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The present study utilizes synchrotron-based x-ray diffraction (XRD), photoluminescence (PL), and x-ray
absorption near edge structure (XANES) spectroscopic techniques to comprehend the evolution of optical intense
blue-green emission in 100 keV nitrogen (N) ion implanted SrTiO; (STO) thin films deposited by RF magnetron
sputtering technique. The XRD pattern shows a shift in reflections at lower N ion fluences and the amorphization
of the films at higher fluences. A disordered phase induced by implantation in the STO films leads to an intense
blue-green emission due to oxygen (O) vacancies and N (2p) bound states. A schematic diagram of energy levels
has been proposed to explain the origin of PL emission. The XANES spectra at Ti K edge reflect a change in
the valency of Ti ions and the local atomic structure of ordered and disordered phases of STO with an increase
in N ion fluence. The splitting of peak assigned to e, orbitals, and discrepancy in ratio d»/d>_,» observed
in the Ti L- and O K-edge spectra, confirm a distortion in TiOs octahedral structure and modifications in O
2p-Ti 3d hybridization states. The synchrotron-based techniques reveal that N ion implanted STO can be a good
photoluminescent material exhibiting a variety of emissions through bound states of O vacancies and implanted

N ions.
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I. INTRODUCTION

Perovskite oxide materials with ABOj3 type structure are
employed in a wide range of applications including photocat-
alytic activity, semiconductor devices, optoelectronic devices,
and also used as an insulating layer in most electronic de-
vices [1-6]. A well-known prototype perovskite compound,
SrTiO; (STO) shows a cubic structure at room temperature
and is widely used as photocatalyst for dye degradation on
ultraviolet light (UV) irradiation [7]. It is well known that
pure crystalline STO does not show any photoluminescence
(PL) emission at room temperature under UV light, but a
broad emission is observed at low temperatures [8,9]. Blue
light emission at room temperature was first reported by Kan
et al. due to O vacancies induced by 300 keV argon (Ar™) ion
irradiation in STO thin films [10]. In another study, Kumar
et al. irradiated STO single crystals with 550 eV Ar™ ions and
showed three distinct PL emissions: ~430 nm, ~550 nm, and
~830 nm [11]. These studies show that the optical properties
can be modified or improved by introducing defects in the
material. Despite extensive study on the electrical properties
and electronic structures of STO, the origin of photolumi-
nescence and its correlation with band structure and induced
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defect states remains unclear. Therefore, the role of defects
in modifying the optical properties like PL is very intriguing
and is a very important subject of study [5,12]. Defects can be
produced during the synthesis of materials or created by sev-
eral modifications induced by external parameters like thermal
treatment [13,14] and ion beam irradiation or implantation
etc. [15]. Controlling the defects to produce desired variation
in the properties of semiconductors is a challenging task. Ion
beam implantation technique has widely revolutionized phys-
ical properties especially optical and electrical nature of the
material [10,15]. It can induce charge carriers, defects, lattice
distortion, vacancies, and trap levels in the material up to the
desired depth with a reproducible precise dose that plays a
crucial role in improving the functionality of transition metal
oxides [10,16]. This technique not only produces the oxygen
(O) vacancies and defects but also can introduce self-doping
of the ions in interstitial sites such as O or Ti interstitials [17].
These interstitials modify the structural and optical proper-
ties of materials [18]. Nitrogen (N) ions can occupy O sites
resulting in transition metal oxynitrides [19]. The hybridized
states of N (2p) are slightly at higher potential energy than
that of O (2p) [20]. Correlation between defects and electronic
structures have been studied using x-ray photoelectron spec-
troscopy (XPS) [18], electron paramagnetic resonance (EPR)
[21,22], and x-ray absorption spectroscopy (XAS) [5,23,24].
However, there are very few detailed investigations of funda-
mental changes in the photoluminescence properties of STO
films induced by N ion implantation.

©2021 American Physical Society
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The present study employs the synchrotron-based char-
acterization techniques to investigate the effect of 100 keV
N ion implantation on the structural, optical properties, and
electronic structures of STO and also meticulously attempts
to correlate the origin of optical emissions with introduced de-
fects and modified electronic structure. Based on experimental
observation, N ion implanted STO can be perceived as good
photoluminescent material. The observed emissions are com-
prehended by x-ray absorption near-edge structure (XANES)
studies and further corroborated by literature related to the
first principle calculations and explained using schematic di-
agram of energy levels of STO comprising localized bound
states of O vacancies and N 2p levels.

