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Abstract

SrVO; films have been deposited on quartz substrates using radiofrequency (RF) sputtering technique. Ag™ ions have been
implanted with three fluences: 1 x 10! ions/cm?, 3 x 10'3 ions/cm?, and 5 x 10'° ions/cm?. The glancing-angle x-ray dif-
fraction (GIXRD) results exhibited a decrease in the peak intensity; however, the results ruled out the possibility of other
secondary phase formation upon increasing the Ag™ ion fluence. Field emission scanning electron microscopy (FESEM)
results revealed that Ag implantation has sputtered the surface layer and created rough/emptied films. Significant broadening/
splitting of V L, near-edge x-ray absorption fine structure (NEXAFS) spectra convey the incorporation of Ag 4d states in
the energy band structure of SrVOj; and electronic transitions from V 2p, , states to the Ag-related states. O K-edge spectra
have ruled out the charge transfer of O 1s orbits to the Ag states, even upon increasing the Ag concentration, and nullified

the formation of AgO types of secondary phases.

Keywords SrVOj; - implantation - defects - NEXAFS

P4 Aditya Sharma
adityaiuac @gmail.com

< Hyun-Joon Shin
shin@chungbuk.ac.kr

Department of Physics, Manav Rachna University,
Faridabad, Haryana 124001, India

Inter University Accelerator Centre, Aruna Asaf Ali Marg,
New Delhi 110067, India

Department of Applied Physics, School of Vocational
and Applied Sciences, Gautam Buddha University,
Greater Noida, Uttar Pradesh 201312, India

Advance Analysis Centre, Korea Institute of Science
and Technology (KIST), 02792 Seoul, South Korea

Department of Physics, University of Petroleum and Energy
Studies, Dehradun, Uttarakhand 248007, India

Centre for Interdisciplinary Research and Innovation,
University of Petroleum and Energy Studies,
Dehradun 248007, India

Department of Physics, Chungbuk National University,
Cheongju 28644, South Korea

@ Springer

Introduction

ABOj; perovskite-type SrVO; compound has been studied
for its intriguing structural and electronic structure assets'™
and various applications in perovskite solar cells, high-
temperature solid oxide fuel cells, high-density dynamic
random-access memory, etc.”™ The cubic structured SrV0O,
obeys 3d! electronic configuration which provides an admix-
ture of V 3d orbitals with O 2p orbitals. The non-bonding
O 2p orbitals form the top of the valence band and the anti-
bonding O 2p and V 3d orbitals constitute the bottom of the
conduction band."? It has been observed that polymorphous
phases possess distortion in the V—O polyhedrons and pro-
vide diverse electronic properties to the compound.®* The
native defects in StVO; and LaVO; have evoked the ori-
gin of intriguing magnetic properties in the LaVO/SrVO,
superlattice.g‘11 Likewise, the electronic structure, charge
carrier concentration/mobility, bandgap energy, and conduc-
tivity can be engineered by doping of the foreign elements at
either V or Sr sites.'%!3 However, the properties and, hence,
applications of doped ABO;-type perovskites largely rely on
the doping methods.'*!>


http://orcid.org/0000-0003-4463-5238
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-022-09454-5&domain=pdf

Structural, Surface, and Electronic Structure Properties of Ag™ lon-Implanted SrVO;... 1901

In the context of foreign element doping, the ion implan-
tation technique has several advantages like a high-purity
process under high vacuum, depth control, concentration
control, doping area control, etc.'®?° The factors that influ-
ence the properties of implanted materials are ion energy,
ion fluence, and the nature of implanted ions. In this pro-
cess, the implanted ions not only occupy the substitutional
sites of host atoms but also create a large amount of point/
cluster defects. Thus, control of these factors paves a way to
manipulate the properties of materials systematically. There
are only a few studies available for ion implantation-induced
modification in SrV0;.2"*? Cu ion implantation in SrVO,
could facilitate lattice parameter changes and reduction in
the bandgap energy via accumulating the Cu defect states.”?
Analogous to the Cu atoms, the Ag atoms may facilitate
the defect states of the SrVO; compound. The partly occu-
pied 4d orbitals of Ag (i.e., 4d°) are much more dispersive
than that of 3d orbitals of Cu. Additionally, the Ag atoms
are larger than the Cu atoms. Therefore, with Ag doping in
SrVO;, one may expect larger V-O distortion and extended
overlapping of Ag (4d) wavefunctions with the V (3d) wave-
functions when compared to the case of Cu doping in SrVO;.
In this study, 90 keV Ag™ ions were implanted in SrVO,
thin films. Three ion fluences were employed to investigate
the extrinsic defect concentration dependency on the struc-
tural, surface morphology, and electronic structure assets of
SrVO; thin films.

