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Impact of oxygen diffusion on superconductivity in YBa2Cu3O7−δ thin films studied
by positron annihilation spectroscopy
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The oxygen deficiency δ in YBa2Cu3O7−δ (YBCO) plays a crucial role for affecting high-temperature
superconductivity. We apply (coincident) Doppler broadening spectroscopy of the electron-positron annihilation
line to study in situ the temperature dependence of the oxygen concentration and its depth profile in single
crystalline YBCO film grown on SrTiO3 (STO) substrates. The oxygen diffusion during tempering is found to
lead to a distinct depth dependence of δ, which is not accessible using x-ray diffraction. A steady state reached
within a few minutes is defined by both, the oxygen exchange at the surface and at the interface to the STO
substrate. Moreover, we reveal the depth-dependent critical temperature Tc in the as prepared and tempered
YBCO film.
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I. INTRODUCTION

The cuprate YBa2Cu3O7−δ (YBCO) is one of the
most prominent representatives of oxides exhibiting high-
temperature superconductivity (HTS) [1–3]. The structure of
YBCO is characterized by two different lattice sites specific
for the Cu atoms which are the chain site Cu(1) and the plane
site Cu(2). Oxygen deficiency in YBCO, i.e., the presence of
oxygen vacancies at the chain site for δ > 0, strongly affects
the hole doping within the CuO2 planes. This hole doping,
however, drives exceptional phenomena highly relevant for
technical applications and fundamental solid state physics
such as HTS with a critical temperature Tc above 90 K and,
presumably intertwined, charge-density-wave (CDW) order
[4–6]. For this reason, in the literature the oxygen deficiency δ

is widely used for the characterization of the superconducting
properties of YBCO crystals.

For technical applications such as superconducting wires,
fault current limiters, or magnets as well as for the fundamental
investigation of the interplay between CDW and HTS phases
high-quality crystals of YBCO are required. Since oxygen
diffusion in YBCO is strongly affected by temperature heat
treatment in vacuum or oxygen atmospheres has become
a standard procedure for adjusting the value of δ. Hence,
the applied preparation process finally settles the distribution
of oxygen in the YBCO sample. However, even in single-
crystalline thin films a clear impact of the tempering procedure
on the lateral homogeneity of δ was observed [7].

In this paper we report on the depth-dependent investigation
of the oxygen distribution in YBCO films and the evolution of δ

during tempering. We applied (coincident) doppler broadening
spectroscopy [(C)DBS] of the electron-positron annihilation
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line using a slow positron beam [8,9] to determine the depth
profile of the oxygen deficiency. After implantation and ther-
malization, positrons diffuse through the crystal until they
annihilate with electrons at a typical rate of around 5 · 1011s−1

in singe-crystalline YBCO [10,11]. In this system, positrons
show a particular high affinity to the oxygen-deficient plane
of the CuO chains [7,10,12–17]. Due to the high positron
specificity to oxygen vacancies around the Cu(1) sites the
momentum of the annihilating pair measured with (C)DBS
is highly sensitive on the oxygen deficiency δ and in turn to
the local transition temperature Tc in YBa2Cu3O7−δ .

II. EXPERIMENTAL METHODS

A. Single-crystalline YBCO thin films

A single-crystalline YBCO film with a thickness of
230(10) nm was grown epitaxially on a routinely cleaned,
single crystalline (001) oriented SrTiO3 (STO) substrate (5 ×
5 mm2) by pulsed laser deposition (PLD) [18,19]. A KrF
laser with a fluence of 2 J/cm2 was used restricting pulse
energy to 750 mJ and pulse frequency to 5 Hz. The deposition
took place at around 760 ◦C at a defined oxygen pressure of
0.25 mbar. After deposition, the film was annealed at 400 ◦C in
a 400 mbar O2 atmosphere for oxygen loading. Afterwards, a
critical temperature of Tc = 90 K was determined by electron
transport measurements. The single-crystallinity of the grown
film was confirmed by x-ray diffraction (XRD). A linear
equation reported in Ref. [20] was used to determine the overall
oxygen deficiency δ from �-2� scans. In the as-prepared
state δ = 0.191 and after the heat treatment described below
δ = 0.619 were identified.