II. EXPERIMENTAL DETAILS

STO thin films were deposited on quartz substrates using
a commercial STO target of 2 mm thickness and 5 cm di-
ameter by radio frequency (RF) magnetron sputtering (HIND
HIVAC, Model 12” MSPT) in the presence of oxygen (20%)
balanced with argon gas. The cleaned quartz substrates of
dimensions 10 mm x 10 mm x 2 mm were used to deposit
STO thin films. The vacuum chamber was maintained at ~5 X
10~° mbar before deposition. The plasma was processed at a
fixed power of 250 W. During the deposition, a mixture of
argon (Ar) and oxygen (O;) (20%) gas was circulated into
the chamber maintaining the pressure of ~5 x 1072 mbar.
The substrates were kept at room temperature and exposed
to the plasma for 40 min. These films were annealed at 750 °C
for 5 h in a horizontal tubular furnace in Ar4+-O; (20%) gas
flow controlled using a needle valve and the gas was effluent
through the water. Hereafter, these samples are considered as
“Pristine” films. These pristine films were implanted with 100
keV N ion beam at room temperature using the low energy
ion beam facility (LEIBF) housed in Inter-University Accel-
erator Centre (JUAC), New Delhi with different fluences viz.
~5 x 10", ~1 x 103, ~5 x 10'3, and ~1 x 10'® ions/cm?
and these samples are hereafter referred as N-5SE14, N-1E1S5,
N-5E15, and N-1E16, respectively. The time for irradiation
was estimated using the parameters; ion beam current (nA),
sample area (cm?), and the fluence of the ion beam (number

of incident ions/cm?) in the equation (1).
Ti Fluence x Area o

ime (sec) = Current x 6.25 x 109

For the structural characterization, synchrotron glancing
incidence x-ray diffractometer (GIXRD) operated at 13 keV
was used at MCX Beamline, Elettra Sincrotrone Trieste, Italy
[25,26]. The x-ray source was fixed at a glancing angle of 0.2°
and the detector was rotated with a step size of 0.01° to record
the intensity of reflections in the 26 range from 18° to 45°.
Further, the samples were characterized by synchrotron PL
spectroscopy at TLS-03A1, and XAS at TLS-20A1 & TLS-
17C1 beamlines of National Synchrotron Radiation Research
Center (NSRRC), Hsinchu, Taiwan. The PL measurements
were performed at room temperature in a vacuum chamber
(~1077 Torr) in reflection mode at an incident angle of ~45°
of the source beam with the sample. The intensity of PL
emissions was measured by using a Photomultiplier Tube
(PMT detector; Hamamatsu R943-02) operated at 1700 V
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FIG. 1. (a) Calculated N ion concentration in STO thin films
corresponding to different ion fluences and (b) the possible Ti, Sr,
and O vacancies simulated by TRIM in the 225 nm STO thin films
on quartz substrate.

and kept at an angle of 90° with respect to the beam [27,28].
The emission spectra were collected under excitation with
240 nm. During these measurements, an optical filter was
used to remove band emissions from the spectra. Soft XAS
measurements were carried out at 20A1 beamline in a vacuum
chamber (~10~7 Torr) and the spectra were recorded in total
electron yield (TEY) mode. XAS measurements with hard
x rays were performed in air using a sample rotator at 17
C1 Wiggler beamline and spectra were recorded in fluores-
cence mode. Thickness measurements were performed using
Rutherford backscattering (RBS) spectrometry at [IUAC New
Delhi. TRIM (Transport of Ions in Matter) and SRIM (The
Stopping and Range of Ions in Matter) simulations were used
to determine the ion beam parameters like range, electronic
and nuclear stopping power, and straggling.

II1. RESULTS

The plots of ion energy versus energy loss and the depth
versus energy loss are shown in Fig. A (see Supplemen-
tal Material, SM [29]) along with other parameters derived
from SRIM-TRIM simulations. The maximum N ion con-
centrations were calculated to be 0.05%, 0.1%, 0.5%, and
0.9% in N-5E14, N-1E15, N-5E15, and N-1E16, respectively
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FIG. 2. XRD spectra of STO thin films: (a) pristine, N-5E14, N-1E15, N-5E15, and N-1E16 and (b) closer view of x-ray peak resulting

from the diffraction of the (011) plane of pristine, N-5SE14, and N-1E15.

