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Abstract—This work presents new experimental results on low-
temperature (LT) characterization of local rf properties of passive
superconducting (SC) microwave devices using a novel Laser Scan-
ning Microscope (LSM). In this technique, a modulated laser beam
is focused onto and scanned over the surface of a resonant SC de-
vice to probe the spatial distribution of rf current. The highly local-
ized photo-induced change of the kinetic inductance of the SC de-
vice produces both a shift of the resonant frequency0 and change
of the quality factor . An image of these changes is recorded
as the laser spot is scanned over the device. We present the first
measurements of spatially resolved intermodulation response in a
High Temperature Superconducting (HTS) co-planar waveguide
resonator, opening up a new window into the local origins of non-
linearity in the HTS materials.

Index Terms—High- superconductors, intermodulation
distortion, laser scanning microscopy, microwave devices, nonlin-
earity.

I. INTRODUCTION

SUPERCONDUCTING microwave devices are currently of
great interest due to their extensive applications in modern

communication technologies. Passive microwave circuits con-
sisting of high- superconductors (HTS) are being used as
delay lines, multiplexers, resonators and filters for mobile, cel-
lular and satellite communications [1]–[3]. One of the crucial
problems in applying HTS materials remains their relatively
large and inhomogeneous nonlinear surface impedance [4], [5].
This behavior is due, in part, to inhomogeneous current flow
and leads to nonlinearity of the device response with respect to
applied power.

The microscopicmechanisms for nonlinearity have not yet
been definitively identified. The conventional methods of ana-
lyzing the nonlinear response are based onglobalcharacteristics
of the sample, such as intermodulation distortion (IMD), gener-
ation of harmonics, and nonlinear surface impedance [6]–[11].
A macroscopic structure/property study concluded that “lattice
distortions of the - plane in grains and grain boundaries” is
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responsible for enhanced IMD in YBCO films [4]. This kind of
analysis does not directly lead to a solution of the problem, i.e.,
to finding the origin of the observed nonlinearity.

Various kinds of microscopic techniques have been employed
to identify extrinsic sources of nonlinearity [12]–[14]. Among
these efforts, the LSM observations [12], [13] suffered from
modest spatial resolution and failed to see an expected re-distri-
bution of current in an HTS resonator as the rf power increased
[12]. Room temperature modulated optical reflectance measures
the local carrier density, and can be used to find defects that af-
fect the superconducting microwave performance. [14] A pre-
vious attempt to measure the local origins of nonlinearity was
made by Hu,et al.[15] They used a superconducting microstrip
resonator and measured the rf electric field above the device
with a scanned coaxial probe. Their images of the IMD signal
where a global superposition of signals generated throughout
the device, and did not point to the origins of the signals.

It has been shown that IMD measurements are much more
sensitive to nonlinearities than areand frequency shift mea-
surements, and that these signals are nonthermal in origin [16].
In this paper we present a new technique for possible micro-
scopic identification of sources of IMD in superconducting mi-
crowave devices, based on LSM imaging of operating devices.

II. EXPERIMENTAL DETAILS

Measurements were performed on an HTS co-planar wave-
guide (CPW) resonator that was fabricated from a 240 nm
thick YBa Cu O (YBCO) film deposited on a 500 m
thick LaAlO (LAO) substrate by laser ablation. The CPW
has a strip line of 500 m width and 7.75 mm length. The line
was separated from the ground planes by 650m and coupled
to the feed lines via two capacitive gaps 500m wide. The
20 10 0.5 mm sample chip was glued by vacuum grease
to a brass microwave package. Silver paste was applied to the
Au contacts laser ablated onto the ground planes. Electrical
contacts were made by spring loading the center pins of the
SMA connectors to the corresponding Au contacts on the center
conductor lines through a thin indium layer. The microwave
package was screwed to a copper cold stage inside the vacuum
cavity of a variable-temperature optical cryostat. This cryostat
stabilized the temperature of the sample in the range6–300 K
with an accuracy of5 mK by using a resistive heater on the
cold stage. The transition temperature of the YBCO film was
measured to be86 K. The fundamental resonant frequency
for the resonator at 78 K was approximately GHz
with a loaded .

A schematic of the optics and microwave electronics of our
IMD LSM setup is illustrated in Fig. 1. The general principle
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Fig. 1. Schematic diagram of IMD LSM microscope optics and the microwave
electronics used for IMD imaging. Open arrows show the optical beam path
while dark filled arrows show the microwave signal.

of operation of the LSM is to scan the surface of an SC film
with a tightly-focused laser beam (probe) for two–dimensional
(2-D) reconstruction of the response signal arising
from local laser-sample interaction. Any changes, either in laser
beam optical characteristics or in electronic transport of the ex-
cited SC sample due to heating and/or direct depairing of the
Cooper pair condensate underneath the probe, contributes to the
response signal.

