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40 nm thick La, /3Sr; sMnO3 (LSMO) thin films were epitaxially grown by Pulsed Laser Deposition
(PLD) onto niobium doped SrTiO5 (Nb:STO) substrates, with different Nb concentration from 0.01
%wt to 0.5 %wt. The optical characterization of the heterostructures by spectroscopic ellipsometry
enables us to extract the optical constants of the manganite heteroepitaxial layer at room temperature.
Performing spectrophotometry in the same wavelength range brings a useful cross-validation of the
extracted results. In addition, the thickness evaluation of the LSMO layer by spectro-ellipsometry
is further validated by both High Resolution X-ray diffraction and X-ray reflectivity, as well as a
Transmission Electron Microscopy cross section, taken as a physical reference. This study validates
quantitatively the spectro-ellipsometry as a suitable routine tool to measure accurately both thickness
and complex refractive index of the LSMO thin film, picturing their peculiar electrical behaviour
between both metallic and insulating phases. The relative error on the thickness measurement between
X-ray and ellipsometry is less than 5 %. The LSMO complex refractive index enabled also a
simultaneous estimation of further material properties, such as the optical gap w, or the mass density

P> determined with less than 1.5 % relative error compared to X-ray reflectivity results.

1. Introduction

Perovskite oxide heterostructures are attracting a lot of
interest due to their distinguishing properties that could
emerge from the combination of strong correlated electron
systems, like good rectification characteristics [1-5] or giant
photoresponse [6]. Among them, the lanthanum strontium
manganite on niobium-doped strontium titanate is often
reported as a promising candidate for photodetection [7, 8].
Using the composition La, ;3Sr; ,3MnO; for LSMO, which
is a metallic phase at room temperature, the electrical be-
haviour of the heterostructure is comparable to a Schottky
diode one. LSMO plays the anode role and the semicon-
ducting Nb:SrTiO5 the cathode one. This opens the way of
two modes of photodetection, either internal photoemission
process over the Schottky barrier or bandgap absorption in
the Nb:STO. In order to properly design such a Schottky
barrier photodetector, knowing the optical characteristics
of each layer is of importance. Such an extended optical
characterization of the LSMO and Nb:STO from UV to near-
infrared radiation is sparsely represented in the literature.
That is the reason why this paper is focusing on the val-
idation of the spectroscopic ellipsometry modelling of the
LSMO layer. The resulted dispersion model is compared
with a specular reflective measurement on the same wave-
length range, i.e. 1.5 —5.0 eV, while the thickness estimation
of the LSMO is cross checked with X-ray Reflectivity (XRR)
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and Transmission Electron Microscopy (TEM). The related
optical conductivity at room temperature is also compared
with that from DC electrical resistivity measurement. As
previously done by Yamada er al. on MgO substrate [9], the
free-carrier concentration is discussed. An estimation of the
mass density of La, ;3Sr; ,3;MnO3 on Nb:STO substrates is
also presented, derived from both ellipsometry and X-ray
reflectivity.

2. Material and methods

2.1. Heterostructure fabrication

A thin layer of La, 3Sr; ,3MnOjs is deposited by pulsed
laser deposition (PLD), from a solid target of the same
composition, on (001) oriented niobium doped SrTiOj
(Nb:STO) substrate, from Crystec GmbH. During growth,
the sample is maintained at 730 °C, under a partial oxygen
pressure of 0.2 mbar. The PLD process is using a 248 nm
KrF laser, pulsed at 3 Hz, with a fluence of 1.7 J.em™2,
After growth completion, the sample is then cooled down
to room temperature at 10°C.min~! rate, with an oxygen
pressure of 500 mbar. This latter part of the process is made
for ensuring the nominal stoechiometry of oxygen in the
LSMO layer. Five samples of 10 X 5 mm?, with different
Nb concentrations from 0 to 0.5 %wt, have been processed.

2.2. Heterostructure characterization

The optical properties as well as the thickness of the
LSMO layer have been studied from ultraviolet to near-
infrared wavelengths by spectroscopic ellipsometry. The
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measurement has been performed using an UVISEL ellip-
someter from Horiba Jobin-Yvon, in an energy range from
1.5 up to 6 eV with a 0.05 eV step and an incidence angle of
70°. The comparison with other characterization techniques
has been useful to confirm the relevancy of the ellipsometric
model of the top layer. Some interesting properties of the
LSMO thin film at room temperature could then be estimated
with more confidence, such as its mass density or its optical

gap.

2.2.1. Spectro-ellipsometry

An usual ellipsometer is often a tabletop tool with only
an affordable low-power Xenon arc lamp as a light source,
associated with a monochromator. Therefore, it represents
a good compromise between sensitivity, speed and ease to
handle. However, an ellipsometric measurement is only in-
direct and requires the correct modelling of the stack to find
out some reliable value on the desired material properties. In
fact, the phase modulated ellipsometer are measuring light
intensities that enable the determination of the ellipsometric
angles A and ¥, as defined in [10]. The complex ratio p
defined by relation (13) in Appendix A.1 depends of the in-
cident photon energy E [9]. With Fresnel equations at inter-
faces and a transfer-matrix method, ellipsometric quantities
can be calculated from an appropriate analytical dispersion
model of each layer in the measured material stack, i.e. their
optical indexes [11]. Therefore, a dedicated numerical proce-
dure implements a non-linear least-square fit to find the best
corresponding parameter values to minimize the chi squared
)(g, p figure of merit between the measured intensities I, and
I, by the ellipsometer, which equals 2 cos (2%¥)cos A and
2 cos (2¥)sin A respectively. The ;(g p represents the sum
of the squared errors between experimental each data points
(Ic (E), I (E)) and the simulated ones from the spectro-
ellipsometric model [12]. Obtaining a ;(é . Value inferior to
1 on complex dispersion model, such as the LSMO one, is
considered as a very good fit [13].
An appropriate model for the LSMO/Nb:STO stack was built
using the software Deltapsi2 [14], including a semi-infinite
substrate, the Nb:STO, topped by an homogeneous thin layer
of LSMO. The fitting of experimental data, i.e. ellipsometric
angles W and A, provides the thickness determination of
the thin layer h and its complex refractive index 7, i.e. its
refractive index n and its extinction coefficient k.
The modelling of the ferromagnetic LSMO is physically
based on a mix of a Drude dispersion model, to take into ac-
count its metallic phase, associated with a double-oscillator
dielectric model for the semiconducting behaviour. The cho-
sen oscillator formulation is a derivation of the Forouhi-
Bloomer model, that can be used to describe the frequency
dependence of the complex refractive index of a semicon-
ductor near or above its optical gap. In total, the whole
ellipsometric model contains eleven parameters to fit the
experimental data, including the layer thickness.

