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Through-thickness superconducting and normal-state transport
properties revealed by thinning of thick film ex situ YBa,Cu3;05_,
coated conductors
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Arapid decrease in the critical current densily)(of YBa,Cu;0;_, (YBCO) films with increasing

film thickness has been observed for multiple YBCO growth processes. While such behavior is
predicted from two-dimensional collective pinning models under certain assumptions, empirical
observations of the thickness dependencé.ddire believed to be largely processing dependent at
present. To investigate this behaviordar situYBCO films, 2.0- and 2.9:m-thick YBCO films on

ion beam assisted deposition-yttria stabilized zirconia substrates were thinned and repeatedly
measured forp(T) and J,(H). The 2.9 um film exhibited a constand [ 77 K, self-field (SF)
through thickness of- 1 MA/cm? while the 2.0um film exhibited an increase id(77 K, SF) as

it was thinned. Neither film offered evidence of significant dead layers, suggesting that further
increases in critical current can be obtained by growing thicker YBCO layer20@3 American
Institute of Physics.[DOI: 10.1063/1.1625103

Coated conductorgCC9, or second generation high studies on YBCO grown by the BaFex situ process on
temperature superconducting wires, hold great promise folBAD—YSZ buffered metal substrates.
commercial applications and electric power applications, The details of the Bafex situgrowth process'? and
such as transmission lines, transformers and motors. To mepteparation of IBAD-YSZ buffered metal tagésre given
the technical requirements of these applications, CCs need g@isewhere. Briefly, precursor layers of the desired thickness
deliver large critical currentl() valuest An obvious ap- were prepared by vacuum deposition using three electron-
proach to improving . is to increase the thicknessof the ~ beam sources onto a “cold” substrate; the layers were sub-
superconductor layer, but for several Yf8ax0,_, (YBCO) sequently converted into epitaxial YBCO by annealing in a
growth processes;’ there is a strong decrease in the critical furnace under flowing gas conditions at atmospheric pres-
current densityd. with increasing film thickness. sure. Maximum temperatures during anneal reached 780°C
Most knowledge of the thickness dependence of theéind the growth rate was about 1-1.5 Als. The oxygen partial
critical current density of YBCO films comes from studies of Pressure was 200 mTorr and the water partial pressure
multiple films produced with different YBCO layer (needed to decompose incorporated Baf the precursor
thicknes€387 A complementary approach to investigate [2ye) was kept below 5 Torr. _
Ju(t) was employed by Foltyret al* Using ion milling, Two samples with YBCO layer thlgknegs Qf 2.0 and_ 2.9
thick YBCO films were successively thinned adg mea- pum were prepared on substrates having similar but slightly

sured at multiple thickness on a single sample. This secon ifferent texture. The full width at half maximum values of

approach also produces a variable thickness dataset, hko-e (205/(025 YBCO reflections in x-ray diffraction®

ever, with reduced emphasis on thickness dependent trengganS for the 2.0 and 2.8m films were 6.9° and 5.9°,

in the growth, but enhanced emphasis on through—thicknesrseSp.eCtlvely' Bridges 30pm Wlde were cut with a laser to
. . restrictl, to <10 A. The resistivityp(T) andJ.(H, 77 K)
homogeneity. The YBCO in Ref. 4 was grown by pulsed . .
- . .~ were measured using pulsed-curr¢t® ms pulse duration
laser depositionPLD) on metal tapes buffered with yttria- with 30 ms voltage regdwith a standard four-point configu
stabilized zirconia(YSZ) textured by ion-beam-assisted

q ition (IBAD). St ructural d dati b ration and a 1uV/cm J. criterion. For ion milling, samples
eposl |-on( ) ). Strong sStructural degradation was 0b- e cooled to~230 K and Ar ions of energy 500 eV im-
served in the films, most significantly in the form of “dead-

pacted the samples at 45° with the film surface normal. The

layers™ (Ic=J.=0) at both the film surface and the buffer ygcq etch rate was-12 nm/min. Thickness was measured
layer interface. Subsequent work by Foltyn and others haﬁsing a Tencor profilometer.

shown that these “dead” layers are not endemic of thick Figure 1 showsp(T) for the 2.9 um film as it was

YBCO coated corjgluctors., but instead dependent on thgyinned to a thickness The curves exhibit a slight positive
growth conditiong™*" In this letter, we report ion-milling ¢ rvature generally associated with Gverdoping* The in-

set to Fig. 1 showd . as a function of thickness. The fluc-
3Electronic mail: feldmann@cae.wisc.edu tuations inT. are believed to be greater than the measure-

0003-6951/2003/83(19)/3951/3/$20.00 3951 © 2003 American Institute of Physics
Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



3952 Appl. Phys. Lett., Vol. 83, No. 19, 10 November 2003 Feldmann et al.

700 v 2.5
o ol
9% -O- 02T
600 1 £ . 201 -9 06T
t. % gl
500 {5 2 151 e
E s — 1.62/7
87 -
g« £ 10
Y S
2 300 | =’
Q 0.5 {
200 4 v EVEVEVEVEVN v RV vV —" y v
0.0 T P R
100 - 0.0 0.5 1.0 1.5 2.0 25 3.0
. - Thickness (um) (a)
] 50 100 150 200 250 300 20
Temperature (Kelvin) ' @ oT
FIG. 1. Temperature dependence of the resistivity for theu2iXilm at full - ﬁ 3;21
thickness and selected valuestddfter ion milling. Linear extrapolations to e 1.5 1 f_ ;;
T=0K are shown fot=2.91, 1.46, and 0.20m and have a slight negative § 3T
intercept. Inset shows.(t) for the film, whereT, is defined as the highest s — 1.03/ 7
temperature such that=0. < 1.0 1
S
. . ﬂo
ment accuracy, but overall, remains relatively constant. 0.5 1
The resistivityp(300 K) as a function of film thicknesg&~ig.
2) is nearly constant at~-400x{) cm down to~0.4 um, 0.0 — 7
below which it starts to increase abruptly, suggestive of a 0.0 05 1.0 1.5 20
reaction between the YBCO and buffer layer. Based on the Thickness (um) (b)