[Fig. 1(a)], and the Sr, Ti, and O vacancies were estimated
to be 0.070, 0.075, and 0.165 number/A—ion using TRIM
calculations [Fig. 1(b)]. The unit “per A” is used in order
to keep the numerical values as small numbers on the plot.
The unit “numbers/ion” stands for the number of vacancies
created in the material per incident ion [30] (see SM for
other descriptions [29]). The thickness of as-grown films was
estimated to be ~220 nm by RBS. The RBS spectra and
corresponding depth profile of pristine and N-1E16 are shown
in Fig. B (see SM [29]).

Figure 2(a) shows the GIXRD spectra of pristine, N-5E14,
N-1E15, N-5E15, and N-1E16. The observed reflections of
pristine match well with the standard data (High Score Plus
reference number 98-002-3076) of cubic perovskite poly-
crystalline structure of STO. The lattice parameters were
calculated to be ~3.905 A for pristine STO film. Figure 2(b)
compares the XRD peaks resulting from the diffraction of
the (011) plane for the three samples: Pristine, N-5E14, and
N-1E15. The x-ray peaks corresponding to (011) planes in the
XRD pattern for N-5E14 and N-1E15 show a shift of 0.21°
and 0.28°, respectively, towards lower angle, ascertaining an
expansion in the unit cell of STO. The lattice parameters a, b,
and ¢ were calculated to be 3.947 A, 3.938 A, and 3.951 A
for N-5E14, and 3.969 A, 3.948 A, and 3.973 A for N-1E15,
respectively. A slight expansion along all axes is observed
after N ion implantation. XRD spectra of N-5SE15 and N-1E16
indicate that higher ion fluences result in amorphization of the
samples (discussed later). The interplanar spacing (d-spacing)
values calculated using the Bragg’s equation for the corre-
sponding plane (hkl) are found increasing with N ion fluences
(see Table I).

The modification in crystal structure leads to the changes in
optical properties. To identify the possible optical emissions
due to defects created by N ion implantation, the PL mea-
surements were performed for all the samples. No significant
emission intensity was observed for the pristine sample as
seen from Fig. 3 and this is consistent with the literature
[9,10,31].

The PL spectra of N-5E14, N-1E15, N-5E15, and N-1E16
were fitted using Origin 8.6 software with three distinct Gaus-
sian peaks. The position, standard error, and FWHM of the
Gaussian peaks are presented in Table II and the figures,
illustrating deconvolutions are shown in Fig. C (see SM [29]).
In the inset of Fig. 3, a typical deconvolution process is shown
for N-5E14 and N-1E16. All N ion-implanted samples have
two common peaks at ~415 nm (A) and ~550 nm (D). Apart
from these peaks, N-5E14 and N-1E15 have a peak at ~480
nm (C), and N-5E15 and N-1E16 have at ~460 nm (B). Peak
C appears at lower fluence, which shifts towards lower wave-
length at higher fluences and is assigned as peak B. All these
peaks, at ~415 nm (blue), ~460 nm (blue), ~480 nm (blue),
and ~550 nm (green), correspond to the energy of ~2.98 eV,
~2.69 eV, ~2.58 eV, and ~2.25 eV, respectively. An enhance-
ment in the PL intensity is observed for all emissions with an
increase in the ion fluence. This result is consistent with the
study by Pontes et al. which reported an intense PL emission
at room temperature in amorphous STO thin films [32].

A broad PL emission corresponds to a convolution of mul-
tiple transitions involving various energy levels. Moreover,
it is affected by the defects, Fermi level, density of states,
etc. All these factors contribute to the broadening of the

TABLE 1. “d spacing” for corresponding planes (hkl) of pristine
and N-5E14, and N-1E15.

Pristine N-5E14 N-1E15
hkl 26 (°) d (A) 20 (°) d(A) 20 (°) d(A)
011 1990 27606  19.69  2.7897  19.62  2.7996
111 2443 22553 2417 22783  24.06  2.2886
002 2823 19559 2794 19758 27.81  1.9849
112 3480 15942 3445 16108 3429  1.6180
022 4039 13807 3995 13963  39.77  1.4023
013 4542  1.2348 4507 12446 4478  1.2522
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TABLE II. The fitting parameters (in nm) of PL spectra of N ion implanted STO thin films.

