]

Physica C 184 (1991) 144-148
North-Holland

PHYSICA [

Radiation damages and flux pinning in Y Ba,Cu;0; thin films

Y.J. Zhao ! and W.K. Chu

Department of Physics, Texas Center for Superconductivity, University of Houston, Houston, TX 77204-5506, USA

M.F. Davis and J.C. Wolfe

Electrical Engineering Department, Texas Center for Superconductivity, University of Houston, Houston, TX 77204-5506, USA

S.C. Deshmukh and D.J. Economou

Department of Chemical Engineering, Texas Center for Superconductivily, University of Houston, Houston, TX 77204-5506, USA

Anne Mcguire

Department of Geoscience, Texas Center for Superconductivity, University of Houston, Houston, TX 77204-5506, USA

Received 26 August 1991
Revised manuscript received 8 October 1991

We were able to increase the critical current density (J.) and implicitly, enhance the flux pinning in high quality epitaxial YBCO
thin films by 200 keV proton irradiation. The critical temperature (T.) of the film does not change until radiation-induced
localized defects begin to overlap over distances to the extent of a coherence length. The point defect induced by radiation damage
or the radiation induced weak center (RWC) is believed to be responsible for the observed flux pinning enhancement. The self-
field of the transport current transforms the RWCs into pinning centers. Compared to the bulk materials, the much lower J.
enhancement factor observed after irradiation of the thin films is due to the already very strong pinning force of the pinning
defects in thin films. The extra pinning force of radiation defects is just a small perturbation on top of a large background.

The large increase of critical current density (J¢)
in single crystals of Y ,Ba,Cu;0; (YBCO) after being
irradiated with fast neutrons {1 ] or MeV protons [2-
4] indicates that radiation defects in HTS materials
can be very good pinning centers. However, very few
studies have been reported on flux pinning modifi-
cation of YBCO thin films which already have very
strong pinning centers. Schindler et al. [5] showed
that the J. of epitaxial YBCO thin films can still be
increased by neutron irradiation, which implies that
the flux pinning in these films is not yet optimized
and can still be improved upon. 3 MeV proton ir-
radiation has been shown to be able to enhance the
J. of the YBCO thin film slightly {6]. Even so, no
study has shown that, by few hundred keV ion ir-
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radiation, the already very high J. of YBCO thin films
can be improved. Xiong et al. have studied the tran-
sition-temperature-dependence on jon radiation dose
[7-81, and have proposed some models to explain
the observed results, but the mechanism for 7, re-
duction is still controversial.

In this paper, a first observation of transport J en-
hancement in epitaxial YBCO thin films, with a high
starting J. at 77 K of about 3% 10 A/cm?, using low
energy, 200 keV, proton irradiation, will be reported.
A weak center concept will be used to explain the
pinning enhancement.

Epitaxial YBCO thin films with a thickness of 0.2
pm were deposited onto ( 100) LaAlOj; substrates by
an optimized laser ablation process. Briefly, the films
were deposited at a substrate temperature of 770°C
in O, at 200 mTorr pressure. The excimer laser was
operated with KrF at 248 nm with a repetition rate
of 25 Hz. The peak energy density was 2 J/ cm?, re-
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sulting in a deposition rate of 0.1 nm/pulse. The c-
axis orientation was confirmed by X-ray diffraction.
T.(p=0) ranged between 85 and 89 K. J. was gen-
erally around 2 to 4 10® A/cm? at 77 K. For trans-
port measurements, standard photolithography with
negative photoresist (Olin Hunt HNR 120 process)
and Ar ion milling were used to pattern the thin films
into 5 um lines to create a four point probe pattern.
Large thin film samples were cut into smaller pieces
with area around 3X 3 mm? for magnetic measure-
ment (M-H loops).

Patterned thin film bridges were irradiated with
200 keV protons at room temperature. Under such
conditions, minor damage is annealed away auto-
matically during implantation [9]. This is helpful in
keeping the size of the damage structure small. Beam
current was limited to 0.2 pA over a 1.29 cm? area
to avoid sample heating. The microbridges were ir-
radiated by 200 keV protons at a range of fluxes ac-
cumulatively, from 5% 10'* H* /cm? to about 1 X 106
H*/cm? T, and J, after each radiation were mea-
sured with the sample taken out of the implantation
target chamber. The same irradiation conditions have
been used for the unpatterned samples used for the
magnetic studies. Irradiation dosage ranged between
8% 10'* and 5x 10'* H* /cm? for this case.

A four point probe technique was used in the
transport study. An APD cryogenic DE202 close cycle
cryostat was used to cool down the sample. The tem-
perature of the-sample was controlled by a scientific
instrument temperature controller within an accu-
racy of 0.1 K. Analog output of the temperature con-
troller (7) and four wire AC resistance bridge (R)
were connected to an X-Y recorder to plot the R-T
curves, and then T is determined by the onset of zero
resistance. The J. measurement was done by super-
imposing a small AC signal over a DC bias current
passing through the bridge, and the differential re-
sistance (dV/dI) at current / was measured by a lock
in technique. Numerical integration was then used
to derive the V-I relationship.