2.2.2. X-ray characterization
First, to confirm independently the thickness value found
by ellipsometry, some X-ray measurements have also been

performed on the samples with a Malvern Panalytical Empyrean

diffractometer, in the diffraction mode (XRD) with a 6-20
configuration, from 20° up to 80°, and also in the reflectivity
mode at grazing angles (XRR). For the high resolution X-ray
diffraction (HRXRD), a monochromated X-ray wavelength
Cu K, (1.5406 A) is used. The diffraction spectra analysis
of such single crystalline film allows the determination of its
cystallographic structural properties as well as its thickness.
In the XRR case, the X-ray radiation beam from the Cu
anode is composed on equal part by Cu K,; (1.5406 10\)
and Cu K, (1.5444 A) wavelengths. The angle between
the incident beam and the detector is 26, ranging from
0.7° and 5°. The resulting spectra were analyzed using two
different methods. The first one is related to an inverse
Fourier transform, that gives access to the position in depth
of each interface in the measured stack. The second consists
in the fitting of the spectra by the dedicated GenX software
[15].

2.2.3. TEM cross-section

The accuracy of the indirect thickness measurement of
the LSMO layer is also investigated by Transmission Elec-
tron Microscopy (TEM). Cross-section allowing the electron
beam to be parallel to the film/substrate interface has been
prepared by Focused Ion Bean (FIB) owing to a Dual beam
FEI Helios nanolab 660. Prior to the thinning process, a
sputtered 10 nm thick carbon film and a few micron thick
platinum layer have been deposited at the top of the film.
The carbon film purpose is to discriminate the top of the
film from Pt which protect the whole structure from the Ga
beam milling process. The microscope used is a Cold FEG
double corrected JEOL ARM200 microscope, operated at
200 kV and equipped with a High Angle Annular Dark Field
detector (HAADF) as well as a scanning setup. The point to
point resolution value is 0.78 A

2.2.4. Spectrophotometry

Then, in order to validate this dispersion model, the
optical reflectance of the heterostructure for an unpolarized
light is calculated thanks to the Fresnel formalism and a
transfer matrix method, equivalent to (14) with (8), using the
complex refractive indexes 7 of each material, provided by
the spectro-ellipsometer. This simulated reflectance is then
compared with the one directly measured by a Perkin Elmer
1050 Lambda UV-Vis-NIR dual-beam spectrophotometer
equipped with an Universal Reflectance Accessory (URA)
at 8° incidence angle.

2.2.5. Electrical measurement

The free carrier concentration inside the LSMO layer
can be also roughly estimated thanks to the data coming
from an in-line four-point probe DC resistivity measurement
with a bias current I of 60 pA. Given the interprobe spacing
of 2 mm and the rectangular sample size of 10 X 5 mm?,

a geometrical correction factor C,,,, has to be applied to
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calculate the sheet resistance, instead of the well-known
coefficient //n(2) for an infinite slice, according to [16].
Taking into account the small difference between the value
provided by Smits and the more recent one from Perloff [17],

a mean calculated value of Cg,,,, = 2.37 has been chosen.

The related sheet resistance R, expressed in Q.[77L, is then
computed by the following equation [16].

Pd 14
R, = < :CgeomT )

s =
hLSMO

Where p,. represents the static electrical resistivity and
hy spmo the LSMO layer thickness.

2.3. Numerical methods

Given the HRXRD experimental angular increment of
0.01°, a Savitzky-Golay third-degree polynomial filtering
has been done to smooth the raw data. The purpose of
this data treatment is to remove any high-frequency fringe
peak artifact detection during the automatic peak search
numerical procedure, using the zero-crossing of the first
derivative of the HRXRD signal intensity.
In order to take into account the related error, introduced
by the extraction procedure, each peak maximum position
has been randomly sampled independently 5000 times in
a Monte-Carlo way, by adding, ignoring or removing a
step value of 0.02°, corresponding to twice the instrumental
angular scan resolution. Consequently, the related standard
deviation, calculated from all the drawn results resulting
from equation (4), is used to estimate the thickness of the
LSMO layer with a 2-¢ dispersion interval.
A similar numerical treatment is applied on XRR spectra in
order to determine automatically the Kiessig fringe position.
The uncertainty evaluation methodology is also the same as
for HRXRD case, i.e. by randomizing here a peak positional
error, equals to twice the XRR experimental angular incre-
ment of 0.008° with a Monte-Carlo procedure, considering a
uniform statistical law. It gives a maximum uncertainty less
than two LSMO atomic planes, around 0.6 nm. The main
advantage of this method is to reduce the relative uncertainty
on the thickness determination compared to the Fourier
transform analysis, also performed in our study and limited
by a lower intrinsic resolution. However, the drawback of
this peak detection method is to not quantify the LSMO layer
roughness, like the Fourier analysis can do.
A Monte-Carlo method is also implemented to estimate the
mean value for the refractive index n and the extinction
coefficient k of the LSMO layer, considering a gaussian
dispersion law on each of the 10 parameters of the spectro-
ellipsometric dispersion model. This numerical procedure
of 10000 random sampling is used here to consolidate the
confidence in the n and k values given by the analysis made
by the ellipsometer DeltaPsi2 software [13].
Each 2-¢ uncertainty, presented in the tables of this work,
are due to either instrumental resolution, fitting procedure
or numerical treatment. o; designates the related standard
deviation for the considered physical quantity for the i
sample.

Considering now the 2-0 confidence interval on the mean
values, the calculation of the standard deviation o¢,,,,, is
based on the following formula:

— /52
O mean = Gsample+ <o; >2 2)
Where 0,/ designates the standard deviation between the

measured samples.