N-5E14 N-1E15 N-5E15 N-1E16
Peak Position FWHM Position FWHM Position FWHM Position FWHM
A 415.29 +0.30 44.72 414.03 £ 0.27 43.74 413.85+0.14 43.19 413.91 £0.09 42.40
B 463.18 £1.53 79.89 462.90 +£1.83 87.71
C 483.53 £ 1.10 77.67 482.28 +£1.22 82.36
D 555.10 +6.30 159.87 553.24 +4.23 167.73 551.73 +8.93 153.03 546.33 + 7.87 150.52

experimental PL spectra [33]. The transitions at lower wave-
lengths are more populated than that of higher wavelengths.
Consequently, the blue emission is sharper than the greenish
emission. The latter emission is more significant at higher
fluences where an increased number of N ions causes the
local amorphization leading to the rise of the extended VB
and CB along with the tailing localized states [34,35]. The
FWHM of these emissions increases with an increase in the
wavelength (see Table II). The formation of tailing localized
states provides a path to the excited electrons to emit the
photons through various defects levels. This results in a broad
range of the emission which is centered at a defined energy,
i.e., the center of the Gaussian peak, where the emissions are
maximum for a particular peak. Moreover, the strong electron-
phonon coupling may lead to dissipation of some energy of
the excited electrons and this may also cause variation in the
energy of emitted photons [36-38].

The PL emission of N ion implanted STO films indeed
suggests the presence of defects, interstitials, and vacancies
but does not give any explicit evidence regarding any spe-
cific type of defect. The synchrotron GIXRD, on one hand,
reveals the effect of the N ion implantation on the average
crystal structure and shift in the reflections followed by amor-
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FIG. 3. Photoluminescence spectra of STO thin films: pristine,
N-5E14, N-1E15, N-5E15, and N-1E16. The spectra were recorded
under excitation with 240 nm and the band emission was eliminated
using an optical filter during the measurements. Inset shows a typical
deconvolution process for N-5SE14 and N-1E16. Note that the blue-
green emission evolves on N ion implantation.

phization. The evolution of PL is attributed to the possible
O vacancies, lower crystallinity, and ion-beam induced de-
fects. The localized studies based on the electronic states of
elements may help to verify the aforementioned proposition.
Hence, XANES at Ti K edge was studied to examine the local
environment of Ti ions. The Ti K-edge features appear due
to the transition of 1s core electrons to the unoccupied states
consisting of 3d and 4sp orbitals strongly hybridized with the
O 2p orbitals above the Fermi level, E;.

The XANES spectra at Ti K edge for the STO thin films
of pristine, N-5E14, N-1E15, N-5E15, and N-1E16 STO thin
films are shown in Fig. 4(a). The spectra were normalized
using Athena software [39]. The pre-edge features of all the
films consist of two peaks appearing in the energy range of
~4966 eV to 4972 eV. The features were deconvoluted using
two Gaussian functions. The inset shows a magnified view
of the pre-edge region and a representative deconvolution of
pristine is shown under the curve. The pre-edge peaks are
attributed to the transitions to unoccupied 3d f,, and 3d e,
states. The e, peaks are marked as « in Fig. 4(a). The fitting
parameters of the peak are shown in Table IIl. The peak «
departs to the lower energy with an increase in ion fluence.
Figure 4(b) shows the change in the position and intensity of
the peak o by varying the N ion fluence. To analyze the trend
of the variation of pre-edge peak parameters with the change
in N ion fluence, one needs to understand the origin of this
peak.

The pre-edge features appear just above the Fermi level E¢
and below the main absorption edge due to the transition of
electrons from 1s to 3d t,, and 3d e, orbitals. These transi-
tions are forbidden by the dipole selection rules since these
involve a change in the orbital angular momentum AL = 2
[40]. The experimental observation of pre-edge features is a
consequence of the fact that the final state of photoelectrons
possesses an admixture of p-d characters via the hybridization
of Ti 3d and O 2p orbitals [40,41]. Therefore, the change in
intensity and position of the peaks suggests the modification
in degree of hybridization after N ion implantation.

Based on experimental analysis of Ti K edge along with
multiple scattering calculations, Farges et al. [40] and Frenkel
et al. [41,42] related the position and intensity of pre-edge
peaks with the coordination number, oxidation state, and off-
center displacement of Ti ions [40—42]. Farges et al. compared
the experimental and theoretical data to provide the physics
involved in pre-edge region and to distinguish between the
fivefold, and mixture of fourfold and sixfold coordinated Ti
ions (cf. Fig. 2 in Ref. [40]). The changes in local environment
of Ti ions are expected to be reflected in the pre-edge of
XANES spectra in terms of variation in the intensity and posi-
tion of peaks [43,44]. The larger intensity of peak corresponds
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FIG. 4. (a) Ti K-edge spectra of N ion implanted films. Inset shows the pre-edge region, labeled as a, b, ¢, d, and e corresponding to
pristine, N-5E14, N-1E15, N-5E15, and N-1E16, respectively. (b) The variations in the peak position and height of peak « as the function of

