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HTS Surface Wave Resonators
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A novel class of surface wave high-temperature superconductivity (HTS) resonators was
investigated. The resonator consists of HTS film and one or two dielectric plates. One of
the dielectric plates may be the HTS film substrate. Theoretical analysis of the resonator
structure was carried out using the partial region method, with the 20 lowest waves being
considered in every region. The resonant frequencies, quality of oscillations, and the field
and current distributions were calculated. It was shown that there is a high-density and
homogeneous microwave current flowing on the film surfaces. Experimental measurements
carried out in the 3-cm wavelength range demonstrate good agreement with simulated data.
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1. INTRODUCTION

One of the first practical applications of high
temperature superconductors (HTS) is in microwave
passive devices [1,2]. For this purpose, devices are
typically constructed from various forms of coupled
microstrip resonators. On the other hand, the paral-
lel-plate resonators are the usual alternatives used to
investigate the fundamental physical parameters of
the HTS films. In either case, high quality factor Q
is essential, and two superconducting films are often
required simultaneously. This has inevitably com-
plicated both the fabrication and measurement
processes. Especially, when working in the high-
frequency part of the millimeter waveband the
increasing level of designing difficulties and losses in
the input microstrip and coaxial circuits can be
critical.

For these reasons we have elaborated a new type
of resonators using only one single metallic (or HTS)
film. These resonators operate on the surface waves
running along the metal. That can be surface waves
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running along a solitary metallic surface with a finite
conductivity (Zennek wave) or along metal (even
ideal) covered with dielectric [3]. First investigated
by Zommerfeld, nowadays, surface electromagnetic
waves are widely used in integrated optics, such as
surface plasmons, and waves of image waveguide
[3,4]. A feature of these waves is the high electromag-
netic field intensity and, as a consequence, the high
current density near the conducting surface [3].

The simplest surface wave resonators consist of
a metallic rod or plate in a free space or in an empty
waveguide [5]. Here, we investigate the more compli-
cated resonance structure as shown schematically in
Fig. 1. As can be seen in Fig. 1, resonator consists of
metallic (HTS) film and two dielectric plates. One of
the two plates may just be the substrate used to de-
posit HTS films. The length (along y) and the width
(along z) of the resonator are / and w, respectively.
The widths of the dielectric plates are d; and d, with
permeabilities of &, and &,, respectively. The film
thickness 4 is assumed to be h < d,, d,, [, and w. The
dimension of the rectangular waveguide is a X b, and
o, 6, are the distances between the resonator and
lower or upper broad waveguide walls, respectively.
In general, the angle ¢ between the film plate and
the broad waveguide walls is not equal to 90°, as it
is in Fig. 1.
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Fig. 1. Schematics of resonator in waveguide with ¢ = 90° (i.e.,
the film plane is perpendicular to broad waveguide walls).

For d, = d, = 0, we have the known case of the
metallic plate in a waveguide or in a free space (a =
b = »). The fundamental resonance wavelength A,
in the last case is approximately twice of the plate
length I: A, = 2/ (A/2-resonator). For d, = d, = §, =
0, it becomes a A/4-resonator with A, = 4{[5]. To our
knowledge, however, the general case of metallic film
with dielectric plates (Fig. 1) has never been investi-
gated.

In this paper, the fundamental oscillation mode
of the resonance structure shown in Fig. 1 is studied.
We show that in this mode, the microwave currents
flow primarily in the metallic film along the y direc-
tion. The resonance frequency is mainly determined
by dimension / (along y), and dimension w (along z) is
significant only when w < [ That is, the fundamental
mode of resonance is formed by spreading the planar
quasi-uniform wave along y. Because of their close
similarities in field distributions, this mode is easily
excited by the fundamental wave of rectangular
waveguide H,,. The characteristics of high microwave
current density and homogeneity also make this
mode of excitation very perspective in devices using
array of Josephson junctions (e.g., Josephson genera-
tor). In addition, the fundamental mode can also be
used for measuring of the complex conductivity, sur-
face impedance, pinning, and viscosity of the vortices
and the like. The ease of resonance excitation com-
bines with relatively easy fabrication (in fact, surface
wave resonator is a HTS film on the substrate in an
empty waveguide) makes it a very attractive alterna-
tive for microwave filters operated in millimeter wave
range. It is also a much simpler structure to combine
with ferrite films to obtain tunable microwave filters.