3. Results and discussion

Five LSMO/NDb:STO heterostructures were prepared
and analyzed, corresponding to five different Nb content,
ie. 0 %wt (pure STO), 0.01 %wt, 0.05 %wt, 0.1 %wt,
0.5 %wt. For each one, the LSMO thin film has been
deposited within the same PLD conditions, showing an
expected La, 3Sr; ;3MnOj3 theoretical composition, with a
nominal thickness of 40 nm. The main difference between
the samples is the niobium concentration of the Nb:STO
of the substrate. The Nb atoms, with a 5+ ionization state
in a substitutional position in the lattice perovskite, acts
as a donor of electrons by replacing the Ti** ions. The
more the Nb content is important, the more the electrical
conductivity increases. In the visible range, the apparent
color changes from transparent for SrTiO; to very dark for
0.5 %wt, revealing already a progressive absorption in the
studied wavelength range. First, some structural properties
of the heterostructure are deduced from X-ray diffraction
(XRD) spectra analysis.

3.1. X-ray characterization of the heterostructure
3.1.1. X-ray diffraction analysis

It is important to check the crystalline growth of the
LSMO layer onto Nb:STO substrates, whatever the Nb con-
centration considered here. Figure 1 (a) shows the XRD
pattern in the -20 configuration from 20° up to 80°. It is
clearly visible that only the first 3 orders of diffraction for
(001) orientation are present, indicating an heteroepitaxial
growth of the LSMO film onto all the substrates, whatever
the considered Nb concentration. In addition, Figure 1 (b)
diplays a high resolution XRD spectrum example for the
(001) line for the LSMO/STO heterostructure. The so-called
Pendellosung fringes or Laue oscillations, typical of a coher-
ent X-ray scattering of the (001) diffracting planes within
the thin film, are well-defined up to the 4th-order fringe.
This particular feature indicates a high crystallinity of the
LSMO film [18, 19]. As it is already extensively described
in the literature, a straightforward analysis of such XRD
spectrum enables to extract several structural properties on
the heterostructure under study. First, the lattice parameter in
the perpendicular z direction for both the substrate and the
film can be inferred using the common Bragg law [20]. In our
case, it corresponds to the cross-plane lattice parameter of
either the substrate cyy,.gro or the layer c; g0 depending of
the chosen Bragg angle diffraction 8 5. The second parameter
is related to the thickness of the film, which could be calcu-
lated using the angular period of the fringes maxima [18,
21]. Here, we do not consider any mismatch angle between
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Figure 1: X-ray diffraction pattern in the 8-20 configuration of
LSMO films deposited (a) on Nb:STO substrates with different
Nb doping concentration, for the 20° - 80° 26 range and (b) on
STO substrate, with a high resolution profile around the (001)
line, i.e. for the 22° - 24.5° 26 range.

the substrate surface and the film planes, i.e. the LSMO layer
has grown perfectly coplanar to the substrate. Therefore, the
following expression is applicable [22].

- A
™ 2hcos(8,,)

Here, A6,, designates the distance between two fringe max-
ima and h the thickness of the LSMO layer. The scattering
vector norm is defined by g, = (4z/4) sin(8) [20]. Combin-
ing equation (3) and the first derivative of g, with respect to
0 gives the relationship Ag,_,, = 2x/h [23].

Therefore, in the g-scale, the differential of the fringe
scattering vector is constant. Here, the order numbering of
the fringe is the implicit differenciation variable, given that
Am = 1. The thickness h of the epilayer is directly related
to the slope of the fringe order versus the fringe maxima
position in the g-scale:

Am
T
Ag;_y,

The third quantity that can be extracted of such XRD profile
concerns the strain of the epifilm. In Figure 1 (b), the position
of the bulk pseudo-cubic (001) diffraction line for the LSMO
has been added for clarity. As the cubic lattice parameter of
the STO or Nb:STO substrate (cyp.5T0 = CsT0 = 3.905 A)
is larger than the LSMO bulk pseudo-cubic one (¢ spope =

AB 3

h=2 “

3.873 A) [24], the later material is experiencing an in-plane

tensile strain during the epitaxial growth and, naturally, an
out-of-plane compressive strain. For films with thickness
under 60 nm, the LSMO remains fully strained because the
out-of-plane lattice parameter ¢y gyo is almost constant from
the interface with the substrate up to the top of the film [25].
The cross-plane lattice deformation €}, of the LSMO layer
is defined using the relative deviation ratio between its the
bulk pseudo-cubic lattice parameter and the measured one
[26]. It represents a quantitative evaluation of the out-of-
plane compression degree of the LSMO layer.

The results, compiled in Table (1) and Table (2), have been
extracted from HRXRD spectra, around the (001) line and
around the (002) line respectively. The values of LSMO
thickness are consistent for each heterostructures between
the two diffraction lines. The €[g;; values are fairly close
to the already published value of -0.57 % for a 40-nm-thick
LSMO layer grown by PLD over an (001) STO substrate
[26]. As expected for Nb:STO substrates, all the epitaxial
LSMO layers seem very similar one to each other, consider-
ing the extracted parameters from HRXRD analysis.

Their excellent cristallinity is also illustrated by the TEM
observations of sample n° 1 reported in Figure 2. A typical
cross sectional low magnification bright field image of the
entire structure (STO/LSMO/C/Pt) along the [100] direction
of both STO and LSMO materials is presented in Figure
2 (a). A thickness variation of the LSMO film between
40nm and 43 nm is observable. Figure 2 (b) is an enlarged
view (STEM HAADF) of the STO/LSMO interface at the
atomic scale. The chemical Z-constrast reveals a perfect fit
of the atomic arrangement at the interface due to the small
lattice mismatch, inferior to 1 %, between the two cubic
structures of STO and LSMO (see previous paragraph). The
brighter constrast observed for LSMO is explained by its
higher average atomic number Z (19.9) compared to that of
STO (16.8). The inset at the top right-hand side is enlarging
the interfacial region. The inset at the bottom right-hand
side is a Fast Fourier Transform (FFT) of the entire image,
confirming the cubic projection along the [100] directions of
both materials with the (001) planes parallel to the interface.
The LSMO film is thus reproducing perfectly the crystalline
orientation of the substrate. No misfit dislocation has been
observed in the investigated sample region.

