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Lay7Srg3MnO3 (LSMO) thin films (with a thickness of 10, 20,
60, 75, and 100nm) were grown on SrTiOz (STO)-buffered
silicon (001) substrates by reactive molecular-beam epitaxy. X-
ray diffraction (XRD) revealed the heterostructures to be fully
epitaxial with orientation relationship (001) LSMO || (001)
STO || (001) Si and [100] LSMO || [100] STO || [110] Si. Root
mean square roughness was about 0.5nm as measured by
atomic force microscopy (AFM) for films of 10-75nm
thicknesses, and about 1 nm for the 100 nm thick LSMO film.

1 Introduction Oxide perovskites are in demand for
industrial applications as a result of their diverse physical
properties [ 1, 2]. In particular the colossal magnetoresistance
observed in manganite compounds has been actively studied
in view of its possible applications to innovative magnetic
devices [3,4]. Itis desirable to grow epitaxial oxide thin films
on silicon in order to integrate them with Si-based devices
[5]. Such integration involves several challenges including
the removal of the amorphous SiO; layer naturally present at
the silicon surface, the large difference in thermal expansion
coefficient between Si and oxides, and structural compat-
ibility.

During the past years, many materials have been
considered as buffer layer for growing epitaxial
Lag7SrgsMnO5; (LSMO) thin films on silicon [6-11].
Polycrystalline LSMO films with a metal-to-insulator
transition temperature Ty of 225 K are generally obtained

Normalized Hooge parameters in the (0.95 +0.25) x 10730
(341+£0.71) x 1073%m? range were measured at 300 K, which
are comparable to the noise level typically measured in the best
LSMO films on (001) STO substrates. Overall these very low
noise LSMO films with thicknesses in the 10—100 nm range
grown on STO/Si showed properties rivaling those of LSMO
films deposited on (001) STO single crystal substrates, thus
demonstrating their potential use for LSMO-based devices on
silicon substrates.

if grown on silicon covered by the native amorphous SiO,
layer [6]. Among possible buffer layer materials, SrTiO3
perovskite with a cubic unit cell of 0.3905 nm is widely used
for the epitaxial integration of functional oxides on silicon.
Significant progress has been made in the recent years. The
work of McKee et al. [12] demonstrated the growth of
high quality epitaxial STO films on Si (001) substrates by
molecular-beam epitaxy, paving the way to many other
related work involving the epitaxial growth of STO on
silicon [13-19]. Polycrystalline LSMO films grown on STO/
Siby pulsed laser deposition (PLD) [20] or by sputtering [21]
have been reported. Textured and oriented LSMO/STO/Si
films were grown by PLD on STO buffered-Si with the
STO layer showing both (110) and (001) orientations [22].
Moreover, Pradhan et al. [10] reported ferromagnetic
temperature transitions 7¢ of 320 and 180K for 55 and
20nm LSMO thick films on STO/Si, respectively. Atomic



force microscopy (AFM) data measured in 2 pm X 2 pm
images of the same 55 and 20 nm thick films showed a root
mean square roughness of 2 and 1 nm, respectively.

In this paper, an STO layer followed by an LSMO layer
were grown on Si (001) by reactive molecular-beam epitaxy.
We investigated the structural, topological, magnetic,
electrical resistive, and low-frequency noise properties of
10-100 nm thick LSMO thin films deposited on STO/Si.
Section 2 describes the conditions of film preparation, their
structural and surface morphology properties. Magnetization
and electrical resistivity of unpatterned films versus
temperature are presented in Section 3. Section 4 is devoted
to electrical low-frequency noise measurements, which is
well accepted as a much more sensitive indication of the
quality of materials or devices than static properties such as
resistivity [23]. We present some results performed at 300 K,
and analyzed within the framework of the semi-empirical
Hooge relation [24]. The latter routinely enables the
evaluation of noise level in materials of different compo-
sitions, sizes, and in different bias conditions.

2 Sample preparation, structural, and surface
morphology We grew epitaxial STO thin films on (001) Si
by reactive molecular-beam epitaxy. The growth was
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Figure 1 (online color at: www.pss-a.com) RHEED patterns at the
end of the growth of a (60 nm)LSMO/(20 nm)STO/Si heterostruc-
ture. (a) RHEED image along the [100] azimuth of LSMO.
(b) RHEED image along the [110] azimuth of LSMO.

monitored by reflection high-energy electron diffraction
(RHEED). For the 20nm thick STO buffer layers, we
used the same growth process reported previously [18, 25].
Following the growth of the STO buffer layer, LSMO thin
films with different thicknesses (10—100 nm) were deposited
on top using a codeposition technique in which strontium,
manganese, and lanthanum were simultaneously evaporated
from effusion cells in the presence of distilled ozone. The
fluxes of the constituent elements were measured using a
quartz crystal monitor. The LSMO film was grown at a
substrate temperature of 670 °C in a distilled ozone back-
ground pressure of 5 x 107 Torr [25]. The RHEED pattern
at the completion of the 60 nm thick LSMO layer completing
the LSMO/STO/Si heterostructure is shown in Fig. 1.