2. THEORY

To calculate the fields, the current distribution,
the natural frequencies, and quality factor Q of the
resonator, we used the partial region method [6].
First, the eigenwaves of the loaded infinite (w = o)
waveguide were determined. For this purpose the
waveguide was divided into four partial regions:

LO0<x<a0<y<é;

L O0<x<ab-6<y<b;
L 0O<x<D, & <y<b- &
IV.D<x<a 6<y<b-é.

The expansion of the eigenwave electromagnetic
fields in terms of the LM and LE waves of empty
waveguide was used. The 20 lowest waves were con-
sidered in every region. The tangent components of
electrical E and magnetic H fields were equaled on
borders of areas to obtain the fields and the wave-
numbers of the eigenwaves of the loaded infinite
waveguide. With the presence of the HTS films, it
was assumed that the ratio between the tangent com-
ponents of the electric £, and magnetic H, fields at
x = D * h/2 was defined by the HTS film thickness
and its surface impedance Zs [7] and can be ex-
pressed as:

E, h

where the surface impedance of the bulk HTS Z; is
defined as

JopoAL
V1 + jw,uocr,,)\%.

The parameters A, = A;. (f) and t = T/T, are the
London penetration depth and reduced temperature,
respectively. Empirically, the temperature depen-
dence of A can be approximately described by

Ga)=e o

For YBa,Cu;0;.;(YBCO) films, the normal state con-
ductivity o, appeared in Eq. (2) can further be ap-
proximated as [8]:

o) = oD@ + o1 = 17)). (4)

Where o,(1) is the conductivity at T = T, and « is
an empirical parameter to be determined. Thus, there
are five film parameters (7., A.(0), 0,(1), v, and @),
depending on the film quality, remaining to be deter-
mined experimentally.

ZS = RS +]X_§ :j(l)/.b();\ = (2)
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Next we analyze the resonator characteristics
by dividing the infinite loaded waveguide into three
partial regions along z, namely,

1. 2>0;
I —w<z<O0;
I z < —w.

The tangential components of electrical and magnetic
fields were again equaled on borders of areas. The
fields in the first and the third regions were expanded
in the empty waveguide wave fields. The fields in the
second region were expanded in the eigenwave fields
of loaded waveguide. The resonant frequencies of
such resonator and the field distributions were then
calculated. As an example, in Fig. 2 the calculated
dependence of resonant frequencies F, of the metallic
plate in the center of rectangular (10 X 23 mm?)
waveguide on its width is shown. For comparison,
the experimental data are also plotted in the same
figure. The results demonstrate good agreement be-
tween measured and simulated data.

It is seen that there are the fundamental mode
(I) and the higher-order modes (II-1V), in which
currents flowing in the z direction. The resonant
wavelength of fundamental mode A, = c/F, (c is the
velocity of light) can be approximately represented,
in this case, as A, = 2(I + A). Where A is determined
by the fields outside the resonator. In the case of no
dielectrics, we have as w — 0, A — 0, and as w —

1
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Fig. 2. Resonant frequencies of copper film, without dielectrics,
locates at the center of the standard 3-cm band rectangular wave-
guide with / = 8.8 mm, ¢ =~ 0. (Solid line, theory; dots, experiment).
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o, A = 5.5 mm. Whereas in the case of resonator with
dielectric plates, the resonant wavelength becomes
A = 2(I, + A,) with conditions of: [, = IV e, &,y =
e(d,, d,, &), &,) effective dielectric permeability, 1 <
g < Max {e;, &); and A, = A(l, w), A, < A.

The unloaded Q factor of the surface wave reso-
nator was calculated by the following expression;

1 1 1

0" 0"0 ®
where Qs is the Q factor owing to losses in the 6
metallic surfaces S = 3%, S;: (i.e., in the two narrow
and two broad waveguide walls and in the both HTS
film surfaces), and Q,is due to the losses in dielectrics.
The following formula were used for calculating the
respective (Q factors

6

2=y L0 =M 0, 22 (6)
Os =0 Py, P,

The quantities appearing in the above expressions
are energy of the system W, the power losses in the
ith metallic surface Ps the total power losses in the
metallic walls Ps = 3{; Ps, the power losses in both
dielectrics P, and the total absorbed power in the
resonator P = P + P, respectively. They are further
calculated by

W= fgdx jzdy fj:dz {% E2+ %I:IZ}; (7)

P,,=fVHtan5><%)xE2dV; (8)
Py =% f [E.x H ]S (9)

where V, is the volume occupied by the dielectrics
and tand is the loss tangent of the dielectrics.

