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Imaging Local Sources of Intermodulation in
Superconducting Microwave Devices

A. P. Zhuravel, A. V. Ustinov, D. Abraimov, and Steven M. Anlalygember, IEEE

Abstract—This work presents new experimental results on low- responsible for enhanced IMD in YBCO films [4]. This kind of
temperature (LT) characterization of local rf properties of passive  analysis does not directly lead to a solution of the problem, i.e.,
superconducting (SC) microwave devices using a novel Laser Scan-y, finding the origin of the observed nonlinearity

ning Microscope (LSM). In this technique, a modulated laser beam Vari kinds of mi ic techni h b | d
is focused onto and scanned over the surface of a resonant SC de- Yarlous kinds ormicroscopic techniques have been employe

vice to probe the spatial distribution of rf current. The highly local- ~ t0 identify extrinsic sources of nonlinearity [12]-[14]. Among
ized photo-induced change of the kinetic inductance of the SC de- these efforts, the LSM observations [12], [13] suffered from

vice produces both a shift of the resonant frequency, and change modest spatial resolution and failed to see an expected re-distri-
of the quality factor Q. An image of these changes is recorded y, \tinn of current in an HTS resonator as the rf power increased

as the laser spot is scanned over the device. We present the first 121 R ¢ t dulated optical reflect
measurements of spatially resolved intermodulation response in a [12]. Room temperature modulated optical reflectance measures

High Temperature Superconducting (HTS) co-planar waveguide the local carrier density, and can be used to find defects that af-
resonator, opening up a new window into the local origins of non- fect the superconducting microwave performance. [14] A pre-

linearity in the HTS materials. vious attempt to measure the local origins of nonlinearity was
Index Terms—High-T. superconductors, intermodulation made by Huet al.[15] They used a superconducting microstrip
distortion, laser scanning microscopy, microwave devices, nonlin- resonator and measured the rf electric field above the device
earity. with a scanned coaxial probe. Their images of the IMD signal
where a global superposition of signals generated throughout
|. INTRODUCTION the device, and did not point to the origins of the signals.

) ) It has been shown that IMD measurements are much more
UPERCONDUCTING microwave devices are currently 0fgnsitive to nonlinearities than ateand frequency shift mea-

reat interest due to their extensive applications in modeg[rements, and that these signals are nonthermal in origin [16].
communication technologies. Passive microwave circuits CORy-this paper we present a new technigue for possible micro-
sisting of high.. superconductors (HTS) are being used agqpic identification of sources of IMD in superconducting mi-

delay lines, multiplexers, resonators and filters for mobile, cglyq\yave devices, based on LSM imaging of operating devices.
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 Measurements were performed on an HTS co-planar wave-
and leads to nonlinearity of the device response with respec@igide (CPW) resonator that was fabricated from a 240 nm
applied power. thick YBa,CusO;_s (YBCO) film deposited on a 50Q:m

The microscopicmechanisms for nonlinearity have not yethick LaAlO; (LAO) substrate by laser ablation. The CPW
been definitively identified. The conventional methods of an&2s a strip line of 50@¢m width and 7.75 mm length. The line
lyzing the nonlinear response are basedlobalcharacteristics Was separated from the ground planes by s0and coupled
of the sample, such as intermodulation distortion (IMD), genel@ the feed lines via two capacitive gaps 500 wide. The
ation of harmonics, and nonlinear surface impedance [6]-[120 X 10x 0.5 mm sample chip was glued by vacuum grease
A macroscopic structure/property study concluded that “lattié@ @ brass microwave package. Silver paste was applied to the

distortions of thes-b plane in grains and grain boundaries” iU 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
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$TTL (do-100 kHz) [y v e position control where) is the magnetic penetration depthy#(x, y) is the cur-
Laser Diode— Scanner gx":;lr - rent density at the site of the perturbatiohjs the “spot size”

670 nm 1T L andé )\ is the change in penetration depth caused by modulated

Visual Beam |~ Photo-diode SR830 DSP laser heating. A crystal diode detects the rf amplified changes
Inspection Splitter Sensor Lock-in Amplifier] in laser-modulated rf power, and an image of these changes is
| reflectivity ]‘ . recorded as a function of the location of the laser spot [19].
HP83620A Y RF signal In the third (IMD imaging) mode, two fixed frequency signals
Synthesized Sweeper “ ZTAY Rohde and Schwarz]| (/1 @and f2) were applied to the CPW resonator. Theand f,

