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To investigate the damage profiles of high-fluence low-energy proton irradiation on superconducting materials and
related devices, Raman characterization and electrical transport measurement of 40-keV-proton irradiated YBa2Cu3O7−x
(YBCO) thin films are carried out. From micro-Raman spectroscopy and x-ray diffraction studies, the main component
of proton-radiation-induced defects is found to be the partial transition of superconducting orthorhombic phase to the
semiconducting tetragonal phase and non-superconducting secondary phase. The results indicate that the defects induced in
the conducting CuO2 planes, such as increased oxygen vacancies and interstitials, can result in an increase in the resistivity
but a decrease in the transition temperature TC with the increase in the fluence of proton irradiation, which is confirmed in the
electrical transport measurements. Especially, zero-resistance temperature TC0 is not observed at a fluence of 1015 p/cm2.
Furthermore, the variation of activation energy U0 can be explained by the plastic-flux creep theory, which indicates that
the plastic deformation and entanglement of vortices in a weakly pinned vortex liquid are caused by disorders of point-like
defects. Point-like disorders are demonstrated to be the main contribution to the low-energy proton radiation damage in
YBCO thin films. These disorders are likely to cause flux creep by thermally assisted flux flow, which may increase noise
and reduce the precision of superconducting devices.
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1. Introduction

Applications of superconductors have entered into a new
phase of rapid development with the remarkable discovery
of high-temperature superconductors. The YBa2Cu3O7−x

(YBCO) high-temperature superconductor is one of the most
promising materials for sensitive magnetometers and commu-
nications applications, which is used in various devices such as
superconducting quantum interference devices[1,2] and high-
temperature superconductor filters.[3]

As is well known, proton radiation can affect the tran-
sition temperature TC, radiation-induced resistivity, critical
current density JC, and even phase transition in YBCO thin
films. Xiong et al.[4] showed that 300-keV proton irradia-
tion reaching a fluence of 1.3× 1016 p/cm2 can reduce the
TC of epitaxial YBCO thin films and also proposed that TC

varies as a function of proton fluence. Maisch et al.[5] ir-
radiated 100 µm–150 µm-thick YBCO films with 6-MeV
and 63-MeV protons to study the temperature dependence
of radiation-induced resistivity. Weaver et al.[6] measured
radiation-induced shifts in TC of 0.5-µm-thick YBCO samples
and 1.1-µm-thick Tl2Ca2BaCu2O8 samples irradiated with

3-MeV protons reaching a fluence higher than 1016 p/cm2.
Meyer et al.[7] deduced an orthorhombic-to-tetragonal phase
transition in YBCO thin films from x-ray diffraction (XRD)
patterns after 300 keV-proton irradiation. Although there had
been a substantial amount of research into the effects of near
MeV,[4,8] MeV,[5,6,9] and near GeV[10] proton irradiation on
the properties of high-temperature superconductor YBCO, a
few studies reported the electrical transport properties and mi-
crostructural characteristics under proton irradiation with en-
ergy of dozens of keV.[11] This was because of the neglected
effects of low-energy proton radiation damage. However,
there has been a surge in the applications of high temperature
superconductors, especially limit-current-sustainable applica-
tions in a complex radiation environment.

In this work, we present the micro-Raman characteri-
zation and electrical transport properties of epitaxial YBCO
thin films irradiated by high-fluence low-energy protons. The
YBCO thin films are irradiated with 40 keV protons of flu-
ences of 1014, 1015, and 1016 p/cm2. In this work, we
point out that flux creep has an extremely negative effect on
the application of high-temperature superconducting YBCO
thin films and related devices, which has important implica-
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tions in the field of superconductors. The main components
of proton-radiation-induced damage are elucidated by using
micro-Raman spectroscopy and XRD studies. The results of
electrical transport measurements suggest that the major con-
tribution to 40 keV-proton radiation damage is the formation
of point-like disorders.