X-ray diffraction (XRD) and AFM in tapping mode were
used to investigate the structural and morphological proper-
ties of the samples. Figure 2 shows the XRD patterns in the
6-20 configuration of the 10, 20, 60, 75, and 100 nm thick
LSMO/STO/Si heterostructures.

Rocking curves in @ were measured for all the
heterostructures. The full width at half maximum (FWHM)
values around the (002) peaks of the rocking curve of STO
and LSMO are reported in Table 1. They were in the 0.22°-
0.31°and 0.18°-0.33° ranges, respectively, which are among
lower reported values for epitaxial oxide films grown on
silicon substrates. A pole figure of the 101 peak of the 60 nm

{a) LSMO(10nm)/STO(20nm)/Si

¢ I y; I 1 I
b) LSMO(20nm)/STO(20nm)/Si

1 LAY T A . . ’
¢) LSMO(60nm)/STO(20nm)/Si

Y T T T T
d) LSMO(75nm)/STO(20nm)/Si

Intensity (counts.s‘1)

€) LSMO(100nm)/STO(20nm)/Sj

pragprtoet e
455 460 465 470 475 480
26 (°)

Figure 2 XRD patterns in the 6-20 configuration of the (a) 10 nm
thick; (b) 20 nm thick; (¢) 60 nm thick; (d) 75 nm thick; (e) 100 nm
thick LSMO films on STO/Si.



Table 1 Summary of the structural, surface morphological, magnetic, and electrical properties of all the 10100 nm thick LSMO/STO/Si

films.

LSMO FWHM FWHM rms p at Tc 4M, ay/n
thickness STO(002) LSMO(002) roughness 300K (K) at 294 at 300 K
(nm) ©) ©) (nm) (107> Q m) (kOe) (1073 m?)
10 0.31 0.33 0.59 3.8 320 2.40 3.4140.71
20 0.27 0.29 0.42 2.6 330 2.85 1.62+0.32
60 0.26 0.22 0.50 2.8 330 2.80 0.95+0.25
75 0.22 0.18 0.57 24 330 2.84 1.73+£0.48
100 0.22 0.26 0.96 1.4 345 4.00 2.75+0.58

FWHM STO(002) and FWHM LSMO(002) are the FWHM values of the (002) peaks in an w-scan configuration for STO and LSMO, respectively; rms
roughness is the root meansquareroughnessmeasuredin I pm x 1 wm AFMimages; pat 300 Kis theelectricalresistivity at 300 K; 7 is the Curie temperature;
47M is the saturated magnetization at 294 K; ay/n at 300K is the normalized Hooge parameter at 300 K.

thick LSMO/STO/Si heterostructure showed that the
heterostructure was epitaxial with an orientation relationship
of (001) LSMO || (001) STO || (001) Si and [100] LSMO ||
[100] STO || [110] Si.

Roughness was measured by AFM in tapping mode. As
shown in the 1 pwm X 1 wm images of Fig. 3 very smooth
films were obtained. The root mean square roughness
measured in the 1 wm X 1 wm images was about 0.5 nm for

a) 10 nm b) 20 nm

5.0 nm

films of 10-75nm thicknesses, and about 1nm for the
100 nm thick LSMO film, as reported in Table 1. Again, these
values are the lowest values reported in the literature for
manganites on silicon substrates [10, 26].

3 Magnetization and resistivity of unpatterned
films versus temperature Magnetization was measured
by a superconducting quantum interference device (SQUID)
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Figure 3 (online color at: www.pss-a.com) 1 wm x 1 wm AFM images in tapping mode of the (a) 10 nm thick; (b) 20 nm thick; (¢) 60 nm

thick; (d) 75 nm thick; (e) 100 nm thick LSMO films on STO/S:i.
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Figure 4 (online color at: www.pss-a.com) Temperature depend-
ence of the saturated magnetization (4w M) of the 10-100 nm thick
LSMO/STO/Si films at an in-plane applied magnetic field of 5 kOe.

magnetometer in the 10400 K range. Figure 4 shows the
saturated magnetization versus temperature behavior under
an in-plane applied magnetic field of 5 kOe. The magnetiza-
tion shows a sharp transition behavior. All curves have been
fitted by a theoretical standard static Brillouin magnetization
function. The Curie temperature 7 estimated by this fitting
is within the range 320-345K (see Table 1) for all films
and is in good agreement with the bulk theoretical values
(Tc =~ 350K). Saturated magnetization values at low
temperature (7= 10K) lies in between 5800 and 6900 Oe
for all samples, which is close to the expected bulk value of
7350 Oe. The good agreement between theoretical and
experimental values is slightly decreasing for thinner films,
as frequently reported [10, 28].

A remarkable point in the case of our series of samples is
that all samples, even the thinnest ones, show saturation
magnetization and Curie temperature values close to the
theoretical ones. In the 10 nm LSMO, the magnetization value
at room temperature (T=294K) is 42% of the saturated
magnetization value at very low temperature (7= 10 K) while
in the 100nm thick film, the magnetization value at room
temperature is only 60% of the saturated magnetization at low
temperature. These results are again comparable to those
achieved for LSMO films directly grown on single crystal
STO substrates [29] and arise hopes for room temperature
applications. Further static and dynamic magnetic character-
izations of the 20 and 60 nm thick LSMO films on STO/Si
can be found elsewhere [30].

