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Abstract 

Low-temperature scanning laser microscopy has been used to investigate the spatial variation of the critical temperature Tc 
and critical current Ic in thin-film high-To multilayer structures that include dielectric layers. The method is described and mea- 
surements are presented on an YBa2Cu307_x-based multiturn coil with SrTiO3 insulating layer. We found that the critical tem- 
perature Tc of the YBa2Cu307_x tOp layer, from which the return strip of the coil is formed, is higher than that of the YBa2Cu307_x 
base layer. The critical current of the coil is limited by the quality of the YBa2Cu3OT_x base layer and not by the edges of the 
crossovers. 

1. Introduction 

Methods to investigate the spatial variation of the 
critical temperature T~ and the critical current I¢ in 
structured multilayers provide relevant information 
for the development of  high-T~ superconducting elec- 
tronic devices. These devices consist of  active com- 
ponents, such as Josephson junctions or three termi- 
nal devices, and passive components such as resistors, 
inductances, capacitances and circuitry, which is dis- 
cussed here. In circuitry several aspects are of  impor- 
tance [ 1 ], such as the quality of  the various super- 
conducting layers (indicated by T~ and the critical 
current density jc), the insulation in the crossovers 
(occurrence of shorts), growth of layers over edges 
in underlying structures, and the T¢ and I~ of super- 
conducting interconnects. Spatially resolved mea- 
surements reveal critical points in the structures and 
help to examine the effect of  a change in the fabrica- 
tion process. 

Low-temperature scanning electron microscopy 
(LTSEM) has recently been used to locally charac- 
terize high-To multilayer structures [2,3 ]. Charging 
effects, however, complicate the characterization of 
superconducting layers that are covered by dielectric 
layers. In this paper we present low-temperature 
scanning laser microscopy (LTSLM). Using the elec- 
trically neutral optical radiation instead of an elec- 
tron beam eliminates the difficulties associated with 
charging. 

As a test structure a planar multiturn coil was in- 
vestigated. In this structure all the basic elements of  
planar circuitry are present: a base and a top 
YBa2fu307_x (YBCO) layer separated by an insu- 
lating SrTiO3 (STO) layer, a superconducting inter- 
connect to provide a contact between the innermost 
coil winding and the returnstrip, and insulating 
crossovers to separate the returnstrip from the other 
coil windings. We found that the Tc of the top YBCO 
layer was higher than that of  the base YBCO layer. 
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The quality of the top layer was not suppressed above 
the edges of the coil windings structured in the base 
YBCO layer. The critical current of the coil was found 
to be limited by the base YBCO layer. 

2. Experimental procedure 

The LTSLM set-up is schematically shown in Fig. 
1. A detailed description is given in Ref. [4 ]. We use 
a 2 mW He-Ne laser with a wavelength 2= 633 nm. 
The beam intensity is sinusoidally modulated at a 
frequency fro, and attenuated by a polarizer to about 
0.2 mW before the laser beam is transmitted through 
a microscope and focused on the sample to a 2 ~tm 
diameter Airy disk. The sample is placed in an opti- 
cal cryostat on a copper stage whose temperature is 
stabilized in the range 65-120 K with an accuracy of 
5 mK. The cryostat is placed on an XY-table and can 
be translated, with a minimum displacement of 0.5 
~tm, by means of stepper motors. The structure under 
investigation is DC current biased and the voltage 
over the structure is detected as a function of the laser 
spot position by a lock-in amplifier at the modula- 
tion frequency f~. 

At T> T¢, the response signal 8 V is solely due to a 
local temperature rise 8T (bolometric response). This 
response is proportional to both the bias current and 
the resistance change 8R (T) in the heated area, with 
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Fig. 1. LTSLM set-up schematic. 

dimensions determined by the frequency-dependent 
thermal healing length r/(fm), which can be consid- 
ered to be the spatial resolution in this temperature 
range. Its value is determined by the specific heat and 
heat conductivity of the substrate-film composite and 
decreases (as 1/x/fro) with the modulation fre- 
quency, from a few tens of microns at low frequen- 
cies to a few microns at 80 kHz [ 5 ]. 

At T< To, besides the bolometric component, also 
a non-bolometric component, due to direct interac- 
tion of the radiation with the Cooper pairs [ 6 ], con- 
tributes to the response. It is characterized by a very 
short rise time and its amplitude is therefore almost 
independent of the beam intensity modulation fre- 
quency, in contrast to the bolometric component. At 
a certain modulation frequency the non-bolometric 
component becomes dominant and then the spatial 
resolution is limited only by the size of the light-per- 
turbed region, which is practically equal to the light 
spot diameter. 

