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Abstract: Amorphous thin films of La—Cu—O deposited by magnetron sputtering have been
annealed at different temperatures and in situ analyzed by X-ray diffraction. These experiments
were useful to determine the crystallization temperature and to follow the crystallization process of
the film. The in situ annealing X-ray diffraction analyses have been also used to determine the
thermal expansion coefficient of La2CuOa thin film. The estimated value is close to that obtained for
a commercial powder. The thermal expansion coefficient value with additional environmental
scanning electron microscopy observations explains the delamination origin that occurs during the
annealing before the crystallization step. The buckling and delamination of the film observed is
caused by the thermal expansion coefficient mismatch of the film and the substrate. During the
heating step, the mismatch generates compressive stress at the film/substrate interface, causing the
film to lift off and crack in the typical way.

Keywords: crystallization; thin films; La2CuOs; thermo-mechanical properties

1. Introduction

La:CuOs4 (lanthanum cuprate) is well known as an insulator [1-3] and antiferromagnetic material
[2-6]. However, when it is doped with oxygen or strontium, it becomes a superconductor at
temperatures lower than 40 K [2-5]. The La2xSrxCuOau+ superconductivity properties are optimal for
anarrow window of doping element concentration: 0.05 <x <0.24 [7] and 0.05 < <0.09 [8]. Therefore,
an efficient control of chemical composition of lanthanum cuprate is necessary to synthesize
optimized materials.

For large areas of application, magnetron sputtering is an efficient method to deposit simple or
complex chemically thin films. It has been used for many years in hard coatings, decorative coatings,
energy applications such as thermoelectricity or thermochromism, and more recently, the medical
area [9-15]. The advantages of the magnetron sputtering process are the use of a low deposition
pressure, a control of the composition, and the different microstructure and structure of the film that
can be obtained. Furthermore, this method can be used to coat a large range of substrates (metallic
alloys, ceramics, polymers...). Usually, the authors have used substrates such as silicon or glass that
are very convenient for room temperature processes. However, when the elaboration method
requires a heating step to crystallize the films, the thermal expansion coefficient mismatch of the film
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and the substrate has to be taken into account for the technological applications of the coatings. Few
papers have been published on the deposition of lanthanum cuprate using sputtering processes.
Briois et al., have used a reactive co-sputtering process of metallic targets to deposit lanthanum
cuprate on glass, steel, YSZ cermets, and alumina [3]. As-deposited films are X-ray amorphous and
crystallize after air annealing at 600 °C. Saadat et al. deposited La2xSrxCuOs films by radiofrequency
sputtering of two oxide targets on SrTiOs, MgO, and SrLaAlOs single crystals [16]. The as-deposited
films are also amorphous and require a post-annealing process to crystallize. The superconducting
critical temperature can be tuned by the Sr content. Using an off-axis magnetron sputtering technique,
Liu have deposited crystalline La2CuOs films on LaSrAlOs (001) single crystals by fixing the substrate
temperature at 700 °C [17]. In each case a heating stage is required for the film crystallization either
during or after the deposition. In our previous study, we also used a post deposition annealing step
to crystallize the films [18].

The present article aims to study and describe the crystallization and the thermomechanical
behavior of La2CuOs thin films deposited by magnetron sputtering on silicon substrates. As a result,
X-rays diffraction analyses and SEM observation during in situ annealing were performed on
LaxCuOa.

2. Experimental Details

La2CuO:s films were deposited on (100) silicon substrates using reactive magnetron sputtering.
Details about the experimental procedure are presented in [18] and the main parameters are reported
in Table 1. The metallic sputtering targets (50 mm diameter) were powered using pulsed-DC Pinnacle
+ Advanced Energy power suppliers. The distance between the targets and the substrate was fixed
to 7 cm. In this study, the argon and oxygen flow rates were fixed at 20 and 10 sccm, respectively.
The total pressure was ranging between 0.6 and 4.6 Pa. A throttle valve located between the chamber
and the secondary pump was used to change the total pressure without changing the gas flow rates.
The deposition duration was fixed between 2 and 6 h. The films were deposited without additional
heating and the deposition temperature measured using thermal level strips (Thermax®, La Garenne-
Colombes, France) was close to 50 °C. As-deposited films were annealed in air at temperature ranging
from 100 to 600 °C over 2 h. To promote the crystallization of the La2CuOx film, a sublayer of SrTiOs
(STO) has been deposited on the silicon substrate by RF sputtering of a SrTiOs target. The STO film
is X-ray amorphous and an annealing at 700 °C does not induce the crystallization of the STO layer.