Electrical transport measurements were performed by the
standard four-probe technique as a function of temperature on
unpatterned films. Figure 5 shows the electrical resistivity
versus temperature curves measured on the 10-100 nm thick
LSMO films. The measured electrical resistivity values were
in the 1.4 x 10°-3.8 x 10> Q) m range at 300K for all the
LSMO thicknesses (see Table 1), which is very close to the
bulk value [27]. All films showed a metal-insulating transition
temperature Ty in the 350-380 K range.
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Figure 5 (online color at: www.pss-a.com) Electrical resistivity
versus temperature characteristics of the 10-100 nm thick LSMO/
STO/Si films.

4 Electrical low frequency noise measurements
For electrical low frequency noise measurements, a 200 nm
thick gold layer was ion beam sputtered on the LSMO/STO/
Si heterostructures in order to make low resistive electrical
connections. The LSMO thin films were patterned by UV
photolithography and argon ion etching to form 50 pwm wide
and 150 pm long bridges. Each structure includes two gold
pads for supplying the current and two gold pads carrying
out the voltage measurements in order to form four probe
connections. The connections between the external circui-
try and the patterned films with gold contact pads were
made using a four-probe system. The electronics readout
mainly consists of a low noise high output impedance
DC current source [31] and a dedicated low noise
instrumentation amplifier with a voltage gain of about
1000, a 1Hz-100kHz bandwidth, an input voltage white
noise of 20 x 107'® V¥/Hz, and negligible input current
noise. A spectrum analyzer (Agilent 89410A) calculates the
noise spectral density for frequencies in the 1 Hz—100 kHz
range.

Low frequency noise comes from various origins that
lead to different frequency dependences. As shown in Fig. 6
for the case of the 20 nm thick LSMO/STO/Si film, we could
clearly observe two types of noise in all our samples: Johnson
(or thermal) noise, and 1/f (or flicker) noise. The first one
depends neither on the bias current nor on the frequency. Itis
due to spontaneous fluctuations induced by thermal exci-
tations and it is related to the electrical resistance R of the
sample (the voltage noise spectral density is given by the
Nyquist formula 4kg TR, where kg is the Boltzmann constant
and T the temperature). The second one is a frequency-
dependent component in 1/f”, showing a parameter y close
to —1, which gives the name of “1/f’. This 1/f noise is
usually described by the Hooge empirical relation, which
does not have any physical basis but has been shown to agree
well with experimental observations for electrically homo-
geneous samples. This relation is given by the following
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Figure 6 (online color at: www.pss-a.com) Voltage noise spectral
density Sy spectra measured at 300K on the 20 nm thick LSMO/
STO/Si film patterned as a 50 pm wide 150 wm long bridge for
different bias current /.

general formula [23]:

S_V — C(_H X L , (1)
VZ n OQxfr
where Sy is the voltage noise spectral density (V?/Hz), V the
sample voltage (V), oy the Hooge parameter (dimension-
less), n the charge carrier density (me), §2 the sample
volume (m?), and f is the measuring frequency (Hz). It is
very useful to compare the 1/f noise magnitude in different
materials independently of the sample volume and the bias
conditions. In order to estimate the voltage noise spectral
density of the material, the noise of the electronic readout
and the noise of the voltage contacts were removed. As
presented in Fig. 7, the quadratic dependence of Sy versus V
expected from Eq. (1) was verified within experimental
error bars for all samples at 300 K, thus enabling a correct
estimation of ay/n values.

As reported in Table 1, normalized Hooge parameters
a/n in the (0.95 +0.25) x 107 °~(3.41 £0.71) x 10~ m’
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Figure 7 (online color at: www.pss-a.com) Voltage noise spectral
density Sy at 1 Hz and 300 K versus voltage across the 50 pwm wide
150 wm long bridges for all of the 10-100 nm thick LSMO/STO/Si
films. Error bars and fitted curves showing the quadratic dependence
of Sy versus V are added to the measured data.

range were measured at 300 K, which are comparable to
the noise level typically measured in the best LSMO films
on STO single crystal substrates with ay/n values of
0.8 x 10°"m? [32-34].

5 Conclusions Insummary, we grew epitaxial LSMO
thin films with thicknesses ranging from 10 to 100 nm on
STO buffered (001) Si substrates. The samples show very
low noise. The FWHM of the LSMO 002 rocking curves
were about 0.2°-0.3°. AFM measurements confirmed that
the film surfaces were smooth (RMS roughness of 0.5 nm for
10-75 nm LSMO thicknesses). The films showed electrical
and magnetic properties comparable to those of LSMO
grown on (001) STO single crystals. Low frequency noise
measurements were performed at 300 K. Normalized Hooge
parameters were measured in the (0.9540.25) x 10739-
(3.41£0.71) x 1073 m? range, demonstrating their
potential use in innovative applications based on LSMO
thin films grown on silicon substrates operating at room
temperature.
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