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estigation of MgO growth on fused
quartz using angle-dependent NEXAFS
measurements†
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and Keun Hwa Chae *a

The phenomena related to thin film growth have always been interesting to the scientific community.

Experiments related to these phenomena not only provide an understanding but also suggest a path for

the controlled growth of these films. For the present work, MgO thin film growth on fused quartz was

investigated using angle-dependent near-edge X-ray absorption fine structure (NEXAFS) measurements.

To understand the growth of MgO, sputtering was allowed for 5, 10, 25, 36, 49, 81, 144, 256, and

400 min in a vacuum better than 5.0 � 10�7 torr. NEXAFS measurements revealed the evolution of MgO

at the surface of fused quartz for sputtering durations of 144, 256, and 400 min. Below these sputtering

durations, no MgO was observed. NEXAFS measurements further envisaged a systematic improvement of

Mg2+ ion coordination in the MgO lattice with the sputtering duration. The onset of non-interacting

molecular oxygen on the surface of the sputtered species on fused quartz was also observed for

sputtering duration up to 81 min. Angle-dependent measurements exhibited the onset of an anisotropic

nature of the formed chemical bonds with sputtering, which dominated for higher sputtering duration.

X-ray diffraction (XRD) studies carried out for sputtering durations of 144, 256, and 400 min exhibited

the presence of the rocksalt phase of MgO. Annealing at 700 �C led to the dominant local electronic

structure and improved the crystallinity of MgO. Rutherford backscattering spectrometry (RBS) and

cross-sectional scanning electron microscopy (SEM) revealed a layer of almost 80 nm was obtained for

a sputtering duration of 400 min. Thus, these angle-dependent NEXAFS measurements along with XRD,

RBS, and SEM analyses were able to give a complete account for the growth of the thin films. Moreover,

information specific to the coordination of the ions, which is important in case of ultrathin films, could

be obtained successfully using this technique.
Introduction

The mechanism behind thin lm growth is an interesting
phenomenon and has been a matter of debate for long time.1–3

Based on various approaches, mathematical models developed
for the determination of lm growth were illustrated by Forg-
erini and Marchiori (2014).4 The microstructural evolution of
lm growth is governed by number of different processes, such
as nucleation, coalescence, competitive grain growth, and
recrystallization.5 In addition to these processes, it is reported
that processes like adsorption and surface reaction not only
promote lm growth but also inuence the surface properties of
thin lms.6 However, understanding thin lm growth still
remains a topic of debate among researchers of both theoretical
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and experimental background. The zeal to understand thin lm
growth among researchers can be seen in a recent review by
Sahu et al.7

Haberland et al. utilized molecular dynamics simulation to
understand the nature of Mo (001) surfaces by considering an
energetic cluster impact model. The formation of a porous lm
was calculated for clusters with a low kinetic energy, while for
clusters with the highest energy, a dense mirror-like lm was
obtained.8 Levine et al. performed grazing-incidence small-
angle X-ray scattering to understand the growth of Au lms.9

Kratzer et al. simulated density-functional theory (DFT) calcu-
lations for understanding molecular beam epitaxy (MBE) grown
GaAs and InGaAs lms at the atomic level.10 Rahman et al.
proposed a kinematic Monte Carlo simulation model to
understand the atomistic and morphological growth of thin
lms.11 A mathematical formalism was developed to describe
the evolution of the intensity of ion scattering spectroscopy (ISS)
against X-ray photoelectron spectroscopy (XPS) peaks when thin
lm is deposited on a at substrate. This formalism permitted
researchers to differentiate a layer-by-layer growth mechanism
RSC Adv., 2018, 8, 31275–31286 | 31275
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from islands and provided an approximate value of the thick-
ness of a homogeneous layer of the deposited lm. The model
has been applied to study the deposition of oxide thin lms of
SnO and CoO on substrates of other oxide materials like MgO
and SiO2. These studies reect that the growth of thin lms not
only depends on the growth parameters but also on the method
of deposition along with the composition of the thin lm.12

Apart from the growth of inorganic thin lms, complexation
arises when organic thin lms are grown.13–15 The growth
mechanism becomes even more interesting in the case of
bilayers and heterostructures, where the growth of a preceding
layer is highly crucial.16–18 In addition to this, the interaction
among ions/atoms at an interface affects the behavior of het-
erostructures and sometimes gives rise to completely different
phenomena.19,20 Thus, this study intended to gain an under-
standing of the growth of thin lms by a technique that could
not only give element-specic details but that could also provide
information about the interaction with neighboring atoms/
ions. These requirements leave us on to near-edge X-ray
absorption ne structure (NEXAFS) investigations as these
provide valence state and site-specic information about atoms/
ions in the lattice.21,22 These measurements also give informa-
tion about the hybridization taking place among various atoms/
ions, which is a better process to understand the interaction
among atoms during the lm/crystal growth.23,24 During growth,
the formation of chemical bonds in different directions occurs,
which leads to the existence of anisotropic chemical bonds. In
the presence of anisotropy of the chemical bonds, the contri-
bution of individual absorption transitions is different at
different angles. This leads to a redistribution of the intensity
between the spectrum details. Further, evolution of this inter-
action in different directions could be successfully depicted
using angle-dependent NEXAFS spectroscopy for organic
molecules,25 oriented ZnO nanostructures,26 and Pr0.67Sr0.33-
MnO3 lms.27 Thus, NEXAFS investigations were extended to
angle-dependent measurements in the present study.28–30

In recent years, MgO has attracted more interest due to its
unusual magnetism31–34 and optical behavior.35–37 This material
is also known for phenomena like spin-dependent electron
reection,38 multilevel switching characteristics,39 and broad-
band laser emission.40 The catalytic applications of this mate-
rial have attracted a lot of research in different disciplines in
recent years.41–44 Thus, the importance of MgO in several
applications and the emergence of novel phenomena makes it
a preferred choice for this investigation. Moreover, the NEAXFS
spectra of the MgO system are sensitive to any external treat-
ment45–48 and are able to give layer-by-layer information on thin
lms.49,50 Since the lm formation during any deposition tech-
nique involves an atom-by-atom and layer-by-layer interaction,
these measurements are able to give information about the
growth more precisely. Thus, the importance of MgO and its
sensitivity toward NEXAFS motivated us to select MgO for
understanding the growth phenomenon. As discussed earlier,
the nature of the substrate and the deposition methods play
important roles in determining the growth; hence, the growth of
MgO on fused quartz (amorphous SiO2) was considered as
a better choice for the present investigation. The key benet of
31276 | RSC Adv., 2018, 8, 31275–31286
considering an amorphous substrate was prevention of the
preferred growth that dominates in case of a crystalline
substrate.51 It is considered that the growth of MgO on this
substrate was only affected by interaction among the constit-
uent atoms.