Table 1. Experimental conditions for the elaboration of the La-Cu-O films

Parameters Values
Target diameter and thickness (mm) 50 and 3
Distance between target and substrates (cm) 7
Argon flow rate (sccm) 20
Oxygen flow rate (sccm) 10
Total pressure (Pa) 0.6-4.6
Temperature (°C) Approx. 50

The thickness of the films was measured by a tactile profilometry. The structure of as-deposited
and annealed films was studied by X-ray diffraction (XRD, Bruker, Karlsruhe, Germany) using a
Bruker D8 Advance diffractometer in Bragg Brentano configuration using the CuKa radiation
(0.15406 nm). The apparent thermal expansion coefficients were estimated with the lattice constant
variation as a function of the temperature obtained by in situ annealing XRD analysesin 0/6 mode
(X’Pert Pro MPD) using the CuK« radiation (0.15425 nm) and a HTK1200 annealing chamber or in
0/6 mode (D8 Discover) using a CoK« radiation (0.179026 nm) and a DHS1100 annealing chamber.
The La2CuOs film composition was determined using an energy dispersive spectrometer (EDS)
coupled to a scanning electron microscopy (SEM) (Philips XL30 field effect gun, Eindhoven,
Netherlands). The applied voltage during the EDS measurements was fixed to 20 keV. Depending on
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the sputtering conditions, the atomic ratio La/Cu was 2.0 + 0.2. The in situ observation of the surface
during annealing was performed by environmental scanning electron microscopy (ESEM, FEI,
Eindhoven, Netherlands) using a FEI XL30 ESEM FEG microscope equipped with a heating stage,
under water vapor atmosphere (between 200 and 400 Pa).

3. Results

3.1. Structure of As-Deposited and Air Annealed Films

A La—Cu-O 850 nm thick film deposited at room temperature was submitted to air annealing at
various temperatures. The corresponding X-ray diffractograms are presented in Figure 1 As-
deposited film is X-ray amorphous. Only a broad diffusion peak between 25° and 32° is noticed when
the annealing temperature is lower than 460 °C. The narrow peak located close to 33° is due to the
(forbidden) Si (200) reflection of the substrate. When the temperature reaches 460 °C some low-
intensity peaks appear. The intensity increases with the annealing temperature and new peaks are
detected at 480 °C. These diffraction peaks have been assigned to the tetragonal phase of La2CuOx
(JCPDS 01-088-2460). The evolution of the intensity of the (103), (110), (101), and (004) diffraction
peaks as a function of the annealing temperature is presented in Figure 2 These intensities increase
with the annealing temperature and stabilize after reaching a value of 510 °C. Furthermore, a decrease
of the full width at half maximum of the (103) diffraction peak is noticed when the annealing
temperature increases from 480 to 550 °C. The mean grain size, calculated from the Scherrer formula,
is approx. 55 nm after an annealing at 480 °C while it increases to 70 nm after a 550 °C annealing. The
mean grain size deduced from the diffractogram obtained after annealing at 600 °C is also fixed to 70
nm. The increase of the diffraction peak intensities and the increase of the mean grain size with the
annealing temperature suggest an improvement of the film crystallinity. Such behavior has been
reported in the literature for several oxides such as Bai-+SrTiOs [19] or LaNiOs [20]. Since the thermal
evolution of the peak intensity is quite the same for the different planes, the crystallized lanthanum
cuprate thin films do not exhibit a preferential orientation during their growth.
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Figure 1. Effect of a 2 h air annealing treatment on the X-ray diffractograms of a La-Cu-O film with
an atomic ratio La/Cu of 2.14 deposited on a silicon substrate with a SrTiOs sublayer (analysis