The correlation of the flux pinning enhancement
with the magnetic field has been studied using an in-
ductive technique. Magnetic hysteresis loops of un-
patterned epitaxial thin films were measured by an
LDJ vibrating sample magnetometer (VSM) in a
field of up to 1 T at 77 K before and after 200 keV
H™ irradiation.

Clearly, enhancement of flux pinning by 200 keV
proton irradiation has been achieved, as shown in
fig. 1. Here, flux pinning refers to the magnetic field
of the critical current itself, in a transport measure-
ment [10] under zero applied magnetic field. In or-
der to overcome, partially, the arbitrariness associ-
ated with the electric field criterion in the
determination of transport J., we show the entire
family of V-I curves with proton irradiation as a pa-
rameter. The J. enhancement at an irradiation dose
of 810" H*/cm?, using a 1 p¥/mm electric field
criterion, is about 14% at 70 K or 12% at 77 K
(H.x=0). Further increase of the dose to 1.2x 104
H™*/cm? results in a decrease in J.. The cross over
of the V-1 curve at 77 K at a dose of 1.2 10'* H*/
cm?, but not at 70 K, might indicate the temperature
independence of the superconducting cross section
shrinkage. A detectability limit of 10 nV in the V—J
measurements and the 2% reproducibility of the re-
sults preclude the possibility of an increase of J, of
this amount being due to inaccuracy, which will be
confirmed in a magnetic study.

Figure 2 shows the development of the magnetic
hysteresis loop with H* irradiation dose as a param-
eter. The enhancement rate characterized by the ra-
tio of AM or the magnetization difference between
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——%— Unirradiated(70k)
15 - —— 8E13p/cm? (77k)
] ~—=— gE13p/cm? (70k)
12 1 —— 1.2E14p/cm? (77k)
—s— 12E14p/cm? (70k)
= 7]
=3
N’
> 6
3-
o
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Fig. 1. V=I curves of a 5 pum bridge at 70 and 77 K before and
after two doses of 200 keV proton irradiation. About 14% J.en-
hancement can be observed at 70 K after 8 X 10"* H* /cm2.
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Fig. 2. Inductive measurements of pinning change before and after
200 keV proton irradiation. M-H loops include that for unirra-
diated sample, the one for 8x10'* H*/cm?, and the one for
1.5% 10" H* /cm? irradiation.
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Fig. 3. Magnetic J, enhancement rate vs. field at 77 K. The larg-
est J. enhancement is around 30%at 1 T.

the upper and lower branches of the M~H loop at the
same field, which is proportional to J. according to
the Bean model, is about 16% (H.,,=0) and 30%
(Heu=1T) for 8103 H* /em? (fig. 3). This is in
good agreement with the transport results.

The field induced state transformation of the ra-
diation caused weak center (RWC) [4] generate ex-

tra pinning centers in the thin film, which contribute
to the flux pinning or J. enhancement. Self-field of
the transport current is responsible for the state
transformation in our zero external field transport
measurements. The self-field in the direction paraliel
to the c-axis, Hy, can be derived from Ampere’s law
AnJwé/10=HyX26+H,, X2w in practical units,
and perpendicular to the c-axis the component
H,, =(2J/5)[6/2 In(1+w?/3%)+wX tan~'(6/w)]
by straightforward integration [10], with w as bridge
width, ¢ as film thickness. For a 5 um wide 2000 A
thick thin film microbridge, the self-field of a trans-
port current [10] of 3x 10° A/cm? at 77 K is roughly
190 Oe for the H,, component or 96 Oe for the H_,
component. At 70 K, this self-field of the transport
current, at a critical density of 5X 10° A/cm?, is going
to be larger than 300 Oe for the H,; component and
150 Oe for the H,, component. Both are larger than
the upper critical field of the RWCs at 70 K, which
is around 150 Oe [4]. So even at zero external field,
the RWCs will be transformed into the normal state
by the self-field of the transport current and become
effective pinning centers [4]. This in turn leads to
the above observed pinning enhancement.

Pinning enhancement at much lower proton doses
in an epitaxial thin film, compared to the case of sin-
gle crystals [2-4], is a direct consequence of the
strong pinning defects existing before proton irra-
diation. The pinning strength of a radiation weak
center is much weaker than that of intrinsic pinning
defects, for instance, the dislocations, in epitaxial
films [11]. With a high concentration of these ra-
diation defects at large irradiation doses, the distor-
tion of the flux line lattice by these isolated point de-
fects is believed to cancel out part of the pinning
effect of those strong pinning defects, just like the
case in proton irradiated single crystal YBCO [3]
where the point defects of radiation damage also de-
crease the density of states near the Fermi energy,
which then decrease the transition temperature at a
certain concentration level of the defects.

