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Abstract

We report the integration of high-quality epitaxial Lay;3Sr13MnOz (LSMO) thin films
onto SrTiO3 buffered Silicon-on-Sapphire (SOS) substrates by combining state-of-the-art thin
film growth techniques such as molecular beam epitaxy and pulsed laser deposition. Detailed
structural, magnetic and electrical characterizations of the LSMO/STO/SOS heterostructures
show that the LSMO film properties are competitive with those directly grown on oxide
substrates. X-ray magnetic circular dichroism measurements on Mn L,3 edges show strong
dichroic signal at room temperature, and angular-dependent in-plane magnetic properties by
magneto-optical Kerr magnetometry reveal isotropic magnetic anisotropy. Suspended micro-
bridges were thus finally fabricated by silicon micromachining, thus demonstrating the potential
use of integrating LSMO magnetic layer on industrially compatible SOS substrates for the

development of applicative MEMS devices.
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1. Introduction

Optimal ‘Sr’ doped manganite Lay3SrisMnO3; (LSMO) exhibiting a room-temperature
ferromagnetic metal phase (Curie temperature, T, ~ 360 K) [1] is considered as a suitable
candidate not only for spintronic devices but also bolometers and microelectromechanical
systems (MEMS) [2-5]. LSMO thin films are also used as buffer layers for low field magnetic
sensors, magnetic memory applications operating at room temperature [6-8]. Several studies
have been made on the LSMO film growth on many oxide substrates showing excellent electrical
and magnetic properties of the LSMO films [9-13]. Despite these excellent properties, oxide
substrates are considered neither industrially scalable nor economically viable. Therefore, in the
last decade, with the advancements in the epitaxial growth techniques such as MBE and PLD,
attempts were successfully made to epitaxially grow LSMO films on silicon substrates by using
SrTiO3 (STO), CaTiO3 or CeO,/YSZ as a buffer layer [14—20]. Other techniques such as transfer
printing [21] have been also pursued. These advancements in oxide integration on a
semiconductor substrate are a great step towards realizing device applications [16]. Along with
silicon, there is also an interest in exploring the integration of LSMO on other industrially
compatible substrates such as Silicon-on-Insulator (SOI) [22], Silicon-on-Sapphire (SOS), etc.
These substrates are known to outperform bulk silicon wafers in the development of RF devices
due to their higher insulating properties and are already being used in complementary metal-
oxide semiconductor (CMQOS) technologies [23]. Sapphire substrates are also advantageous in
the development of high-frequency devices, thanks to their low dielectric losses. The
combination of silicon with sapphire in SOS substrates additionally allows the use of the
conventional micromachining techniques of silicon for the fabrication of MEMS devices. In
particular, since the use of SOS substrates offers the double advantage of the use of sapphire as a
material with a high dielectric constant for high-frequency operation and of silicon for
micromachining these substrates are very promising to be used in the fabrication of antenna-
coupled bolometers for infrared or THz detection [24]. Despite the numerous advantages, to our
knowledge, no attempts have been made on the integration of manganite films on SOS substrate.

In this paper, we studied the structural, magnetic and electrical properties of epitaxial
LSMO films integrated on SOS substrate by using STO as a buffer layer. High quality electrical
and magnetic properties were obtained, as confirmed by electrical resistivity and magnetization

versus temperature characteristics, but also more advanced techniques such as room temperature
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element sensitive x-ray absorption (XAS) and x-ray magnetic circular dichroism (XMCD)
spectra at the Mn L, 3 edges performed at the advanced photoelectric effect beamline high-energy
branch (APE-HE) of the Elettra synchrotron radiation facility in Trieste, Italy [25] and angular-
dependent in-plane magneto-optical Kerr (MOKE) measurements at NFFA facility in Trieste
[26]. Finally, suspended micro-bridges were fabricated by the traditional silicon micromachining
technique. The combination of these results shows that LSMO/STO/SOS heterostructures are a
valid candidate for the development of room temperature silicon integrated magnetic, bolometric
and MEMS devices.