Though a number of methods, such as pulsed laser deposi-
tion,52 molecular beam epitaxy,53 atomic layer deposition,54 and
e-beam evaporation methods55 are being developed for depos-
itingMgO thin lms, the radio-frequency (rf) sputteringmethod
is considered the most suitable for an insulating oxide like
MgO.56–58 Thus, the present work was motivated to investigate
the growth of MgO on a fused quartz substrate using the rf-
sputtering method together with angle-dependent NEXAFS
measurements.
Experimental
Growth procedure for sputtering

In order to understand the nature of MgO lm growth system-
atically, MgO-sputtering target (99.99%) procured from Alfa Aesar
was used for sputtering. The MgO target was sputtered on fused
quartz substrates using the rf-sputtering method for various
deposition durations of 5, 10, 15, 25, 36, 49, 64, 81, 144, 256, and
400 min.58 The base pressure for sputtering was 5.0 � 10�7 torr.
During deposition, the Ar pressure was maintained at 4.0 mTorr.
The target to substrate distance was kept at 5 cm for the sput-
tering ofMgO on fused quartz (Fig. 1: upper panel). The substrate
temperature was kept at room temperature (300 K). The rf power
was maintained at 40 W for all sputtering durations.

In order to investigate the crystallinity improvement associ-
ated with annealing, the sputtered species having sputtering
duration of 400 min were further annealed at 700 �C for 3 h
(Fig. 1: upper panel).
Characterization

NEXAFS measurements for all the sputtering durations were
performed at the X-ray 10D XAS KIST (Korea Institute of Science
and Technology) beamline of the Pohang Accelerator Labora-
tory (PAL), Pohang, South Korea. This beamline operates at 3.0
GeV energy with a maximum storage current of 360 mA. All the
spectra were collected at room temperature in a vacuum �1.5 �
10�8 torr. Gratings with 1400 (G3) and 1800 grooves per mm (G4)
with an entrance and exit slit size of 100 mm � 100 mm were
utilized for collecting the spectra at the O- and Mg K-edges. The
energy resolution was 0.6 and 1 eV for gratings G3 and G4,
respectively.59,60

To obtain information on the bulk and surface characteris-
tics of the sputtered species on the fused quartz substrate,
NEXAFS measurements were simultaneously measured in bulk
sensitive, total uorescence yield (TFY) mode along with
surface-sensitive, total electron yield (TEY) modes (Fig. S1†). A
voltage of 1.75 kV was applied to the micro-channel plate (MCP)
for measuring the NEXAFS spectra in the TFY mode. For these
measurements, a uorescence detector was placed at xed
angle of 45� from the direction of the beam axis.60 Typically, the
probing depth of X-ray in the TEY mode is 5–10 nm,61 which
This journal is © The Royal Society of Chemistry 2018



Fig. 1 Process of MgO sputtering and annealing on an amorphous
fused quartz substrate for sputtering durations of 5, 10, 15, 25, 36, 49, 81,
144, 256, and 400 min (upper panel); schematic of TEY and TFY
measurements at an angle of: (a) 15�, (b) 25�, (c) 45�, and (d) 65� from
beam incidence (lower panel). Gray and white pillars show the direction
of the incident and outgoing X-ray beam. The outgoing beam was
detected by a fluorescence detector situated at 45� from beam direc-
tion. Red and green spheres represent Mg2+ and O2� ions, respectively.
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increases to almost one order of magnitude in the TFY
mode.62,63 Asakura et al.mentioned that so X-rays in this mode
can probe the electronic structure as deep as 100 nm in the case
of an oxide thin lm.63

To further investigate the evolution of growth in different
directions, angle-dependent NEXAFS measurements were per-
formed in both TEY and TFY modes. The sample holder was
rotated at different angles with respect to the direction of the
beam incidence. These angles were 15�, 25�, 45�, and 65� from
the direction of beam incidence (Fig. 1: lower panel). The active
area of the uorescence detector was 40 mm in diameter to
enable detection of photons in all measuring directions. The
incident photon ux (Io) was measured by inserting a gold (Au)
mesh in the path of the X-ray beam. All the spectra were back-
ground subtracted and normalized with respect to the incident
photon ux (Io).59 A schematic of the angle dependence is shown
This journal is © The Royal Society of Chemistry 2018
in Fig. 1 (lower panel). The schematic clearly shows that the Mg–
O interaction could be clearly investigated in different directions
while measuring the NEXAFS spectra at 15�, 25�, 45�, and 65�.

X-ray diffraction (XRD) patterns at various sputtering dura-
tions were measured using a D/MAX2500 (RIGAKU, Japan) X-ray
diffractometer at Cu-Ka (l ¼ 1.54148 Å) radiation in order to
throw light on the crystallinity of the sputtered species. The step
size and scan rate were 0.02� and 0.1� s�1 for measuring the
XRD patterns.

Rutherford backscattering spectrometry (RBS) for sputtering
duration of 400min was carried out using an NEC Pelletron 6SDH-
2 Accelerator to get information on the sputtered lm thickness.
The depth resolution of the RBS spectrometer was 10 nm. RBS
simulation was performed using the RUMP program.64 To further
corroborate the results obtained from the RBS spectrum, cross-
sectional scanning electron microscopy (SEM) measurements for
a sputtering duration of 400 min and its annealed counterpart
were performed using an Hitachi (S-4200) eld emission scanning
electronmicroscope. To determine thickness, the thickness across
the sputtered species was measured at several points using ImageJ
soware. A histogram was plotted between the thickness and
number of counts. The histogram was tted using a Gaussian
function to nd the thickness.65
Results

In order to understand the nature of growth at the surface and
deep in the sputtered species on fused quartz substrate, the local
electronic structure for different sputtering durations is dis-
cussed as a function of the sputtering duration and annealing.
Local electronic structure for different sputtering durations

