N
N

N

HAL

open science

Soft X-ray characterization of ion beam sputtered
magnesium oxide (MgQO) thin film
Mangalika Sinha, Mukul Gupta, Philippe Jonnard, Mohammed H Modi

» To cite this version:

Mangalika Sinha, Mukul Gupta, Philippe Jonnard, Mohammed H Modi. Soft X-ray characterization
of ion beam sputtered magnesium oxide (MgO) thin film. Surface and Interface Analysis, 2018, 50

(11), pp.1145-1148. 10.1002/sia.6446 . hal-01994545

HAL Id: hal-01994545
https://hal.sorbonne-universite.fr /hal-01994545
Submitted on 28 Jan 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.sorbonne-universite.fr/hal-01994545
https://hal.archives-ouvertes.fr

Soft X-ray characterization of ion beam sputtered magnesium

oxide (MgO) thin film

Mangalika Sinha®?

1Soft X-ray Applications Lab, Raja Ramanna
Centre for Advanced Technology, Indore
452013, India

2Homi Bhabha National Institute, Bhabha
Atomic Research Centre, Anushakti Nagar,
Mumbai 400094, India

3UGC-DAE Consortium for Scientific
Research, University Campus, Khandwa Road,
Indore 452017, India

4Sorbonne Universités, UPMC Université
Paris 06, CNRS UMR 7614, Laboratoire de
Chimie Physique-Matiére et Rayonnement, 4
place Jussieu, F-75252, Paris cedex 05, France

Correspondence

Mangalika Sinha, Soft X-ray Applications Lab,
Raja Ramanna Centre for Advanced
Technology, Indore 452013, India.

Email: sinha.mangalika@gmail.com

1 | INTRODUCTION

Thin films

applications in microelectronics, optoelectronic devices, solar cells,

having nanometre-level thickness has widespread

semiconductor industry, etc. The advancement of various material
growth process using techniques like pulsed laser deposition, ion beam
sputtering, and molecular beam epitaxy enables one to fabricate
nanometre-level films with high precision. However, the nature of
interaction of the deposited film on the substrate is not always known.
Sometimes interface formation due to interdiffusion, formation of rough
surfaces, and presence of buried layer may hinder the quality of the
deposited film resulting in the degradation of its performance in the
state-of-the-art optical and electronic devices. Thus, it is a prerequisite
to carry out proper material characterization, ie determination of
structural parameters with high accuracy, in-depth density profile,
surface, and interface composition of the film. Soft X-ray reflectivity
(SXR) and soft X-ray absorption spectroscopy (XAS) are powerful
techniques used to investigate the surface, interface, and the structural
characterization of a thin film. In reflectivity, interference of incident
and the reflected X-rays occurs while travelling through different inter-
faces, which are defined by different distinct refractive indices.* Near
the absorption edges, with a marginal change in the composition, the
atomic scattering factors can vary drastically. Thus, by tuning the photon

energy near the absorption edges, one can analyse the in-depth chemical
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In the present study, surface and interface characterization of magnesium oxide
(MgO) thin film is carried out by using non-destructive soft X-ray reflectivity and
absorption technique. To get a further insight about the in-depth and surface
composition, secondary ion mass spectroscopy measurement is also carried out. The
analysis of the reflectivity data indicates the presence of Mg-Si-O layer between
the principal layer (MgO) and Si substrate interface. The secondary ion mass
spectroscopy spectra corroborate well with the model assumed in the analysis of
the reflectivity data. Combined soft X-ray reflectivity-total electron yield result
confirms the presence of low-density MgO on top of principal MgO layer. Total
electron yield result confirms the rocksalt structure of the film and provides a glimpse

of the electronic structure near the O-K absorption edge.

composition in a non-destructive manner.2® Whereas, in absorption
measurements, X-rays are used as a probe to characterize both
near-edge features as well as fine structures. X-ray absorption spectros-
copy (XAS) measurements are usually performed in total electron yield
(TEY) mode. Generally, inTEY mode, the yield current consists of primary
Auger as well as secondary electrons. But in the soft X-ray energy range,
low-energy secondary electrons consist of a major part of the yield
current, making TEY technique much more surface sensitive.* Thus,
combined SXR-TEY technique is a sensitive probe for surface and
interface analysis to determine structural and compositional details.

There are several instances in literature where these techniques
are used to successfully describe the interfaces buried deep down
the surface. Borrero et al® carried out site-selective spectroscopy of
transition metal oxide (LaCaMnO3/YBCO) heterostructures by using
reflectivity and XAS. Filatova and Sokolov® have shown the evolution
of near edge absorption fine structure of HfO, thin film by using
simultaneous TEY and X-ray reflection spectroscopy technique. Alders
et al” also carried out grazing incidence reflectivity and absorption
spectroscopy of NiO near Ni 2p edge. In the present work, we have
carried out a detailed characterization of surface/interface quality of
MgO thin film by using SXR and XAS.

