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Abstract: Superconducting microwave devices are now beginning to show significant
potential for cellular telephone applications. The key limitations to this new technology,
besides reliable inexpensive cryogenic cooling, are the problems of power dependence and
nonlinearity. We have employed imaging techniques, including scanning near-field
microwave microscopy of devices and materials, to begin examining the microscopic
origins of nonlinearity.

Key words: Microwave Microscopy, Near-Field, Superconducting Materials,
Superconducting Microwave Devices, Intermodulation

Introduction. The use of superconducting microwave devices for the celiular telephone
market could become the first example of the large scale application of high-temperature
superconducting devices. However, the use of superconductors under the high power
conditions encountered in radar transmitters (or receivers in a jamming environment), and
cellular base station transmitters, is not feasible at present. The main problem is control of
the power dependence and nonlinearities inherent in present-day high-T, devices. In the
past, efforts to control these problems have been entirely empirical, although moderately
successful. However, the commercial superconducting microwave community has largely
postponed its efforts to understand the power dependence and nonlinearity, because of the
pressing need to scale-up production and complete existing device development and
testing. Here, we describe our work towards understanding the microscopic origins of
microwave power dependence and nonlinearity, with the purpose of significantly improving
the power-handling capabilities of superconducting microwave devices.

The Problem of Power Dependence and Nonlinearity. During the early stages of
microwave measurements on high-T, bulk materials and thin films, it was seen that the
surface impedance was highly dependent upon the level of RF field excitation. This early
work also identified the main source of power dependence as being due to decoupling of
grains by intergranular RF magnetic flux, and the subsequent hysteretic response of rf flux
flow through the resulting junction [1]. Efforts were made to identify the microscopic
origin of these hysteretic junctions [2]. Weakly coupled grains in bulk materials and
polycrystalline films were identified as culprits. However, as epitaxial c-axis oriented thin
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films of YBa,Cu30;.5 (YBCO) became widely available, it was found that high residual
losses and strong power dependence persisted.

Power dependence of the microwave properties translates into significant problems when
superconducting microwave devices are used in real applications. One major preblem
(even at low power) is intermodulation of two or more signals, caused by nonlinearities in
these devices. A measure of this nonlinearity is provided by the Third-Order Intercept
(TO1) of a device. If two signals at different frequencies (say f; and f,) are simultaneously
applied to a device, a third-order signal, such as that at 2f - f5, will be generated due to
nonlinearities. The power in the third order mode is monitored as a function of the power
input at f; and f;, and usually has slope 3 on a log-log plot. The extrapelated input power
at which the third order output power equals the extrapolated input power is called the third
order intercept. The higher the TOI, the better the device.

Many groups routinely measure the TOT of their devices. However, this is a “black box”
measurement: one has no idea how the nonlinearities are created, or where they are being
generated in the device. As a result, there are several outstanding mysteries about the high-
T, TOI data:

1) The TOI's are much lower than those obtained with normal-metal devices,
making high-T, devices significantly less attractive than existing devices.

2) The slope of the third order output is often not equal to 3, as expected from
theory.[3] but is often 2.5 or smaller. A possible origin of this weaker power dependence is
a nonlinear inductance which changes from an Irfz dependence to a I dependence [4].
The reason for this change may be due to flux entry at weak links, but is still unknown.

3)  The third order output sometimes “jogs” over, producing superior

performance for a time before, for some unknown reason, {3],{5] resuming a slope-3
behavior.

The Need for Microscopic Imaging of Fields and Currents. The state-of-the-art in
superconducting microwave device research is summarized in two quotes from an August
1997 report entitled “New Research Opportunities in Superconductivity.” “There is
virtually no understanding of the relationship between material defects and RF
conductivity.”[6]  Also, “[t]here has been as yet no success in measuring the RF
conductivity and/or its nonlinearity with high spatial resolution (i.e. on sub-micron scales).
This 1s sorely needed to begin to understand the role of defects.”[6]

New tools are required to make progress in bringing power dependence and nonlinearity
under control. The key is to image the flow of tf current on the length scale comparable to
the magnetic penetration depth. The imaging must be done for rf current flow, as dc
currents will flow differently and will lack important characteristics associated with
inductive or capacitive effects. Coupled with this, we also need a local probe of
microstructure of these devices, to see which defects are most disruptive and which are
relatively benign.