A 20 long-working-distance (20 mm) microscope objective
with a numerical aperture (NA) of 0.42 is used to focus the 5
mW light probe on the sample from a laser diode emitting a 670
nm wavelength beam. It is raster scanned (over a 250m 250

m area) by two closely spaced orthogonally oriented mirror
galvanometers by equal steps ranging from 0.1 to 2m on the
sample surface. The beam is Gaussian shaped by a single-mode
optical fiber and amplitude modulated up to 100 kHz by a TTL
signal from the lock-in oscillator.

Three LSM operating modes were employed, depending on
the photoresponse (PR) mechanism exploited for imaging. First,
the reflectance-mapping mode was applied to image the sample
topology, as well as the position, shape and size of visible de-
fects (irregularities) in both the substrate and the HTS film. In
this mode, the modulated laser beam was reflected from the
sample surface and monitored by an optical sensor to produce
an ac electrical signal proportional to the local sample reflec-
tivity as a function of probe position.

The second (rf current imaging) mode produces a map of
local rf current density squared. A synthesized signal gener-
ator (transmitted microwave power to 0 dBm) excited
a resonant mode of the CPW resonator. The local heating of
the sample by the “hot-spot” of a focused laser beam shifted
both and of the device due to changes in the local mag-
netic penetration depth and the stored energy in the resonator
[12], [13], [17]. This caused a change in the transmission
curve that is proportional to the localrf current density squared
[ ] and leads to the change in transmitted power
given by [12], [18]

(1)

where is the magnetic penetration depth, is the cur-
rent density at the site of the perturbation,is the “spot size”
and is the change in penetration depth caused by modulated
laser heating. A crystal diode detects the rf amplified changes
in laser-modulated rf power, and an image of these changes is
recorded as a function of the location of the laser spot [19].

In the third (IMD imaging) mode, two fixed frequency signals
( and ) were applied to the CPW resonator. Theand
were centered on the curve with a spacing of 10 kHz
and had the same amplitudes. Changes inor as a
function of position ( ) of the laser beam perturbation on the
sample were imaged. A spectrum analyzer was used to measure
the power in the tones ( ) at these intermodulation frequen-
cies to see how the global nonlinear response was changed by
the local perturbation. The change in IMD transmitted power

is estimated to be

(2)

where is the surface resistance, is the nonlinearity
current scale, [8], [11] and is the change in nonlinearity
current scale caused by the laser heating. Note that this treatment
of nonlinearity (through ) is general and applies equally
well to intrinsic and extrinsic sources. Hence the LSM IMD pho-
toresponse is related to changes in the local nonlinearity current
scale as well as changes in penetration depth and surface resis-
tance at the site of the perturbation.

We measure the change in global IMD produced by heating
a small area of the sample. We shall assume that the more non-
linear parts of the material will contribute a bigger change to the
IMD power when they are heated. Based on numerical simula-
tions of (2) with the two-fluid model, we find to first approxima-
tion that the contrast seen by the LSM tuned to the intermodula-
tion frequency is proportional to the local change in intermodu-
lation current density scale, .

III. RESULTS AND DISCUSSION

A. Lateral Resolution

Optical as well as thermal aberrations both limit the spatial
resolution of the LTLSM technique when probing electronic
properties of superconductors. Roughly, the smallest features
of scanned LSM images may be resolved on a length-scale of

, where is the optical resolution
[in terms of the full-width at half-maximum (FWHM) of the
focused Gaussian laser beam], andis the thermal healing
length.

As a test to determine , the sharp edge of a Au pad on
LAO substrate was imaged. Fig. 2 shows the profile (open cir-
cles) of local reflectance variation measured by the photodiode
sensor along a 20m line scan through the Au/LAO interface
with 0.1 m steps of the scanning laser probe. The Gaussian fit
(solid line) of the edge-scan derivative (open squares) gives

m, i.e.,
m for the laser spot.
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Fig. 2. Measured line-scan profile of the reflection from the edge of a Au
contact pad on LAO substrate and its derivative fit (solid line) to a Gaussian;
scanning step 100 nm.