B. (Coincident) Doppler broadening spectroscopy

In (C)DBS, high-purity Ge detectors are used to measure
the Doppler shifted energy E = 511 keV ± �E of γ quanta
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emitted from positrons annihilating with electrons. The
Doppler-shift �E = pc/2 predominantly results from the
(longitudinal) momentum p of the electron (c is the velocity of
light). The energy of a single annihilation quantum is analyzed
in DBS whereas in CDBS [21] both annihilation quanta
are detected in coincidence using a collinear detector setup.
We evaluated the DBS spectra by calculating the line shape
parameter S, which is defined as the fraction of annihilation
quanta with �E < 0.85 keV of the Doppler broadened annihi-
lation line. Applying CDBS enhances the peak-to-background
ratio and the respective spectra I (�E) were extracted by an
algorithm described elsewhere [22].

It was shown that (C)DBS is highly sensitive to the oxygen
deficiency δ in YBa2Cu3O7−δ: a higher δ leads to a less
broadened annihilation line and hence to an increase of S

[12,23–25]. This correlation was found to be linear in our
YBCO films [7]. Similar to the behavior of the S parameter
also an increase of the positron lifetime was observed with
higher oxygen deficiency [11]. The present experiments were
performed at the CDB spectrometer [26,27] at the high-
intensity positron beam NEPOMUC [9]. A variable positron
implantation energy E+ in the range between 0.3 and 30 keV
enables in situ depth-dependent investigations at temperatures
up to 900 ◦C.

III. EXPERIMENTS

A. In situ DBS during tempering

For studying the oxygen diffusion we performed DBS
in situ during elevating the temperature and by alternately
switching the positron implantation energy E+ between 4
and 7 keV. The respective Makhovian implantation profiles
P (z,E+), as plotted in Fig. 1(a), were calculated with the
material-dependent parameters obtained from an interpolation
over the mass density [28] and by accounting for the boundary
condition of a continuous transmission at the YBCO/STO
interface. At 4 keV, positrons exclusively probe the bulk of
the YBCO film whereas at 7 keV the probed region is closer
to the interface, and about 9.0 % of the positrons actually
annihilate in the STO substrate according to the evaluation of
the depth-dependent measurements discussed in Sec. III C. As
shown in Fig. 1(b) the temperature T was increased stepwise
up to 400 ◦C within a total measurement time of around 3 h.

For both probed depth regions, i.e., at the incident energies
E+ = 4 and 7 keV, the heat treatment led to an increase
of the S parameter [see S(t) in Fig. 1(b)]. The last S value
reached at each temperature step normalized to the initial S

parameter is plotted as a function of T in Fig. 1(c). We find
at both probed energies a linear S(T ) dependence above the
respective onset temperatures which is slightly above 240 ◦C at
E+ = 4 keV and around 280 ◦C at E+ = 7 keV. As observed
in our previous study [7] this change of the S parameter is
attributed to the increase of δ. The S parameter SSTO of the
STO substrate remains unchanged during tempering as obvious
from the depth-dependent DBS presented in Sec. III C. The
mean, i.e., not depth resolved, change of the oxygen deficiency
was determined by complementary XRD studies on the film
before and after the heat treatment yielding an overall increase
of δ from 0.191 to 0.619. However, the quantitative analysis of
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FIG. 1. In situ DBS during tempering. (a) Positron implantation
profiles P (z,E+) as function of the depth z for the used incident
positron energies E+, (b) S parameter and temperature T as function
of process time t , and (c) normalized S as function of temperature T
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in situ DBS at elevated temperatures shows that the variation
of S significantly depends on the probed depth region in the
YBCO film suggesting a nonconstant δ changing with z. It is
noteworthy that S(4 keV) increases by 2.4 % whereas S(7 keV)
rises only by 1.3 % [see Fig. 1(b)]. Since at E+ = 4 keV all
and at E+ = 7 keV a positron fraction of 91.0 % annihilates in
the YBCO film, an assumed constant SYBCO(z) would imply
an increase of S(7 keV) by 0.91 · 2.4% = 2.2%. Hence, a
deeper analysis of the nonconstant S-parameter in the YBCO
film SYBCO(z) is expected to provide detailed depth-dependent
information of the oxygen diffusion process.