2. Experimental details
Epitaxial YBCO thin films with a thickness of 240 nm

were prepared on (100) LaAlO3 substrates using a typical tri-
fluoroacetic metalorganic deposition method. The details of
film preparation have been reported previously.[12] In brief, tri-
fluoroacetic acid and acetates of Y, Ba, and Cu were selected
to prepare the coating solution. Through a decompression dis-
tillation stage, the precursor solution was coated onto a 2 inch-
diameter (1 inch = 2.54 cm) double-polished LaAlO3 substrate
by a dip coating method. The gel film was subsequently heat-
treated in two stages, viz. pyrolysis and sintering, in a spe-
cially designed furnace system. The high-quality uniform film
obtained was cut into several small pieces with dimensions of
10.0 mm (l) ×10.0 mm (w), where l and w are the length and
the width of the film, respectively. A conventional lithography
technique was used to fabricate high-temperature supercon-
ducting micro-bridges. The dimensions of the superconduct-
ing micro-bridges were 2000 µm (l)×20 µm (w)×240 nm (t),
where t is the thickness of the YBCO film. During argon ion
beam etching process with a Kaufman ion source, the temper-
ature of the sample was maintained between 16 ◦C and 20 ◦C
using a cooling water circulation system. Furthermore, all the
samples were subjected to lithography and ion beam etching
process. This approach minimizes the differences among the
initial samples due to specimen preparation.

Proton radiation can destroy the copper-oxide bonds at
conducting CuO2 planes and Cu–O chains in that changing
the oxygen content. The values of JC

[13,14] and TC
[15,16] are

closely related to the oxygen content rather than amorphous
layers induced by irradiation in high-temperature supercon-
ducting bulks and films. To eliminate the possible influence

of amorphous layers and substrates, a low energy of 40 keV
was chosen. The range of a 40 keV proton is approximately
172.5 nm, which is smaller than the thickness of the experi-
mental samples. To obtain the changes in the resistivities and
the microstructures at different displacement damage num-
bers, experiments were carried out at three different proton
fluences, i.e., 1014, 1015, and 1016 p/cm2, provided by a Van
de Graaff accelerator at the Institute of Semiconductors, Chi-
nese Academy of Sciences. The incident direction was paral-
lel to the c axis of the superconducting film, and the film was
kept at 293 K at a low beam flux 1.0×1012 p/(cm2·s) to mini-
mize the influence of heating diffusion. The microstructures
of the YBCO samples were characterized by micro-Raman
spectroscopy and XRD through using a LabRAM HR Evo-
lution Raman microscope system and a Philips X’Pert MRD
diffractometer, respectively. Micro-Raman spectroscopy was
performed at 293 K by using a 532 nm laser, and the XRD pat-
terns were obtained using CuKα radiation (λ = 0.15406 nm).
The electrical transport measurements were performed using a
physical property measurement system (PPMS; Quantum De-
sign, Inc., USA).

3. Experimental results and discussion
The radiation induced microstructure evolution in su-

perconducting YBCO thin films is discussed in this paper.
Changes in the microstructure of YBCO samples can arise
from atomic displacements, and other microstructural changes
are caused under different high-fluence proton radiation con-
ditions.

3.1. Micro-Raman studies

The Raman spectrum shows peaks of orthorhombic
YBCO phases at 116, 145, 335, 440, and 500 cm−1, which are
associated with the Ba Ag mode, Cu2Ag mode, O2+/O3– out-
of-phase B1g mode, O2+/O3+ in-phase Ag mode, and O4 Ag

mode, respectively. The typical micro-Raman spectra show-
ing the c-axis vibrational modes of orthorhombic YBCO are
shown in Fig. 1.
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Fig. 1. Micro-Raman spectra showing the c-axis vibrational modes of orthorhombic YBCO.
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Figure 2(a) shows the micro-Raman spectra of the as-
grown YBCO thin films and YBCO thin films irradiated at
fluences of 1014, 1015, and 1016 p/cm2. The position of apical
O4 provides an accurate estimation of the oxygen content[17]

as it is directly related to the oxygen content in the CuO2 plane.
Figure 2(b) shows the variations in the position of the peak at
500 cm−1 for the different samples. The peak shifts to lower
wavenumber values for a fluence of less than 1016 p/cm2. The
shift towards lower wavenumbers indicates reduction in the
oxygen content and formation of additional defects due to pro-
ton irradiation in CuO2 plane. This phenomenon proves the
occurrence of superconducting-to-non-superconducting phase
transition. This is also confirmed by the motion of Cu2 along
the c axis in CuO2 planes. A lower oxygen content is ex-
pected to result in a red shift as shown in Fig. 2(c). The
carrier concentration in CuO2 plane is one of the most criti-
cal parameters that influence TC. The Raman spectra suggest

