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Millimeter-wave complex conductivity of some epitaxial YBa,Cu;0,_; films
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The first complex conductivities (o*) of epitaxial and partly oriented Y-Ba-Cu-O films have been
measured at 60 GHz. For the epitaxial films, the real part of the conductivity, o,, shows a max-
imum just below the superconducting transition. The qualitative behavior of ¢* is not consistent
with classical BCS calculations for a homogeneous superconducting film. Large variations in the
temperature dependence of o* among these films suggest that they are mixtures of normal and su-
perconducting regions. A surface resistance of 1073 () at 38 K and a penetration depth of 0.4 um at

55 K have been determined.

INTRODUCTION

Knowledge of the high-frequency response of high-T,
superconductors is important both for technological ap-
plications and for a basic understanding of these new ma-
terials. Most of the studies to date have been microwave
surface resistivity measurements of unoriented bulk
ceramics and unoriented films. There have been, howev-
er, a few high-frequency measurements of (oriented) sin-
gle crystals' and oriented thin films>® of YBa,Cu,0,_j
(Y-Ba-Cu-O). In a previous publication,* we described a
method to measure the real and imaginary parts of the
millimeter-wave complex conductivity (¢*=0,—io,) of
superconducting thin films. That study of several orient-
ed multiphase Bi-Ca-Sr-Cu-O films at 62.4 GHz showed a
temperature dependence of the complex conductivity
which could be explained in terms of superconducting
grains nucleating in a normal conducting matrix. This
report describes measurement results of the complex con-
ductivity of three highly oriented epitaxial films and one
partly oriented film of Y-Ba-Cu-O on single-crystal
MgO(100) substrates.

FILM FABRICATION

Epitaxial Y-Ba-Cu-O films 0.065, 0.13, and 0.55 pm
thick (henceforth referred to as films A4, B, and C, respec-
tively) were deposited onto 650°C 1.9X1.9X0.08 cm?

MgO substrates by ion-beam sputtering from a single
ceramic target. After deposition, the films were shiny
and x-ray-diffraction (XRD) analysis indicated that they
were highly crystalline with the ¢ axis oriented perpendic-
ular to the substrate surface. Annealing the epitaxial
films for 1 h at 850°C in one atmosphere of oxygen de-
creased the c-axis lattice constant from 11.85 to
11.74-11.79 A and increased the zero-resistance tempera-
ture from <30 K to 56-70 K. The films retained their
mirrorlike finish. The c-axis lattice constants for each
film can be found in Table I. Figure 1(a) shows the Cu
Ka XRD pattern of film A. No a axis oriented or
unoriented Y-Ba-Cu-O lines are detected. The XRD pat-
tern of film B is of equal quality, while film C shows a
very small line near 33° indicative of residual unoriented
Y-Ba-Cu-O.

Film D was deposited onto a 20 °C MgO substrate from
the same target as films 4—C and was then annealed for
20 min at 910°C. After annealing, the film did not have a
mirrorlike finish. The XRD pattern of this film is shown
in Fig. 1(b). On the same ordinate scale as Fig. 1(a), the
00/ lines are less intense despite the fact that the film is 20
times thicker. The a axis and unoriented lines are also
more intense. Film D can be classified as partly ¢ axis
oriented.

Ion-coupled plasma atomic emission analysis of epitax-
ial films from the same target showed the stoichiometry
to be within 5% of the correct 1:2:3 ratio. Film D has a

TABLE 1. Properties of four Y-Ba-Cu-O films.

c-Axis Sheet resistance
Growth Lattice Pn dc 60 GHz
Thickness temp. constant 120 K 120 K 120 K T, (K) AT (K)

Film (um) (°C) (A) pQ-cm Q0 /sq Q0 /sq (R=0) (10-90% p,) J. (A/cm?)
A 0.065 650 11.77 300 45 54 56 11 1X10%35 K)
B 0.13 650 11.74 200 15 14 70 6 1X10%45 K)

5X10%10 K)
C 0.55 650 11.79 290 4.6 65 11 1X 10540 K)
3X10%10 K)
D 1.3 20 11.69 810 5.2 70 7 <10%10 K)
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FIG. 1. X-ray-diffraction patterns Cu Ka of (a) film 4, and
(b) film D.

Y:Ba:Cu ratio of 1:1.7:2.2. Film thicknesses are based on
diamond profilometer measurements (£20%) and, for
the thinnest films, are scaled by the duration of deposi-
tion. Resistivity measurements were made by the dc
four-point probe method. The results are listed in Table
I. The resistivity of film B is significantly lower than
those of films A and C, while that of film D is
significantly higher. Film B has the sharpest supercon-
ducting transition.