1'4 microscope objective | SPEctrum Analyzer || - were centered on thes(f)| curve with a spacing of 10 kHz
Agilent 87302C | =77} |77 4 and had the same amplitudes. ChangeBginor Ps¢1_f2 as a
Power Combiner| o RF ] HP87304C function of position £, y) of the laser beam perturbation on the

;zf f+f, | — ; e Amp.| |PowerDivider]| sample were imaged. A spectrum ar_walyzer was gsed to measure

HPS6T2A YBCO CPW { the power in the tonesH;) at these intermodulation frequen-
Synthesized Signal . HP 420A cies to see how the global nonlinear response was changed by
Generator Cryostat with Sample |Voltmeter|" Crystal Diode|  the local perturbation. The change in IMD transmitted power

Ps¢1_ys is estimated to be

Fig. 1. Schematic diagram of IMD LSM microscope optics and the microwave
electronics used for IMD imaging. Open arrows show the optical beam pa§172f1_f2

while dark filled arrows show the microwave signal.
Pog s,

of operation of the LSM is to scan the surface of an SC film {6_/\ _0Jiup [ OARsTppdS + [ 5R5/\J12%Fd5} o
with a tightly-focused laser beam (probe) for two—dimensional | )\ JIvp f/\RstngS

(2-D) reconstruction of the response sigdl(z,y) arising

from local laser-sample interaction. Any changes, either in lasghere R, is the surface resistancé;y,p is the nonlinearity
beam optical characteristics or in electronic transport of the esurrent scale, [8], [11] anél/;, p is the change in nonlinearity
cited SC sample due to heating and/or direct depairing of therrentscale caused by the laser heating. Note that this treatment
Cooper pair condensate underneath the probe, contributes toahgonlinearity (through/;y,p) is general and applies equally
response signal. well to intrinsic and extrinsic sources. Hence the LSM IMD pho-

A 20 x long-working-distance (20 mm) microscope objectivéoresponse is related to changes in the local nonlinearity current
with a numerical aperture (NA) of 0.42 is used to focus the ale as well as changes in penetration depth and surface resis-
mW light probe on the sample from a laser diode emitting a 6¥@nce at the site of the perturbation.
nm wavelength beam. It is raster scanned (over 268 250 We measure the change in global IMD produced by heating
pum area) by two closely spaced orthogonally oriented mirr@rsmall area of the sample. We shall assume that the more non-
galvanometers by equal steps ranging from 0.1 ter2on the linear parts of the material will contribute a bigger change to the
sample surface. The beam is Gaussian shaped by a single-nibtie power when they are heated. Based on numerical simula-
optical fiber and amplitude modulated up to 100 kHz by a TTtions of (2) with the two-fluid model, we find to first approxima-
signal from the lock-in oscillator. tion that the contrast seen by the LSM tuned to the intermodula-

Three LSM operating modes were employed, depending tian frequency is proportional to the local change in intermodu-
the photoresponse (PR) mechanism exploited for imaging. Filggjon current density scald;ap.
the reflectance-mapping mode was applied to image the sample
topology, as well as the position, shape and size of visible de- IIl. RESULTS AND DISCUSSION
fects (irregularities) in both the substrate and the HTS film.
this mode, the modulated laser beam was reflected from
sample surface and monitored by an optical sensor to produc&ptical as well as thermal aberrations both limit the spatial
an ac electrical signal proportional to the local sample refleggsolutionS of the LTLSM technique when probing electronic
tivity as a function of probe position. properties of superconductors. Roughly, the smallest features

The second (rf current imaging) mode produces a map @f scanned LSM images may be resolved on a length-scale of
local rf current density squared. A synthesized signal genéf- = (dop:” + I7”)'/?, whered,,, is the optical resolution
ator (transmitted microwave power~ —15 to 0 dBm) excited [in terms of the full-width at half-maximum (FWHM) of the
a resonant mode of the CPW resonator. The local heatingfe¢used Gaussian laser beam], dpdis the thermal healing
the sample by the “hot-spot” of a focused laser beam shifté&ngth.
both f, andQ of the device due to changes in the local mag- As a test to determing,,,;, the sharp edge of a Au pad on
netic penetration depth and the stored energy in the resonat8P substrate was imaged. Fig. 2 shows the profile (open cir-
[12], [13], [17]. This caused a change in thig (f) transmission cles) of local reflectance variation measured by the photodiode
curve that is proportional to the locdlcurrent density squared sensor along a 2fim line scan through the Au/LAO interface
[JRF2(:17,y)] and leads to the change in transmitted power with 0.1.m steps of the scanning laser probe. The Gaussian fit
given by [12], [18] (solid line) of the edge-scan derivative (open squares) gives