Experimental Details

SrVO; thin films were grown on quartz substrates by radi-
ofrequency (RF) sputtering technique under the same experi-
mental conditions as described elsewhere* with the sputter-
ing time of 60 min. The Ag™ ions, with 90 keV of energy,
were implanted in the prepared films with three different
fluences of 1 x 10" ions/cm?, 3 x 10'° ions/cmz, and 5
x 10" jons/cm?® using a source of negative ions by cesium
sputtering (SNICS) at IUAC, New Delhi, India. The vacuum
of the implantation chamber was 5 X 107 torr. As-deposited
and ion-implanted films were post-annealed at 600°C in air
for 4 hrs. The glancing-angle x-ray diffraction (GIXRD)
measurements were performed using the Rigaku D/Max
2500 x-ray diffractometer (Cu Ko radiation; A = 1.5418 A)
with an incidence angle of 1° and a scan speed of 2° min~!.
The lattice parameters and (hkl) values were evaluated using
the JADE software package. Field emission scanning elec-
tron microscopy (FESEM) measurements were performed
using a Hitachi (Regulus 8230) machine. Near-edge x-ray
absorption fine structure (NEXAFS) measurements were
collected, in total electron yield (TEY), at the V L edge
and O K-edge, at the 10D XAS-KIST soft x-ray beamline at
the Pohang Accelerator Laboratory (PAL), South Korea. In

a typical NEXAFS measurement, the incident photon flux
({o) is measured by Au mesh placed in the path of the beam.
Samples are mounted on a Cu holder with the help of carbon
tape and placed in a high vacuum (5 x 107% torr). In the TEY
method of data collection, all of the electrons (i.e., photo-
electrons and Auger electrons) are collected with a Channel-
tron electron multiplier. In this mode of data collection, the
low-energy electrons (<20 eV, with a large mean free path)
are collected. TEY method is very effective for the topmost
surface layers (i.e., for thin films). The energy resolution of
the used beamline was better than 0.6 eV (at the O K-edge).

Results and Discussion

Stopping and range of ions in matter (SRIM; www.srim.org)
calculations were performed to discern the cross over the
ion range, straggling, electronic energy loss (S,) and nuclear
energy loss (S,) of Ag™ ions in SrVO; lattice. The range of
Ag™ ions in StVO; is 276 A. The longitudinal and transver-
sal straggling are 106 Aand 73 A, respectively, as shown in
supplementary Figure S1. It is clear from Figure S1 that S,
is greater than S., and thus, various defects are expected to
be formed due to S, governing effects, such as point/clus-
ter defect formation and surface sputtering. Supplementary
Figure S2 shows the GIXRD data of as-deposited and as-
implanted (ion fluence: 1 X 10" ions/cm?, 3 x 10" ions/cm?,
and 5 x 10'° jons/cm?) SrVO; thin films. It is noticeable that
such a set of films do not show any intense diffraction peaks
and reflect their poor crystalline or amorphous nature. The
amorphous nature of as-deposited films may be due to the
non-stoichiometric adsorption of constituent elements (Sr, V,
and O) onto the quartz substrates. Moreover, the low-energy
(90 keV) Ag™ ions may have not supplied enough energy to
grow the crystalline phases of SrVO; compound. Therefore,
the as-implanted samples are also amorphous.

Figure 1 shows the GIXRD patterns of pure and Ag™ ion-
implanted SrVOj; films annealed at 600°C. It is noticeable
that several intense diffraction peaks are present in all of the
samples and are strengthening the formation of polycrys-
talline films after the annealing with orthorhombic SrVO;
phase (a = 6.156 (12) A, b =7.701(15) A, ¢ = 5.367(07) A,
o = f=1y = 90°; the numbers in parentheses represent errors
in the lattice parameters). The bottom panel of Fig. 1 shows
the XRD profile from JCPDS file #06-9548. It is noticeable
that major diffraction patterns of pure and Ag ion-implanted
SrVO; films closely match with the XRD patterns of the
given JCPDS file and confirm the orthorhombic phase in
the SrVOj; thin films. It is noticeable that the XRD peak
intensity of the major peak [i.e., (200)] is diminished and
that other low-intensity peaks [for example, (111)] are nearly
vanished upon increasing the ion fluence of Ag ions. It could
be due to the ion implantation-induced damage of SrVO;
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Fig. 1 GIXRD patterns of samples annealed at 600°C: pure SrVO,
(SrVO,;_600), 1 x 105 jons/cm? implanted SrVO; films (SrVO;_
Agl_600), 3 x 10 jons/cm® implanted SrVO; films (SrVO,_
Ag2_600), and 5 x 10" jons/cm? implanted SrVO; films (SrVO,_
Ag3_600). The bottom panel shows the XRD patterns from the
JCPDS file #06-9548.

lattice and various defect/stacking fault formations.!'®*?