N ion fluences.

to the fourfold coordinated Ti ions whereas the lower intensity
to sixfold geometry of the octahedron [40]. From Fig. 4(b),
the position of the peak « shifts towards lower energy side,
and its intensity increases with an increase in N ion fluences
which indicates a reduction in the coordination number of
Ti ions in N ion implanted STO [42]. It has been reported
that the amorphous STO has a more intense pre-edge peak
and shifts towards lower energy in comparison to crystalline
STO [41]. The area under the peak « can be analyzed to
estimate the off-center displacement of Ti ions from the center
of TiOg octahedron [42]. The relation between the off-center
displacement d of Ti ion and area under the peak « is related
by A = %dz where y is a constant for a particular perovskite
[40-42,44]. From Table III, the increase in intensity and area
under the pre-edge peak specifies the increase in off-center
displacement of Ti ions.

The chemical shifts of STO films were calculated using
the reference compounds of Ti,O3 (Ti*?) and single crystal
STO (SSTO, Ti™) by taking the first derivative of Ti K-
edge spectra. The average Ti valence states are determined
by extrapolation of the energy of Ti K-edge spectra with the
standards and are given in Table IIT along with estimated com-
positions of the films. This indicates a mixed-valence state of
Ti (43 and +4) with oxygen vacancy surrounding the Ti ions
in N ion implanted films. Hence, it is inferred that N-SE14
contains ~62% and ~38% of Ti ions in +3 and +4 valence
states, respectively. Similarly, both N-1E15 and N-5E15 have
~T77% and ~23% of Ti ions in +3 and +4 valence states,

respectively. The average valence state of Ti ions in pristine
and N-1E16 are considered to match with the standard STO
and Ti, O3, respectively.

The analysis of Ti K-edge spectra of these samples gives
extensive information about the changes induced by N ion
implantations in the crystal structure and the coordination
number of Ti ions. Ti L-edge XANES spectra were recorded
in the energy ranges of 440 eV to 490 eV that provide in-
formation about the nature of Ti 3d orbitals in the electronic
structure of STO. These spectra are divided into two regions
viz. L3 and L, edge. The L, edge appears broader than the L;
edge due to Coster-Kroning decay [45,46]. In the transition
metals, the 2p orbitals are split into 2p3,2(L3) and 2py/2(L,)
by spin-orbit interaction and the Ti 3d orbitals into t,, and
e, orbitals by crystal field effects [47]. Four absorption peaks
are observed corresponding to the following transitions: from
2p3j2 t0 3d trg and 3d e, and from 2py, to 3d tr, and 3d e,
orbitals. The L-edge spectra give explicit information on un-
occupied 3d orbitals which are related to the transition metal
ion valency and O vacancies. The normalized Ti L ,-edge
spectra of pristine, N-5E14, N-1E15, N-5E15, and N-1E16
are shown in Fig. 5(a). All the peaks were fitted using XP-
SPEAKA4.1 software to determine the accurate peak position,
intensity, and area under each peak.

The L3-edge spectrum of pristine STO film is fitted with
two peaks corresponding to f;, and e, orbitals but one addi-
tional peak is needed to fit the spectra of N ion implanted
STO films which is assigned to the splitting of 3d e, states into

TABLE III. Peak parameters of pre-edge peak « for all the samples and estimated valency of Ti ions.

Sample Peak Position Height FWHM Area under

name €eV) V) the peak First derivative Valence state Composition
Pristine 4970.01 0.1170 1.555 0.1936 4969.7 4 SrTiO;
N-5E14 4969.73 0.1648 1.949 0.3419 4968.9 3.38 SrTiO, 79
N-1E15 4969.46 0.2535 2.209 0.5961 4968.7 3.23 SrTiOs 62
N-5E15 4969.38 0.3153 2.268 0.7614 4968.7 3.23 SrTiO, 6,
N-1E16 4969.18 0.3292 2.339 0.8199 4968.4 3 SrTiO, 50
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FIG. 5. (a) Ti Ls,-edge spectra of pristine and N ion implanted
STO films. The deconvoluted L;-edge spectra under the pristine and
N-5E14 are shown to explain the splitting in e, states. (b) The change
in area ratio f5,/e; and d2/d,2_y» as a function of N ion fluence
calculated for Ti L;-edge spectra of pristine and N ion implanted
STO films.

d» and d,»_» orbitals. The ratios of area under the 3d #,; and
3d e, orbitals derived peaks, and ratio d/d,>_,» are plotted
as a function of N ion fluences as shown in Fig. 5(b) and
listed in Table IV. The discrepancy in the ratio d:/d>_y
implies a distorted noncubic TiOg octahedral structure [48].

