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Abstract

In this paper, we reported a different approach to measure residual stress state in
YBa,Cu;0,_, (YBCO) films using Raman spectroscopy. YBCO thin films with
the thicknesses of approximately 500 nm were synthesized on LaAlO; (LAO) and
SrTiO; (STO) substrates using the Trifluoroacetate-organometallic deposition tech-
nology (TFA-MOD). A linear relationship was observed between the Raman peak
shift and residual stress. Moreover, it was noted that, as for free-standing YBCO
and YBCO thin film, a linear relationship was obtained between the Raman peak
shift Aw, the residual stress o, and the stress factor k=179.3 (cm Mpa), i.e.,
o =179.3 X Aw (Mpa). It is found that this method allowed the residual stress of
YBCO thin films to be directly measured using the Raman shift factor. This test
method can be used for the rapid and non-destructive detection of residual stress in
YBCO films.

Keywords Residual stress - Raman spectra - YBCO thin films - Superconductor

1 Introduction

Second-generation high-temperature superconductor (HTS)-coated conductors
based on films of REBa,Cu;0,_5 (REBCO; RE=Y, Gd, Sm, etc., rare earths) are
moving into practical applications for motors, fault current limiters, generators,
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and transformers [1, 2]. HTS materials have attracted the attention of many
researchers accomplish the most promising superconductors available at liquid
nitrogen temperature. For practical application, improvements are essential to
enhance the current-carrying capacity and superconducting properties of YBCO
thin film [3]. However, residual stresses will inevitably be induced in thin films
as a result of the structural variation and thermal misfit between the thin film
and substrate. The structure and properties of thin films are therefore dependent
on residual stress to some degree. Therefore, research into the residual stress in
superconducting YBCO thin films is essential.

A large number of theoretical and experimental studies have explored the prob-
lem of residual stress, and the experimental determination of residual stress in
materials is an integral part of both fundamental and applied research [4]. Schol-
ars have developed many different types of testing techniques, such as X-ray dif-
fraction, Neutron Diffraction Method, Magnetic Method, Ultrasound Method and
Indentation Strain Method, but their uses of the occasion are subject to varying
degrees of restrictions. For example, the X-ray diffraction method can be used
to measure the surface residual stress, the substrate deformation method would
destroy the sample [5]. Due to the evolution of X-ray diffraction is difficult in
epitaxial orientation and lattice structure, it is hard to accurately measure the
residual stress in the composite structures. Therefore, there is an urgent need to
develop new testing techniques for micro-scale experimental mechanics, espe-
cially for the non-destructive determination of the residual stress in thin films.
Raman spectroscopy has unique advantages in the context of non-destructive
measurements on the micro-scale, as it is non-destructive and non-contact and
has a high spatial resolution (1 pm), broad spectral range, and frequency shift
from laser light source frequency limits, with focusing changes can be different
depth of the test [6]. In particular, the sensitivity of Raman spectroscopy to the
stress in samples of materials in the deformed state causes the Raman spectrum
peaks to move and deform, making it possible to measure the mechanical param-
eters directly [7]. In recent years, Raman spectroscopy combined with mechanical
experiments led to applications such as electronic packaging, integrated circuit
chips, and micro electromechanical systems [8].

However, to the best of our knowledge, there has been niggardly research on the
characterization of residual stresses in YBCO films by Raman spectroscopy up to
now. Zeng et al. [9] reported that the influence of the thickness of YBCO thin films
on the superconducting transition temperature (7) and critical current density (/)
can be attributed to the variations in interior residual stress and surface morphology
associated with the lattice mismatch and grain orientation, respectively. Wang et al.
[10] revealed that the roughness and stress were not the main factors that cause the
slow or zero increase in J. Xiong et al. [11] determined that the values of 7 and
Jc were strongly dependent on the film thickness. Following on from these reports,
two different substrate structures were used in this study to characterize the residual
stress in YBCO films.

The goal of this study was to develop a Raman spectroscopic method for the non-
destructive determination of residual stress. A linear relationship was found between
the Raman frequency shift and residual stress. The evolution of the residual stress
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in YBCO specimens was evaluated using the relationship between the stress and the
Raman shift.