3.1.2. X-ray reflectivity measurement

A material response to an incident illumination involves
different relaxation mechanisms that depend of the wave-
length. They are described by the material complex dielec-
tric function or alternatively by its complex refractive index.
For X-rays, the linear refractive index of a material equals
i =1-6— jp, with coefficients 6 and f representing re-
spectively scattering and absorption effects, specific to each
material [27]. § is in the order of 1073 - 107, which is low
compared to 1. As |f| is one order of magnitude lower than
|6] in general, we are neglecting here the absorption effect,
which is commonly done elsewhere [28]. The mathematical
formalism to quantify the specular light reflectance from
the sample top surface in X-ray, R (q), is similar to the
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Table 1

Properties of the LSMO layer, extracted from (001)-line HRXRD
profile analysis: out-of-plane lattice parameter ¢ gyo, out-of-
plane compression degree €y, and layer thickness h gy, with
2-¢ uncertainty obtained from Monte-Carlo method. The 2-¢
uncertainty on the mean values includes in addition the sample
dispersion (see details in Numerical methods of section 2).

N* [Nb] CLsmo €1001] hismo
(%wt) (A) (%) (nm)
1 0 3.846 + 0.005 -0.73+0.14 376+16
2 0.01 3.843 +0.005 -0.73+0.14 401+19
3 0.05 3.846 + 0.005 -0.69 +0.14 389 +1.7
4 0.1 3.843 £ 0.005 -0.73+0.14 409+20
5 0.5 3.843 +0.005 -0.81+0.14 409+1.9
Mean ‘ 3.844 + 0.006 -0.74 + 0.17 39.7 + 3.4
Table 2

Properties of the LSMO layer, extracted from (002)-line HRXRD
profile analysis: out-of-plane lattice parameter ¢ gyo, out-of-
plane compression degree €y, and layer thickness h gyo, with
2-¢ uncertainty obtained from Monte-Carlo method. The 2-¢
uncertainty on the mean values includes in addition the sample
dispersion (see details in Numerical methods of section 2).

N* [Nb] CLsmo €1001] hismo

(%wt) (A) (%) (nm)
1 0 3.845 +0.003 -0.73+0.07 349+19
2 0.01 3.846 + 0.003 -0.71+0.06 394+ 1.7
3 0.05 3.842 +0.003 -0.79+0.07 386+1.6
4 0.1 3.845 + 0.003 -0.73+0.06 398 +17
5 0.5 3.842 + 0.003 -0.81+0.06 406 +1.8
Mean ‘ 3.844 + 0.004 -0.76 + 0.11 38.7 + 4.7

one used in optical reflectometry, i.e. Snell-Descartes and
Fresnel equations applied to a single-layer heterostructure
[18, 27]. Here, g, designates the scattering vector corrected
for refraction inside the thin film [29]:

y/cos2 0, — cos? 0
A

where 0 is the grazing incidence angle, 0, is the critical angle
for total reflection and A is the considered X-ray wavelength.
In the case of null absorption and within the frame of Born
approximations, the kinematical theory relates the X-ray
reflection to the Auto Correlation Function (ACF) of the first
derivative of the electron density versus depth p' (2) [27].
Unlike the dynamical theory that requires numerical mod-
elling and non-linear fitting procedures, the determination of
the interfaces location in depth is model-free by computing
the reverse Fourier transform of the measured reflectivity,
normalized by the Fresnel reflectivity of the substrate. The
ACF of p, (z) can be then calculated using the following
relation, provided g, values are equally spaced.

R(q:) ] i lQZ.‘R (qz)]
Ry (4:) (47rre)2

®

q, =4r

P (2)xp (2)=TF" lpi

Figure 2: TEM cross-section observation of sample 1 following
the [001] direction of STO (a) Low magnification bright field
image, with LSMO thickness estimation (b) high resolution
image, focused on the LSMO/STO interface.

where Ry is the Fresnel reflectance of the substrate, p, the
electron density inside the substrate and r, is the classical
electron radius.

Concerning the X-ray reflectance model of a single layer
heterostructure, the expected curve should exhibit some
peculiar interference patterns, called Kiessing fringes, as
shown in Figure 3 (a). The maxima of these oscillations
are observed when constructive interference condition is
respected. This is equivalent to a Bragg condition corrected
for refraction with h(q, / 2r) m where h is the layer
thickness and m an integer.

Analysing the peak positions in the | ACF (p, (2))| curve
gives directly access to the layer thicknesses in a stack, which
was already well-pictured by Bridou er al. [29]. Figure 3
(b) displays the ACF of the electron density depth gradient
for sample n° 1, i.e. the LSMO/STO heterostructure with-
out Nb doping. The second peak, namely 3-1 in the inset
window of the figure, indicates the position of the interface
LSMO/STO, situated around 40 nm in depth from the top
interface air/LSMO, located at z = 0. However, the main
drawback of this technique could be the depth resolution
Az =27/(q,_pax — Qz—min)> directly related to the scattering
window, i.e. the angular window of the measurement.
Therefore, to obtain a high resolution Fourier analysis on an
XRR measurement, one has to consider a sufficient grazing
angle range. In our case, as shown in Figure 3 (a), the highest
measured angle is @ =2.5°,i.e. Az &~ 1.9 nm. This minimum

(6gtep uncertainty represents about 5 atomic planes for the

Jérémy Blond et al.: Preprint submitted to Elsevier

Page 5 of 13



Optical constants and thickness determination of La,;Sr;,;MnO; on Nb:SrTiO; by ellipsometry and X-ray techniques

(a)

1, «—critical angle 8.

4 mt" - order fringe

H
b
L

H
2
3

E E : Hanning filtering

H
9
5

Intensity (a.u.)

1074

1075

(b)

|ACF(pr(2))] (a.u.)

6 10 20 30 40 50 60 70 80 90 100
Depth z (nm)

Figure 3: X-ray reflectivity analysis of the LSMO/STO het-
erostructure (sample n°1) (a) XRR intensity curve versus 6.
(b) Autocorrelation function of p/ (z) inside the heterostructure
(inset with the expected p(z) shape from ACF peak analysis).

LSMO under study and around 5 % of a 40-nm thick layer,
which could lead to a non-negligible bias error in the LSMO
thickness determination. For instance, in order to keep this
step uncertainty around 1 %, the maximum measured angle
should have been 10°. Nevertheless, this experimental step
uncertainty is not higher than the one outlined in Table 2
for XRD measurement. The Fourier analysis method is in
any case suitable to consolidate the confidence in the LSMO
thickness value, as demonstrated in Figure 3 (b) for sample
n° 1.