This can be accredited to a change in the Ti-O bond due

TABLE 1IV. Area ratios t,/e, and d,2 /d,2_ > corresponding to Ti
L; and O K edges for pristine and the N-ion implanted STO films.

Ti L edge O K edge
Sr.no. Sample hye/eg da/do_p Ihg/e, da/da_y
1 Pristine 0.40 0.60 0.43
2 N-5E14 0.37 1.14 0.57 0.35
3 N-1E15 0.37 0.80 0.36 0.34
4 N-5E15 0.32 0.76 0.29 0.30
5 N-1E16 0.30 0.71 0.24 0.20

to variation in the degree of hybridization. The amount of
splitting in 3d e, state gradually increases as a function of N
ion fluence. Jan et al. observed the off-center displacement
of Ti ion from the octahedral site which is reflected in the Ti
L edge of Pb;_,Ca,TiO3 (PCT) as splitting in 3d e, orbitals
[49]. Mastelaro et al. observed that the degree of distortion
in the octahedral structure of Pb,_,La,TiO3 (PLT) decreases
on increasing the La doping and less pronounced splitting of
3d e, orbitals in Ti L edges [50]. Therefore, the splitting of
3d e, orbitals into d> and d,>_,» is a measure of the degree of
deviation from octahedral symmetry [50].

The intensity of Ti L3 edge is proportional to the density
of unoccupied states which is the sum of 1, and e, states
[46,48,51]. In principle, the ratio ty,/(t2g + €,) and e,/ (2, +
e,) should be 0.6 and 0.4, respectively, for Tit* since there
are no electrons in 3d orbitals [52]. These ratios can be also
written as f,/e, which turns out to be 6/4 (or 3/2). This is
a theoretical assumption where all the Ti ions are assumed
to be in d° state and if only one electron is considered in
the calculations ignoring the electron-electron correlation. For
octahedral symmetry, the ratio of unoccupied orbitals is 6/4
as f, and e, can take six and four electrons, respectively
[52]. Kuo et al. stated that the intensity of the spectral feature
assigned to #,, states is sensitive to the valence state of Ti ion
[48]. The more intense t,, feature implies an increase of the
oxidation state and thus indicates the presence of Ti™* (3d°)
with respect to the TiO, system [51]. Janotti et al. performed
the HSE (Heyd-Scuseria-Ernzerhof) calculation and reported
that if one electron is added to the TiO; system, it goes to Ti
ion occupying the nearest neighbor site to the O vacancy [53].
According to the density functional theory (DFT) calculations
by Lin and co-workers, the added one electron has a high
probability of occupying the lowest energy state (25) of the
octahedral symmetry [54]. Hence, in the case of d' state, the
I, orbital is filled with one electron being available at the
lower energy state. Thus, the ratio #,,/e, decreases from 6/4
to 5/4. Similarly, for d> and d? state, the ratio will be 4/4 and
3/4, respectively. Hence, if one considers the ratio #,,/e,, any
change in 1, state (or a charge state of Ti) will be evident [51].
This is due to change in the density of unoccupied 3d orbitals.
The decrease in the intensity of the #,, peak with an increase in
N ion fluence indicates the presence of Ti™> (3d") in the N ion
implanted samples. The ,,/e, ratio decreases as the content of
N increases. This implies that the oxygen vacancies are also
increasing with N ion implantation. The Ti L-edge spectra of
these films are also compared with an O deficient STO thin
film annealed at 750 °C in Ar+H,(5%) gas flow for 5 h. The
Ie/e, ratio is estimated to be 0.33 for these O deficient films.
Thus, the electronic configuration of Ti from the Ti-O bond
exhibits a combination of 3d° in Ti** and 3d" in Ti™ in the
ground state [55,56]. However, the pristine film also deviates
from the expected value of #,,/e, ratio. The calculated ratio
based on Ti L-edge spectra is 0.4. Wu et al. measured Ti
L-edge spectra of TiO, nanotubes and reported that the #,,/e,
ratio is in a range of ~0.29-0.31 [57]. At first observation, as
evident from the RBS study (see SM [29]), the surface layer is
found to be Sr(95TiO, ¢g. Since the thin-film fabrication with
perfect stoichiometric composition and uniform thickness is
a big challenge, any slight deviation causes change in the
value of f,,/e, ratio [58]. There are some detailed reports
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FIG. 6. O K-edge spectra of pristine and N ion implanted STO.
The deconvolution of pre-edges are also shown under the corre-
sponding spectra.