that defects in the conducting CuO2 planes, such as increased
oxygen vacancies and interstitials, can result in an increase
in the normal state resistivity, but a decrease in TC. That is
confirmed by the electrical transport measurements, which are
discussed later. We observe that the wavenumber, in Figs. 2(b)
and 2(c), changes non-monotonically with the proton irradia-
tion fluence. It is likely that the excessive broken Cu–O chains
generate excessive oxygen atoms, which shift to the position
of O2 and O3 as well as O5 or act as interstitial atoms. The
shift to the position of O2 and O3 can produce an increase
of oxygen content in the CuO2 plane. And, the inconsistent
changes of wavenumbers are also found in Figs. 2(b) and 2(c).
This is due to the discrepancy in displacement energy between
Cu2 atoms and oxygen atoms, and the displacement energy of
oxygen atoms in the Cu–O chains is much lower than that of
oxygen atoms in the CuO2 plane.
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Analysis of the O2+/O3– out-of-phase mode to give a
quantitative measure of the oxygen content has been contro-
versial; nevertheless, it is generally accepted that this peak
has an intrinsic Fano-like asymmetry in orthorhombic YBCO,
while it is symmetric in tetragonal YBCO. Figure 2(d) shows
the variations in the position of the peak at 335 cm−1. It is
evident that this peak attains Lorentzian symmetry with pro-
ton fluence increasing. The symmetry of the peak is related to
the lower value of content. Moreover, the peak at 335 cm−1

shows a red shift with irradiation further increasing, which is
related to longer bond length and tensile stress. It is believed
that the tensile stress can be caused by other radiation-induced
microstructural damages, like small clusters, besides atomic
displacements.

As reported previously,[18] the peaks of YBCO phases
that appear at approximately 335 cm−1 and 500 cm−1 in the
Raman spectra of orthorhombic YBCO are generally indica-
tive of a-axis and c-axis oriented grains, respectively, with
their relative proportions represented by the ratio of a/c in-
tensity; here, the a-axis orientation is tilted from the vertical
direction to the substrate. Figure 2(e) shows the c/a intensity
ratio between the as-grown sample and the irradiated sample.
Their relative proportion exhibits a pronounced maximum at
a fluence of 1014 p/cm2, and then starts to decrease with pro-
ton fluence increasing. This tendency is attributed to the in-
crease in the number of c-axis oriented grains up to a fluence
of 1014 p/cm2 and subsequent decrease with further irradia-
tion. The increase in c-axis orientation can be attributed to a
decrease in the number of tilted grains caused by compressive
stress in the low-fluence proton irradiation process. Compres-
sive stress is produced in an YBCO/LAO system due to the
lattice mismatches between the film and the LAO substrate.
While the radiation-induced damages which induce red shift
at a peak of 335 cm−1 (Fig. 2(d)), mitigate the compressive
stress at low-fluence proton irradiation. Meanwhile, the re-
duced compressive stress release in intergrains, which leads
to the improvement of c-axis orientation. With further irra-
diation, the rate of c-axis orientation deterioration caused by
radiation-induced damages is faster than that caused by the
reduction of compressive stress. Therefore, their relative pro-
portion subsequently decreases with further irradiation. The
reduced c-axis orientation of the films is also confirmed by
the increase of the full width at half maximum (FWHM) of
YBCO(005) peak in the XRD studies.

As mentioned above, the proton radiation-induced dam-
age consists of radiation-induced atomic displacements and
small clusters. It has been confirmed that atomic dis-
placements result in orthorhombic-to-tetragonal phase transi-
tions because of increased oxygen vacancies and interstitials.
Therefore, it is considered that the tensile stress deduced from
the variation in the position of the peak at 335 cm−1 may be

linked to small clusters. However, the components of proton
radiation-induced small clusters are unknown.

Raman scattering measurement is an extraordinarily sen-
sitive technique for the qualitative evaluation of secondary
phases. Additional phonon features of the peaks at approx-
imately 300, 400, and 600 cm−1 appear in the Raman spec-
tra of the irradiated samples as shown in Fig. 2(a). The peak
at 300 cm−1 is attributed to the presence of CuO, and the
peaks at 400 cm−1 and 600 cm−1 are attributed to the pres-
ence of cation disorders (CDs), like Ba2Cu3O5.9.[19] It should
be noted that there is no variation in the intensity of the peak
at 300 cm−1 with proton fluence, while the intensity of the
peaks at approximately 400 cm−1 and 600 cm−1 increase with
the fluence of proton irradiation increasing. This indicates
that the superconducting phase is partly converted to the non-
superconducting second phase, i.e., the CD phase, after being
irradiated by low-energy protons. Consequently, it is inferred
that this non-superconducting second phase is the main com-
ponent of small clusters. Moreover, the CD phase is a direct in-
dication of the formation of defects in the Cu–O chains, which
can affect the superconducting and other properties of YBCO
thin films by interfering with the carrier concentrations in the
CuO2 planes. We deduce that radiation-induced small clusters
can increase the normal-state resistivity and also reduce the
TC.