The absolute value of the ACF of the electron density gradi-
ent spectrum exhibits two convoluted peaks, due to the low
above-mentioned XRR angular resolution. The higher peak,
namely 3-1 in the inset window of Figure 3 (b), corresponds
directly to the entire LSMO layer thickness, as expected for
a single layer heterostructure. The significant peak broaden-
ing, with an half-width at half maximum around 3.6 nm in
this case, could be due to a soft electron density gradient at
interfaces [27].

On the other hand, the smaller peak, namely 3-2 in the
inset window of Figure 3 (b), corresponds to the LSMO
thickness whose the electronic density is constant versus
depth. This latter region could be rough, as indicated by
the quick damping of the XRR intensity when the incidence
angle is increasing (see Figure 3 (a)). This is confirmed by
the TEM cross-section of Figure 2 (a), where a thickness
variation of the LSMO layer about 3 nm is clearly observ-
able. An estimation of the rms roughness could be made by

substracting the z positions of the two visible peaks of Figure
3 (b) and divided the result by 2. Given the low experimental
resolution, this roughness estimation ﬁq, reported in Table
3, represents only an approximation, with a missing 2-1 peak
around 4 nm that cannot be resolved here. Nevertheless,
this interpeak interval is in fair agreement with the previous
published rms roughness value of 2.2 nm for a PLD grown
LSMO thin film [30].

The LSMO thickness evaluation from XRR spectra, i.e. the
entire layer including the roughness region, is summarized
in table 3 for the 5 measured samples. In this case, the
uncertainty on the thickness evaluation is taken directly
equal to Az, i.e. the experimental angular resolution of the
XRR spectra. In addition of the Fourier analysis, it is also
possible to implement a linear regression analysis including
the squared angular position of the fringe peak maxima

0,.ax and their squared ordering. The next formula is easily
obtained [23].
2 1,2 ( AN
02, =02+ () (7)

The layer thickness is then calculated with the slope of Hrznax
with respect to m?, extracted from the linear fit of experi-
mental data, based on (7) [23]. This data treatment provides
a maximum uncertainty less than two LSMO atomic planes,
around 0.6 nm, but does not give information about the
roughness of the thin film as the Fourier analysis does.
The results of both methods, including the previous de-
scribed errors, are summarized in Table 3. Compared to
XRD sensitive to perfect cristalline diffracting planes inside
the LSMO layer, XRR measurement is sensitive to electron
density contrast, i.e. the interface constrast air/LSMO and
LSMO/Nb:STO. As expected, the thickness values extracted
from the XRR analysis are between 1 to 4 nm higher than
those calculated from HRXRD data, which seems to be re-
lated to the top surface roughness, as suggested by the TEM
picture presented in Figure 2 (a). The thickness extracted
from HRXRD analysis could be then see as a minimum
threshold thickness for the LSMO epitaxial film.

The critical angle for total external reflection 6, could be
determined directly from the XRR curves, without using (7).
0, corresponds to the first angle where the XRR intensity
starts to decrease, after a plateau at the maximum intensity
value, provided that the X-ray beam footprint is within the
sample area, according to Gibaud et al. [27]. Its value is a
picture of the mass density p,, of the top LSMO layer of
the heterostructure, thanks to some calculations detailed in
Appendix A.2. The values for each sample are reported in
Table 3.

3.2. Optical characterization of LSMO by
spectro-ellipsometry
The X-ray techniques constitute suitable reference tools
for the non-destructive characterization of materials, espe-
cially to determine the cristallographic structure, the thick-
ness as well as the density of thin films, even with nanomet-
ric layer because of the ultra-short wavelengths. However,
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Table 3

LSMO layer properties determined by X-ray reflectivity: thickness from peak analysis h| s\mo xrr peaks’

thickness from Fourier transform h g\io.xrr Fourierr FOUghness estimation R, critical reflection angle
0., mass density p,. The 2-c uncertainties are derived directly from the instrumental angular
resolution, except for h gpo xRrR peaks With errors calculated from a Monte-Carlo approach. The 2-¢
uncertainty on the mean values includes in addition the sample dispersion.

N* [Nb] hLSMO-XRR peaks hLSMO-)(RR Fourier Rq Bc Pm
(%wt) (nm) (nm) (nm) ) (g.cm™)
1 0 41.0+ 0.3 403+ 1.9 22+09 038+0.02 7.18 +0.61
2 0.01 45.0 + 0.3 440+ 1.9 28+ 09 040+002 7.96+0.64
3 0.05 412 + 0.6 422 +1.9 28+ 09 040+0.02 796+ 0.64
4 0.1 433+ 0.3 403+ 1.9 1.8+09 040+0.02 7.96 + 0.64
5 0.5 447 + 0.3 422 +19 1.8+09 041 +0.02 8.28+0.65
Mean | 431+38 41.8 + 3.6 23+14 040+0.03 79=+11

these techniques are mostly sensitive to the cross-planed
atomic structure and electronic density of the layer stack.
In the non-contact characterization landscape, the spectro-
scopic ellipsometry is also very interesting for its high
thickness resolution, lower than the nanometer scale, even
though it uses commonly optical wavelengths larger than
the thickness of the stack under study. Such a performance
is obtained because ellipsometry takes advantage of the
polarization modification of the electric field vector by the
materials, i.e. it collects both an amplitude and a phase
information.

3.2.1. Dispersion model description

In our case, the model is composed only by a single layer
over a semi-infinite layer of Nb:STO, as the LSMO film has
been epitaxially grown onto a substrate with mirror-polished
top surface. Backside specular reflections are avoided be-
cause of the rough non polished bottom surface of the sub-
strate. The complex reflectivity rq;, for such a single-layered
heterostructure is given by the relation (14) in Appendix A.1,
considering air as medium 0, LSMO thin film as medium 1
and Nb:STO substrate as medium 2.
The direct determination of the complex refractive index
of the substrate n, — jk, is done before deposition, from
its top surface specular reflection, thanks to relation (16) in
Appendix A.l taken from [13].
Obviously, the obtained substrate refractive index does not
take into account correctly its absorption since it is based
only on the analysis of the specular top surface reflected
light. The (ny; k) extracted values constitute therefore "ap-
parent" optical indexes. But their knowledge is necessary to
extract in a reliable manner the complex refractive index of
LSMO thin film deposited on it.
The LSMO is a strong correlated electron material with a
metal-insulating (M-]) transition occuring at the temperature
Ty ~ 360 K, in parallel of a ferromagnetic - paramagnetic
transition [26]. Although the LSMO is considered as a half-
metal at room temperature, its electrical behaviour cannot be
considered as a pure metallic one [31]. Logically, the chosen
physical-based dispersion model has to take it into account,
by mixing a Drude model €, _p,, .. suitable for metal, with

an oscillator model for semiconductor €,_gc, derived from
a modified Forouhi-Bloomer formulation.