understanding the Ti L-edge spectra using Multiplet calcula-
tions [59,60]. Kroll et al. observed that the #,, /e, ratio does not
match with the expected value of 3/2 while considering the
spin-orbit coupling and crystal field that fit the experimental
spectra [60]. In the crystal field, 3d orbitals split into ,, and
e,, while these states are mixed in the final states through
2p3d Coulomb interaction and within the same symmetry,
the intensity is transferred between states [60]. Hence, the
final states do not show the expected t54/e, ratio. Similarly,
Laskowski et al., while calculating the XAS spectra at the L
edges of STO by solving the Bethe-Salpeter equation (BSE),
also observed that the ratio f,,/e, is not as expected to be
3/2 [59]. Wu et al. performed configuration interaction (CI)
cluster calculations for STO to reproduce Ti L-edge spectra
and observed that the ratio f,,/e, increases with an increase in
hybridization strength [61]. Hence, the presented Ti L-edge
spectra and analysis are in line with the reported multiplet
scattering calculations of SrTiO; [59,60,62—-65].

The nature of bonding of O ions with constituent ions
(Ti, Sr, and implanted N) was investigated by recording the
XANES spectra at O K edge. These spectra are very sensitive
to the Ti-O hybridization. Figure 6 shows the XANES spectra
at O K edge for pristine, N-5E14, N-1E15, N-5EI15, and
N-1E16. The prominent spectral features up to 535 eV are
assigned to the transitions from O 1s orbitals to hybridized
states between O 2p and Ti 3d orbitals and the peaks above
535 eV are the hybridized states between O 2p and Ti 4sp
orbitals. To determine the accurate positions and area under
the featured peaks, the spectra were fitted using XPSPEAK4.1
software. The pre-edges can be deconvoluted using three
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FIG. 7. The change in t5,/e; and d.2/d,2_,» arearatios as a func-
tion of N ion fluence for O K-edge spectra of pristine and N ion
implanted STO films.

peaks which are assigned to 3d t,, and 3d e, orbitals (d,> and
d,>_,») derived peaks. These peaks are separated due to crystal
field splitting.

In Fig. 6, the area under the 3d 1,, peak is filled with red.
The width and asymmetry of the 3d e, peak suggests the
inclusion of two peaks to fit the pre-edge region which is
attributed to the splitting in 3d e, states into d> and d,>_y2.
These two peaks are shown by filling the area under the peak
with green and blue, respectively. The t,, and e, peaks arise
due to the transitions from O 2p to 3d t,, and 3d e, orbitals,
respectively. The 3d e, states appear at higher energy and have
stronger coupling with O 2p ions than the #,, states because
dp and dxz_yz levels are directed towards O ions. Therefore,
3d ey states are more sensitive to the deviations in the sym-
metry of octahedral structure [66]. Hence, the positions of
the 3d e, spectral features of O K edges vary with change
in the ion fluence. This can be a consequence of different
local environment and ion coordination. The change in the
crystal field splitting (A3d) for all the implanted films indi-
cates the variation in the Ti-O distance as a result of change
in O 2p-Ti 3d overlap [47]. Also, the O K-edge spectra
become sharper after N ion implantation. The sharpness of
the peaks derived from the O 2p-Ti 3d hybridized orbitals
implies higher order of covalent bonding between the Ti and O
atoms [67].

The ratio #,,/e, decreases gradually with an increase in the
N ion fluence. It implies that the 3d 1, states are occupied
due to the creation of O vacancies [53-56]. The ratio of area
under the d» and d,>_,> peaks also changes with N ion fluence
as shown in Fig. 7 and Table IV. It suggests the existence
of O vacancies and mixed valence states of Ti ion [48,51].
Besides, the splitting in the peak, assigned to 3d e, state, can
be attributed to the modifications in O 2p-Ti 3d hybridization
states and the distortion in the TiOg octahedral structure [48].