3.2. XRD studies

Figure 3 shows the typical XRD patterns of the as-
grown YBCO thin films and the YBCO thin films irradi-
ated by fluences of 1014, 1015, and 1016 p/cm2. From
the XRD patterns, the as-grown YBCO thin films ap-
pear to be well oriented along the c axis, and a very
small number of secondary phases, such as Ba2Cu2O5 and
Ba2Cu3O5.9, exist. With particle fluence increasing, the in-
tensities of YBCO(003), YBCO(005), and YBCO(006) peaks
gradually decrease (Figs. 3(b)–3(d)), while the YBCO(001),
YBCO(002), YBCO(004), and YBCO(007) peaks gradually
disappear (Figs. 3(c) and 3(d)). The decrease in the in-
tensities of the YBCO peaks indicates that there appears a
superconducting-to-non-superconducting phase transition in
the irradiated thin film. There is another important method
used to evaluate phase transition: by comparing the oxygen
content and the c-axis length. Table 1 shows the values of c-
axis length, oxygen content, and FWHM of the YBCO(005)
peak deduced from the XRD data. The length of orthorhom-
bic YBa2Cu3O7−x and tetragonal YBa2Cu3O6 are 1.1676 nm
and 1.1819 nm, respectively. The oxygen content is evaluated
from the following equation[20]

7− x = 61.845−4.698c.
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Fig. 3. Typical XRD patterns of (a) as-grown YBCO thin films, and YBCO samples irradiated by fluences of (b) 1014, (c) 1015, and
(d) 1016 p/cm2.

Table 1. Values of c-axis length, oxygen content, and FWHM of YBCO(005) peak of YBCO films.

Fluence/(p/cm2) c-axis length/Å Oxygen content FWHM (005)/(◦)

0 11.6889 6.7997 0.189
1014 11.6889 6.7997 0.206
1015 11.7067 6.6956 0.257
1016 11.7963 6.1707 0.263
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Fig. 4. Plots of c-axis length, oxygen content, and FWHM of YBCO(005) peak versus proton fluence of YBCO films.

The oxygen content of the irradiated films is significantly

lower than that of the as-grown film as shown in Fig. 4(a). The

oxygen atoms displaced during proton irradiation result in an

orthogonal-to-tetragonal transition of the crystal lattice. This

confirms the results obtained from Raman spectroscopy mea-

surements. In contrast, the value of FWHM increases linearly

with proton fluence as shown in Fig. 4(b). It is worth not-

ing that the oxygen content and the c-axis orientation decrease

with the fluence of proton irradiation increasing. The differ-

ence between the XRD and the micro-Raman spectroscopy re-

sults can be attributed to the difference in the probe depth be-

tween the two measurement methods: dozens of nanometers

for micro-Raman spectroscopy and the whole thickness of the

thin film, approximately 240 nm for XRD. Furthermore, the
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radiation damages are different at different depths. Figure 5
shows the ion range distribution and ion distribution projected
on the XZ plane for 240 nm-thick YBCO films as calculated by
using stopping and range of ions in matter (SRIM)/transport
of ions in matter (TRIM) program.[21,22] The proton incidence
energy is 40 keV and the incident angle is normal to the sam-
ple. The calculation number is 10000 times to guarantee that
the errors are within 10% of the experimental results. The ra-
diation damage at higher depth is bigger than that at the zones
near the surface. In addition, a small number of protons and

recoil cations collide with the substrate, which induces the in-

tensities of LAO(001) and LAO(002) peaks to gradually de-

crease with particle fluence increasing as shown in Figs. 3(c)

and 3(d).

In summary, by micro-Raman spectroscopy and XRD, the

main component of proton radiation-induced defects in YBCO

thin films is found to be the partial transition of the super-

conducting orthorhombic phase to semiconducting tetragonal

phase and non-superconducting secondary phases.

Fig. 5. Ion range distribution and ion distribution produced by 40-keV protons, projected on the XZ plane for 240 nm-thick YBCO
films (calculated 104 times by SRIM/TRIM.[21,22])