The simulated distribution of the microwave cur-
rent density / in the HTS film under the action of
the absorbed power of P = 1 mW is shown in Fig.
3. The values are determined by the tangential com-
ponent of magnetic field H, on the film surfaces. It
is immediately apparent that the current distribution
is far more homogeneous in the present surface reso-
nator than in the case of the microstrip resonator
[8]. One further peculiarity of the microwave surface
wave resonator to be noted is the high current densi-
ties in the HTS films resulted from the electromag-
netic field concentrating nearby conducting surfaces.
Both of these unique characteristics suggest the use
of HTS surface wave resonators in the devices with
Josephson junction array. The larger the resonator
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Fig. 3. The distribution of the microwave current density in the
HTS film under the action of the absorbed power P = 1 mW;
[ =88 mm, R, = 0.5mQ,a=23mm, b =10 mm, ¢ = 90°% g =
25, & =98, D = 11.5 mm, d, = d, = 0.5 mm.

width w, the smaller the current density inhomogene-
ity, and hence the larger total current can flow in the
structure. For instance, with w = 9 mm and / = 8.8
mm, we obtain I(z = 4.5 mm)/I(z = 0) = I(z = 4.5
mm)/I(z = 9 mm) = 0.993 and the total current is
0.34 A per 1 watt of the absorbed power (see Fig. 3).

3. EXPERIMENT AND RESULTS

We have investigated microwave surface wave
resonators made from pure copper and YBCO films
grown on single crystalline LaAlO; substrates. The
dimensions of the substrates are [ = 10 mm, w = 5
mm or w = 10 mm, and d;, = 0.5 mm (see Fig. 1),
respectively. The YBCO films were about 0.4 um in
thickness. The LaAlO; substrate, having a permeabil-
ity of &; = 25, served as one of the dielectrics in the
surface wave resonator. The temperature depen-
dence coefficient of &, was less than 1.6 X 1073 over
the temperature range from 50-100 K, as was con-
firmed by investigating the surface wave resonator
with copper films. The second dielectric was sapphire
with &, = 9.8 and d, = 0.5 mm or d, = 1.0 mm,
respectively. Measurements were also conducted
without the second dielectric (i.e., d, = 0 and &, =
1) in some cases.

The YBCO films used in this study were depos-
ited on LaAlO; by pulsed laser deposition. The laser
source was a KrF excimer laser operated at 248 nm

with an energy density of about 2.5 J/cm? and a repeti-
tion rate of 5 Hz. During deposition the substrate
temperature was kept at 840°C (as determined by an
infrared pyrometer and the actual temperature was
in the vicinity of 750°C) to within 1°C. The oxygen
pressure was kept at 0.28 torr. Details of the deposi-
tion conditions and system setup can be found in [9].
The films obtained were all highly c-axis oriented
with an in situ superconducting transition tempera-
ture around 90 K.

In this work, we report the temperature depen-
dencies of the fundamental mode frequency F, and
the quality factor Q of the HTS surface wave resona-
tor. Both F, and Q were measured at a fixed tempera-
ture by the standing wave coefficient technique [10].
To increase the measurement precision, F, was mea-
sured using match-terminated waveguide. To obtain
such purpose, the matching load was located beyond
the resonator (at z < —w; see Fig. 1). Furthermore,
to optimize the coupling between the resonator and
the waveguide, the angle ¢ between film plane and
broad walls of waveguide (see Fig. 1) has to be small,
practically ¢ = 10°. Indeed, it was evident that when
the above conditions were fulfilled, the resonance
curve was extremely narrow and sufficiently high. To
measure Q the critical coupling was fixed with short-
circuit plunger beyond the resonator in place of
matched load. This method is unsuitable for fre-
quency measurements owing to frequency pulling.
The measurement precision of Q and F, was better
than 10% and 20 MHz, respectively.