constanfl, p(300 K), an_d the _Cl_-lrvatl_-"e of thﬁ(T) datawe [, 3. Thickness dependence &{(77 K) for () the 2.9 andb) 2.0 um
conclude that repeated ion milling did not significantly dam-films. Solid lines are fits td, data from multiple films reacted from differ-

age the film or affect the oxygenation state of the remainincent precursor thickness. With the exception of the0.19um data of the
layer .0 um film, the J.(t) curves maintain their qualitative shape in applied
' N . . . fields.
Also shown in Fig. 2 id (77 K) as a function of thick-

ness, where the critical current of the bridge has been nor—th . ¢ bstrat tion. This ob tion i
malized b a 1 cmwidth (units: A/cm). The data exhibits a otherwise strong substrate reaction. 1his observation IS con-

high degree of linearity, and provides no evidence of Sub_s|stent with the cross sectional scanning electron microscope

stantial dead layers in the film at either the substrate interfac SEM). image of the 29um sample ShOWT‘ In Fig. 4. Wh|le
or the film surface. there is more porosity in the upper portion of the film, the

Figure 3a) showsJ,(t, 77 K) for self-field (SF and microstructure is dense through thickness with nothing to
several applied fields |_°(”é)_ J.(SF) is nearly constant suggest a complete current blocking layer. An interesting

through thickness, tightly scattered around 1 MAfcrRig- question arising from Figs.(8 and :_i(b) is why h_|gherJ?
ure 3b) shows data for the 2.@m-thick YBCO film. Due to values were n(_)t recoyered as the films were_mllled thinner.
a slightly worse substrate texture, this film had a lower fuII-The solid line in the figures is a power law fit of the form

1/2 . . .
thicknessl(77 K, SF) of 0.73 MA/cri. J.(t, SF) is not as }]Cx lltd.ﬁ’ fit tf Je(t, SF) ?ﬁtakfrogATl]flt;Flfh.ml'(ns reat(k:]ted
flat as for the thicker-film sample withi; rising to almost rom difierent precursor thickness u ickness the

twice the full-thickness value at 0.12m. Again, theJ(t) Jo(SF) of the 2.0 and 2.5um samples are representative of

; : e fit, but as they are milled thinndg(SF) deviates signifi-
data of these samples give no evidence of dead layers or %@ntly. For instance, at a thickness of 0,3, the 2.9m

300 700
250 4 L 600 "% - " Silver
- . w =
F 500 £ ,
200 1 ]
g 400 C:l:i_ 2
s 150 - 2.9 um YBCO
~ I 300 é -
100 1 () -
+ 200 < ..
ol = - C CeO,
50 1 L 100
o —10 IBAD YSZ

0.0 0.5 1.0 1.5 20 25 3.0
Thickness (um)
FIG. 2. Thickness dependence kf (filled circles and p(300 K) (open

circles. The dashed line is a fit to thie data, through the origin, with a

slope of 103 Alcm um). FIG. 4. Cross-sectional SEM image of the Z8+thick YBCO film.
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A further remarkable observation is that the empirical
behaviorJ < 1/t*? agrees with predictions from collective
pinning models, based on a homogeneous random pinning
potential'® If this fit were interpreted as intrinsic behavior
then thel.(t) observed from thinning the 2,8m film should
have followed more closely thet}? fit. One explanation of
this discrepancy, in the context of the collective pinning
model, is that there is a reduced density of pins in the bottom
part of the film. This interpretation is qualitatively consistent
with the TEM image of Fig. 5 and would indicate that the
primary difference between a high-thin film and a thin
remaining layer after ion milling results from a thickness
dependent growth mechanism. Further work is in progress to
test this hypothesis and to probe the dependence on growth
conditions. We conclude that for a proper interpretation of
thickness dependent effects, consideration should be given to
FIG. 5. Cross-sectional TEM image of the 2uén sample, showing a dis- the origin of flux pinning and the nature of defects in the
tinct bilayer structure. superconductor.

In summary, we have directly observed of ditesenceof
_ dead layers in thick 2 um) YBCO films grown on buff-
sample had & of 1.1 compared to 2.7 MA/_cfnfor afim  ored metal tapes by successive ion milling dacmeasure-
reacted from a 0.3m precursor on a nominally identical ments. The lack of a surface dead layer is highly encourag-
substrate. For then situ PLD YBCO films of the study of ing, and the linearity of thé(t) curve of Fig. 2 suggests that
Foltynet al.” thel . degradation in the bottom portion of the growing thickerex situYBCO films should lead to further
films was attributed to a reaction with the buffer layer thatincreases ini.. The roles of intrinsic and microstructural
took place in the time it took to grow the upper portion of the gffects onJ,(t) are not fully understood at this time.
films. Likewise, it is possible that a time-dependent reaction
has degraded the bottom part of e situYBCO, although Thanks to Darren VerebelyAmerican Superconductpr
apparently to a lesser degree than in the PLD films. A secongand Il Kim (University of Wisconsii, and Alex Gurevich
explanation, which is unique for thex situprocess, is that (University of Wisconsih for experimental assistance and
the YBCO that nucleated at the substrate interface had pooréiscussion. This work was supported by the AFOSR MURI,
properties from the staftelative to films reacted from thin- and benefited from the NSF funded MRSEC on nanostruc-
ner precursops For conversion of increasingly thicker films, tured materials.
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