2 Experimental Details
2.1 Specimen Preparation

Two kinds of YBCO thin film specimens were prepared on S1TiO; (YBCO/STO)
and LaAlO; (YBCO/LAO) substrates using the Trifluoroacetate-organometallic
deposition technology(TFA-MOD). The preparation process was as follows. Sam-
ples of LaAlO5(100) and SrTiO;(100) with dimensions of 10x10x1 mm® were
selected as substrates. The precursor solution for the deposition of the YBCO films
was prepared from yttrium, barium, and copper trifluoroacetates synthesized. The
Y, Ba, and Cu sources were mixed in a stoichiometric ratio of 1:2:3. The precur-
sor solution entirely dissolved after several hours of stirring, at which point a stoi-
chiometric amount of trifluoroacetic acid was added into the solution. The precursor
solution was then distilled under reduced pressure to obtain a glassy blue residue.
This residue was re-dissolved in methanol to a concentration of 1.2 mol/L. The two
single-crystal substrates were subjected to different pretreatment processes prior to
use owing to their distinct physical properties. The LaAlO; substrate was ultrason-
ically cleaned with chloroform, acetone, ethanol, and deionized water (8 min per
step) and subsequently dried first with argon gas and then on a hotplate for 10 min.
The S1TiO; substrate was subjected to hydrofluoric acid and two cycles of annealing
in air at 1000 °C for 60 min. The precursor solution was then deposited by spin coat-
ing at two rotational speeds to give a film thickness of approximately 500 nm.

2.2 Determination of YBCO Thin Films Residual Stress by Raman Spectroscopy

After the object is illuminated by light, there is always a part of light scattering
around except reflection, absorption and transmission [12]. Compared with the fre-
quency or wave number of the incident light, the frequency or wave number of scat-
tered light varies greatly [13]. The Raman scattering is when the frequency varies
more than 3 x 10!° Hz, and the wave number varies more than 1 cm™' [14]. Raman
scattering corresponds to the transition between molecular rotation and vibrational
energy levels [15]. Raman spectroscopy can accurately measure the lattice vibration
energy of materials. When the material is subjected to stress, the lattice structure
will change, the lattice vibration energy will change, and the Raman frequency shift
will also change (Raman frequency shift Aw) [16, 17]. According to the relationship
between stress and relative Raman frequency shift, the stress in the crystal can be
calculated accurately [18].

If stress is present in a specimen, the stress-sensitive Raman bands will move and
deform [19]. The frequency shift of the Raman peak is proportional to the stress, as
described by Eq. (1):
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c=kXAw )

where ¢ and k are the residual stress and stress factor of the film, respectively, and
Aw is the frequency shift.

Consequently, the type and size of the stress in the film can be measured by the shift
in the Raman band. The change in the Raman peak frequency can be simply explained
as follows. When compressive stress is applied to a solid, the length of bonds in the
molecule typically becomes shorter, and the force constant increases accordingly owing
to the relationship between the force constant and bond length, thus increasing the
vibrational frequency of the band. Conversely, when the solid is subjected to tensile
stress, the band shifts to a lower frequency. Raman spectroscopy is simple to apply and
can be used for high-temperature in situ assays. It should be noted that the results of
the stress factor k& are not uniform in the current measurement of the film stress, so
the stress results calculated from the spectral displacement are inconsistent [20]. There-
fore, to obtain a more accurate stress value, other thin-film stress measurement methods
should be combined with this technique [11].

For simplification, the in-plane surface residual stress in the top coat of YBCO thin
film specimens is assumed to be in biaxial plane stress state. Numerous studies have
shown that residual compressive stress may cause films to delaminate from their sub-
strates. The first-order Raman spectrum of orthorhombic YBCO presents five Raman
active modes, stretching of the apical oxygen (O(4)) along the c-axis, labeled O(4) Ag
mode (~500 cm™!) [22]. It has also been shown that the c-axis length presented some
ambiguities concerning the oxygen content assessment in thin films [23]. Because of
the same method, the same process and three kinds of samples prepared simultane-
ously, it is considered that the frequency shift of the same O(4) peak of the three sam-
ples is mainly caused by the difference of residual stress size and type. Based on the
experimental analysis [11], the variety of residual stresses in the film is mainly attrib-
uted to oxygen vacancies with thickness of YBCO film increasing. Therefore, when the
film thickness was about 500 nm, the frequency shift caused by oxygen content can be
neglected compared with that caused by residual stress.