By considering that the complex refractive index 7ij ¢pr0
equals \/é._p,.4e + €_sc- 1t 1s then easy to figure out the
expressions for the optical index of refraction of LSMO 7 as
well as its extinction coefficient k. A detail of this modeling
is summarized in Appendix A.l. A complete mathematical
description can also be found elsewhere, in technical notes
of spectroscopic ellipsometry from the Horiba company,
especially the Classical and New amorphous models.

3.2.2. Validation of the spectro-ellipsometric model
Only two oscillators are necessary in our case to describe
correctly the experimental data, with a very good ;(g  value
inferior to 1 for the five samples. This contrasts with Yamada
et al. that have used seven Lorentz-type oscillators [9]. Such
a difference in the oscillators number seems consistent with
the reduced energy range explored in our study, compared
to the data published by Yamada et al. that covers down to
0.03 eV in the very-long wave infrared range. In addition,
instead of the classical modelling with only Lorentz oscil-
lators, we have chosen a model including an optical energy
gap to consider the insulating behaviour of LSMO, inherited
from its parent oxide Mott insulator LaMnO; [32]. Figure 4
demonstrates clearly the good agreement of our proposed
analytical model with the mean measured ellipsometric an-
gles. One advantage of the ellipsometric study lies in the
simultaneous determination of the complex optical index as
well as of the thickness of each layer. First, we have made
the assumption that the LSMO behaves like an isotropic
medium, as Yamada et al. did [9]. Given its pseudo-cubic
structure [25], we can reasonably think that such such LSMO
layer does not require the use of Mueller matrix ellipsometry.
In our case, the biaxial in-plane isotropy has been checked
by the measurement of the sample in both perpendicular in-
plane directions, in the same area, that does not reveal any
difference in the (‘Pz; Az) spectra.
Table 4 summarizes some relevant parameters for the five
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Table 4

Pseudo Forouhi-Bloomer and Drude model parameters for La,;;Sr,,;MnO; by spectro-
ellipsometry (SE) analysis: chi-square fitting indicator ;(éE, high energy asymptotic
refractive index n,, plasma oscillation w,, free carrier collision frequency I';, optical gap
o, and layer thickness h gyo. Values are given with a 2-¢ uncertainty, including the sample

dispersion for the mean values.

N° Ié‘E Ry w, rd W, hLSMO
(eV) (eV) (eV) (nm)
1 0.81 1.67 £+ 0.04 461 +009 242+0.16 050+057 39.2+28
2 0.68 1.74 + 0.03 467 +0.06 240+0.13 1.18+040 426+ 2.7
3 0.69 1.76 £ 0.03 465+006 244 +0.13 134+028 409+23
4 0.63 1.77 £ 0.03 470+0.06 240+0.13 1.10+033 404+24
5 0.71 1.78+0.03 475+006 249+0.14 144 +032 425+238
Mean ‘ 1.74 + 0.09 4.68 +0.12 243 +0.16 1.11 +0.83 41.1 +3.9
20 90 index n and on the extinction coefficient k, averaged on the

e o o e e e Measured
Fit

2 3 4 5 6
Energy (eV)

Figure 4: ¥ angle (blue line and marks) and A angle (orange
line and marks) versus the incident photon energy. Comparison
between the mean of the measured values over the five samples
(marks) and the mean values computed by the fitting proce-
dure (solid line). For clarity, only one third of experimental
data points are represented with their 2-¢ error bars.

measured samples. The LSMO layer quality between sam-
ples is demonstrated with relatively fair discrepancies be-
tween them. Nevertheless, we can draw two obvious obser-
vations by looking at those parameter values.
The first one is the low confidence on the mean extracted
value for the optical energy gap w,, with a two third disper-
sion. One explanation could lie in the very smooth absorp-
tion peaks of the semiconducting part at ambient tempera-
ture, where the LSMO is dominated by a pseudo-metallic
behaviour, like a degenerate semiconductor. However, the
mean value of 1.1 eV is coherent with the gap of the insu-
lating parent oxide, i.e. LaMnO; based on previous studies
[33].
The second one is dealing with the thickness. The found
values are in agreement with a mean relative error of 4.7 %
with XRR result and 4.0 % with XRD result of Table 1.
Moreover, the thickness uncertainty could be interpreted in
terms of roughness, because its mean value of 2.6 nm is also
consistent with the XRR analysis and the TEM cross-section
observations.

Figure 5 illustrates clearly the fair uniformity of the
LSMO layer properties between samples, with a mean ex-
perimental 2-¢ deviation around 2.9 % both on the refractive

whole ellipsometry spectral range. As expected, the Nb dop-
ing, which stands under 1 % at, does not affect significantly
the LSMO growth.

The two Drude parameters are within the same order of
magnitude of already published values on La, /3Sr; ;3MnO;

films, i.e. around 10! Hz for the collision frequency ', and
around 10" rad.s™! for the plasma frequency w,, [30]. This
study was based on Modulated Optical Reflectance (MOR)
measurement at 633 nm, i.e. inside the wavelength range of
our ellipsometric study. This qualitative agreement confirms
the relevance of the Drude part in our dispersion model for
such layer.

This knowledge of the complex refractive index can be used
to simulate the reflectance of a single LSMO/Nb:STO het-
erostructure, using (14) or a matrix method whose formalism
is well described in [11]. We are assuming an unpolarized
light, i.e. the reflectance of the 012 layer stack Ry;,.; can be
expressed by:

1 2 2
Rstack = 5 (lrs—012| + |rp—()l2| ) 3

Figure 6 (b) shows the comparison between this calculation
with the mean reflectance of samples n°1 to 4, measured by
the spectrophotometer up to 5 eV, for an incidence angle of
8°. The experimental points from spectrophotometry are not
equally spaced in energy because the instrument is sweeping
linearly the wavelength A unlike the energy sweeping of the
spectro-ellipsometer.