To determine the local Tc (defined as the temper- 
ature for which 8V is maximal) and the transition 
width ATe, the laser spot is positioned on the point of 
interest, the sample is slowly cooled down and the 
voltage is recorded as a function of temperature. Low 
bias currents are used to minimize non-bolometric 
effects. As the transition from the normal to the su- 
perconducting state occurs, the voltage response rises 
due to the increased dR/dT .  It reaches a maximum 
value and vanishes when the critical current I¢ of the 
sample region under irradiation becomes larger than 
the bias current. It should be noted that the local 
heating ~T must be kept small compared to AT~ to 
measure the local d R / d T ( T )  correctly. The laser 
beam intensity is chosen so that an appropriate sig- 
nal/noise ratio is obtained, but 8Tis never larger than 
0.1 K. This value can be considered as the tempera- 
ture resolution in determining the local T¢ and ATe. 

3. Measurements 

The 8 ½ turn planar coil that we have investigated 
is a 3-layer structure of YBCO/STO/YBCO on a STO 
(100) substrate, fabricated by pulsed laser deposi- 
tion and structured by Ar ion beam etching (Figs. 
2(a)  and (b)) .  The fabrication procedure is de- 
scribed in Ref. [ 7 ]. In the 130 nm base YBCO layer 
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Fig. 3. Resistance vs. temperature curve for the complete coil. 

an 8½-turn spiral was patterned with a linewidth of 
15 ~tm and a spacing between the lines of 5 ~tm. The 
base layer is covered by a 250 nm thick STO insulat- 
ing layer. The 28 l~m wide returnstrip is prepared from 
the top YBCO film having a thickness of 400 nm. A 
window etched in the STO film provides an edge-type 
superconducting interconnect between the return- 
strip and the innermost coil winding. 

In Fig. 3 the resistance of the complete coil is Shown 
as a function of temperature, measured at a bias cur- 
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rent I of 200 ~tA. A relatively broad transition is ob- 
served, caused by the degraded critical temperature 
of the base YBCO layer. This is obvious from Figs. 
4 (a-c) ,  where three LTSLM voltage images are pre- 
sented, corresponding to the beginning ( T= 88.7 K), 
the midpoint ( T= 84 K) and the tail (78.7 K) of the 
resistive transition of the coil. In these images the 
darker areas correspond to higher voltage ampli- 
tudes. From these figures it is clear that the critical 
temperature of the returnstrip is higher than that of 
the coil windings. In Fig. 4(a) ,  besides a strong re- 
sponse from the returnstrip, a response is also ob- 
served from the parts of the windings within about 
100 ~tm of the returnstrip as a result of the relatively 
large thermal healing length. Increasing the modula- 
tion frequency would improve the spatial resolution 
but decrease the amplitude of the output signal, and 
since a large background voltage originating from the 
resistive coil windings is present, this was not applied. 

In Fig. 4(b)  (84 K) a clear response of the coil 
windings is observed. At this temperature the coil 
windings are in the midpoint of the resistive transi- 
tion, as is obvious from Fig. 5. In this figure the curves 
6 V(T) for two positions of the laser beam are pre- 
sented. Curve a is obtained from a point in the cross- 
over of the returnstrip over the outer turn of the coil, 
whereas curve b was obtained from a point in the 
outer turn at a distance of 100 Ixm from the return- 
strip. For the returnstrip a narrow transition was ob- 
served in the temperature range from 88.5 to 89.2 K. 
Below 88.5 K the response of the returnstrip is much 
smaller than that of the underlying coil windings. The 
response amplitude ~V(x, y) of the cross sites is 
higher than in the unshielded spiral parts. This is 
partly due to the fact that the returnstrip serves as an 
additional absorber of incident laser power, which 
decays inside the medium according to 
P =  P(0)exp ( - z/a) (z is the coordinate on the axis 
normal to the film surface, ot is the optical-absorp- 
tion length). The value of ot in YBCO film is 60 nm 
[ 8 ] for the 2 eV optical quanta we use. The three- 
layer structure, therefore, transmits nearly no laser 
power, whereas the single-base YBCO layer trans- 
mits about 12% of it. Taking into account that the 
layers have good thermal coupling, the 5T in the 
crossover regions, and hence the response 8V(x, y) 
of the base layer at the cross-sites, will be higher than 
in the uncovered regions. Besides this, neighboring 
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Fig. 4. Voltage images 5V(x, y) of the coil at 1=200 ~tA, fro=80 Hz and various temperatures T. (a) T=88.7 K, (b) T=84 K, (c) 
T= 78.7 K. The grey-scale is not the same for these graphs. 

coil windings, thermally coupled by the returnstrip, 
also contribute to the increased response observed 
from the cross sites. The local T¢'s and ATc's of the 
windings ranged from 81 to 84 K and from 10 to 13 
K, respectively. The Tc of the interconnect is deter- 
mined by the T¢ of the base YBCO layer. 