O K-edge NEXAFS study. Fig. 2 shows the O K-edge spectra
for different durations of sputtering in TFY (le panel) and TEY
mode (right panel). A visual inspection of this gure shows that
the nature of these spectra is modied with the sputtering
duration. The evolution of new spectral features in these spectra
occurs with the increase in sputtering duration when measured
in the TFY mode (Fig. 2a: le panel). In this gure, the O K-edge
spectrum for a sputtering duration of 0 min reects the spec-
trum of fused quartz. Generally, the spectral features centered
at 534.1� 0.1, 539.7� 0.1, 541.8� 0.1, 547.8� 0.1, and 558.6�
0.1 eV are characteristics of the O K-edge NEXAFS spectrum of
MgO nanoparticle and thin lms, as reported by a number of
authors.55–60 In Fig. 2 (le panel), the spectral features around
these positions are denoted as Ao, A1, A2, A3, and A4. The spec-
tral features in the range 538–558 eV (A1–A4) are characteristics
of MgO (Fig. S2†). Initially, for sputtering duration of 5 min, the
spectral features A1, A2, A3, and A4 do not appear in the O K-edge
spectrum. This type of behavior of O K-edge spectra continues
up to sputtering duration of 81 min. With the increase in
sputtering duration, these spectral features start to evolve and
can be seen for sputtering durations of 144 and 256 min. At
a sputtering duration of 400 min, the spectral features are very
clear and distinguishable. Thus, the sputtered species for
sputtering durations of 144, 256, and 400 min exhibit the onset
RSC Adv., 2018, 8, 31275–31286 | 31277



Fig. 2 Left panel shows (a) TFY O K-edge spectra of MgO sputtered on
fused quartz substrate, (b) pre-edge spectral feature, Ao, and (c) A1, A2,
A3 spectral feature regions right panel shows the corresponding
measurements in TEY mode. Numerals in both panels represent the
sputtering duration.
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of MgO formation. The Ao spectral feature, which is associated
with the pre-edge region, appears for a sputtering duration of
5 min and exhibits a systematic variation thereaer (Fig. 2a: le
panel). To depict the evolution of this spectral feature with the
sputtering duration, the Ao spectral features are shown in
Fig. 2b (le panel). The intensity of this spectral feature
increases with the increase of sputtering duration, and then
starts decreasing above a sputtering duration of 144 min
(Fig. 2b: le panel). The possibility of the existence of this pre-
edge region in the O K-edge spectrum is due to the presence of
molecular oxygen on the surface of the as-deposited MgO thin
lms during the growth of lms.66–68 Similarly, the behavior of
molecular oxygen has been investigated on thin lm surfaces
under different environments.69,70 Though Chen (1997)67

mentioned that molecular oxygen was located near 531 eV,
Baseggio et al. showed the existence of a feature corresponding
to an O2 molecule around 535 eV.71 Thus, based on the obser-
vations from previous studies and our recent study,66–71 it is
contemplated that the occurrence of molecular oxygen may be
the source of the evolution of the pre-edge spectral feature with
the sputtering duration. It is very interesting to note that the
pre-edge spectral feature intensity decreases aer certain sput-
tering duration, i.e., 144 min (Fig. 2b: le panel).

To understand this, we focus our attention on the spectral
features A1, A2, and A3 in the range 538–549 eV for all sputtering
durations, as shown in Fig. 2c (le panel). The spectra in this
range exhibit different shape for sputtering durations of
144 min and onwards compared to previous sputtering dura-
tions. The signatures of the A1, A2, and A3 spectral features can
31278 | RSC Adv., 2018, 8, 31275–31286
be clearly seen for sputtering durations of 144, 256, and
400 min. This indicates possible hybridization among the
Mg(1s)–O(2p) hybridized states, which initiate the growth of
MgO formation. Thus, the decrease of pre-edge intensity aer
certain deposition times is due to the interaction of the sput-
tered ions themselves to fasten the process of MgO formation,
thus inhibiting the ions contributing toward the pre-edge
spectral feature.

Thus, the quartz surface will be modied with the increase in
sputtering duration as sputtering species are populating it;
hence, the surface-sensitive TEY mode NEXAFS spectra are
shown in Fig. 2a (right panel) to highlight this. At all sputtering
durations, the spectral features are markedly different
compared to the TFY counterpart (Fig. 2a: le panel). The
different nature is due to the highly insulating nature of quartz.
However, these spectra also reect the modications of the
intensity of the spectral feature in the pre-edge region with the
increase in sputtering duration (Fig. 2b: right panel). Moreover,
the intensity of the pre-edge spectral feature is at a maximum
for a sputtering duration for 81 min. The intensity of the pre-
edge spectral feature later decreases for a sputtering duration
of 144 min and onwards. This behavior is analogous to the
intensity variation of the corresponding TFY counterpart
(Fig. 2b: le panel). Thus, these investigations also reect
surface modication during the sputtering process. Even
though the post region of the TEY-mode NEXAFS spectra do not
exhibit an evolution of the spectral features A1, A2, A3, and A4

aer a sputtering duration of 144min (Fig. 2a: right panel), as in
the case of the TFY mode (Fig. 2a: le panel); the, broad region
in 538–544 eV exhibits modications with the sputtering dura-
tion. The maxima of this region exhibits a shi toward a higher
energy value with increasing the sputtering duration (Fig. 2c:
right panel). These observations again infer quartz surface
modications with the increase in sputtering duration.
However, the spectral features representing the MgO phase are
not distinguishable as in the TFY-mode NEXAFS spectra of
these lms.

Consequently, O K-edge spectra for certain sputtering dura-
tions were performed in TFY modes at different angles in order
to get in-depth insights of the sputtered species. Fig. 3 shows
the angle-dependent TFY-mode O K-edge NEXAFS spectra at
sputtering durations of: (a) 0 min, (b) 5 min, (c) 25 min, (d)
81 min, (e) 144 min, and (f) 256 min. A visual inspection shows
that these spectra concur with those reported in Fig. 2. This
indicates the reproducibility of both the measurements as well
as the growth of lm with the sputtering duration. A visual
inspection of these spectra measured for different sputtering
durations envisages that the shape of these spectra remains the
same irrespective of the angle of measurements. At a sputtering
duration of 0 min, the O K-edge spectra at 15�, 25�, 45�, and 65�

exhibit almost a similar shape (Fig. 3a) to that shown in Fig. 2a
(le panel). These spectra at all measuring angles are charac-
terized by two broad features centered at 539.5 � 0.1 eV and
562.5� 0.1 eV (Fig. 3a). In addition to these prominent features,
a shoulder-like feature (indicated by arrow) is also observed at
543.2� 0.1 eV. Moreover, the pre-edge region shown in the inset
shows the absence of any spectral feature, irrespective of the
This journal is © The Royal Society of Chemistry 2018



Fig. 3 TFY O K-edge spectra of MgO sputtered on quartz substrate at
different angles (15�, 25�, 45�, and 65�) for deposition durations of: (a)
0 min, (b) 5 min, (c) 25 min, (d) 81 min, (e) 144 min, and (f) 256 min. The
spectral features Ao, A1, A2, A3, and A4 are mentioned in panels in (e)
and (f). The inset of each panel shows a zoomed-in section of the pre-
edge region. Arrows highlight the shoulder in these spectra.