2. Experimental details

STO buffered LSMO thin films were epitaxially grown onto commercially available SOS
substrate (from Kyocera) by molecular beam epitaxy (MBE) and pulsed laser deposition (PLD)
techniques. The SOS wafers are composed of 700 nm thick silicon on top of 430 um thick
sapphire substrate. At first, a 20 nm STO (001) buffer layer was deposited onto a 3-inch SOS
wafer by MBE as previously reported on Si (001) wafers at Cornell, USA [17]. The 3-inch SOS
wafer was then diced into several 10x10 mm? substrates for the subsequent deposition of films
by PLD equipped with in-situ reflection high-energy electron diffraction (RHEED) at Caen,
France. A KrF excimer laser of wavelength (1) 248 nm, laser energy density and laser repetition
rate of 1.4 — 1.7 J/cm? and 1 Hz was used respectively. Prior to 30 or 45 nm thick LSMO
deposition, a 2 nm thick STO layer was deposited by PLD on the previously MBE grown 20 nm
STO layer in order to obtain a clean STO surface. STO and LSMO films were deposited at 0.1
mbar and 0.17 mbar O, partial pressure respectively, with the substrate temperature, maintained
at 750°C. After deposition, films were cooled down to room temperature at 10°C per minute rate
in 700 mbar O, pressure.

XAS spectra were taken at Mn L, 3 edges in total electron yield (TEY) mode, at room
temperature, in circular polarization. The sample surface was kept with an angle of 45° with
respect to the incident beam. The XMCD spectra were measured at remanence, after applying
external alternating magnetic field pulses of £30 mT in the surface plane of the sample at each
energy point of the spectra. The applied field was large enough to saturate the sample
magnetization. The spectra are therefore normalized to the L3 edge intensity of the sum of the
two spectra. The XMCD signal intensity, coming from the difference of the two spectra, takes

into account both the angle of 45° between the photon angular momentum and the sample
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magnetization and the 75% degree of polarization of the circular light. Element sensitive
hysteresis loops at Mn edge were measured by scanning the magnitude of the applied magnetic
field in the range £8 mT, at both L3 edge and pre-edge energy values, for both photon helicity.
Finally, LSMO suspended micro-bridges were fabricated in class 1000 cleanroom as follows.
After the LSMO (45 nm)/STO (2 nm) deposition by PLD on STO(20nm)/SQOS, gold contacts
were added in a two-stage process by combining PLD and ion beam deposition to avoid
degradation of the LSMO film properties. The gold contact pads were defined by means of UV
photolithography and etched in KI solution. The photoresist was kept for the PLD deposition at
an ambient temperature of a protection layer of about 30 nm thick amorphous STO (a-STO)
layer. The double clamped-edge structures were designed in the stack of a-
STO/LSMO/STO/SOS by a second UV photolithography step, followed by an ion beam
anisotropic etching step down to silicon. Finally, reactive ion etching (RIE) equipped with SFg
plasma was used to isotropically etch silicon and the bridge structures were released from the
substrate.

Figure 1(a) shows the schematic representation of the LSMO/STO/SOS heterostructures
along with the thicknesses of the layers and the techniques used for the growth of each layer.
Figure 1(b, c) are the RHEED patterns taken along [100] crystallographic direction of STO and
LSMO layers. Clear 2D streaks were observed in the RHEED diffraction pattern, indicating the
very good crystalline quality of both STO and LSMO layers.

a) 30 or 45 nm LSMO by PLD

ZEEIOBHELD
20 nm STO by MBE |

Silicon-on-Sapphire

Figure 1: (a) Schematic representation of the 30 or 45 nm thick LSMO on STO/SOS
heterostructures, (b and ¢) RHEED diffraction patterns along [100] direction of STO and
LSMO film after deposition at 750 °C, respectively.



3. Results and discussion
3.1. Structural characterization

The crystalline quality and epitaxial relationship between film and substrate were
evaluated by a high-resolution four-circle X’Pert X-ray Diffractometer (XRD). Figure 2(a)
shows the long-range (20°-90°) #-26 XRD scan revealing only (00I) orientation, indicating the
preferential c-axis epitaxial growth of LSMO and STO layers. The diffraction peak present at
about 20~69° belongs to the silicon (004). The series of (10-12) diffraction peaks from the
sapphire substrate indicates that the sapphire crystal is cut along the r-plane. The out-of-plane
lattice parameters ‘¢’ calculated from the #-20 XRD for LSMO film and STO buffer layer are
0.383 nm and 0.3905 nm, respectively. As a result, the LSMO film experiences an out-of-plane

compressive strain ( g,,) of -1%.