There is a fair agreement between the two curves, especially
in the 2.5 - 5 eV range, taking into account the sample
dispersion. However, there is a discrepancy up to 2.8 % of
absolute error in the 1.5 - 2.5 eV range, even more so because
the dispersion is clearly reduced in this energy range, both
for spectrophotometric and ellipsometric data.

Looking at the reflectance of the substrate only, in Figure 6
(a), we get a very good matching between both data, es-
pecially below 3 eV. The slight deviation is in this case
more situated in the UV range, above 4 eV. The discrepancy
observed for the specular reflectance of the heterostructure
under 2.5 eV cannot thus be justified by the substrate itself
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Figure 5: (a) The refractive index of the LSMO layer n as a function of energy. (b) The extinction coefficient of the LSMO layer k as
a function of energy. Results are coming from spectroscopic ellipsometry measurement and data analysis, uncertainty error bars are
represented only for experimental means. (a) and (b) Comparison of the experimental mean value between samples with the mean
value computed by a Monte-Carlo method, with 10 000 random sampling, applied simultaneously on each gaussian-distributed
LSMO dispersion model parameter, using 2-¢ uncertainties given by the DeltaPsi2 software.

or any instrumental reason.

A plausible explanation is that it comes from the heteroepi-
taxial layer itself. As a matter of fact, the LSMO thin epilayer
is fully strained, with an uniform biaxial in-plane tension
and a proportional vertical compression, due to the intrinsic
lattice mismatch with the Nb:STO substrate, as already
described in the X-ray analysis section. Our single crystal
epifilm LSMO (100) is thus in a tetragonal shape. This
crystal system presents an uniaxial anisotropy in constrast
to the isotropy of the theoretical perovskite cubic system. In
that situation, the z component of the complex permittivity
tensor, i.e. the complex refractive index 7i,, can differ from
its in-plane components. With an incidence angle of 70°, the
ellipsometry measurement was more sensitive to this differ-
ence than the spectrophotometry performed with a quasi-
normal incidence angle of 8°. In other words, the apparent
complex refractive index seen by ellipsometry is different
from the one seen by reflectometry, which corresponds to
the in-plane refractive index. Nevertheless, in the ratio p (E)
measured by ellipsometry, the only quantity affected by this
effect is r,_g)5, i.e. the electric field component parallel to
the z axis. This maybe could justify the relative restrained
difference between the two reflectance curves of Figure 6
(b).

The interpretation presented hereabove relies on the bire-
fringent behaviour of our heteroepitaxial LSMO, with an
extraordinary axis in the z direction, which is not the easiest
optical axis to sense due to the nanometric film thickness.

3.2.3. Mass density determination of the LSMO layer
From the complex refractive index of LSMO, extracted

by spectro-ellipsometry, it is then possible to estimate some

other interesting properties, like the mass density of the

LSMO layer. It can be calculated through the Clausius-
Mossotti or Lorentz-Lorenz formula, knowing the refractive
index n of the LSMO layer [34].

2 _ N

:2 +; B %nampmﬁ ®
where N, is the Avogadro constant, M is the molecular
weight of La, /351 ,3MnO; equals to 224.72 gmol™!, p,, is
the mass density and a,, constitutes the molecular electronic
polarizability of the LSMO. This latter quantity is equal
to the sum of polarizability of each ion a,;,, weighted by
its stoechiometric factors inside the crystal. Theoretical
polarizability values have been taken from literature [35]:
ay e =3.75%x 10724 cm?, agor =2.01 X 10724 cm?, a5+
=0.35%x 1072 cm?, ago- = 0.75 X 1072* cm?3.
The calculation of the mass density with (9) is summarized
in Table 5. The mean calculated value of 7.75 g.cm ™ reveals
an experimental LSMO layer more dense than the theoretical
value for the pseudo-cubic bulk LSMO of 6.345 g.cm™>
[36]. Nevertheless, the value found by ellipsometry analysis
is rather consistent with the one from XRR analysis, with
a relative error on the mean values of 1.4 %. This last
result is another cross-validation of the spectro-ellipsometric
measurement and modelling done on the LSMO layer.
Physically, this apparent increasing could be related to the
fully strained LSMO lattice, where appears in compression
in z direction.

3.2.4. Drude model pertinence for LSMO

The La, /3Sr; ;3MnO; presents a half-metallicity at room
temperature [31], with a large number of free carriers di-
rectly related to its stoechiometry, i.e. coming from the Sr**
deficient valence compared to La3t, which induces a hole
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Figure 6: (a) Reflectance of the mirror top surface of an Nb:STO substrate, as a function of energy for an unpolarized light.
This reflectance is similar for subtrates with doping concentration up to 0.1 %wt. The 0.5 %wt doped substrate is not included
here because its reflectance spectrum in the studied energy range is lightly different, especially for energy inferior to 2 eV. (b)
Reflectance of the studied LSMO/Nb:STO single heterostructure stack as a function of energy for an unpolarized light. (a) and
(b) Comparison of the mean value of samples, measured by spectrophotometry, with the mean value calculated with ellipsometric
data, notably the optical indexes of the LSMO layer and of the Nb:STO substrate. The error bars represent the 2-¢ dispersion

between samples.

Table 5

Mass density p,, and room temperature elec-
trical resistivity p,. of heteroepitaxial LSMO.
Mean values are expressed including the 2-¢
sample dispersion.

N° [Nb] Pm Pac
(%wt) (g.cm™3) (mQ.cm)
1 0  750+179 1.57
2001 7.71+187 1.39
3 005 7.85x185 1.47
4 01 7.82+187 1.49
5 05 7.84x186 -
Mean | 7.75 + 1.87  1.48 + 0.15

doping [37]. The theoretical doping concentration N ; could
be calculated thanks to the following formula.

Ny
M
where x is the molar fraction of Sr atoms inside the layer, i.e.

1—15 with our stoechiometry. Taking p,, = 7.75 g.cm™3, this

leads to a Ns_;;, value about 1.4 X 10%! cm3.