B. CDBS: Structural changes

To observe the depth-dependent change in δ we recorded
CDB spectra in the as-prepared state and after tempering at two
different depth regions probed with positron implantation en-
ergies of E+ = 4 keV and 7 keV. For this purpose we compared
the tempered with the as prepared state by evaluating the CDB
ratio curves R1(�E) = Itemp(�E,4 keV)/Ia.p.(�E,4 keV)
and R2 = Itemp(7 keV)/Ia.p.(7 keV) as shown in Fig. 2(a). (For
reasons of clarity, the argument �E is omitted in the follow-
ing.) Alternatively, the same spectra are analyzed using the ra-
tio curves obtained at different energies for the as-prepared and
tempered state, respectively, R3 = Ia.p.(7 keV)/Ia.p.(4 keV)
and R4 = Itemp(7 keV)/Itemp(4 keV) [see Fig. 2(b)]. In addi-
tion, theoretical ratio curves of defect-free YBa2Cu3O7 to
YBa2Cu3O6 as well as those for various metallic vacancies Vx

as potential annihilation sites in YBCO, which were calculated
for earlier studies [7], are plotted in Fig. 2(c).

The ratio curve at 4 keV R1 exhibits a signature char-
acteristic for oxygen-rich crystals as the theoretical ratio

144503-2



IMPACT OF OXYGEN DIFFUSION ON … PHYSICAL REVIEW B 97, 144503 (2018)

0 2 4 6 8 10

0.8

1.0

1.2

1.4

0 2 4 6 8 10
0.9

1.0

1.1

1.2
(b)

(a)

E
+

= 7 keV to E
+

= 4 keV

as prepared
tempered

tempered to as prepared

C
D

B
 R

at
io

0 2 4 6 8 10
0.9

1.0

1.1

1.2
E

+
= 4 keV

E
+

= 7 keV

C
D

B
 R

at
io

(c) ideal V
Ba

V
Y

V
Cu(1)

V
Cu(2)

YBa
2
Cu

3
O

7
to YBa

2
Cu

3
O

6

∆E (keV)

C
D

B
 R

at
io

FIG. 2. CDB ratio curves. (a) Tempered to as prepared state
for positron implantation energies E+ = 4 keV and 7 keV [see
Fig. 1(a) for probed depth region], (b) E+ = 7 keV to E+ = 4 keV
for as-prepared and tempered state, and (c) calculated ratio curves of
YBa2Cu3O7 to YBa2Cu3O6 for various positron states.

curve of YBa2Cu3O7 to YBa2Cu3O6 in Fig. 2(c) displays.
In addition, R1 takes values below unity for 3 keV < �E <

7 keV, which is attributed to the presence of vacancies VCu(2)

in the CuO2 planes. Other remaining positron states, which
might contribute to the signature of R1, cannot be further
identified due to the relatively small differences seen between
the calculated ratio curves for the various other annihilation
sites. At higher implantation energy R2 only slightly differs
from unity which demonstrates that the changes are clearly
smaller in the depth region probed at E+ = 7 keV. In the
as-prepared sample the similarity of R3 with unity shows no
evidence for a depth-dependent variation of annihilation sites,
and positrons annihilating in the STO substrate barely, if at
all, affect the CDB signatures. After tempering, however, R4

behaves similarly to R1 showing a CDB signature character-
istic for oxygen-rich crystals and emerging VCu(2) vacancies.
Hence, we conclude that after tempering δ decreases towards
the interface.

C. DBS: Depth-dependent investigations

The depth-dependent change of the oxygen deficiency is
studied in more detail by analyzing the S parameter as a func-
tion of the positron implantation energy S(E+) recorded before
and after tempering. In general, the measured S parameter
as shown in Fig. 3 can be described by a superposition of
different positron states with characteristic values at the surface
Ssurf , in the YBCO film SYBCO and in the STO substrate SSTO.
For higher implantation energies E+, a significant fraction
of positrons annihilates in the substrate with SSTO whereas
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FIG. 3. S parameter as function of positron implantation energy
E+ before and after tempering. The solid lines represent fits yielding
S(z) as plotted in inset (a) with the respective goodness of the fit
χ 2

red(�S) with �S = S(0 nm) − S(230 nm) in the tempered sample
(b). For E+ < 4 keV positron states at the surface affect the data.

for E+ < 4 keV positrons also annihilate at the surface with
Ssurf > 0.52. In the as-prepared state, a plateau between 4 and
8 keV indicates the predominant annihilation in the YBCO
film. After tempering S increases in this region as expected
from the results obtained by the in situ measurements at
higher temperature. Both, SSTO and Ssurf hardly change during
tempering. However, detailed information on the depth profile
SYBCO(z) in the YBCO film can be extracted from S(E+).