3.3. Electrical transport properties

Figure 6 shows the temperature dependence of resistivity
of the as-grown and the irradiated YBCO samples under an
external magnetic field, where the external magnetic field is
parallel to the c axis. When the temperature approaches the
onset of superconducting transition temperature TC(onset), the
resistivity begins to change significantly as Cooper-pairs start
to de-pair. In this temperature region, the samples gradually
transform from the superconducting state into the normal state.
It is worth noting that irrespective of the external magnetic
field, TC(onset) decreases with proton fluence increasing. This

trend is consistent with previously reported result.[23] The low-
temperature region, in which the flux is pinned and thermal
loss is negligible, is generally used in practical applications
(Figs. 6(a) and 6(b)). However, at a fluence of 1015 p/cm2,
zero-resistance temperature (TC0) is not observed even at a
temperature of 10 K as shown in the inset of Fig. 6(c). At tem-
peratures below approximately 60 K, the resistivity increases
with temperature decreasing, which is clearly observed. The
analysis of micro-Raman spectrum and XRD data indicate that
the main reason for this phenomenon is the partial transition
of the superconducting orthorhombic phase to semiconducting
tetragonal phases and non-superconducting secondary phases.
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Fig. 6. Temperature dependence of resistivity for H ‖ c for (a) as-grown YBCO thin films and YBCO thin films irradiated by fluences of (b) 1014 p/cm2

and (c) 1015 p/cm2.

We determine the dependence of normalized resistivity

on the reciprocal of temperature at magnetic fields of 0, 1, 2,

3, and 4 T as shown in Fig. 7. For a clear observation of the

low-temperature region, we transform the y-axis scale into the

logarithmic scale and the x-axis scale into 1/T . The straight

line regime in lnR versus 1/T curves indicates a flux dynamics

that corresponds to the characteristics of flux creep in this tem-

perature range.[24] In this temperature range, the samples are
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dominated by thermal activation. We further investigate the
field dependence of the activation energy U0 from the slope of
Fig. 7.
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Fig. 7. Reciprocal-of-temperature dependence of resistivity for B ‖ c
for (a) as-grown YBCO thin films and (b) YBCO thin films irradiated
by a fluence of 1014 p/cm2.

Figure 8 indicates that the U0 of the as-grown films
is smaller than that of the irradiated films at a fluence of
1014 p/cm2. The blue line and red line are fit to a power law
relation of U0 ∝ H−α with the critical exponent α = 0.38897
for the as-grown samples and α = 0.24786 for the irradiated
samples (fluence of 1014 p/cm2), respectively. Dimensional
crossover behavior is not observed, perhaps because the se-
lected region of the magnetic field is too small. However, the
theoretical value of the critical exponent α in a single or col-
lective (elastic) creep theory[25–29] is higher than that obtained
in this experiment. So, the weak power law distribution of
U0 can be obtained by the plastic-flux creep theory,[24,30–32]

indicating that plastic deformation and entanglement of vor-
tices in weakly pinned vortex liquid is caused by disorders
of point-like defects.[23] In contrast to splayed columnar de-
fects introduced by nearly GeV energy proton irradiation and
ion irradiation, previous TEM results[9,33–35] have shown that
near MeV or MeV proton irradiation mainly produces dam-
ages such as point-like disorders, consisting of point defects
and small clusters (2 nm–5 nm), which has an obvious effect
on superconducting properties. Here, from the variations in U0

and the SRIM/TRIM simulations (Fig. 5), it can be concluded
that 40-keV-proton radiation mainly produces point-like dis-
orders. It should be noted that these disorders, consisting

of semiconducting tetragonal phase and non-superconducting
secondary phase, will introduce flux creep by thermally as-
sisted flux flow,[24–27,36] which could increase noise and re-
duce the precision of superconducting devices.
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Fig. 8. Magnetic field dependence of U0 of (red) unirradiated and
(blue) irradiated YBCO thin film. The blue line and red line are fit
to U0 ∝ H−α with critical exponent α = 0.39±0.016 for the as-grown
samples and α = 0.25±0.014 for the irradiated samples (1014 p/cm2).

4. Conclusions
The micro-Raman spectroscopy and XRD results indi-

cate that the main component of proton-radiation-induced
defects is partial transformation of the superconducting or-
thorhombic phase into semiconducting tetragonal phases and
non-superconducting secondary phases, including the CD
phase. The electrical transport measurements show a signif-
icant change in TC and an increase in magnetic resistivity, but
a decrease in TC with fluence of proton irradiation increasing
in YBCO thin films. This behavior confirms the results ob-
tained from spectroscopy measurements. Moreover, electri-
cal transport measurements suggest that 40-keV-proton radi-
ation mainly produces point-like disorders. These point-like
disorders arising from atomic displacements and clusters can
cause flux creep by thermally assisted flux flow. Flux creep
has an extremely negative effect on the applications of high-
temperature superconducting YBCO thin films and related de-
vices. Therefore, it is necessary to reduce the effect of flux
creep in proton environments. These studies are expected to
be useful for the future research in this respect.
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