Using the calculated lattice parameters, we can determine the strain in the a axis
(g,), the b axis (g,), and the ¢ axis (g,) directly from Eqs. (2)—(4):

. _4-4a 5

“T T 2)
b_bo

&= 3

€ ZC_CO

= @

where €, €, €. are the misfit strains in directions a, b, and c, respectively; a, b,
c are the lattice constants of the strained thin film on the substrate; and ay, by, ¢
are the powder sample (unstressed) values (a,=3.8193 A, by,=3.8847 A, and
co=11.6834 A).
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The relationship between the three axis system of residual stress in thin films can
be applied to the Hook’s law isotropic estimate.

1

£, = E[Ua—l)(()'b-i-dc)] 5)
1

=% [o-,, - v(aa + ac)] (6)
1

£, = E[Gc_v(aa+o-b)] @)

For film materials, as the thickness is negligible compared with the substrate and
assuming that 6, = 0, the in-plane biaxial residual stress of YBCO films can be cal-
culated using Egs. (8) and (9), which can be deduced from Eqgs. (5)-(7):

E
0, = _1+u(£"_£") )
E
0=~ & ) ©

where E and v are the elastic modulus and Poisson ratio, respectively (for YBCO,
E=157 GPaand v = 0.3 [21]).
Based on the assumption that the YBCO film is an isotropic system, the residual
stress in the YBCO film can be expressed as
o, + 0y,

o=~ (10)

3 Results and Discussion

To identify the phase structure and texture of the obtained YBCO films specimens,
the specimens were examined by X-ray diffraction (XRD; Philips X’Pert PRO) using
filtered Cu Ka radiation at 40 kV and 100 mA. Scanning electron microscopy(SEM,;
JEOL JSM-5900) was applied to determine the film surface morphology. The
Raman spectroscopy characterization has been added to complete the detailed con-
ditions. At room temperature, all the Raman spectra were recorded in a 2 mW power
backscattering mode on the 532 nm line of solid-state laser (LabRAMHR Evolu-
tion, France). The Raman spectrometer has a resolution of 0.65 cm™!, a measure-
ment range of 200-1000 cm™' and a irradiation time of ~ 120 s per spectrum. The
laser beam is focused on the sample, using a 50X objective lens, and the laser size
is 1.25 pm. The critical current density (J,) was measured using a Jec-scan Leipzig
system.

Figure 1a shows the structural model of the YBCO/substrate—film. The thickness
of the YBCO film and substrate was approximately 500 nm and 1 mm, respectively.
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From RBS analysis, the thickness deviation is less than 10 nm, the compositions
ratios of YBCO films are about 1:2:3 or 0.9:2.1:3 in the whole area of YBCO films.
The superconducting properties test reveals that with the increase in film thickness
of YBCO thin film superconducting properties are not moving in the right direc-
tion. Therefore, during film preparation, the thickness of single layer could not be
pursued unilaterally, but the thickness of thin film should be pursued with ensuring
excellent superconductivity. Through the experiment, when the YBCO film thick-
ness is approximately 500 nm, the optimal critical current density and supercon-
ducting transition temperature at the same time. Figure 1b, c presents representa-
tive cross-sectional SEM images of the YBCO/LAO and YBCO/STO films, which
confirmed that thickness of the films was both merely 500 nm. The cross section of
the YBCO/substrate films was found smooth and clearly, and the YBCO film was
uniformly covered above the substrate. The films were quite dense.

Figure 2 shows the /20 XRD patterns of the YBCO film on the two substrates
and the YBCO powder sample. The films were found to grow along the c-axis.
According to the result of XRD scanning, it could be calculated according to
the software. The detailed steps of the calculation are as follows: first, the XRD
diffraction pattern of the sample is obtained by importing the XRD experimen-
tal data after calibration on silicon background noise. Then, preliminary phase
retrieval is carried out, smoothing the diffraction pattern and removing the object
image is further retrieved. Finally, the average lattice constant of grain is calcu-
lated. The conventional test could merely give the out-of-plane lattice constant,
so other test methods must be found to calculate the in-plane lattice constant of
the sample. In this paper, we used the high-resolution asymmetric rocking curve

d=500nm

520nm 512nm

BCPCAS4800 5.0kV 5.6mm x50.0k SE(U) '

Fig. 1 (Color figure online) a Structural model of the YBCO/substrate specimens; typical cross-sectional
SEM images of YBCO/substrate films: b YBCO/STO (film thickness: 520 nm), ¢ YBCO/LAO (film
thickness: 512 nm)
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to test the out-of-plane and the in-plane lattice constant of the YBCO film sam-
ple. Through the high-resolution diffraction pattern, we can calculate the c-axis
lattice constant of the YBCO film. The in-plane lattice constant usually selects a
specific asymmetric surface (hkl), which was calculated by the interplanar spac-
ing and the angle between the faces, and the YBCO belongs to the orthorhombic
system.