Figure 2(b) shows the omega scan rocking curves taken around the (002) peaks of LSMO
and STO, (004) peak of silicon and (20-24) of Sapphire. The full-width half maximum (FWHM)
values calculated from the rocking curves of LSMO and STO layers on SOS are ~0.88° and
~0.9° respectively, which is slightly higher than the values reported by our group for
LSMO/STO/Si films fully deposited by MBE [17] and similar to other values reported in the
literature on Si substrate [14], a sign of high crystalline quality of our thin films. The in-plane
epitaxial relationship between film and substrate is determined by asymmetric ¢-scans around
the (013) and (113) peaks of LSMO and Silicon, shown in Figure 2(c). A clear four-fold
symmetry with 90° peak separation confirms that the LSMO/STO layers grow in diagonal-on-
cube geometry with 45° in-plane rotation on Silicon substrate, owing to the large lattice
mismatch between STO (0.3905 nm) and Si (0.534 nm) unit cell parameters. The in-plane and
out-of-plane hetero-epitaxial relationship between film and substrate can be viewed as
LSMO[100]//STO[100]//Si[110]//Sapphire and LSMO(001)//STO(001)//Si(001)//Sapphire(10-
12).

To evaluate the strain in films, asymmetric reciprocal space maps (RSM) (Figure 2(d))
around the (013) reflections of LSMO and STO and (113) of Si were performed. The Qx position
of LSMO and STO peaks are aligned vertically, as seen by the solid black line traced in the
figure as a guide for the eye, confirming that the LSMO layer is pseudomorphically grown on the



top of STO buffer layer. Whereas, the STO buffer layer tends to relax above a few nanometers

thick, as seen from the non-alignment of reciprocal lattice vector position Qx of Si and STO.
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Figure 2: (a) #-26 X-ray diffraction pattern (linear scale intensity) of 30 nm LSMO film
grown on 20 nm STO buffer layer on the SOS substrate. Inset (log scale intensity) shows the
data zoomed around (002) peaks of STO and LSMO layers. (b) Omega scan rocking curves
around (20-24) sapphire, (004) silicon, (002) STO and (002) LSMO with FWHM about 0.011°,
0.2°, 0.9° and 0.88° respectively. (c) Asymmetric phi scans around (013) plane of LSMO and
(113) of Si, and (d) reciprocal space maps around (013) reflections of LSMO film and STO
buffer layer and (113) reflection of Silicon. The solid black line shown as a guide for the eye
signifying the peaks of LSMO and STO are aligned vertically.

3.2. Electrical and magnetic properties

To assess the quality of LSMO film integration on industrially compatible SOS
substrates, determining the Curie temperature T¢ and temperature at maximum resistance (Tp)
are key parameters. The temperature dependence of the magnetization M(T) of the film,
measured in the temperature range of 10 — 410 K by superconducting quantum interference
device (SQUID), with an external magnetic field of 50 mT applied in the film plane, is shown in
Figure 3. The film exhibits a typical ferromagnetic behavior and the T¢ obtained is ~340 K,
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which is similar to the LSMO bulk value [27]. Other studies have reported lower T¢c~218 K for
LSMO grown on SiO,/Si, owing to random in-plane misorientations and the presence of nano-
region sized disordered phase boundaries [28]. The temperature-dependent (77 — 420 K)
electrical resistivity of LSMO film performed by the standard four-probe method is shown in the
inset of Figure 3. Interestingly, the film exhibits very low residual resistivity i.e., p <20 uQ-m at
77 K and p < 50 uQ-m at 300 K and the temperature coefficient of resistance (TCR) is ~1.6+0.2
K™, The temperature at maximum resistance (Tp) also displays well above 420 K. Such low
resistivity values and very high Tp are comparable to the films grown on various oxide substrates
as STO, NdGaO3; (NGO), (LaAlO3)o3(Sr2TaAlOg)o7 (LSAT) [12,29], thus, confirming the very
good integration quality of STO buffered LSMO films on SOS substrate.

* LSMO/STO/SOS
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Figure 3: Temperature-dependent magnetization M(T) curve of 30 nm LSMO film on STO
buffered SOS substrate, with Tc~340 K. Inset shows temperature-dependent electrical
resistivity for the same.

To disclose the nature of magnetic anisotropy present in the LSMO/STO/SOS system, we
have studied angular dependent in-plane magnetic properties using longitudinal MOKE at 300
K. The sample is rotated in its surface plane while keeping fixed the applied external magnetic
field. Figure 4 shows the normalized Kerr hysteresis loops measured along [100], [110] and
[010] crystallographic axis of LSMO, which display similar hysteretic behavior without any
substantial differences in both remanence magnetization and coercive fields. The polar plot in the
inset of Figure 4 shows how the coercivity remains almost constant along with all in-plane

directions, with a value of around 3 mT, a sign of an isotropic in-plane magnetic property [30].
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Such a magnetically isotropic system is ideal for technological applications; as the magnetization
direction can be tuned for example, by inducing shape effects through the lithography process
[31-33].
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Figure 4: Room temperature angular-dependent in-plane MOKE hysteresis loops of LSMO
film deposited on STO buffered SOS substrate. Inset shows its angular-dependent coercivity.