condition: Co Ka radiation).
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The crystallization temperature estimated in the present work is lower than the temperature
obtained for the solid state reaction (1074 °C) [21]. This result may originate from the deposition of
copper and lanthanum atoms in their +2 and +3 oxidation states, respectively. Such a result has been
also reported for the deposition of NdNiOs thin films [22]. Then, the annealing step is just required
to crystallize the amorphous oxide layers. For films deposited with magnetron sputtering, the
annealing temperature to get crystalline La2CuOs films is either close to our value: 600 °C for a co-
sputtering process [3] or higher: 800-900 °C for the sputtering of a ceramic target [16]. In our previous
work, a crystallization temperature of 500 °C was obtained for ex situ crystallization of La2CuOs [18].
Such a difference may be explained considering a slight variation of the film stoichiometry.
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Figure 2. Evolution of the diffraction peak intensity as a function of the annealing temperature for the
(101), (110), (103), (004) peaks on the tetragonal form of La2CuOa.

In addition to the crystallization of lanthanum cuprate film using ex situ method, the evolution
of the X-ray diffractogram during in situ air annealing has been also monitored. These experiments
confirm the results presented in Figures 1 and 2. They also bring relevant new information. Indeed,
the tetragonal lattice constants have been estimated after film crystallization during its cooling to
room temperature. The Figure 3 shows the evolution of the La2CuQs lattice parameters as a function
of the temperature for a lanthanum cuprate film and for a commercial powder. The lattice parameter
values are the mean value of the parameters calculated by fitting five times the diffractograms
obtained by this in situ method with Celref software. The thermal evolution of the lattice constants
can be used to estimate the apparent thermal expansion coefficient () using

Aa 1
a=—X— (1)
a, AT
The slope of the straight line in the Figure 3 is equal to o X a, where a0 corresponds to the lattice
constant measured at room temperature. Aa corresponds to the variation of the lattice constant in the
temperature range AT. In order to check the accuracy of this method, a (100) silicon substrate was
cooled from 600 °C to the room temperature. From the evolution of its lattice constant, the thermal
expansion coefficient was estimated to 3.2 x 106 K-! (Table 2). Since this value is very close to that of
bulk silicon (2.9 x 10-¢ K1) the procedure used to estimate & can be validated. The same analyses were
performed on commercial La2CuOs powder. When this oxide is stoichiometric a structural change
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occurs at 250 °C [8]. At low temperatures, the structure is orthorhombic (Bmab) and a tetragonal form
(I4/mmm) is encountered at high temperatures. For the commercial powder, the evolution of the
lattice constant as a function of the temperature clearly evidences a change of the slope at approx. 300
°C that is due to the structural change of lanthanum cuprate. From these lines, the thermal expansion
coefficient (TEC) of the two structures of La2CuOs have been estimated (Table 2) [23,24]. Since few
values of La2CuOs TEC are detailed in the literature, the comparison of the values is difficult [25].
However, the TEC value obtained for the orthorhombic phase (15 x 106 K-! in the a direction) is in
agreement with that previously published [23]. Since the tetragonal phase exhibits a TEC value (10.2
x 106 K) lower than that of the orthorhombic phase, the measurement of the thermal expansion
coefficient of lanthanum cuprate should allow to distinguish between the two above-mentioned
structures. The sputtered lanthanum cuprate thin film exhibits a TEC of 10.5 x 10 K in the a
direction (Table 2). This result confirms the assignment of the X-ray diffraction analyses. Even at room
temperature the films crystallizes in a metastable tetragonal form. Such behavior may be explained
considering either a possible non-stoichiometry or internal stresses.
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Figure 3. Evolution of the lattice constant of a thin film and a commercial powder of La2CuOs as a
function of the temperature. The straight lines correspond to a fit of the experimental data. For the
La:CuOs powder, the change of the slope at approx. 300 °C is due to the structural change
(transformation of orthorhombic phase to a tetragonal one when the temperature increases).