In the segments that are parallel to the returnstrip 
the resistive transition extends to lower temperatures 

than in the segments perpendicular to it (Fig. 4 (c)).  
This is possibly due to the substrate polishing proce- 
dure or a slight miscut of the sample. If  we rotate the 
sample 90* this effect is still observed and is presum- 
ably not a measurement artifact. A similar result was 
found for a second coil on the same substrate. 

To measure the quality of the returnstrip sepa- 
rately without the influence of the coil windings, a 
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Fig. 5. Voltage response as a function of temperature from (a) a 
point on top of a crossover, and (b) a point in the outer coil 
winding at a distance of 100 ~tm from the crossover. 
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Fig. 6. Visualization of the resistive transition in a separate re- 
turnstrip (1=70 pA, fm= 1 kHz). 

second sample was studied containing only a return- 
strip crossing over disconnected coil windings, with 
dimensions comparable to those of the previously 
discussed coil. In Fig. 6 LTSLM images are shown for 
this sample as a function of  temperature. The modu- 
lation frequency fm is 1 kHz, resulting in a suffi- 
ciently low thermal healing length to reveal a differ- 
ence in quality between the parts of the returnstrip 
on top of a crossover and the parts between the cross- 
overs. Between the crossovers T¢ is about 89.5 K with 
a transition width of  0.2 K, whereas the crossovers 
have a T¢ of 87.5 K (with a maximal spread of 0.5 
K) and a ATe of 4 K. Below 85.5 K the returnstrip is 

Fig. 7. Voltage response 5V(x, y) at T=75.8 K and 1=0.6 mA, 
indicating the weakest cross sections of the coil. 

completely superconducting. No evidence was found 
for a particularly suppressed T~ at the edges of the 
crossovers. 

The LTSLM technique was used to indicate the 
"weakest" cross sections, limiting the critical current 
of the entire coil. Fig. 7 shows the voltage response 
8 V(x, y), reflecting the spatial distribution of resis- 
tive regions in the coil, at T=  75.8 K and I =  0.6 mA. 
The image was obtained at a frequency fm= 40 kHz 
where the response has mainly a non-bolometric ori- 
gin. For this coil the cross sections with lowest criti- 
cal currents are situated neither in crossovers nor in 
the interconnect area but in the winding segments that 
are parallel to the returnstrip and look like dark dashes 
perpendicular to the current flow direction. For coils 
with higher critical currents, fabricated on other sub- 
strates, we found that the critical current is limited 
by the interconnect [ 7 ]. LTSLM studies revealed that 
in that case the critical current is limited in particular 
at the position indicated by 'a '  in Fig. 2(b) where, in 
the used configuration, considerable etching into the 
substrate occurs. 

4. Conc lus ions  

In conclusion the LTSLM is shown to be able not 
only to obtain the local variation of Tc and ATe and 
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to indicate "weak" cross sections with reduced criti- 
cal current in superconducting thin film structures, 
but also to characterize in such a way every layer of  a 
multilayer device separately. Using laser irradiation 
instead of an electron beam solves the problems aris- 
ing from charging effects in LTSEM, the spatial res- 
olution being about the same. YBCO-based planar 
multiturn coil structures were investigated. The base 
YBCO layer had a lower Tc than the top YBCO layer. 
The critical current was limited by the base YBCO 
layer and not by the crossovers. The LTSLM method 
can be applied to any high-To thin film structure even 
if dielectric layers are included. 

Acknowledgement 

This work was partly supported by the 'Dutch Or- 
ganisation for Scientific Research' (NWO). 

References 

[ 1 ] F.C. Wellstood, J.J. Kingston and J. Clarke, J. Appl. Phys. 75 
(1994) 683. 

[ 2 ] K.-D. Husemann, R. Gross and R.P. Huebener, Appl. Phys. 
Lett. 62 (1993) 2871. 

[ 3 ] C.A. HoUin, J.S. Abell, S.W. Goodyear, N.G. Chew and R.G. 
Humphreys, Appl. Phys. Lett. 64 (1994) 918. 

[4] I.M. Dmitrenko, P.A. Grib, A.G. Sivakov, O.G. Turutanov 
and A.P. Zhuraver, Low Temp. Phys. 19 (1993) 259. 

[5]I.M. Dmitrenko, A.P. Zhuraver, A.G. Sivakov, O.G. 
Turutanov and I.N. Chukanova, Low Temp. Phys. 19 (1993) 
747. 

[6] A. Frenkel, Phys. Rev. B 48 (1993) 9717. 
[7] J.W.M. Hilgenkamp, A.G. Sivakov, G.C.S. Brons, R.P.J. 

IJsselsteijn, J. Flokstra and H. Rogalla, Applied 
Superconductivity, ed. H.C. Freyhardt, Proe. Eucas '93 
(G6ttingen, 1993) p. 679. 

[8] I. Bozovic, Phys. Rev. B 42 (1990) 1969. 