0.585+/—0.003 um, i.€.,dops ~ FWHM = 20(21n2)"/% =
6P ~ (Mgp(z,y))2 A8, (1) 1.38 um for the laser spot.

| .
Ae Lateral Resolution
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) . ) . Fig.3. LTLSM7.75 mmx 60um image showing the distribution of resonator
Fig. 2. Measured line-scan profile of the reflection from the edge of a Aipp PR of the CPW center strip along one edge marked by the box in inset.

contact pad on LAO substrate and its derivative it (solid line) to a Gaussiajnite and black regions correspond to sample areas with the maximum and zero
scanning step 100 nm. 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

To estimatd; we analyzed the thermal diffusion of heat awajf2"SVé"se line-cuts in 250m steps along the center strip.
from the laser probe during one cycle of the modulation fre-
guencyf,, of incident laser power. Due to good acoustic mis-
match between the HTS film and substrat@ @i, the thermal
healing length can be expressed as [20]= (k/cpm fm)'/?,
wherep,, is the mass density, is the specific heat, an#l 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 superccﬁﬁg 4. 2D LTLSMimage of (@) RF current PR and (b) IMD photoresponse

istribution in a 100 nnx 60 xm area along one edge near the center of the
ducting strip we directly measured the valueof= 4.2 um at  device. Brighter regions correspond to larger response.
fm = 100 kHz to S = 40.1 um at 1 kHz. Hence, assuming that
no other parameters vary significantly with probe position, our

estimatdr (f,,) value varies from 4:m to 40um at thesef,,,, 1.0
in good agreement with values in the literature [21]. —
5 0.8+
B. Intermodulation Imaging S,
Images of the ordinary PR (imaging mode 2 above) of the % 0.6
entire CPW resonator show a cleas?(kx + ¢) dependence §' 0.4
along the length of the resonator, as expected [12], [19]. Here e
we present the first preliminary images of IMD PR (imaging g 0.24
mode 3) on the same resonator. Fig. 3 shows IMD PR alongone 3

edge and along the entire length of the CPW center strip. Note

that the IMD PR is much more inhomogeneous than the ordi- . . i

nary rf PR [19]. A longitudinal line cut through the data shows 1020 30 40 50 60

that the IMD PR can be fit to the expectads® (kz + ¢) form. Y [um]

The data shows Stro_ng deV|at|ons.from the,eXpECted Iongngdwg .5.  Normalized”-profiles of ordinary RF photoresponse (dotted line) and

line shape, suggesting that the third order intermodulation is QDb photo response distribution (solid line) averaged through the images shown

occurring uniformly in a manner that is simply dictated by the i Fig. 4(a) and (b), respectively. Edge of the resonator IS at 28 um.

current distribution. This is evidence that local information on

the sources of nonlinearity are preserved in the IMD PR imag8D signal.) The nonlinear response is clearly spread out more

[15]. in the transverse direction, and is not entirely confined to the
Fig. 4 shows a close-up of a 1(nx 60 um area along one edges like the ordinary PR.

edge of the CPW center strip near the rf current maximum in To clarify this difference, Fig. 5 compares transverse line cuts

the standing wave. Fig. 4(a) shows the ordinary (rf) PR (propdhrough the images shown in Fig. 4. The rf PR peaks just inside

tional to J2(x,y)) along the edge and illustrates the edge-cuthe edge, about/2 ~ 2 um from the edge. The IMD PR peaks

rent buildup often cited as a potential source of nonlinearity By:m further inside the film and decays back to zero much more

SCdevices[1], [2], [5], [8]-[10], [12], [13]. This rf PR was mea-slowly. The spreading of the IMD PR is due (at least in part) to

sured by the crystal diode #t, = 100 kHz to provide images the large thermal healing length = 15.7 um at the modulation

with S = 4.2 um. Fig. 4(b) shows IMD PR that was acquired byrequencyf,, = 6.49 kHz.

the spectrum analyzer @, = 6.49 kHz with S ~ 15 um. (A Nontrivial behavior of the IMD PR was detected in the

lower modulation frequency was required to recover the smaltinity of a crack in the YBCO film that is formed by an area

g
<3
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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 250pxm-long patch centered on the crack. 7]
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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). Thid13]
behavior is accompanied by an anomalous rf photoresponse
peak inside the crack one order of magnitude higher than thg4j
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 logal;p induced [16]
by a direct (nonbolometric) laser depairing mechanism. For in-
stance, these may be pinning sites for rf vortices moving alongm
the crack.

IV. CONCLUSION ne

This paper presents the first preliminary IMD photoresponse
images on a superconducting microwave device, demonstratingg]
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 bolometrigoj
images.

[21]
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