Table 2. Thermal expansion coefficient of silicon, commercial powder, and thin film calculated in this
work and reference values

Apparent TEC Measured Apparent TEC Measured

Literat
Sample Nature Value for the Lattice Value for the Lattice 1‘;::?u1;re
Parameter a (10° K1) Parameter c (106 K1)
Film on silicon 10.5+0.1 11.0+£0.5 -
La:CuO der i
s powder i 15+1 13.0+0.5 13 [23]

orthorhombic form

La:CuOs powder in
tetragonal form
Silicon 3.2+0.2 - 2.9 [24]

10.2+0.2 10+2 -
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3.2. Effect of Thermal Stress on Film Surface Morphology

SEM observations to examine the change in the surface morphology were performed before and
after the annealing at 600 °C during two hours. Before the thermal treatment, apart from growth
defects, a smooth surface is evidenced (Figure 4a). This morphology is due to the amorphous state of
the sample. After annealing, a partial delamination of the film occurs with circular hole shape (Figure
4b). Figure 4c presents a typical EDS spectrum obtained on the surface of an adherent area of the
annealed film. The EDS analyses performed in holes did not show any trace of lanthanum or copper,
indicating that the delamination occurs at the film-substrate interface. Three hypotheses may explain
this delamination. The first one involves a reaction between air and the film, that would have changed
the chemical composition of the coating. However, with the films being already fully oxidized, such
a hypothesis cannot be further considered. The second hypothesis is related to the degassing of the
substrate. Finally, the third hypothesis corresponds to the stresses that induce delamination of the
thin films. To verify these hypotheses, the films were annealed under vacuum (approx. 10 Pa)
(Figure 4d). The delamination observed after the vacuum annealing allows us to put aside this
assumption. Furthermore, since silicon does not degas during air annealing, the second hypothesis
cannot be further considered. Consequently, the formation of the flakes is more likely due to the
result of stress generated at the film—substrate interface. The peculiar shape of the flakes is typical of
homogeneous compressive stress [26,27]. It is well known that the deposition parameter can modify
the internal stress in the films [27], especially the total pressure during the deposition [28].
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Figure 4. Surface morphology of a La2CuQOs thin film (a) as-deposited, (b) after an air annealing during
two hours at a temperature of 600 °C, (c) EDS spectrum obtained on the adherent film from Figure
4b, and (d) after a vacuum annealing (2 h at 600 °C).

The increase of the total pressure in the deposition chamber decreases the number of holes, the
shape of the flakes is less circular and their diameter seems higher. An image processing software
(WSxM) has been used to estimate the surface fraction after annealing that is not covered by the
lanthanum cuprate thin film anymore [29]. A decrease of this fraction from 32% for a film deposited
at 1 Pa to 22% for a film deposited at 4 Pa has been estimated. Such behavior can be explained
considering that the increase of deposition pressure comes with a decrease of the compressive stress
into the deposited films.
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Another way to modify the mechanical behavior of the film is to vary its thickness. Indeed, the
thinner films possess a greater capacity of adaptation to stress than the thicker ones. As shown in
Figure 5 for a thickness of 350 nm, only a few holes are evidenced after air annealing. The delaminated
surface percentage was estimated of 0.02%. When the thickness increases to 750 nm and 1000 nm, the
uncovered surface after annealing increases up to 8% and 27%, respectively. Thus, within our
deposition conditions, the critical thickness beyond which delamination occurs is ranging between
350 and 750 nm [30]. Conversely to the effect of the deposition pressure, the increase of the film
thickness induces in an increase of the hole density. Then, to reduce the formation of holes after
annealing, the lanthanum cuprate films should exhibit a low thickness and be deposited at high total
pressure.

p——— 200 m

'10'(30 nm

Figure 5. SEM observation after annealing at a temperature of 600 °C of a La2CuOs film with a
thickness of (a) 350 nm, (b) 750 nm, and (c) 1000 nm.

Holes observed on the previous figures may result from compressive stresses. Usually,
amorphous films present a density lower than that of crystalline ones. The crystallization of the
lanthanum cuprate films should not induce compressive stress that is responsible for hole formation.
In order to determine when the delamination of the films occurs, air annealing treatments of two
hours have been performed at various temperatures from 100 to 600 °C with a step of 25 °C. After
each annealing, the surface morphology of the films was checked by SEM and their structure was
determined by XRD. For temperatures lower than or equal to 250 °C, no delamination has been
evidenced by SEM (Figure 6a). On the other hand, holes are clearly observed when the temperature
reaches 275 °C (Figure 6b). Since the XRD analysis confirms that the films are still X-ray amorphous
(Figure 6¢), the observed delamination implies that the volume change induced by the crystallization
is not the cause of the flakes formation. The buckling of the film, caused by important compressive
stress [31,32], is observed. To show if the flakes formation occurs during the heating or the cooling
step of the samples, in situ observation of the annealing has been performed by ESEM.
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Figure 6. Surface morphology of (a) an as-deposited film, (b) after an air annealing at a temperature
of 275 °C for 2 h, and (c) X-ray diffractogram of the film annealed at 275 °C.