Fig. 4 (a) TFY- and (b) TEY-mode Mg K-edge NEXAFS spectra of
sputtered MgO for different durations. In (b), the positions of the main
spectral features B, B1, and B2 are also shown for the measured spectra
in the TFY mode (left panel) and TEY mode (right panel). Inset (b) (right
panel), de-convolution of the spectral features.
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incident angle (Fig. 3a: inset). The shape of the O K-edge spectra
at different angles is very much analogous to the spectrum of
SiO2 reported by Khyzhun et al.72 As the sputtering duration is
increased to 5 min, prominent broad spectral features at 539.5
� 0.1 eV and 562.5 � 0.1 eV exist with almost a negligible
change of shape (Fig. 3b). In addition to this, the shoulder-like
feature is also not inuenced by such a small sputtering dura-
tion increase (Fig. 3b). Apart from this, a small spectral feature
centered at 534.5� 0.1 eV evolves in the pre-edge region of the O
K-edge spectra. The pre-edge region shown as the inset of
Fig. 3b indicates that this spectral feature occurs in the O K-edge
spectra at all angles. At a sputtering duration of 25 min, the
intensity of the pre-edge increases, revealing the increase of
sputtered ions on the fused quartz surface (Fig. 3c).

When sputtering is increased to 81 min, the intensity of the
pre-edge region increases (Fig. 3d). At this sputtering duration,
a systematic change with the angle is observed. Apart from
a systematic change in the pre-edge region for sputtering
durations of 25 and 81 min, major changes are also observed
in the post-edge region of the O K-edge spectra. Though
prominent broad spectral features at 539.5 � 0.1 eV and 562.5
� 0.1 eV appear at both these sputtering durations, the
shoulder region is modied at these sputtering durations.
This shoulder feature now has a broad nature. These modi-
cations in the shoulder are reected at all angles. This reveals
that interactions among the ions are initiated to form MgO at
This journal is © The Royal Society of Chemistry 2018
these sputtering durations. When the sputtering duration is
increased to 144 min, the pre-edge region spectral feature Ao

intensity is reduced (Fig. 3e). This effect is observed at all
angles. Moreover, the spectral features A1, A2, A3, and A4

centered at 534.1 � 0.1, 539.7 � 0.1, 541.8 � 0.1, 547.8 � 0.1,
and 558.6 � 0.1 eV can also be observed.73,74 This reveals that
the interaction among Mg2+ and O2� occur at a sputtering
duration of 144 min to form a MgO unit cell. These spectral
features are more visible at a sputtering duration of 256 min
when the NEXAFS spectra are measured at 15�, 25�, 45�, and
60� (Fig. 3f). This indicates that the formation of MgO occurs
at this sputtering duration. As discussed in this section, the O
K-edge spectra give systematic information on the growth of
MgO on fused quartz with the sputtering duration. Since the
TFY-mode O K-edge spectra at 15�, 25�, 45�, and 60� for
different durations have a dominant contribution from quartz
rather than MgO, quantitative information on the hybridiza-
tion during growth would be indispensable. Also, systematic
growth investigations of Mg ions cannot be reected by the O
K-edge spectra. Thus, information on thin lm growth was
obtained by measuring the Mg K-edge spectra in both TEY and
TFY modes for different sputtering durations, which is dis-
cussed in the next section.

Mg K-edge NEXAFS study. Fig. 4 shows the TFY- (Fig. 4a: le
panel) and TEY-mode (Fig. 4a: right panel) NEXAFS spectra for
different sputtering durations. Analogous to the O K-edge
NEXAFS spectra, these spectra also reveal the changes with
sputtering duration.

To check the reproducibility of these measurements, NEX-
AFS spectra were repeated in the energy range 1295–1330 eV
RSC Adv., 2018, 8, 31275–31286 | 31279
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(Fig. S3†). It is clear from these measurements that the trend of
these spectra with the different sputtering durations is almost
the same. The TFY-mode NEXAFS spectra exhibit the presence
of a spectral feature, B, for a sputtering duration of 5 min. With
an increase in sputtering duration, the intensity of this spectral
feature increases up to a sputtering duration of 81 min. This
spectral feature is generally present in the Mg K-edge spectra of
Mg nanoparticles (Fig. 4a: le panel). Thus, this spectral feature
shows the presence of Mg2+ ions on the substrate. This indicates
that Mg2+ ions are far from attaining the coordination charac-
teristics to MgO since, there is no spectral feature showing the
interaction of Mg2+ and O2�, and hence there is weak interac-
tion among these ions up to sputtering duration of 81 min.
When the sputtering duration is increased to 144 min, a drastic
change occurs in the spectrum, which then exhibits spectral
features B1, B2, B3, B4, and B5 centered at 1305, 1311, 1323, 1340,
and 1350 eV, respectively. These spectral features also exist in
the spectra measured for sputtering durations of 256 and
400 min. These spectral features are relevant with the Mg K-
edge spectrum of bulk MgO. The detailed description of the
origin of these spectral features is given elsewhere73,74 and these
were observed for MgO thin lms44,46,66 and nanoparticle by our
group.36,37

The presence of only one spectral feature, B, for sputtering
duration of 81 min reveals the absence of interaction specic to
MgO formation among Mg2+ and O2� ions. However, the O K-
edge NEXAFS spectra reveal such interaction among Mg2+ and
O2� ions. Thus, a deeper understanding about the interaction of
these ions was accomplished by de-convoluting the spectral
feature, B, (into B1 and B2) of the Mg K-NEXAFS spectra. The
positions of the de-convoluted sub-spectral features B1 and B2