A reduction in the critical temperature of conven-
tional superconductors [12], as measured from
transport properties, was found to be caused by one
of the two mechanisms. First, the introduction of
microscopic scattering defects either during the fab-
rication or by radiation-induced displaced atoms,
changes the density of states (DOS) at the Fermi en-
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ergy, N(Ey), thereby causing a uniform depression of
T. [13]. Second, T, reduction can come about from
the isolation of individual grains of materials by
complex film preparation techniques or by amor-
phous phase formation at the grain boundaries caused
by radiation damage [14]. Since no grain boundary
is present in the epitaxial YBCO thin films, the first
mechanism of T, reduction is the more plausible, i.e.
by decrease of DOS by densely distributed point
defects.

Figure 4 shows T, as a function of the radiation
dose. The drop of T, starting at a dose of 2x 10" H™*/
cm? is caused by suppression of the DOS. As Monte
Carlo simulation [15] (Trim89) shows, the dis-
tance between the localized defects approaches 20 A
at that dose, which is comparable to the supercon-
ducting coherence length [4,10]. Before this, the
electron can pass around the radiation defects with-
out being scattered. So, no pair breaking or DOS de-
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Fig. 4. (a) T, vs. proton dose; (b) T, vs. distance between the
point defect of displacement calculated from Trim simulation. A

clear T, drop happens at 2 X 10'> H* /cm? or when the defect dis-
tance is around 20 A or close to the coherence length.

crease, 1.€. the T, drop will not happen. Incidentalty,
the T, increase around 1 X 10'* H*/cm? as shown in
fig. 4 is not quite understood.

In the R-T transition curves, as shown in fig. 5, no
obvious broadening has been observed as the irra-
diation dose increases, not even after T, has dropped
about 10 degrees. The parallel shift of the transition
curve up to a dose of 9.9 10'* H* /cm? from around
9x 10" H* /cm? is characteristic of the high quality
of YBCO thin film growth and absence of any su-
perconducting decoupling between the grains which
is characteristic of the polycrystalline films [14].

From the X-ray results of ref. [16], the c-lattice
parameter of GBCO thin films increases from 11.68
A 10 11.70 A at a dose of 2Xx 10'¢ p/cm? under 300
keV proton irradiation. This result may be extrap-
olated to YBCO. However, this lattice parameter
change ordinarily takes place with a change of com-
position from Y,Ba,Cu;0; to Y,Ba,Cu;O44 [17],
which is equivalent to an oxygen sublattice damage
of 0.03 dpa. On the other hand, from Monte Carlo
simulation, a 300 keV proton can only generate a
displacement of 0.01 dpa at a dose of 2X10'¢ H*/
cm?. If, however, a smaller binding energy of oxygen

5000

4000

3000 1

R (ohm)

2000

1000

0 50 100 150 200 250 300
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Fig. 5. Resistance vs. temperature measurements after 200 keV
proton irradiation at various doses. Irradiation doses are 9 104,
1.9%10%, 3.9x10'%, 5.9%x10'%, 7.9%10'5, 9.9x 105 H* /em?,
respectively, T, decreases with radiation dose. No broadening of
resistive transition has been observed, indicating no phase tran-
sition, which is typical of epitaxial thin film.
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atoms, for instance, is assumed, the displacement
could have been larger, which will then be in good
agreement with the X-ray diffraction study. This
supports the hypothesis of phase change during ion
irradiation. Further experiments are needed to clar-
ify the nature of the point defects, i.e. the oxygen dis-
placement or cationic displacement or both.

In our own X-ray study (fig. 6), the c-lattice pa-
rameter increases from 11.695 to 11.730 A as the
proton dose is increased to 1X 10" H*/cm?, and
then saturates as the dose is further increased. This
is in good agreement with the result of ref. [16].

In summary, we have found that it is possible to
increase the transport J, of epitaxial YBCO thin films
by low energy (200 keV) proton irradiation. Al-
though the relative amount of J. increase is only a
few percent, the absolute J. increase is still signifi-
cant considering the very high J. initial value. The
point defects from radiation damage behave as point
defects or electron scattering centers in a R-T trans-
port study, when the field including both the exter-
nal- and self-field is very low compared to the upper
critical field of the RWCs. However, during the

11.735

11.725 1

11.715 1

c-lattice constant

11.705

T

11.695 1 T
0e+0 2e+1S5 4e+15 6e+15

Dose (p/cm2)

Fig. 6. c-lattice parameter in A of YBCO thin film measured by
X-ray diffraction after different doses of 200 keV proton
irradiation.

transport J, measurement, the self-field of the trans-
port current is high enough to turn RWCs into the

normal state or pinning centers. This enhances the
total J.. We believe that the localized point defects
including the oxygen displacement serve as the elec-
tron scattering centers which reduce the DOS in the
superconductor, when the point defect concentra-
tion reaches a level that the distance between them
becomes smaller than the coherence length. This is
responsible for a 7, depression.
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