The typical results of F, (T) and Q(T) obtained
from the present HTS surface wave resonator situ-
ated in a standard 3-cm rectangular waveguide are
shown in Fig. 4 and Fig. 5, respectively. For compari-
son, the theoretical curves of F, (T) and Q(T) ob-
tained by using the above described model and
appropriate parameters are displayed in the same
figures. The parameters used for obtaining the theo-
retical curves were the critical temperature T,
London penetration depth at 0 K, A(0), normal con-
ductivity at 7' = T, o(1), exponent vy and residual
resistance rate «. The T, values of the YBCO films
were determined by the standard four-probe trans-
port measurements performed on control samples
made in the same deposition run. The A(0) value was
inferred from previous stripline resonator measure-
ment [11,12]. The remaining parameters were deter-
mined by measuring the surface resistance R, These
measurements were made at a frequency of 67 GHz
by replacing the copper end face of a cylindrical cav-
ity resonator with vibration of Hy; type by an HTS
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Fig. 4. Measured (squares) and simulated (line) dependence of
resonant frequency of the HT'S surface wave resonator on tempera-
ture incase [ = 10 mm, w = Smm, d, = d, = 0.5 mm; h = 0.4
pm, g = 25 & = 98, ¢ = 11°, T, = 91 K, A,(0) = 0.2 um,
o,(1) =15-10°(Q-m) ",y =4, a = 15.

film [13]. By adjusting o(1), y, and « for each film,
the best fit between Egs. (1)—(4) and the experimen-
tal data were obtained. Figure 6 shows the results of
fitting the simulated curve Ry(7T) to the experimental
data shown in Figs. 4 and 5 with 7, = 91 K, A(0) =
0.2 um [12], 6,(1) = 1.5 X 10° (@ X m)~!, y = 4, and
a = 15, respectively. As can be seen in Fig. 6, the
data were better described in the lower temperature
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Fig. 5. Measured (squares) and simulated (line) temperature-de-
pendent Q factor of the HTS surface wave resonator. The fitting
parameters are the same as those used in Fig. 4.

929

region. However, if we use A(0) = 0.4 um observed
in the more granular films [11], the fit (not shown
here) describes the high-temperature data better.
The apparent discrepancy reflects that the classical
two-fluid model may have been inadequate to ac-
count for the behaviors over the whole temperature
range. Indeed, the effects of d-wave symmetry of the
HTS order parameter have been found to result in
a variety of peculiar microwave properties [14,15].
Nevertheless, we note that the general agreement
demonstrated here is indicative of the viability of the
present technique.

It is noted that the shift of the resonant fre-
quency F, caused by changes of surface reactance X
can reach several hundred MHz over a temperature
span of 40 K (see Fig. 4). The technique thus provides
a useful and convenient alternative for studying the
microwave properties of HTS films. Most recently,
up to ~600 MHz frequency shift has been obtained
on films having better R; R(70 K) = 21 m() as com-
pared to R(70 K) = 29 mQ for films shown in
Figs. 4-6.

The quality Q of the HTS resonator (Fig. 5)
at T < 70 K was determined predominantly by
losses in the copper walls of the waveguide. Higher
Qs are expected by using thicker dielectric plates
with higher dielectric permeability and by placing
resonator into an over-sized waveguide. The maxi-

Temperature | K)

Fig. 6. Measured (squares) and simulated (line) temperature de-
pendence of the surface resistance of the surface resonator YBCO
film. The fitting parameters are the same as those used in Figs. 4
and 5.
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mum theoretical Q value for R, = 0.5 m() is equal
to ~8 X 10%

4. CONCLUSION

A new type of microwave resonators operated
based on the surface wave running along a HTS
film was investigated. The resonator consists of
HTS film and one or two dielectric plates. One of
the dielectric plates may just be the substrate used
for depositing HTS films. Theoretical analysis of
the resonator structure was carried out using the
partial region method, with the 20 lowest waves
being considered in every region. It was found that
the fundamental resonant mode was derived from
spreading along the HTS film the planar quasi-
uniform surface wave. As a consequence, there is
a high-density and homogeneous microwave current
flowing on the film surfaces. This mode is easily
excited in an empty waveguide. The resonant fre-
quencies, quality of oscillations, and the field and
current distributions were calculated.

The above theory was tested by experiments
carried out in the 3-cm wavelength range. The
results demonstrate good agreement between mea-
sured and simulated data. There are two main
peculiarities of the microwave surface wave resona-
tors. First, they are simple in structure. Second,
high current density and homogeneity in the HTS
film can be obtained intrinsically. Therefore these
resonators can be potentially used in devices with
Josephson junction array, for measuring the micro-
wave properties of the HTS films, and in the tunable
microwave filters, especially at mm range wave-
band.
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