We performed least-square fits of the S(E+) curves by
considering the depth distribution of annihilating positrons
at each energy E+ using the positron implantation profiles
P (z,E+). Based on previous experimental studies [7] positron
diffusion plays no significant role along the normal of the
YBCO film since positrons either stick at the oxygen deficient
plane of the CuO chains or are trapped in metallic vacancies.
The sharp decrease of S(E) at the surface as observed for
E+ < 4 keV (see Fig. 3) also indicates a very short positron
diffusion length. The positron diffusion length L+,STO in STO
was treated as free parameter and was found to be 175 nm.
Subsequently, we folded P (z,E+) with hypothetical S(z)
profiles to obtain the best agreement with the measured S(E+)
curve. It was not possible to get a reasonable fit by assuming
SYBCO(z) to be constant in the tempered YBCO film. Instead,
applying a linear dependence of S on z was found to be needed
to obtain excellent agreement with the measured data of both,
the as prepared and tempered state. The fit results of S(E)
and S(z) are depicted as solid lines in Fig. 3 by minimizing
χ2

red(�S,SSTO,L+,STO) as shown in Fig. 3(b). In the as-prepared
state SYBCO(z) slightly increases towards the YBCO/STO inter-
face. After tempering, however, SYBCO(z) is, on average, higher
and decreases towards the interface within the found range
�S. These results allow us to determine δ(z) profiles for both
YBCO films.
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as function of depth z in the as prepared and tempered YBCO film.

IV. DISCUSSION

The nonconstant S(z) found in the YBCO film displays a
depth dependent δ(z). We calculated the respective δ(z) depth
profiles using the linear correlation between S and δ derived
in a previous study [7]. The S-δ calibration was done by
extrapolation from the reference values determined by XRD
δ = 0.191 and 0.619 for the as-prepared and tempered state
and the respective values of S obtained by averaging S(z) in
the YBCO film (see Fig. 3).

As shown in Fig. 4 in the as-prepared state we observed
an increase of δ from 0.0 at the surface to 0.4 at the interface
and after tempering a decrease from 1.1 to 0.2. The linear
dependence reflects a steady state solution of the diffusion
equation for oxygen and hence, displays a state of thermody-
namic equilibrium. The oxygen deficiency δ(0 nm) represents
the value where oxygen exchange between the film and atmo-
sphere is in equilibrium. The as-prepared state was achieved
in an oxygen atmosphere of 400 mbar at 400 ◦C which leads
to oxygen loading of the YBCO film. Hence the maximum
oxygen content is reached at the surface δ(0 nm) ≈ 0 and
decreases towards the interface (higher δ). The heat treatment
in the vacuum led to oxygen unloading of the tempered
sample yielding δ(0 nm) � 1.1. According to the observed
δ(z) behavior the oxygen concentration increases towards
the interface, i.e., the oxygen deficiency near the surface is
significantly higher than deep in the film close to the interface.

As obvious from the measured S(T ) dependence [cf.
Fig. 1(c)] applying a higher temperature leads to an increase
of the oxygen loss and hence to an increase of δ. The step-
like behavior of S(t) (see Fig. 1) shows that temperature-
induced changes end within minutes above 350 ◦C. Hence
thermodynamic equilibrium is estimated to be reached within
the same time scale. Our results suggest that in this regime
the maximum temperature is decisive for the finally reached
mean value of δ. The strong increase of δ towards the surface
leads to a lower overall oxygen content inside the YBCO film.
At the interface, however, δ(230 nm) slightly decreases by
around 0.15 during the heat treatment. This (small) effect might
indicate that oxygen diffused from the STO substrate into the
YBCO film during tempering.

The depth dependence found for δ(z) implies a depth
variation of the critical temperature Tc since it is directly
correlated to the oxygen deficiency δ [29–31]. The Tc(z)
behavior can hence be derived by interpolating the values de-
termined by measurements on reference samples. As expected
for the as-prepared state, Tc(z) changes only slightly since δ

covers mostly a range where Tc(δ) ≈ 90 K, and becomes lower
near the YBCO/STO interface (see Fig. 4). After tempering,
however, δ varies in a large range that leads to a more complex
Tc(z). In the near surface region we expect insulating behavior
and for 100 nm < z < 200 nm HTS with Tc ≈ 60 K. Closer
to the interface, Tc increases further. Thus in applications of
such HTS films the operating temperature can be used as
driving factor for the width of the superconducting layer. It
is noteworthy that the obtained Tc characteristics follow from
the measured δ(z) depth profile only, whereas in transport
experiments just a mean value of Tc is accessible neglecting
lateral inhomogeneities in the YBCO film and in which the
contacting of the samples might effect the measurement [7].