By reviewing the literature, it appears that the critical
temperature of Y-Ba-Cu-O films grown on MgO sub-
strates are almost universally ~10 K lower than films
grown on SrTiO;. This may be attributed to the MgO
thermal expansion coefficient, the lattice constant
mismatch and/or to Mg diffusion into the film.> The
56-70 K critical temperature of the films in this work
may be further depressed by incomplete oxidation. Later
films on MgO from the same target have attained 7. =77
K by annealing to ~900°C. Another film from the same
target that was grown on LaAlO; and annealed to
~900°C had a T, =85 K.

DC critical currents, J,, were measured after the
millimeter-wave experiments were completed. The films
were patterned by ion-milling and gold contacting pads
were evaporated and annealed at 650°C to produce low
resistance contacts. The results are listed in Table I. All
of the epitaxial films exceed 10® A/cm? at low tempera-
tures and film B reaches 5X 10° A/cm? at 10 K.

Despite the low critical temperatures, the films grown
at high substrate temperatures are epitaxial and single
phased as determined by XRD and achieve critical
currents at low temperatures that approach the best re-
ported values on SrTiO; substrates. Film D is not as well
oriented and the critical current is significantly lower.
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MILLIMETER-WAVE RESULTS

The millimeter-wave measurement system was de-
scribed previously.* The system uses quasioptical tech-
niques to produce a near-diffraction-limited beam that is
focused onto a sample mounted in a cryogenic stage. The
stage has a minimum temperature of 38 K. The intensity
and relative phase of the radiation transmitted through
the film and substrate are measured. Since the mi-
crowave propagation is parallel to the ¢ axis of the film
the measured properties are those of the a-b plane. With
a 10 mW millimeter-wave source, the measurable dynam-
ic range in transmission is approximately —60 dB. Rela-
tive phases are resolvable to +1° for signal attenuation up
to —45 dB, and degrade to £5° at —50 dB. At higher at-
tenuation levels, residual stray millimeter-wave radiation
and electronic pickup make the phase measurement un-
reliable.

Figure 2(a) shows the 60 GHz transmission of the four
films. The slopes of the transmission over the normal-
state temperature range (300 to 80 K) follow directly the
slopes of the four-point dc resistivity measurements made
across the entire films. Over this temperature range, the
millimeter-wave o,, agrees with dc values to better than
20%. The transmission drops dramatically near the su-
perconducting transition. Film B shows the largest
change, while films 4 and C are quite similar. In con-
trast, the results for film D are distinctly different, with a
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FIG. 2. (a) Transmission loss and (b) relative phase of 58.9
GHz radiation transmitted through films A-D.
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much smaller transmission change which occurs over a
broader temperature interval, similar to those observed
for oriented Bi-Ca-Sr-Cu-O (Ref. 4) and other partly
oriented Y-Ba-Cu-O films.

Figure 2(b) shows the relative change in phase for the
60 GHz radiation transmitted through films 4, B, and
D. The phase change for film C is very similar to that for
film B and was omitted for clarity. The large signal at-
tenuation occurring in films B and C at low temperatures
did not allow for phase measurements to be made down
to 38 K. Total phase changes of over 80°, approaching
the maximum of 90° expected for a fully superconducting
thin film with |o,| >>0,, were observed for the epitaxial
films. The phase change in film D is much smaller and
occurs over a much broader temperature range.

Analysis of the transmission and phase data was done
using an exact multilayer transmission expression, includ-
ing the known properties of the MgO substrate. The ep-
itaxial films display a common behavior. The relative
dielectric constant € =0,/€,w shown in Fig. 3 is negligi-
ble above T,, becomes negative as the film becomes su-
perconducting and approaches large negative values
exceeding 10° at low temperatures. Concurrently o,
(shown in Fig. 4) increases, reaches a maximum and then
decreases. For film A, where the phase could be mea-
sured down to 38 K, o, drops an order of magnitude
from its maximum. The complex conductivity of film D
shows qualitatively different behavior. Although the T,
is as high as that of the best epitaxial film in this study,
0,/€qw drops more slowly and only reaches —2X 10°. o,
shows a very broad maximum and has not dropped ap-
preciably by 38K. Thus, the complex conductivity of
film D shows greater similarity to those of the Bi-Ca-Sr-
Cu-O films in our previous study* than to that of the epit-
axial Y-Ba-Cu-O films.
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FIG. 3. The computed real dielectric constant (o,/€w) of
films A-D.
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FIG. 4. Computed values of the real conductivity o, for films
A-D.

The penetration depth A and surface resistance R, can
be calculated from the complex conductivity using

1/A=Im(wic* /c€,)!?
and
R, =Reliouy,/c*)'"* .