Figure 7 shows the ESEM observations made at different temperatures. However, the values of
the temperature measured in the ESEM equipment cannot be strictly compared to those previously
measured using others furnaces [33]. Furthermore, the annealing atmosphere is different: air for in
situ XRD annealing or during ex situ annealing and water vapor for ESEM. Nevertheless, ESEM
experiments can bring qualitative relevant information regarding mechanistic aspects [34]. It may
clearly identify when the delamination occurs [35-37]. Before the temperature of 199 °C, no change
is noticed at the film surface. At the temperature of 199 °C, the first hole appears. When the
temperature reaches 204 °C, the number of holes has already increased. The delamination of the film
increases quickly. In addition, the formation of blister is observed at the surface. Therefore, the
formation of the flakes begins by the buckling of the film then by the failure of the film when the
stress reaches a critical value. It can be noticed that the hole diameters are homogeneous at the
beginning of the phenomena. The scatter diameter increases with the temperature due to the
combined effect of the increasing stress with the temperature and the local relaxation by the already
existing holes. The buckling and delamination phenomena stabilize at the temperature of 210 °C. No
significant changes appear after the heating until 700 °C and during the cooling of the sample. Thus,
the buckling and the failure of the films appears during the heating part of the annealing.
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100 pm 100 pm

100 pm

Figure 7. Evolution of the film surface morphology by ESEM for various temperatures. (a) 193 °C; (b)
199 °C; (c—e) 204 °C; (f) 210 °C.

The thermal expansion coefficient of the film is higher than that of the silicon substrate (Table
2). Thus, the film expands more than the substrate during a heating step. However, its adhesion to
the substrate prevents the film from freely expand, generating compressive stress in the material.
When the stress is higher than a critical value, the film is lifted off the substrate at an interfacial surface
flaw [38] and produces a blister. The particular circular shape of the blister is due to the equi-biaxal
stress in the plane, causing a homogeneous lifting of the film. This phenomenon decreases the stress
level in the film. However, when the temperature still increases, the stress raises again. When the
stress reaches another threshold, the blister cracks at the point where the compressive stress are the
greater, at the debonded film/adherent film [29] interface and at the film/air interface. It propagates
in depth and at the perimeter of the blister. When the crack reaches the film-substrate interface the
blister pops out leaving only a hole. This affirmation is supported by SEM observation of a double
diameter side of a hole. This double diameter side is caused by a plastic damage of the film [29] and
the failure of the blister.

4. Conclusions

Amorphous lanthanum cuprate films were deposited by reactive magnetron sputtering on
silicon substrates. Air annealing was performed to ensure the crystallization of the films. It occurred
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at a temperature of 460 °C and showed the improvement of the film crystallinity until the temperature
reached 510 °C. The in situ XRD analyses during annealing have been used to determine the thermal
expansion coefficient of the films. The obtained results showed that the apparent thermal expansion
coefficients of the films are similar to those of the tetragonal La2CuOs structure. This value allowed
us to explain the delamination of the film that occurred during the heating step as confirmed by
ESEM analyses. The difference in thermal expansion coefficient of the substrate and the film generate
compressive stress causing blisters and finally holes. The diameter and density of holes can be tuned
by modifying the internal stress of the films. We have also shown that by changing the deposition
pressure and decreasing the thickness of the film, the holes formation can be avoided.

Since the formation of a crystalline La2CuOs thin film requires an annealing step at temperature
higher than 500 °C, the present study clearly shows that the choice of the substrate nature is crucial
to use La2CuQs thin film for some technological applications. The thermal expansion coefficient
mismatch between the substrate and the film being the reason for the film delamination, it is
necessary to deposit the films on a substrate having a thermal expansion coefficient close to that of
LaxCuOs (approx. 10 x 106 K-1).
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