcleaning, Ti/Au contact metallization was deposited on a
is transformed into an insulator for Si doses as low asphotoresist lift-off pattern using electron-beam evaporation.
1x 10%/cm?®. Previous reporfs’ have documented the suc- After the liftoff process, the chips were diced for testing.
cess of ion implantation in the microlithographic patterning  The ion-implanted CPW lines were fabricated using
of YBCO for devices such as bolometeend dc supercon-  thinner YBCO films, 100—120 nm thick, on LAO substrates
ducting quantum interference devicéSQUIDS.” Such  following the procedure described previoudfyThe films
multilayer processing techniques are critical in the developyere patterned by photoresist masking and Si ion implanta-
ment of both junction based and planar microwave HTS detion, Sj ions were implanted into the films at an energy of 80
vices. o keV with two different doses: % 10'%cn? and 3x10%/
~ While dc resistivities of 16€) cm have been measured ¢n. since Kain and othefshowed the microwave loss and
in Si-doped YBCO at 77 K, the microwave losses have nophase velocity in HTS CPW structures similar to ours to be
been determined. Without microwave measurements, the agy)y weakly dependent on film thickness over the thickness
range 100-300 nm, the thinner filnj$00—-120 nm were
3 Electronic mail: degroot@boulder.nist.gov used here to reduce the implantation time and potential dam-
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FIG. 1. Labeled photograph of ion-milled reference CPW device. Outer T 100
dimensions of the chip are 5 mxil0 mm. & o
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age to the photoresist mask. After implantation, the photore-
sist was removed by oxygen plasma ashing, followed by
Ti/Au metal deposition for the electrical contacts.

A labeled photo of the ion-milled test chip is shown in
Fig. 1. The ion-implanted devices look the same as the deriG. 2. calibrateds parameters of ion-implanted CPW transmission lines
vice in Fig. 1 since the implanted regions are transparenshown with data from ion-milled reference devi¢a) Magnitude of trans-
The CPW line in Fig. 1 was designed for use with a CryO_mission coefficientS,;; (b) magnitude of reflection coefficiersy;; (c)
genic test system employed in previous CPwP"ase o
characterization®.The outer dimensions of the chip are 5
mm X 10 mm. Exponential tapers at each end of the chigine (TRL) calibratiort* performed at 76 K using ion-milled
provide smooth electrical transitions from the launcher conyBCO on LAO calibration standards. The set of TRL stan-
tacts to the 5 mm long straight section of CPW. Our tesidards consisted of a thru connection defined as zero length,
system employs an on-wafer calibration method that placesvo CPW transmission lines of different lengtts68 and
the measurement reference planes on the chip itself, so t/200 mm), and one chip with short-circuit reflection stan-
electrical parameters of just the 5 mm long straight sectiorards(0 mm offsej. The 5.00 mm standard line is the same
are determined. The ratios of the center conductor widthas the reference device depicted in Fig. 1. The other stan-
(s) to the outer width W) were calculated to give a charac- dards were of the same design, but varied in line length. All
teristic impedanceZ,) of 50 () for infinitesimally thin con-  were fabricated using the ion-milling procedure described
ductors on a semi-infinite dielectric slab of LA®A line above.
geometry ofs=53 um andw=253 um was chosen for the For the second tier calibration, a standard was loaded
5 mm length of straight CPW line, and ths¢w ratio was into the test fixture, cooled to 76 K in liquid nitrogen, and
maintained in the exponential tapers at each end of the lingneasured. After all the standards were measured in this man-