To estimate we analyzed the thermal diffusion of heat away
from the laser probe during one cycle of the modulation fre-
quency of incident laser power. Due to good acoustic mis-
match between the HTS film and substrate at78 K, the thermal
healing length can be expressed as [20]: ,
where is the mass density, is the specific heat, and is
the thermal conductivity of both LAO and YBCO acting in par-
allel. By probing the modulation-frequency-dependent distribu-
tion of the kinetic-inductance PR at the edge of the supercon-
ducting strip we directly measured the value of m at

kHz to m at 1 kHz. Hence, assuming that
no other parameters vary significantly with probe position, our
estimate ( ) value varies from 4 m to 40 m at these ,
in good agreement with values in the literature [21].

B. Intermodulation Imaging

Images of the ordinary PR (imaging mode 2 above) of the
entire CPW resonator show a clear dependence
along the length of the resonator, as expected [12], [19]. Here
we present the first preliminary images of IMD PR (imaging
mode 3) on the same resonator. Fig. 3 shows IMD PR along one
edge and along the entire length of the CPW center strip. Note
that the IMD PR is much more inhomogeneous than the ordi-
nary rf PR [19]. A longitudinal line cut through the data shows
that the IMD PR can be fit to the expected form.
The data shows strong deviations from the expected longitudinal
line shape, suggesting that the third order intermodulation is not
occurring uniformly in a manner that is simply dictated by the rf
current distribution. This is evidence that local information on
the sources of nonlinearity are preserved in the IMD PR images
[15].

Fig. 4 shows a close-up of a 100m 60 m area along one
edge of the CPW center strip near the rf current maximum in
the standing wave. Fig. 4(a) shows the ordinary (rf) PR (propor-
tional to ) along the edge and illustrates the edge-cur-
rent buildup often cited as a potential source of nonlinearity in
SC devices [1], [2], [5], [8]–[10], [12], [13]. This rf PR was mea-
sured by the crystal diode at kHz to provide images
with m. Fig. 4(b) shows IMD PR that was acquired by
the spectrum analyzer at kHz with m. (A
lower modulation frequency was required to recover the small

Fig. 3. LTLSM 7.75 mm� 60�m image showing the distribution of resonator
1MD PR of the CPW center strip along one edge marked by the box in inset.
White and black regions correspond to sample areas with the maximum and zero
IMD signal, respectively. The solid line through measured data (solid squares)
is fit to cos (kx + �) The data points were obtained by averaging RF PR in
transverse line-cuts in 250-�m steps along the center strip.

Fig. 4. 2-D LTLSM image of (a) RF current PR and (b) IMD photoresponse
distribution in a 100 nm� 60 �m area along one edge near the center of the
device. Brighter regions correspond to larger response.

Fig. 5. NormalizedY -profiles of ordinary RF photoresponse (dotted line) and
IMD photo response distribution (solid line) averaged through the images shown
in Fig. 4(a) and (b), respectively. Edge of the resonator is atY = 28 �m.

IMD signal.) The nonlinear response is clearly spread out more
in the transverse direction, and is not entirely confined to the
edges like the ordinary PR.

To clarify this difference, Fig. 5 compares transverse line cuts
through the images shown in Fig. 4. The rf PR peaks just inside
the edge, about m from the edge. The IMD PR peaks
5 m further inside the film and decays back to zero much more
slowly. The spreading of the IMD PR is due (at least in part) to
the large thermal healing length m at the modulation
frequency kHz.

Nontrivial behavior of the IMD PR was detected in the
vicinity of a crack in the YBCO film that is formed by an area
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Fig. 6. LSM reflectivity map (a) showing the twinned structure of the substrate
and film that can lead to crack appearance. The dashed line shows the area
chosen for imaging the (b) RF photoresponse and the (c) IMD photoresponse in
a 250-�m-long patch centered on the crack.

Fig. 7. Line cuts of LSM PR profiles of (a) RF photoresponse and (b) IMD
photoresponse distribution along the crack in the YBCO film.

of sharp twin block misorientation, as seen in Fig. 6(a). This
behavior is accompanied by an anomalous rf photoresponse
peak inside the crack one order of magnitude higher than the
ordinary PR from the nearby edge of the film. Both the ordinary
rf and IMD PR show a nonbolometric component. Line cuts
through these distributions show clear features on length scales
smaller than the thermal healing length (Fig. 7).

The multiple peaks seen in the IMD PR line cut (Fig. 7) may
be due to regions of very large change in local induced
by a direct (nonbolometric) laser depairing mechanism. For in-
stance, these may be pinning sites for rf vortices moving along
the crack.

IV. CONCLUSION

This paper presents the first preliminary IMD photoresponse
images on a superconducting microwave device, demonstrating
that local nonlinearity imaging is possible with a microwave
LSM. Unique contrast is generated by the IMD imaging method.
This information is not present in the linear-response bolometric
images.
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