The present results demonstrate that the mobility of oxygen
atoms in YBCO plays an important role for the preparation
of high-quality films using PLD. In several studies, typical
diffusion lengths for oxygen in YBCO bulk samples were
determined elsewhere. A heat treatment at 430 ◦C for 20
minutes yielded diffusion lengths of 10 nm along the c axis and
6 μm along the a and b directions [32]. However, in the thin
film samples of the present study the oxygen diffusion along c

is expected to be faster by roughly one order of magnitude since
thermodynamic equilibrium was already reached after several
minutes of tempering above 350 ◦C. An extraordinarily high
oxygen mobility along the c-axis has been reported in other
studies on YBCO films produced by magnetron sputtering [33]
and laser ablation [32]. Moreover, we observed an onset tem-
perature at around 240 ◦C for oxygen diffusion, which is lower
compared to values published for bulk YBCO, e. g., 350 ◦C
observed by electric resistance measurements [34] or 400 ◦C
by positron annihilation spectroscopy [35]. In other studies on
YBCO films similarly low onset temperatures around 250 ◦C
have been determined by a combination of oxygen tracer dif-
fusion and secondary ion mass spectroscopy [32]. Our CDBS
results suggest that the observed high mobility of oxygen atoms
and the low onset temperature for oxygen diffusion might be
connected to VCu(2) vacancies in the CuO2 planes.

Finally, we discuss the homogeneity of δ in thin single-
crystalline YBCO films with a thickness of several 100 nm as
characteristic for laser-ablated samples. Along the c-axis we
have observed a thermal equilibrium state with a linear δ(z)
depth profile determined by the surface value δ(0 nm) and the
oxygen content at the YBCO/STO interface δ(230 nm). The
value of δ(0 nm) can be adjusted by partial oxygen pressure
in the atmosphere and by temperature [35]. Assuming that
the STO substrate provides an ideal homogeneous reservoir
of oxygen, only the maximum temperature should affect the
exchange rate of oxygen at the YBCO/STO interface and hence
the value of δ(230 nm). However, more detailed insights into
this process and the properties of the interface is beyond the
scope of the present study. In practically identical thin film
YBCO samples we found lateral inhomogeneities of δ along
the direction of a and b [7]. According to the kinematics
discussed above, we estimate that a tempering time in the
order of 200 h is required to reach a laterally homogenous
distribution of oxygen. Since local structural variations of the
interface between STO substrate and the YBCO would affect
the oxygen exchange future studies with the scope on the sur-
face homogeneity of the STO substrate could provide further
useful information. Possibly, the homoepitaxial deposition of
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a single-crystalline STO layer by PLD prior to the growth of
the YBCO film with adjustable defect densities in the inter-
mediate STO layer [36–38] might improve the homogeneity
of the interface. Incorporating an oxygen diffusion barrier
at the interface would lead to a constant equilibrium depth
profile δ(z) = δ(0 nm). Therefore, such a layer is expected to
simplify significantly the preparation of YBCO films with a
homogeneous and precisely defined oxygen deficiency δ.

V. CONCLUSION AND OUTLOOK

In this study we investigate the diffusion related properties
of the oxygen deficiency δ in epitaxial single-crystalline
YBa2Cu3O7−δ thin films. The averaged δ could be determined
by XRD, and the mean Tc was obtained from transport
measurements. By applying (C)DBS with a variable energy
positron beam, we succeed in revealing the depth distribu-
tion of the oxygen content which in turn unveils the depth-
dependent critical temperature Tc. Thus in future applications
it has to be considered that changes in the ambient temperature
affect the width and hence the current density of the supercon-
ducting layer. In situ measurements at elevated temperature
allowed us to gain insights into the kinematics of oxygen atoms.
An onset temperature for oxygen diffusion was found slightly

above 240 ◦C reflecting the high mobility of oxygen along the
c axis. The depth distribution of oxygen in the thermodynamic
equilibrium after preparation and after the heat treatment were
shown to be driven by the oxygen exchange at the surface
and to lesser extent at the YBCO/STO interface. The oxygen
content near the surface can be manipulated relatively easy by
the ambient pressure and temperature, whereas the control of
the interface processes is more demanding. Solving this issue
is key for further improving the quality of single-crystalline
YBCO films in terms of a precisely defined homogeneous
oxygen deficiency. The availability of such samples exhibiting
unprecedented quality is estimated to be highly relevant for
a better understanding of fundamental phenomena and for
technical applications of the HTS YBCO.
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