An automated measurement system consisting of a comer, the calibration software calculated the correction factors
trol computer, a vector network analyz@&fNA), and a cus-  from the acquired data and loaded these factors into the net-
tom cryogenic probe was used to characterize the CPW linegork analyzer for the subsequent device measurements. As a
at a temperature of 76 K. The device under test was placed iresult of the multiline TRL procedure, a parameters are
a brass chip carrier and loaded into the test fixture at the engferenced to the characteristic impedance of the standards.
of the cryogenic probe. The carrier supported the chips at the Measurement results for the two ion-implanted CPW test
edges along the length, leaving an open rectangular volumedevices are shown in Fig. 2 along with data from the ion-
mm deep under the bottom surface of the substrate. Anilled reference line. Graph&@) and (b) show the magni-
Be—Cu spring lifted the carrier, pressing the chip against théudes of the transmissionS§;) and reflection coefficients
center conductor electrodes of the launchers. Two Be-C(S,,) over the frequency range 1-12 GHz, and the lower
spring contacts provided ground connections at eaclgraph(c) gives the phase of th&,, parameters. With the
launcher, and brass retaining clips along the clip edges praxception of deviations at 6.5 and 8 GHz attributed to limi-
vided additional low-impedance ground and thermal contactations in the repeatability of the test fixture with temperature
to the chip. cycling, theS parameters from all three lines agree excep-

The fixture stage was cooled by inserting the probe intdionally well. The S,; data display low-loss and nondisper-

a liquid nitrogen dewar to a point where the lower portion of sive behavior over a broad band and 8i¢data reveal small
the stage was immersed in the liquid, but where the chip wageflections that increase gradually with frequency. Though
located just above the liquid surface. Enough time was alnot shown hereS;, andS,, display reciprocal behavior.
lowed for the chip temperature to come into equilibrium be-  To further compare the transmission lines, we calculated
fore the measurements. the differences in the transmission responses of the ion-

The particular VNA in our test system required a two- implanted test lines and the reference line. The curves in Fig.
tier calibration. The first tier was a room temperature open3(a) give the difference in the S,; magnitudes
short-load-thru(OSLT) calibration conducted at the end of [S|implant | S21lreferencewhen the magnitudes are expressed
the cryogenic probe where the test fixture would normally ben dB, and Fig. 8) shows the corresponding difference in
connected, and the second tier was a multiline thru-reflectthe S,, phase responses. Within the scatter of the data, the
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1.0 - Kuestel and the measured surface resistance of the starting

& osb (a)_ material (=1 mQ at 10. GHz.and 76 K we would expect

2 ) " s the loss factor for the ion-milled lines to be 0.002 dB/mm.
= 00F A R Y w;,‘.‘f.,.sf’ b This suggests that the 0.02 dB/mm estimate is an upper
@2 sk v ] bound on the losses and that improvements can be made in
< w o @ the measurement and/or processing techniques. Additional
= A T e me & 7 o) work is currently under way to make a more complete as-
9 sessment of the transmission line parameters using a cryo-
= or genic probe station and lines and resonators of longer
% R lengths.

§ 1ok To summarize, we have fabricated CPW microwave
& s | | | | | transmission lines in thin film YBCO using an ion-
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0o 2 4 & 8 10 12 implantation patterning technique and have measured the mi-
crowave response at 76 K using a calibrated cryogenic test
system. The patterning technique converts the exposed
) ) o ) YBCO areas into low loss, insulating regions through Si
FIG. 3. The d_lfferenpe ISy, b_etween |on-'|mplanted test devices and the doping rather than material removal. and leaves a uniform
reference devicga) difference in the magnitude &; when both terms are . ! o
expressed in dBb) difference in phase o6y, . surface capable of supporting growth of additional crystal-
line thin films. The creation of insulating regions in the
YBCO by this technique does not appear to contribute sig-
losses of the ion-implanted CPW lines are the same as thosfficantly to the microwave losses in the coplanar waveguide
measured in the ion-milled reference, and there is little difyransmission lines. In fact, the line patterned with the lower
ference between the phase response of the low-dose line ar§ gose did not display any significant deviations from the
that of the reference. The line doped with the higher Si ionmjcrowave response of a nearly identical line fabricated with
dose, 3x 10*%cn?, displays a slightly larger phase constant, conventional ion milling.
possibly indicating that the doping level influences the per-  \we thank R. H. Ono for his support, R. B. Marks for
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