Magnesium oxide (MgO) is well known for its use as a substrate® in
depositing high-quality oxide films. Thin films of MgO are widely used as

a barrier layer in magnetic tunnel junctions.”** Magnesium oxide is also
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used as a protective layer in plasma display panel, as well as a buffer
layer in high-temperature superconductors. In multilayer mirrors, MgO
is used as a spacer layer to get high reflectivity performance in extreme
ultraviolet/soft X-ray region.*> However, to achieve the calculated
performance from a thin film/multilayer devices, it is prerequisite to
characterize the surface/interface quality in actual energy/wavelength
regime. In literature, very few studies on soft X-ray behaviour of MgO
thin film are available. In this study, we have carried out SXR
measurements of MgO thin film deposited over Si substrate over the
wavelength range of 120 to 190 A. From the analysis of the SXR data,
the in-depth delta profile is obtained, which gives a clear picture of
density variation near the surface and interface region. The model, as
assumed for the analysis of the SXR data, is correlated with the second-
ary ion mass spectra. The X-ray absorption measurements inTEY mode
are carried out near the O-K edge to obtain the information about the
top surface layer and the structure of the film.

2 | EXPERIMENTAL

21 |

The MgO thin film of 500 A thickness was deposited on a Si (100)

substrate by using ion beam sputtering technique. Before the deposi-

Sample preparation

tion, the Si substrate was ultrasonically cleaned. The sputtering of pure
MgO target (99.995% purity) was carried out in argon (Ar) environment
at a working pressure of 2 x 107> mbar. Prior to the deposition, the
chamber was evacuated to a base pressure of 4.2 x 1077 mbar.

2.2 | Characterization

Time-of-flight-secondary mass ion spectroscopy (SIMS) measurements
were performed by using Cs* ion gun operating at 1 keV (TOFSIMS-5,
lontof). However, the analysis was carried by using bismuth (Bi*) ions
operating at 30 keV, ~4.7 pA. The analysis area was 100 um x 100 um
inside the sputter crater of 300 um x 300 pm.

Soft x-ray reflectivity (SXR) measurements were performed in
high-vacuum soft X-ray reflectometer installed at reflectivity
beamline®® of Indus-1 synchrotron radiation source. The reflectivity
beamline uses a toroidal grating monochromator to provide
monochromatic photons in 40 to 1000 A wavelength range with high
flux and moderate spectral resolution (A\/AX\ ~ 200-450).

The Parratt recursive formalism®* was used for the analysis of the
measured reflectivity data. The surface roughness effect was taken
into account by using Névot-Croce model.*®

Using the XAS beamline at Indus-2 synchrotron source, the O-K
edge X-ray absorption spectra (XAS) were recorded in surface
sensitive TEY mode.

3 | RESULTS AND DISCUSSION

Figure 1 shows the X-ray absorption spectra (XAS) of the MgO thin
film near the O-K absorption edge measured in TEY mode. The TEY
spectrum shows some fine features that provide information about

the structure of the film. In Figure 1, we observe few features that are
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FIGURE 1 X-ray absorption spectra of 500-A-thick MgO thin film
and that of a MgO substrate measured in total electron yield mode
near the O-K absorption edge region

designated as A, B, C, D, E, and F. The features named as A, B, and C
arises due to transition from oxygen p — hybridized states of Mg, s
and Mg, s states, where 1 and 2 stands for first and second nearest
neighbour Mg atoms respectively. The feature D is due to strong anti-
bonding interaction with Mg p orbitals, and the feature E and higher
energy features are mainly due to oxygen p — hybridized states of
Mg, 4 anti-bonding interactions.'® One of the features shown by arrow
in the spectra could be due to core exciton, which generally expected to
appear in the vicinity of the absorption edge. For comparison we have
measured the TEY spectra of MgO substrate also. The features
appearing in the TEY spectra of MgO substrate is reflected for the
MgO film too. In conclusion, the multiple scattering observed in the
given spectra can be the direct evidence of the rocksalt structure of
the film.

Total electron yield mode is surface sensitive as it provides
information about few A of the surface layer of the thin film. Thus,
from XAS measurements in TEY mode, it is confirmed that the surface
layer of the film is nothing but MgO only. However, this technique has
a limitation to provide information about the interface of the film. To
obtain in depth density/composition variation, we have carried out
SXR measurements in the wavelength region of 120 to 190 A.

Figure 2 shows the measured (star) and fitted (black solid line)
angle-dependent reflectivity curves of 500-A-thick MgO thin film using
photon beam in the 120 to 190 A wavelength range. Parratt's recursive
formalism was used to analyse the SXR data; the surface roughness was
taken into account by using the Névot-Croce model. To obtain a best fit,
it is found that a three layer model consisting of the top surface layer,
principal MgO layer, and the interfacial layer consisting of native oxide
of the substrate is not sufficient to fit the measured data. To improve
the fit quality, an additional layer near the film/substrate interface is
assumed after the native oxide layer on the substrate. The model that
provides a best fit consists of the top surface layer, the principal MgO
layer, an interfacial layer consisting of Mg-Si compound, and the native
oxide layer on the silicon substrate. The structural parameters, ie thick-

nesses and roughness of the different layers as obtained from the SXR
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FIGURE 2 Measured (star) and fitted (continuous solid line) angle-
dependent soft X-ray reflectivity curve of magnesium oxide (MgO)
thin film over the wavelength range of 120-190 A

analysis, are tabulated in Table 1. The structural parameters obtained
were valid over the complete region of wavelength (120-190 A) where
reflectivity measurements were performed.