for sputtering durations of 5, 10, 15, 25, 36, 49, and 81 min
along with the spectral features B1 and B2 for sputtering dura-
tions of 144, 256, and 400 min are shown in Fig. 4b (le panel)
and Fig. 4b (right panel) for TFY and TEY modes, respectively.
This envisages that the interaction among Mg2+ and O2� ions
changes systematically with the sputtering duration. Further,
the positions of various spectral features at these sputtering
durations were estimated from Gaussian tting of the spectrum
(Fig. S4†). The spectral feature B1 appears at 1306.63 � 1.10,
1306.7 � 0.38, 1306.36 � 0.38, 1306.52 � 2.76, 1307.01 � 0.36,
1304.8 � 0.03, 1304.79 � 0.02, and 1304.81 eV for sputtering
durations of 15, 25, 36, 49, 81, 144, 256, and 324 min, respec-
tively, when the Mg K-edge spectra was measured in the TFY
mode (Fig. 4b: le panel). At these sputtering durations, the
spectral feature, B2, is observed at 1308.9� 0.43, 1312.50� 0.78,
1309.43 � 0.38, 1308.93 � 3.31, 1311.88 � 0.83, 1311.08 � 0.03,
1310.92 � 0.02, and 1311.17 � 0.02 eV. It is clear from these
values that the positions of B1 and B2 values for sputtering
durations of 144, 256, and 400min are close to the values for the
Mg K-edge spectrum of MgO bulk. Moreover, the differences in
these spectral features (dB1B2) are close to 6.33 eV for these
deposition durations (Fig. 4b: le panel).75 This reveals that the
deepness of the sputtered species on the substrate can be
characterized by the formation of MgO for these sputtering
durations.
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Analogous to the TFY NEXAFS spectra (Fig. 4a: le panel),
the TEY NEXAFS spectra exhibit only one spectral feature, B, up
to the sputtering duration of 81 min from 5 min (Fig. 4a: right
panel). The spectral feature B1 appears at 1305.81 � 0.58,
1306.19 � 0.18, 1306.30 � 0.06, 1306.07 � 0.28, 1306.13 � 0.12,
1306.06 � 0.08, 1305.90 � 0.29, 1304.36 � 0.02, 1304.40 � 0.02,
and 1304.41 � 0.02 eV for sputtering durations of 5, 10, 15, 25,
36, 49, 81, 144, 256, and 324 min, respectively, when the Mg K-
edge spectra was measured in the TEY mode (Fig. 4b: right
panel). At these sputtering durations, the spectral feature, B2, is
observed at 1305.81 � 0.58, 1306.19 � 0.18, 1308.9 � 0.43,
1312.50 � 0.78, 1309.43 � 0.38, 1308.93 � 3.31, 1311.88 � 0.83,
1311.08� 0.03, 1310.92� 0.02, and 1311.17� 0.02 eV. It is clear
from these values that the positions of the B1 and B2 values for
sputtering durations of 144, 256, and 400 min are close to the
values for the Mg K-edge spectrum of MgO bulk. Moreover, the
differences among these spectral features (dB1B2) are close to
6.34 eV for these deposition durations (Fig. 4b: right panel).
These values infer the formation of a well-dened MgO unit cell
for sputtering durations of 144 min, 256, and 400 min. Thus,
the surface behavior for this sputtering duration is analogous to
the bulk behavior. While for deposition durations of 5, 10, 15,
25, 36, 49, and 81min, these values exhibit a deviation from that
of bulk MgO, which reveals the presence of non-interacting
Mg2+ and O2� ions at the surface. Thus, both types of
measurements suggest that Mg2+ ions are not interacting with
O2�, revealing the same kind nature of Mg2+ inside the bulk as
well as at the surface. TEY NEXAFS spectra were also repeated in
order to check the reproducibility of the measurements, and the
results are shown in Fig. S3.† These spectra also show a similar
variation of Mg K-edge spectra with sputtering duration, which
again reects the reproducibility of the observed growth
behavior. Thus, the O K-edge and Mg K-edge spectra measured
for several sputtering durations exhibit interesting changes,
which is very interesting in order to know the growth mecha-
nism. In order to deepen the underlying mechanism, these
measurements were also performed at different angles for
selected sputtering durations in both TEY and TFY modes. The
TFY-mode NEXAFS measurements at 15�, 25�, 45�, and 65� for
a sputtering duration of 5 min are shown in Fig. S5.† In both
modes, the Mg K-edge spectra are characterized by one spectral
feature, B, at all angles, as shown in Fig. 5. A similar behavior of
the Mg K-edge spectrum can be observed when Mg nano-
particles are exposed to various gaseous environments47,48 Thus,
presence of only one spectral feature at all angles for these
sputtering durations envisages that the coordination of Mg2+

ions is not similar to that possessed by these ions in the MgO
unit cell.

To further investigate growth, the TEY- and TFY-mode
NEXAFS spectra for sputtering durations of 25, 81, 144, and
256 min at different angles are shown in Fig. 5. It is clear from
a visual inspection of the TFY (Fig. 5a: le panel) and TEY
(Fig. 5a: right panel) NEXAFS spectra for a sputtering duration
of 25 min that the dominant spectral feature, B, occurs at
different measuring angles (15�, 25�, 45�, and 65�). The shape of
these spectra remains the same for different angles (Fig. 5a). A
similar behavior of these spectra was observed for a sputtering
This journal is © The Royal Society of Chemistry 2018



Fig. 5 TFY (left panel) and TEY (right panel) Mg K-edge NEXAFS
spectra of MgO sputtered on fused quartz substrate at different angles
for sputtering durations: of (a) 25 min, (b) 81 min, (c) 144 min, and (d)
256 min. Numerals represent angles of measurements.

Fig. 6 Variation of B2 and B1 differences (dB1B2) with the angles of
measurements for MgO sputtering durations of 144 and 256 min in
both the TFY mode (left panel) and TEY mode (right panel), where
d denotes the slope in eV per degree of the respective curve.
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duration of 81 min (Fig. 5b). In the TEY NEXAFS spectra of both
sputtering durations, signatures of the spectral features B3 and
B5 (shown by arrows) also can be seen clearly (Fig. 5a and b:
right panels). However, the signatures of these spectral features
in the TFY mode are diminished in the TFY NEXAFS spectra for
these sputtering durations (Fig. 5a and b: le panels). This is
due to the lower resolution of the TFY-mode measurements
compared to with the TEY mode. The onset of the spectral
features B3 and B5 are not distinguishable in both the TEY and
TFY NEXAFS spectra for a sputtering duration of 25 min;
however, the spectral feature B still appears at such a low
sputtering duration (Fig. S5†). Thus, these angle-dependent
investigations corroborate the results discussed in Fig. 4. For
these sputtering durations, it is evident that the spectra
measured at 15� and 25� coincide. At the same time, a strong
angular dependence for the intensity is observed at 45� and 60�.
A strong angular dependence was also revealed for a sputtering
duration of 5 min (Fig. S5†).