The calculated surface resistances of the four films are
compared in Fig. 5(a) with the surface resistance of
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FIG. 5. Calculated values of (a) surface resistance and (b)
penetration depth of films 4-D.
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copper.® R, for film A drops to 1073 Q at 38 K which is
already an order of magnitude lower than that of copper
and is still dropping. These results are comparable to re-
cent surface resistance measurements on Y-Ba-Cu-O
films® (8 X 1073 Q at 77 K and 87 GHz) and single crys-
tals! (1X10° @ at 77 K and 1.5X107° Q at 2 K and 6
GHz) when they are scaled in frequency using an w? BCS
model dependence. The R; of the thicker epitaxial films
(B and C) drop faster than that of film A, but the in-
creased attenuation prevented phase measurement at the
lower temperatures. With present sensitivity, a film
thickness of less than 0.1 um is required to measure these
lower R, values. The penetration depths for fields in the
plane of the film are plotted in Fig. 5(b). The lowest
value is 0.4 um at 55 K for film B. This can be compared
to low-temperature asymptotic values of 0.14 um for a
bulk ceramic,” and 0.14 um parallel and 0.7 um perpen-
dicular to the ab plane for a single crystal.® Harshman et
al.? also report an in-plane penetration depth of 0.26 um
for a (T, ~ 65 K) oxygen-deficient single crystal.

DISCUSSION

The range of microwave and dc electrical properties
exhibited by these films demonstrates that significant pro-
cess variations have occurred, even among the three films
(A, B, and C) showing identical degree of orientation.

0.4

FIG. 6. BCS calculations from Ref. 9 and the measured
values of the (a) real and (b) imaginary parts of the complex con-
ductivity normalized to the normal-state conductivity. The
temperatures are normalized to the T, values listed in Table 1.
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Since none of the films contain detectable amounts of a
second phase, the most reasonable hypothesis is that
small differences in oxygen stoichiometry and impurity
concentration are responsible for the observed variation.
There is a common granular microstructure for these
films, and one can expect compositional differences from
grain to grain, as well as between the grain interior and
its boundary. In addition, in film D a significant fraction
of the grains are not oriented with ¢ axis normal to the
film. Since the grains in these films are small compared
to the microwave wavelength, the overall electrical
response of the film at a finite temperature should be that
of a composite medium consisting of superconducting
grains in various stages of their transition, intermixed
with normal grains.

The microwave response of a superconducting film has
been derived from classical BCS theory by Chang and
Scalapino® for a 90 K BCS superconductor with electron
mean free path / as a parameter. This behavior is com-
pared with our experimental data in Figs. 6 and 7 by
scaling the temperature to 7.. The theory depends on
microwave frequency through the ratio hw/kT,, so we
have used their published results at 100 GHz to compare
with our data at 60 GHz.

If all the material in the film possessed the same T, the
microwave response of each film should show the abrupt
onset indicated in these figures, with a moderate rise in
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FIG. 7. BCS calculations (Ref. 9) and measured values of the
normalized (a) surface resistance, and (b) penetration depth.
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o, spread over about 20% of T.. Instead, for all films
both R, and A roll off smoothly from their normal-state
values, while o, for films B and C (not shown) rises fur-
ther and falls faster than this BCS model predicts. This
qualitative difference is exactly what one expects from a
spread in critical temperatures for the grains. Provided
o, rises quickly to large values in the superconducting
grains, any composite model*!%!! will predict a corre-
sponding increase in the o, due to an effective expulsion
of the microwave electric field from these grains into the
remaining normal material, whose volume fraction is
tending to zero. In an earlier paper* we have illustrated
this behavior for the extreme case of vanishing o, inside
the superconducting grains.

Unfortunately, this folding together of grain o, and o,
in the transition region greatly complicates any attempt
to infer their intrinsic behavior near 7,. An additional
variable, the superconducting volume fraction ¢(7T'), now
enters into the analysis, but there is no additional mea-
surement available to determine it.

At temperatures well below the transition region, all of
the grains should be superconducting. However, there is
good evidence from cavity resonance measurements that
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Y-Ba-Cu-O thin films exhibit much higher surface resis-
tances below T./2 than is predicted by BCS theory.'?
This has been explained!* by hypothesizing that the
grains in these films are separated by Josephson junction
links, even at 4 K. The microwave response of this com-
plex structure is essentially that of a composite dielectric
with an intergranular phase of negative permittivity.
Comparable behavior was found in granular NbN films
which had been processed to convert the grain boun-
daries into insulating niobium oxides.'*

In conclusion, the measured microwave and dc electri-
cal properties of Y-Ba-Cu-O films do not yet provide
direct tests of superconductivity theories because they ap-
pear to be composites whose dielectric behavior is very
sensitive to the amount and nature of the nonsupercon-
ducting second phase.

Recently the complex conductivity of YBa,Cu;0,_g
films on MgO substrates produced by other techniques in
our laboratory have been measured. These films had T’s
above 86 K. While the temperature dependence of o,
was still qualitatively different from the classical BCS cal-
culations, the penetration depth could be fit quite well by
A=Ay(1—1%) "2 with A,=1750 A.
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