In this experiment, the [103] of the LAO substrate and the [109] faces of
YBCO were used to calculate the a-axis length of the YBCO film. The b-axis
length of the YBCO film can be obtained by testing the [013] face of the LAO
substrate and the [019] face of the YBCO film. Similarly, [103] planes of STO
substrate and [109] planes of YBCO were used to calculate the a-axis length of
YBCO films. The b-axis length of YBCO thin films can be obtained by measur-
ing the [013] surface of STO substrate and the [019] surface of YBCO thin films.
XRD was also carried out to evaluate the residual stress distribution in the YBCO
specimens, to confirm the reliability of the results obtained from the Raman
measurements. Both films were found to be single phased and grow in a (00 1)
orientation normal to the substrate surface. No other orientation of YBCO was
detected, indicating good-quality films with c-axis orientation.

Figure 3 shows the Raman spectra of the YBCO powder sample, YBCO/LAO
sample, and YBCO/STO sample. Figure 4 shows Raman shifts of the O4 phonon
mode for the YBCO power sample(a), YBCO/LAO(b), and YBCO/STO(c), and
the corresponding Raman shifts of the phonon peak lattice information associated
with the O4 phonon mode. Raman spectroscopy is a commonly tool for study-
ing the microstructure of molecular systems, especially for analyzing the rela-
tionship between superconductivity and structure of YBCO films. Based on the
lattice parameters (a=3.8012 A, b=3.8534 A, c=11.7312 A), the residual stress
in the YBCO film was calculated by using Egs. (1-10). Take YBCO/LAO sample

— YBCO powder sample
— YBCO/LAO
— YBCO/STO

_

=

s

Z

=

e

=

—

T T T T T T T
200 400 600 800 1000

Raman shift (cm™)

Fig.3 (Color figure online) Typical Raman spectra of the YBCO powder sample, YBCO/LAO, and
YBCO/STO
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Fig. 4 (Color figure online)
Raman shifts of the phonon
peak lattice information associ-
ated with the O4 phonon mode
for the YBCO power sample (a),
YBCO/LAO (b), and YBCO/
STO (c)
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for example, we can determine the strain in the a axis (g,), the b axis (g;,) and the
c axis (g,) directly from Eqgs. (2)—(4):

from Egs. (2), we can get g,

a-a, 38012 —3.8193
= = = —0.0047
= T 3.8193

from Egs. (3), we can get €,

_b—by _3.8534-3.8847 _

= = —0.00806
= T 3.8847
from Eqgs. (4), we can get €,
e = €=¢ _ 11.7312 — 11.6834 — —0.00409

P 11.6834

The relationship between the three axis systems of residual stress in thin films
can be applied to the Hook’s law isotropic estimate, from Egs. (5)-(7), we can get

Eq. (8)
E 157

= —e)=— 0.00409 + 0.0047) = —1062 MP
%= ~T o ) =~ T3¢ + ) a

from Eqgs. (5)-(7), we can get Eq. (9)

E 157
- T &) = — 7950004 : = —1468 MP
O 1+0 (e~ &) 1303 (0.00409 + 0.00806) 68 MPa

from Eqgs. (5)—(7), we can get Eq. (10)

c,+0, —1062 — 1468
OYBCO/LAO™ ) = > = —1265MPa

According to the above calculation steps, we can also calculate the residual stress of
YBCO/STO samples.

GYBCO/STO:3457 MPa

Take YBCO/LAO sample for example, from Eq. (1) o=k X Aw, we can get the k;,

OYBCO/LAO —1265
k, = = =179.7 MP
! Aw —7.037 (emMPa)

When the YBCO/STO sample, from Eq. (1) 6=k X Aw, we can also get the k,,

OYBCO/STO 3457
k, = = =178.9 MP
2 Aw 19.322 (cm MPa)

For the accuracy of the test results, we take an average value:
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ki +k
_“ 2 _ 179.7 + 178.9 = 179.3 (cm MPa)

k
2 2

The result is also within a reasonable error range.