The in-depth composition of the MgO thin film can be well
understood from the optical density (delta) profile obtained by
modelling the reflectivity data and is shown in Figure 3. From the
XAS-TEY measurements, it is confirmed that the top layer of thin film
is nothing but MgO only, and from the optical density profile (ODP) as
obtained from SXR analysis, it is confirmed that the top layer has low
density in comparison to the principal MgO layer. Thus, the top surface
layer is nothing but low-density MgO layer. From the ODP, it is also
evident that the principal layer is almost uniform except near the air/film
and the film/substrate interface. The effect of surface roughness is
included in the calculation of in-depth ODP as evident from Figure 3,
where a gradual change in density (delta) is observed between the
interfaces of different layers as assumed in the model. The surface
roughness effect is considered in accordance to the Névot-Croce model
where an error function instead of a step function is assumed near
the interface of different layers. Near the film/substrate interface,
formation of some interfacial layer is observed. Previously, Singh
et al'” carried out X-ray reflectivity measurements of Fe/MgO/Fe
multilayer stack where MgO buffer layer was deposited on Si substrate
to prevent silicide formation at the Si/Fe interface. They observed that
the obtained reflectivity pattern matched well with the simulated one

on consideration of a SiO, and Mg,Si, layer above the Si substrate. In

TABLE 1 Structural parameters of the different layers assumed in
the analysis of the soft X-ray reflectivity data in the 120-190 A
wavelength range

Layer Thickness, A Roughness (o, A)
Top surface 35.7 9.3
MgO 434.2 9.2
Mg, Six 48.2 7.9
SiOy 42.6 3.6
Si substrate INF 3.3
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FIGURE 3 In-depth optical density profile obtained from modelling

the soft X-ray reflectivity data. Inset shows the Henke tabulated
delta values in the wavelength range of 120-190 A for bulk Mg,SiO,
SiO,, and Mg,Si

our study also, we have considered 2 layers of different densities
between the principal MgO and Si substrate. To identify the composi-
tion of this interface layer, we tried to make a comparison between
the Henke tabulated?®!? delta values of bulk Mg,SiOs, Mg,Si, and
SiO,. For 120 A wavelength, the in-depth delta profile shows that the
interfacial layer is actually composed of 2 different layers having a slight
contrast in delta, ie having slightly different densities. The two interfa-
cial layers are nothing but Mg-Si-O and Si-O layers. At 120 A wave-
length, the delta value of the first interfacial layer is slightly higher
than that of the second one, while at 140 A wavelength, this trend
reverses. This is evident from the inset of the Figure 3, where we can
see that the delta value of bulk SiO,, lies between that of Mg,SiO3 hav-
ing a bulk density of 3.21 g/cc and Mg,Si with a density of 1.99 g/cc. If
we consider that the first interfacial layer is composed of Mg-Si-O, then
its delta value must lie somewhere between the delta profile of bulk
Mg,SiO5 and Mg,Si, which is true for our case. Moreover, according
to the trend of the delta profile of bulk SiO,, it is quite evident that
the delta value at 140 A wavelength for Si-O must be higher as com-
pared with Mg-Si-O. It is also evident from Figure 3 that after 170 A
wavelength, the delta value of the Mg-Si-O layer is quite lower than
the Si-O layer. This fact is self-evident if we observe the inset of
Figure 3, where we can see that delta value of both bulk Mg,SiO5 and
Mg,Si follows a decreasing trend as wavelength increases after 170 A.
To confirm the correct picture of the model obtained by analysis of
the SXR, we have carried out SIMS measurements. Secondary mass
ion spectroscopy being a destructive technique provides the real picture
of the in-depth composition of the thin film. Figure 4 shows the SIMS
spectra of the MgO thin film, where it is observed that the principal
MgO layer is almost uniform throughout the depth of the film except
at the film/substrate interface. Near the interface, presence of both
Si0?” and Mg-Si is evident. It is also evident from the spectra that the
Si atoms from the substrate diffused towards the principal MgO layer
up to some extent. The Si atoms along with MgO form a complex
Mg-Si-O compound. Thus, the SIMS results corroborate well with the
ODP obtained by modelling the SXR data.
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FIGURE 4 Secondary ion mass spectroscopy (SIMS) spectra of
magnesium oxide (MgO) thin film

4 | CONCLUSIONS

Soft X-ray characterization of MgO thin film has been carried out by
using SXR and XAS. XAS measurements in surface-sensitive TEY mode
near the O-K edge confirms that the top surface of the film is nothing
but MgO only. The rock-salt structure of the thin film is also confirmed.
Angle-dependent SXR measurements provide information about the
structural parameters and the composition at the film/substrate inter-
face. The ODP obtained from SXR analysis confirms the presence of
Mg-Si-O and Si-O layers at the film/substrate interface. In-depth profile
of the film as obtained from SIMS has also been found to be consistent
with in-depth ODP.
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