Figure 5(a) shows the XAS and XMCD spectra of 30 nm LSMO film taken at Mn L;3
edges at room temperature. The sample surface was kept with an angle of 45° with respect to the
incident beam as shown in the schematic (Inset of Figure 5(a)). XAS technique is very sensitive
to subtle changes in electronic structure. Therefore, the presence of Mn** in the film surface is
easily identified by the large intensity absorption peak at ~641 eV [34]. Since such a sharp
intense peak is absent around ~641 eV in the XAS spectra (Figure 5), confirming that the surface
properties are representative with respect to the bulk of the film [35,36].

The surface of the LSMO shows a clear ferromagnetic signal (Figure 5(a)) with the
observed XMCD curve similar to those reported in the literature for epitaxial LSMO films
[37,38]. The dichroic signal of 5.4% is observed; indicating that the STO buffered LSMO films
on SOS substrate is ferromagnetic at room temperature. The element sensitive hysteresis loop, as
shown in Figure 5(b), confirms the ferromagnetic behavior of LSMO at room temperature with a

coercive field of 2.3 mT, slightly lower than the coercive field obtained from the MOKE.
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Figure 5: (a) Room-temperature XAS and XMCD results of 30 nm LSMO/STO/SOS substrate
with an in-plane applied magnetic field. The experimental configuration is shown in the inset.
The XMCD results are reported as a difference of the XAS measurements. (b) Normalized
Hysteresis loops of LSMO film taken at the Mn L3 edge.

3.3. Double clamped-edge structures.

In order to check the possible use of the LSMO/STO/SOS heterostructures for future
devices, a successful attempt has been made in fabricating double clamped-edge structures by
using the same fabrication process as described in [39]. Figure 6(a) shows a 3D-reconstruction
image by digital holographic microscopy (DHM-R2200) of a 3 pum wide x 100 pm long
suspended bridge. Suspended bridges of widths up to 6 um has been fabricated sofar, in line with



our previous experience in the LSMO suspended bridge fabrication on silicon substrates [40].
The thickness profile presented in figure 6(d) at the position shown in the 2D DHM image of
figure 6(b) confirms that the full a-STO/LSMO/STO/Si stack was etched since the measured step
was 800 nm. The optical microscope image in figure 6(c) shows the same 3 um wide x 100 pm
long suspended bridge with the white color corresponding to lateral etching underneath the a-
STO/LSMO/STO/Si. Here the silicon etching rate was about 0.4 pm-min™ in depth and 0.1
um-min™ in the horizontal direction. Several 3 pm wide LSMO suspended bridges with different
bridge length dimensions (50 pm — 200 pm) were fabricated on the same wafer. The electrical
resistance at room temperature measured using 4 probes was 10.5 kQ, 17.6 kQ, 27.6 kQ and
35.6 kQ, for the 50, 100, 150 and 200 um long suspended bridges respectively, thus leading to
electrical resistivity in the range of 24 - 28 uQ-m. Such low resistivity values obtained for the
suspended micro-bridge structures further stress that the quality of the LSMO magnetic layer is
not degraded even after several lithographic process steps. In further studies, it can be essential

to investigate how the electrical resistivity depends on the geometry of the suspended structures.

a-STO (30 nm)/LSMO (45 nm)
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Figure 6: (a) 3D-reconstruction DHM image, (b) 2D DHM image and (c) optical microscope
image of a 3 um wide 100 um long suspended bridge; (d) Thickness profile at the position
shown in the 2D DHM image of (b) with the schematic cross-section of the suspended a-
STO/LSMO/STO stack.
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4. Conclusion

We integrated epitaxial LSMO magnetic oxide perovskite layer on industrial compatible
SOS wafers by combining MBE and PLD techniques and by using STO as a buffer layer. The
structural, electrical (Tp > 420 K) and magnetic properties (T¢c ~ 340 K) of the LSMO on SOS
were found to be comparable with those of LSMO films deposited on various oxide substrates.
Angular-dependent in-plane magnetic measurements by MOKE show an isotropic behavior.
Finally, a successful attempt has been made in fabricating LSMO oxide-based suspended micro-
bridge structures on SOS wafers by the traditional silicon micromachining technique. The low
resistivity of micro-bridges 24 - 28 uQ-m confirms that our lithography process methodology
still preserves the epitaxial quality of the LSMO layer. Hence, the LSMO/STO/SOS based
system may thus represent the new strategy in integrating multifunctional oxides on industrial
compatible wafers, opening the way for innovative electrical/magnetic and MEMS device

applications.
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