It is well known that rf and dc currents flowing in superconducting transmission lines show
a significant degree of “current crowding” near the edges of the film (see Fig. 1). It is
believed that at high f current density the superconducting films break down at the edges,
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and allow rf magnetic flux to move in and out’ of the film at the edge [2]. This hysteretic
process leads to significant additional loss, and to an increase in the inductance of the
circuit. Both of these consequences are detrimental to the operation of the device. The
situation will become even worse as devices with higher characteristic impedance (30 Q and
75 Q) are built, as they require narrow signal lines. The narrower lines will increase the
current crowding, as well as magnify the effects of granularity and defects in the fibm.
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Fig. 1. Scanning laser microscope line scan taken across a Tl;Ba,CaCu,Oy superconducting microstrip
transmission line resonator at its fundamental mode of 8.2 GHz and at a temperatare T ~ 100 K, several
degrees below T,. The signal is proportional to the local rf current density squared, and shows current
crowding at the edges.

Our preliminary efforts to 1mage the current distribution on a microstrip transmission line
are shown in Fig. 1. The image is made witha laser-based far-field microwave microscope
similar to that used by Culbertson and Newman to image the supercurrent distribution due
to bolometric changes in the magnetic penetration depth [7]. On resonance, the current at
a given point in the resonator is given by Xt} = Jy cos(omt). In the presence of a low-
frequency modulated laser beam, there will be a change in the local magnetic penetration
depth of the film due to the Jocal heating, given by, At) = Ay + AL cos?(®’t ), where @’ is
the modulation frequency of the laser light The change in resonant frequency due to the
thermal perturbation is given by; Afffy = -AU/U ~ A2 12 AL A, where J is the local current
density and A is the area heated by the laser beam [7]. Hence a small change in the local
penetration depth of the £ilm will cause a change in resonant frequency, fo, of the device
which is proportional to the local current density squared. By scanning the position of the
{aser beam about the sample, and measuring the change in resonant response, one can map
out the current distribution in the superconducting resonator. The image in Fig. 1 was
taken with a laser intensity modulation frequency of f'= 1 kHz and a spot diameter of 10

to 15 pm.

Scanning Near-Field Microwave Microscopy. Our main approach to the problem of
nonlinearity in superconducting devices is to use near-field microwave microscopy
techniques. Near field microwave measurements have been pursued by many groups over
the years. The earliest work by Soohoo [8] and Bryant and Gunn [9] used scanned
resonators with small apertures to couple to the sample of interest. The method of Ash and
Nichols used an open resonator formed between a hemispherical and planar mirror [10].
They opened a small hole in the planar mirror allowing an evanescent wave to leave the
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cavity and scanned a sample beneath it. Near-field imaging has also been accomplished
using evanescent waves from the optical to the microwave range in coaxial, waveguide,
microstrip, and scanning tunneling microscope geometries {11]-[17].

Frequency Control
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Fig. 2. (Left) Schematic of materials diagnostics scanning near-field microwave microscope. The insets
show a simple model of the probe/ sample interaction, as well as the concentrated electric fields below
the center conductor of the open-ended coaxial probe.  (Right) Quantitative surface sheet resistance (in
Q1) image of a 2” diameter sapphire wafer covered with an YBayCu3Oq thin film. The image is taken

at room temperature with a 480 wm probe at a height of 30 pm and at a frequency of 7.5 GHz. From
Ref. {18}

Over the past few years, our group has developed several novel forms of near-field
scanning microwave microscopy. Our system works by scanning a fine open-ended
coaxial probe over a sample. These microscopes have two basic operating modes: materials
diagnostic imaging and electromagnetic field imaging.