We further focus our attention on the sputtering durations of
144min and 256 min. The TEY (le panel) and TFY (right panel)
NEXAFS spectra at different measuring angles 15�, 25�, 45�, and
65� for these sputtering durations are shown in Fig. 5c and d,
the spectra shown in Fig. 5c and d exhibit the same spectral
features at all angles and in both TFY and TEY modes. The
spectral features are B1, B2, B3, B4, and B5 centered at 1304.5,
1311.2, 1321.2, 1339.8, and 1348.2 eV, respectively. The pres-
ence of these spectral features at all measuring angles, i.e., 15�,
25�, 45�, and 65�, indicates that Mg2+ ions exist in a proper
coordination with O2� in different directions. For these sput-
tering durations also, the variation of intensity with angle was
observed. This variation may be due to the anisotropic nature of
the chemical bonds in different directions.28–30
This journal is © The Royal Society of Chemistry 2018
To further elucidate the nature of the hybridization at these
sputtering durations, Mg K-edge spectra were de-convoluted
using Gaussian peak tting, as shown in Fig. S4.† The energy
difference between the B1 and B2 spectral features in both
modes along with their intensity ratio was estimated, and the
results are shown in Fig. 6.

We have not estimated dB1B2 values by de-convoluting the
spectral feature B for the deposition durations of 5, 10, 15, 25,
36, 49, and 81 min-sputtered species since they do not reect
the characteristics spectral features of MgO for these durations.
The energy differences of these spectral features change with
the angle of measurement when estimated in both TFY (Fig. 6:
le panel) and TEY modes (Fig. 6: right panel).

These values at 15�, 25�, 45�, and 65� for sputtering dura-
tions of 144 and 256 min are comparable to that of bulk MgO
(Fig. 6). It is clear from this gure that these values change with
the angle of measurements and that the variation can be tted
by a linear function. To obtain quantitative information on this
variation, the slope (d) of linear t is mentioned along with the
respective curve. In TFY mode, the d value is almost negligible
for a sputtering duration of 144 min; however, the d value is
signicant for a sputtering duration of 256 min (Fig. 6: le
panel). In this case, the slope dominates for a sputtering
duration of 256 min. A similar behavior of slope was observed
when the spectra were measured in TEY mode (Fig. 6: right
panel). Thus, modication of the slope of dB1B2 values with
measuring the angles for sputtering durations of 144 and
256 min in both t modes reects the onset of the isotropic
nature of the formation of a MgO unit cell. Table 1 shows the
ratios of spectral features B1 and B2 for these sputtering dura-
tions, which are similar to those of bulk MgO.75

Thus, NEXAFS measurements in both TEY and TFY modes
revealed the presence of characteristic spectral features at
different angles for deposition durations of 144, 256, and
400 min. The values of dB1B2 measured at 15�, 30�, 45�, and 60�

were in agreement with the formation of a MgO unit cell. Thus,
NEXAFS measurements were able to give information on MgO
RSC Adv., 2018, 8, 31275–31286 | 31281



Table 1 Area ratio of B1 and B2 spectral features for sputtering dura-
tions of 144 min and 256 min

Angles

B1/B2 ratio

144 min 256 min

TEY TFY TEY TFY

15� 0.36 0.26 0.37 0.29
25� 0.35 0.29 0.34 0.25
45� 0.37 0.22 0.33 0.21
65� 0.39 0.26 0.33 0.21
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growth locally. We further extended our investigations to
explore the nature of the long-range order of sputtered species
for these sputtering durations. This aspect was studied using
XRD measurements and is discussed in the next section.
Structure and thickness of the as-grown thin lm

The XRD measurements for sputtering durations of: (a)
144 min, (b) 256 min, and (c) 400 min along with JCPDS card no.
78-0430 are shown in Fig. 7 (le panel). Sputtering durations of
144 min and 256 min did not exhibit any peak except for two
major humps at 44� and 62�. The behavior of the XRD pattern
for a sputtering duration of 400 min was slightly different than
for its preceding durations. At this sputtering duration, a well-
dened peak at 62.4� could be clearly seen. However, the
hump at 44� still exists. A comparison of these patterns with the
XRD pattern of MgO corresponding to the JCPDS card no. 78-
0430 showed that MgO sputtered for 400 min exhibited a (220)
orientation. A similar behavior of the deposited thin lms was
also observed when deposited on a Si substrate with the same
parameters.58
Fig. 7 X-ray diffraction pattern of sputtered MgO for durations of: (a)
144, (b) 256, and (c) 400 min along with a reference pattern corre-
sponding to (d) JCPDS card no 78-0430 (left panel). Right panel
shows: (a) experimental (symbol) and simulated (line) Rutherford
backscattering (RBS) spectra for a sputtering duration of 400 min
along with (b) a schematic of the model used for simulation.

31282 | RSC Adv., 2018, 8, 31275–31286
At sputtering durations of 144 min and 256 min, short-range
crystalline order exists as humps corresponding to (200) and
(220) appear in the patterns. As MgO is deposited at sputtering
times less than 256 min and is amorphous in nature; hence,
XRD patterns from sputtering durations less than this were not
measured. The sputtered species for a sputtering duration of
400 min exhibit long-range crystalline order in a particular
direction (220); hence, the thickness at this sputtering duration
was estimated. An RBS study for this sputtering duration was
performed, and the results are shown in Fig. 7 (right panel).
Fig. 7a (right panel) shows the simulated RBS spectrum for this
sputtering duration, with the model used for the simulation
shown in Fig. 7b (right panel). The model includes three layers
for simulation, namely a MgO layer, MgO layer diffused to SiO2,
and a SiO2 layer corresponding to an innite thickness of
substrate. The simulation parameters based on this model are
collated in Table S1.† The simulation showed the formation of
MgO with a thickness of �78 nm for a sputtering duration of
400 min.

The cross-sectional SEM image for this sputtering duration
showed a continuous layer on top of the substrate (Fig. 8: le
panel). This measurement reveals that the thickness of the layer
is 80 � 6 nm (Fig. 8: right panel) which is close to that deter-
mined from the RBS measurements (Fig. 7: right panel).

Thus, the sputtered species for a duration of 400 min on
fused quartz substrate reect the characteristics of a MgO thin
lm with the presence of long-range crystalline order.
Annealing effect on the local electronic structure

Thus, we have successfully discussed the role of sputtering
duration for the growth of MgO lm when deposited using rf
sputtering. We now further focus our attention on the change of
the local electronic structure with annealing for the deposited
lm. For the discussion, we selected the lm deposited at
a sputtering duration of 400 min as it exhibited better crystal-
linity than the others. The structural behavior under annealing
is shown in Fig. S6.† To determine the thickness of the annealed
sputtered MgO layer, the cross-sectional SEM image is shown in
Fig. 9 (le panel). The sputtered layer is more uniform
compared to its not-annealed counterpart. The thickness aer
annealing was 71 � 8 nm for a sputtering duration of 400 min
(Fig. 9: right panel).
Fig. 8 Cross-sectional SEM image (left panel) and thickness profile
(right panel) determined for a deposition time of 400 min.