It is also possible to extract an experimental value, combin-
ing ellipsometric data and values of the electrical resistivity
P4 at room temperature, i.e. 298 K, extracted from four-
point probe measurement, using for example:

N, = PmX (10)

m*rd

- (11
qudc

Nfexp =

where q represents the elementary charge and m* the effec-
tive carrier mass, taken equal as 3m, for LSMO [30].

The mean extracted value of 4.2 x 102! cm™3 is consistent
with N f=th> i.e. seems consistent. Here, the sample 5 has
not been part of the calculation because the electrical con-
ductivity of Nb:STO doped at 0.5 %wt at room temperature
is higher than the one of LSMO, preventing its estimation
from 4-point probe measurement.

Based on the Drude model definition, we can establish the
following relation, theoretically valid for LSMO [9].

12)

In this case, this leads to a mean value of 4.32 eV, i.e. quite
the double compared to the 2.43 + 0.16 eV of Table 4.
However, this higher value is closer to the 4.59 eV previously
deduced from MOR measurement [30].

This implies that the Drude parameters given by the ellip-
sometry analysis, i.e. the plasma frequency and the collision
frequency, seems to be not self-consistent. This leads to
an inconsistency between the extracted value of the free
carrier concentration and the hole mobility value, taking
into account the electrical resistivity measurement. A logical
explanation is that the electrical Drude model by itself is
not sufficient or suitable to calculate the true resistivity of
the LSMO layer at room temperature, as suggested by the
combined metal-insulator ellipsometric model used.

_ 2
Ly = €ppyc @,

4. Conclusion

To conclude, the ability of the spectro-ellipsometry to
give useful quantitative informations about complex oxide
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heteroepitaxial structures, such as La, 3Sr; ,3MnO3 grown
by PLD onto Nb doped SrTiO; substrates, was clearly
demonstrated.

The spectro-ellipsometry analysis was here able to deter-
mine in parallel the thickness as well as other properties of
a complex oxide epilayer, even using a refined complex per-
mittivity dispersion model of ten parameters. This proof has
been done by combining X-ray and optical measurements to
improve the confidence and cross validate the results, within
less than 5 % relative error between the different techniques.
This type of careful comparison is scarsely present in the
literature.

Moreover, the spectro-ellipsometry turned out to be the best
tool to extract a full picture of the studied LSMO layer,
namely the thickness h, the optical gap w,, the plasma
frequency w), the mass density p,,, the complex refractive
index n and the extinction coefficient k between 1.5 to 6 eV
photon energy range. This optical analysis has confirmed
the need of a mixed dispersion model to report correctly
the nature of the LSMO material and its measured electrical
Metal-Insulator transition near the room temperature [26].
The proposed model, validated in this study, is a combi-
nation between a Drude model, adapted for metals, and a
double-oscillator pseudo Forouhi-Bloomer model, adapted
for insulating materials.

Finally, as a perspective, it could be interesting to check
if the spectro-ellipsometry is really sensitive to the out-of-
plane anisotropy of the LSMO layer. Further work would
consist in using variable-angle optical measurements, both
spectro-ellipsometry and spectrophotometry, always to cross
validate the results by two different measuring techniques.
The purpose of such study would be to differenciate quan-
titatively the out-of-plane uniaxial anisotropy of the fully
strained LSMO heteroepitaxial layer, i.e. its birefringence,
and to correlate it quantitatively with the strain found by
X-ray diffraction.
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A. Appendix

A.l. Spectro-ellipsometry relations
The complex reflectance ratio p is defined by:

N r
p=tan(P)et =L 13)
r

N

Where r,, and ry are the complex electric field reflectivities
for the parallel and perpendicular direction from the inci-
dence plan espectively. The complex reflectivity rq;, for a
single-layered heterostructure with air as medium 0, thin film

as medium 1 and substrate as medium 2 is given by:

rop=""7 14)

The previous relation is valid whatever the considered in-
cidence angle 6, and for each polarization of the light
regarding the incidence plane, i.e. parallel (p-polarized) or
perpendicular (s-polarized). ﬁl designates the phase angle
inside medium 1 given by:

R 6
B = 2—”h1rf1 cos <arcsin <sin <70>>> (15)
A n

It exists an unambiguous relation between complex refrac-
tive index of the substrate n, — jk, and the couple (‘Pz; Az)
measured by the ellipsometer, given by the expression with
air as prime medium.

- p\2 ;
ny _jkz = sin90 1+ (1 +p2> tan2 90 (16)
2

In the hereafter equations, the Horiba expressions are using
the pulsation w to illustrate the spectral dependence of the
LSMO, which is equivalent to the photon energy E divided
by the coefficient 7.
2 A A A
A smo = €r—smo = é—prude T é—sc (17)
1

? 2
& hipspo =n—jk= | ————— + i
w? + T 0 "sc

w
where { p

Fd . free carrier collision frequency

. plasma oscillation frequency

) +C,
nge = ng, + 2 (18)

m=1 a) w ) +F2

_fu |2 _ _ 2

where{ B’”_E[F’" m a)g) ]

Co =2/l (0, — )
2

2 M forw>a)

ksc = = |(@-on)+13) (19

0 either.
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where

-

Ny, - limit of nge where @ — 00

[Se]
W, . optical gap

@, . absorption peak angular frequency of the m'" oscillator,
with @, > o,

f m - amplitude of the absorption peak of the m” oscillator

I',, © FWHM of the absorption peak of the m'" oscillator

L

A.2. Mass density from XRR
First, the electron density of the top single layer on a
substrate is derived.

o = 2_”5 =T p2 (20)

2 2 c
Asr, A%r,

where r, is the electron radius, taken equal to 2.813 X 1075 A.
Then, the mass density can be estimated thanks to the
following equation, neglecting the absorption.

Z+f
Pm = Pe NAinlTil 21
where N , is the Avogadro constant, x; is the molar fraction
of atom i, Z; is the atomic number of atom i, M, is the molar
mass of atom i and fi’ is the real part of the anomalous
scattering factor for the used X-ray reflectivity wavelength
[38].
Data collected and used for the La, ;3Sr; ,3MnOs is summa-
rized in Table 6.

Table 6
Data for LSMO mass density estimation from XRR
measurement

!

Atom i x; (%) M, (g.mol™!) Z, fi

La 0.13 138.91 57 -1.27

Sr 0.07 87.62 38 -0.33

Mn 0.20 54.94 25 -0.60

0 0.60 16.00 8 0.05
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