Material Diagnostic Imaging. As shown in Fig. 2, in a material diagnostic mode, a
resonant coaxial cable is weakly coupled to a microwave generator on one end through a
decoupling capacitor Cy, and coupled to a sample through an open-ended coaxial probe on
the other end. Asthe sample is scanned beneath the probe, the capacitive coupling to the
sample, C, will vary due to dielectric changes or topography. This has the result of
changing the resonant frequency of the resonant cable. Also, as the local sheet resistance
(R,) of the sample varies, so will the quality factor, Q, of the resonant cable. A feedback
circuit can be used to force the microwave generator to follow a single resonant frequency
of the cable, and a second circuit can be used to monitor the Q of the circuit, both in real
time. Hence as the sample is scanned below the open-ended coaxial probe, the frequency
shift and Q signals are collected, and a two-dimensional image of the sample topography
and sheet resistance are recorded. Our feedback circuit runs fast enough to accurately
record at scan speeds of up to 25 mm/sec.

As with other forms of near-field microscopy, the probe is placed well within one
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wavelength of the sample under study. This is particularly easy to accomplish at rf,
microwave, and millimeter-wave frequencies because the wavelengths range from meters to
millimeters. However, the spatial resolution of our microscopes also depends on the probe-
sample separation; the spatial resolution of such a microscope is the larger of the probe-
sample separation and the diameter of the inner conductor wire in the open-ended coaxial
cable [19],[20]. To achieve fine resolution, we must place the probe closer to the sample,
and maintain a constant scparation. Using our current instruments, we have achieved a
spatial resolution of approximately 10 pm without dragging the probe across the sample,
and better than 1 wm in contact mode [19]-[22].

Our scanning near-field microwave microscope can be used to obtain quantitative
topographic images with 50 nm vertical sensitivity,[23] quantitative surface sheet resistance
images,[18] and quantitative g images [24]. For example, Fig. 2 shows a sheet resistance
image of a YBayCu;07 thin film deposited on a 2” diameter sapphire wafer. The film
shows a sheet resistance which varies by a factor of 3 over its surface. The image was
obtained at room temperature in only 10 minutes.

Electromagnetic Field Imaging. One can also use the open-ended coaxial probe to pick-
up electric fields above an operating device. We have imaged a variety of devices,
including quantitative electric field (at the probe tip) images above a Cu and
superconducting TlyBayCaCu,Og microstrip resonators at 77 K with a cryogenic
microscope.[25],[26] By performing measurements at various heights above the sample,
we can reconstruct the field profile, and then calculate the electric potential everywhere
above the devices. However, we find that the measured electric field values are strongly
enhanced over their unperturbed values.

There are two important questions which are currently unanswered about electromagnetic
field images. First is how to properly calibrate the images in terms of the unperturbed
electric or magnetic field. The second unanswered question is the degree of perturbation
caused by the probes as they sample the electric and magnetic fields of a device. Wehave
recently developed a feedback loop which continuously adjusts the source to excite the
perturbed device on resenance [26]. We have found that the coaxial probe perturbs the
electric fields which we are trying to image. One conclusion is that the fields are typically
enhanced by a factor on the order of 102 over the values of the field in the absence of the
probe,[25] depending on the distance between the probe and the sample.

Conclusions. The microscopic imaging approach to solving the problem of nonlinearity in
superconducting microwave devices shows great promise. Scanning laser microscopes can
probe the microwave current distribution on micron length scales. Scanning near-field
microwave microscopes are sensitive to variations in sheet resistance, dielectric constant and
topography on comparable length scales. Finally, our microwave microscopes can also be
used to image microwave electromagnetic fields of operating superconducting microwave
devices under cryogenic conditions, giving a new window into their operation.
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