This journal is © The Royal Society of Chemistry 2018



Fig. 9 Cross-sectional SEM (left panel) and thickness profile (right
panel) for annealed sputtered species with a sputtering duration of
400 min.
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O K-edge NEXAFS study. We further measured the angle-
dependent TFY NEXAFS spectra at the O K-edge for a sputter-
ing duration of 400 min and its corresponding annealed coun-
terpart (Fig. 10: le panel). The O K-edge spectra for a sputtering
duration of 400 min (Fig. 10a: le panel) exhibited the spectral
features A1, A2, A3, and A4 centered at 539.7 � 0.1, 541.8 � 0.1,
547.8� 0.1, and 558.6� 0.1 eV, respectively, along with a pre-edge
spectral feature at 534.1 � 0.1 eV. Irrespective of the different
measuring angles 15�, 25�, 45� and 65�, these spectral features
were well dened and distinguishable in these spectra. This
envisages the presence of a MgO-like coordination at a sputtering
duration of 400 min. This aspect is associated with the growth of
lm, which is a continuous process aer the sputtering duration of
144 min. Moreover, the XRD pattern also reects the formation of
oriented MgO at this sputtering duration. The pre-edge region of
these spectra at different measuring angles for both lms exhibi-
ted dominant changes. Thus, the pre-edge regions for the as-
deposited and annealed lms are shown in Fig. 10 (right panel).
Aer annealing the lm at 700 �C for 3 h, the spectral features A1,
A2, A3, and A4 also existed at all measuring angles, revealing almost
the same nature of local electronic structure with such high
temperature annealing. Aer annealing, dominant changes were
observed in the pre-edge region, where the spectral feature Ao
almost disappears (Fig. 10b: right panel) which is dominant in the
Fig. 10 OK-edge spectra of: (a) as-deposited and (b) annealed film for
a sputtering duration of 400 min (left panel). Spectral features are
mentioned as Ao, A1, A2, A3, and A4. Pre-regions at a zoomed-in scale
for: (a) as-deposited and (b) annealed films are shown in the right
panels.
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as-deposited lm (Fig. 10a: right panel). Moreover, the pre-edge
spectral feature Ao exhibited changes with the measuring angle
in the as-deposited lms (Fig. 10a: right panel). It seems that
oxygen adsorbed on the surface of the lm moves away aer
annealing. Similar changes from the removal of adsorbed molec-
ular oxygen with annealing were also observed with higher
annealing temperature for MgO thin lms deposited on Si
substrate.51,52 Thus, these studies reveal that annealing is required
to remove any adsorbed species during growth of the lm when
sputtering for different deposition durations. In order to obtain
information on the annealing-induced changes on the Mg2+ ion
coordination, Mg K-edge NEXAFS spectra in both TEY and TFY
modes for different measuring angles 15�, 25�, 45�, and 60� were
alsomeasured. The results obtained from thesemeasurements are
discussed in the next section.

Mg K-edge NEXAFS study. To get further information on the
annealing-induced changes of coordination, Mg K-edge spectra
with annealing were obtained and are shown in Fig. 11 (le
panel). The spectral features B1, B2, B3, B4, and B5 centered at
1304.40 � 0.01, 1310.39 � 0.01, 1321.92 � 0.04, 1343.77 � 1.45,
and 1351.32 � 0.71 eV, respectively, were present in the spectra
for a sputtering duration of 400 min, i.e. the as-deposited lm
(Fig. 11a: le panel), at all measuring angles (15�, 25�, 45� and
60�). These spectral features dominate in the annealed lm
(Fig. 11b: le panel). The energy differences of the B1 and B2

spectral features (dB1B2) as a function of the measuring angles
for the annealed and as-deposited lms are shown in Fig. 11
(right panel).

The behavior of dB1B2 for the as-deposited lms with the
angle was a maximum for the measuring angle of 45�. This
value reduces for the measuring angle of 60� (Fig. 11a: right
panel). With annealing, dB1B2 increases linearly with the
increase in the measuring angle for the annealed lm
(Fig. 11b: right panel). Thus, these results envisage a slight
improvement in the crystallinity of this lm as the anisotropic
nature dominants in the annealed lm. A similar behavior for
Fig. 11 Mg K-edge spectra for: (a) sputtering duration of 400 min and
(b) annealed counterpart in TFYmode (left panel) for different angles of
measurement (15�, 25�, 45�, and 60�). Spectral features of these
spectra are denoted using B1, B2, B3, B4, and B5. Differences in the
spectral features for: (a) sputtering duration of 400 min and (b)
annealed counterpart with the angle are shown in the right panels.
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dB1B2 was also observed for the TEY-mode measurements
(Fig. 11: right panel).
Discussion

The results described in previous sections envisage the growth
of MgO lms with the sputtering duration. Systematic changes
in the NEXAFS spectra at O K- and Mg K-edges with sputtering
duration allowed us to draw a schematic of the growth process,
which is shown in Fig. 12.

Initially, there were no Mg2+ and O2� ions on the fused
quartz substrate for a sputtering duration of 0 min. With the
increase in sputtering duration, there is an increase in the
population of Mg2+ and O2� ions; however, there is only a weak
interaction among Mg2+ and O2� ions. With the increase in
sputtering duration to 25min, the intensity of the pre-edge peak
increases. This causes an increase in the adatoms on the
substrate surface; however, there is still only a weak interaction
among the different ions as revealed from NEXAFS measure-
ments. When the sputtering time is further increased to 81 min,
island formation occurs. As indicated from the angle-
dependent Mg K-edge and O K-edge spectra, there were no
spectral features representing MgO.

As the sputtering time increases to 144 min, all the spectral
features Ao, A1, A2, A3, A4 present in the O K-edge spectra. This
Fig. 12 Schematic of MgO growth for various sputtering durations and
for the annealed counterpart of sputtering duration of 400 min.
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envisages the formation of MgO unit cell; however, the XRD
pattern for this sputtering duration reveals an amorphous
nature. Hence, short-range ordered MgO formation is expected.
The same behavior is expected for sputtering duration of
256 min. Sputtered species attain crystallization for a sputtering
duration of 400min, as can be seen from the XRD pattern at this
duration. When the lm with a sputtering duration of 400 min
was annealed at 700 �C, the local electronic structure was
improved. Thus, these measurements reveal that aer a certain
sputtering duration, Mg2+ ions become coordinated (Fig. 6 and
11), which is associated with the formation of a MgO unit cell.