Moreover, no AgO or other V oxide phases were detected
under the detection limit of the used x-ray diffractometer.

Surface morphology (2D view) was investigated using
FESEM, and film thickness was estimated using the cross-
sectional FESEM measurements. It is noticeable from
Fig. 2a-b that pure SrVO; (annealed at 600°C) film shows
a packed and granular morphology with a film thickness of
~ 135 nm. The FESEM images of Ag™ ions implanted (with
jon fluence of 5 x 10'° jon/cm? and annealed at 600°C) sam-
ple is showing a rough morphology with some voids, and the
film thickness is ~ 95 nm. The induced roughness and reduc-
tion in film thickness may be due to the Ag™ ion-induced
surface sputtering of SrVOj; thin film and is analogous to
the previous reports.'*>? The EDS results of the Ag~ ion-
implanted (5 x 10" ion/cm?) sample are presented in sup-
plementary Figure S3 which conveys the even distribution of
elements in the film. The atm% of elements is also provided
in supplementary Table 1.

Figure 3 shows NEXAFS spectra of pure and Ag™ ion-
implanted SrVO; thin films (annealed at 600°C). The spec-
tral features between 515 eV and 528 eV are of the V
L-edge and correspond to the V 2p to V 3d electronic transi-
tions.?*> > There are two distinct peaks in the V L-edge spec-
trum of pure SrVO; film, marked by L; and L,. These peaks
originate from V 2p;,, and V 2p,,, core level transitions

Fig.2 FESEM images (a-b) of SrVO;_600 and (c—d) of SrVO;_Ag3_600 samples.
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Fig.3 V L-edge and O K-edge NEXAFS spectra of samples annealed
at 600°C: pure SrVO, (SrVO,;_600), 1 x 10" ions/cm? implanted
SrVO, films (SrVO;_Agl_600), 3 x 10'® ions/cm? implanted SrVO,
films (SrVO,_Ag2_600), and 5 x 10'5 jons/cm? implanted SrVO,
films (SrVO;_Ag3_600). The inset shows a magnified view of the V
L-edge.

to the unoccupied V 3d levels, respectively. The pre-edge
features of the V L-edge (not allowed by selection rules)
may appear due to crystal field effects of various V-related
defects (i.e., interstitials/stacking faults) in thin films.* It
is noticeable that the V L,-edge feature shows broaden-
ing/splitting (towards higher energy) upon increasing the
Ag™ ion fluence and signifies that Ag implantation has cre-
ated various defects in the film. The Ag-related defects may
have imposed 4d states which are overlapping with the V 3d
levels. There are significant electronic transitions above the
V L, level which give broadening in the V L,-edge (see the
inset of Fig. 3). Our XRD results have also demonstrated
the distortion in the crystallinity of SrVO; films upon Ag
implantation. Therefore, changes in the V L-edge NEXAFS
are analogous to the changes in the crystalline properties of
SrVO; films.

The high-energy spectral feature in Fig. 3 (between 528
eV and 540 eV) are due to O K-edge transitions. The O
K-edge spectrum originates from O 1s transitions to the O
2p states which hybridized with the metal d states. The O1
peak represents the O s electronic transitions to the O 2p
hybridized with metal 3d (i.e., the orbital; a group of dxy,
d,, and dy, orbitals). Similarly, the O2 peak is due to the O
1s electronic transitions to the O 2p hybridized with metal
3d (i.e., eg orbitals; group of dxz—y2 and d ? orbitals).*?* It
is noticeable that there are no significant changes in the O
K-edge spectra of Ag-implanted SrVO; films. This signifies
that Ag atoms are not directly interacting with the O atoms

or not making Ag oxides in the SrVO; films (as supported by
XRD studies). This helps us to conclude that Ag implanta-
tion in SrVO; films modifies the electronic structure proper-
ties in the higher-energy states to the V 3d density of states
and that there is no or unnoticeable charge transfer from O
atoms to the Ag atoms.

Conclusions

RF sputtering-grown SrVO; films were implanted with 90
keV Ag™ ions with three different fluences. GIXRD results
confirm the Ag implantation induced defect formation in the
films and resulted in the diminished XRD peak intensity.
The FESEM results convey the rough/pore surface and sur-
face erosion after Ag ion implantation. V L-edge NEXAFS
spectra have shown modification in the electronic structure
properties of SrVO; thin films which are reflected as higher-
energy broadening/splitting of the V L,-edge peak. Ag 4d
levels participated in the V 2p,, electronic transitions to V
3d in the Ag-implanted SrVOj; films. The O K-edge spectra
are invariant under the Ag implantation-induced modifica-
tion of the density of states and signify that O atoms are not
sharing charges with Ag atoms.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-022-09454-5.
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