The residual stress was —1265 MPa, where Aw=w, — @), ®, and @, are the
peak position of the stressed state and the peak position of the stress-free state,
respectively. From the results shown in Fig. Sa—c, the frequency shift Aw between
the YBCO/LAO film and the YBCO powder sample was calculated to be —7.037.
The stress factor was 179.7. As shown in Tables 1 and 2, the residual stress of the
YBCO/STO film was 3457 MPa, which is consistent with the results of the previous
investigations [11].

The SEM images shown in Fig. 5 reveal the surface morphologies of the YBCO
films on the two substrates. From Fig. 5a, a lot of needle-like grains can be seen in
YBCO/LAO film, and these grains are generally considered as a-axis grain growth
[23], and the thin films grow densely with fewer pores. The appearance of a-axis
grains will cause tensile stress in the upper layer of the superconducting film [24].
The existence of pores is conducive to the release of residual stress in the film [25].
The pores formed on the surface of YBCO thin film make the film less dense and

&

kV 5.1mm x10.0k SE(M)

Fig.5 SEM images showing the surface morphologies of the films: a YBCO/STO, b YBCO/LAO

Table 1 Frequency shifts of the

different specimens Specimen 0 s A
YBCO powder sample 480.916 - -
YBCO/LAO - 473.879 —17.037
YBCO/STO - 500.238 19.322

Table 2 Lattice parameters, strain, and residual stress calculated from XRD

Specimen a (A) b (A) c S(A) £, £, £, o(MPa)
YBCO powder sample 3.8193 3.8847 11.6834 - - - -
YBCO/LAO 3.8012 3.8534 11.7312 —-47x1073 -8.1x107° 41x1073 —1265
YBCO/STO 3.8243 3.6503 11.6750 13x1073 —6.0x1072 —-72x10™* 3457
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then affect the superconductivity of the thin film. From Fig. 5b, it can be seen that
more pores was produced in the YBCO/STO film, which is useful for the residual
stress released. This discussion is consistent with the results calculated in Table 2.

Figure 6 shows the values of the superconducting critical current density J for
the YBCO films on the two substrates. Due to the existence of pores, the in-plane
residual stress in the YBCO thin film is diminished, which result from the higher J
in YBCO/LAO sample. In addition, we found that the larger residual stress in the
film leads to the smaller J.. Then, we deduced that the residual stress of the YBCO
superconducting film has a certain inhibition on J.. It is found that the existence
of large tensile stress will lead to the formation of a-axis grain growth and the loss
of superconductivity [25], resulting in the decrease of J-, which corresponds to the
results of X-ray diffraction and SEM images.

Figure 7 shows the superconducting transition temperature T, distribution of
YBCO thin films on the two substrates. From Fig. 7a, b, it is clear that the supercon-
ducting transition temperature of the YBCO film on the STO substrate is higher than
the superconducting transition temperature of the YBCO superconducting film on
the LAO substrate, but the difference is not big.

4 Conclusions

A different approach was applied to measure residual stress state in YBCO films
using Raman spectroscopy. YBCO thin films with the thicknesses of approxi-
mately 500 nm were synthesized on LAO and STO substrates using the TFA-
MOD. Residual stress state in YBCO specimens was determined using the
Raman shift. A linear relationship was observed between the Raman peak shift
and residual stress. Moreover, it is noted that, as for free-standing YBCO and
YBCO thin film, a linear relationship was obtained between the Raman peak
shift Aw, the residual stress o, and the stress factor k=179.3 (cm Mpa), i.e.,

1.4x10°
s —=— YBCO/STO
1.2x10° —e— YBCO/LAO

—_
(=]
>
—_
S
w
L)

4 L

o
=
=
ol
S

.

/N2 f(p Vsec)
o
£
)
I

V.

" 4.0x10™

2.0x10™

0.0

0.00 0.05 0.10 0.15 0.20 0.25
I, /2(8)

Fig. 6 (Color figure online) J, profiles for the superconducting YBCO thin films
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Fig.7 (Color figure online) T, profiles for the superconducting YBCO thin films: a YBCO/LAO, b
YBCO/STO

o =179.3 X Aw (Mpa). It is found that this method allows the residual stress of
YBCO thin films to be directly measured using the Raman shift factor.
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