Apart from the systematic change with the sputtering dura-
tion, NEXAFS measurements at both the O and Mg K-edges
reveal strong angular dependence for sputtering durations of
5, 25, 81, 144, 256, and 400 (not-annealed and annealed
counterpart) min. The existence of spectral features at different
angles for these sputtering durations follow the same trend as
observed in Fig. 2 and 4. Thus, these measurements further
support the observations made from these gures as well as in
the schematic depicted in Fig. 12; however, the spectra
measured at different angles depict some specic nature in
terms of the intensity. The general trend is that the spectra
measured at 15� and 25� coincide, but a signicant change of
intensity was observed at angles of 45� and 65�. Angular
dependence of the NEXAFS spectra has been extensively studied
by a number of groups for wide variety of materials, including
cuprates,76 vanadium oxides,77 Zn-implanted GaN,78 and ZnO.29

Further, adsorbed organic molecule on Au substrate has
revealed angle dependence due to an ordered geometry on the
surface.25 In the same way, adsorbed CO2 on ZnO also exhibits
angular dependence due to the bond geometry, in which one O
atom of CO2 is in the substrate, while second interacts with
surface cation.79 Thus, the factors inuencing the angular
dependence of ne structures exist too with anisotropic chem-
ical bonds, either in the structure or in the absorbed species.
However, the case here is different due to the symmetric nature
of the MgO crystal structure. Thus, Mg–O bond distances will be
same in different directions; hence, the variation of intensity
seems to be strange (Fig. 3 and 5). To corroborate this fact, we
carefully went through the work reported by Luches et al.49 This
study envisaged that Mg–O bond distances are different in the
perpendicular and parallel directions up to a thickness of 20
monolayers (MLs). The dominant direction dependence of Mg–
O bonds was observed for a lm of 3 ML thickness due to
intermixing with the substrate. Further, the variation of inten-
sity of the spectral feature dominated for this thickness both in
theMg K and O K-edges. Thus, the intensity variation of spectral
features is also associated with the anisotropy of chemical
bonds in MgO, which is concurrent with other researchers
ndings working in this direction. In the case of the present
work, the sputtered species on fused quartz substrate are
described by three layers – (1) surface layer, (2) bulk layer, (3)
MgO intermixed with SiO2.80 Thus, the factors that inuence the
bond distance are unsaturated bonds at surface and bonds
formed in the intermixed layers. Moreover, the formation of an
island-like region cannot be ignored as it will increase suffi-
ciently the number of unsaturated bonds. Hence, the angular
This journal is © The Royal Society of Chemistry 2018
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dependence is associated with the presence of Mg–O bonds
with different bond distances in different directions. The
enhanced intensity of the spectrum for higher angles, like 45�

and 65�, is due to passing through the sputtered species rather
than deep in these species, which thus leads to detecting
a greater number of scatters. This effect is also evident from the
dominancy of this behavior for lower sputtering durations.
Conclusions

The present work reveals the formation of MgO on an amor-
phous fused quartz substrate, which was investigated using
near-edge X-ray absorption ne structure measurements. These
measurements were systematically carried out for various
sputtering durations ranging from 5 min to 400 min. We have
shown that these measurements are able to provide a complete
account for the growth mechanism. One can clearly observe the
change of Mg2+ ion coordination as well as molecular oxygen
with the changing sputtering duration. These measurements
clearly reect the situation where interactions among the ions
of MgO really take place.
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2000, 10, 1857–1861.

55 E. Buer, A. K. Green and K. M. Kunz, Appl. Phys. Lett., 1966, 8,
248–249.

56 Y. Kaneko, N. Mikoshiba and T. Yamashita, Jpn. J. Appl.
Phys., 1991, 30, 1091.

57 M. Terauchi, J. Hashimoto, H. Nishitani, Y. Fukui,
M. Okafuji, H. Yamashita, H. Hayata, T. Okuma,
H. Yamanishi, M. Nishitani and M. Kitagawa, J. Soc. Inf.
Disp., 2008, 16, 1195–1200.

58 J. P. Singh, M. Kumar, I. J. Lee and K. H. Chae, Appl. Sci. Lett.,
2017, 3, 47–52.

59 H. N. Hwang, H. S. Kim, B. Kim, C. C. Hwang, S. W. Moon,
S. M. Chung, C. Jeon, C. Y. Park, K. H. Chae and
31286 | RSC Adv., 2018, 8, 31275–31286
W. K. Choi, Nucl. Instrum. Methods Phys. Res., Sect. A, 2007,
581, 850–855.

60 J. P. Singh, S. Gautam, W. C. Lim, K. Asokan, B. Bhusan
Singh, M. Raju, S. Chaudhary, D. Kabiraj, D. Kanjilal,
J.-M. Lee, J.-M. Chen and K. Hwa Chae, Vacuum, 2017, 138,
48–54.

61 M. Abbate, J. B. Goedkoop, F. M. F. de Groot, M. Grioni,
J. C. Fuggle, S. Hofmann and H. P. M. Sacchi, Surf.
Interface Anal., 1992, 18, 65–69.

62 A. J. Achkar, T. Z. Regier, H. Wadati, Y.-J. Kim, H. Zhang and
D. G. Hawthorn, Phys. Rev. B: Condens. Matter Mater. Phys.,
2011, 83, 129901.

63 D. Asakura, E. Hosono, Y. Nanba, H. Zhou, J. Okabayashi,
C. Ban, P.-A. Glans, J. Guo, T. Mizokawa, G. Chen,
A. J. Achkar, D. G. Hawthron, T. Z. Regier and H. Wadati,
AIP Adv., 2016, 6, 035105.

64 Q. Yang, Nucl. Instrum. Methods Phys. Res., Sect. B, 1994, 90,
602–605.

65 J. P. Singh, W. C. Lim, S. Gautam, K. Asokan and K. H. Chae,
Mater. Des., 2016, 101, 72–79.

66 J. P. Singh, W. C. Lim, I. J. Lee, S. O. Won and K. H. Chae, Sci.
Adv. Mater., 2018, 10, 1372–1376.

67 J. G. Chen, Surf. Sci. Rep., 1997, 30, 1–152.
68 A. Nilsson, D. Nordlund, I. Waluyo, N. Huang, H. Ogasawara,
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