IV. DISCUSSION

As evident from TRIM simulations, N ions cause dis-
placements of the target atoms which may result in vacancies
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thereof. The knocked-out Ti and O ions possibly occupy the
interstitial sites in the octahedra which may be responsible for
the observed expansion in interplanar spacing [17]. From the
XRD pattern, it is evident that the crystallinity decreases with
N ion implantation and amorphization is observed at higher
fluences. In the previous study, it is revealed that the presence
of O vacancies and N interstitials in the STO thin films in-
duced by low energy N ion implantation cause a split in the
XRD reflections and amorphization of the films [17] which
can be comprehended by evoking the ion beam interaction
with materials.

When an energetic ion passes through a material, it under-
goes a series of collisions with the nuclei and atomic electrons
of the material. The incident ion loses its energy via two
processes mainly (i) elastic collisions with the target nucleus
which leads to displacement of the atoms as a whole (nuclear
energy loss, S,) and (ii) inelastic interaction with the electrons
that excite or eject the atomic electrons (electronic energy
loss, S,) [30]. Low energy ion interactions are dominated by
elastic processes, resulting in the ballistic atomic displace-
ments of the target atoms. This causes radiation damage in
the target material. At sufficiently high doses, it results in the
crystalline to the amorphous transformation of the irradiated
area because of complete disordering in the crystal lattice
[68—70]. This amorphization depends on the type of materials,
the mass of ion, and ion irradiation conditions [30]. The light
mass projectiles create isolated point defects that accumulate
to transform crystalline to amorphous structure [71] after cer-
tain ion fluence. In the case of heavy ions, dense collision
cascades create amorphous pockets which result to transform
into the amorphous structure [72]. In the present case, almost
complete amorphization is observed with the low energy N
ion implantation in N-1E16 STO thin film. Hence, this study
focuses on varying ion fluences from 5 x 10'* ions/cm? to
1 x 10'® ions/cm?. Kan et al. irradiated STO films with 300
keV Art ions and reported a thin amorphous layer of few
nanometers near the surface [10]. The XRD results are corrob-
orated by XANES studies of Ti K edge. There is an evolution
and a shift in the pre-edge position of Ti K edge towards lower
energies with an increase in the N ion fluences. This indicates
the amorphization of the films, reduction in the coordination
number, and a decrease in the valence state of Ti ion (from +4
to +3) [40-42,44]. Both Ti L- and O K-edge spectra depict
the modifications due to N ion implantation and the spectral
feature assigned to e, state splits into d,> and d,>_,> orbitals.
The splitting in e, states is an indication of distortion in the
crystal structure [50]. This supports the shift in diffraction
peak and change in the lattice parameters with N ion fluence.
Based on atomic multiplet scattering calculations, Fan et al.
simulated the Ti L-edge spectra for ATiO3 (Ca, Sr, Ba) system
and reported that there is a drastic change in the electronic
structure of O ion due to different local environment resulting
in a strong hybridization between O ion and A cation [62]. The
intensity of d>_,» increases with ion fluence. The decrease in
the ratio of #5,/e, in Ti L and O K edge implies the decrease
in density of unoccupied #,, states. Also, the discrepancy in
ratio d/d,>_,» is a direct indication of lattice distortion and
change in Ti-O hybridization.

In the cubic perovskite structure, Ti ion at the body center
is surrounded by six O ions situated at the faces of cubic

® T+ Ti*

%0g0 .. ©c°

G (ﬁ@o implantation G O@ ‘
71 09000

(a) (b)

FIG. 8. (a) Cubic perovskite structure of pristine STO and (b) the
possible deformation in local atomic structure of STO after N ion
implantation.

structure [19,73]. If the O ions are knocked out from their
sites, the Ti ions are displaced from their center to stabilize
the octahedral structure resulting in off-center displacement
and lattice expansion. Kan et al. revealed that the presence of
O vacancies is responsible for blue emission in STO [10]. The
role of N ions is still to be explored to understand the origin of
blue-green PL emission. A few studies based on first principle
calculations using the DFT have been reported for N doped
SrTiO3 and TiO, systems [74-76]. In these studies, a few
models based on the occupancies of N such as substitutional,
interstitial, and oxygen vacancies accompanied by N doping
in STO lattice were considered [74-80]. Mi et al. reported
that the substitutional occupancy is favored in comparison to
interstitial and stated that the substitutional N 2p localized
states lie above the top of O 2p valence band (VB) [74,75].
Miyauchi et al. performed similar first principle calculations
based on DFT considering the substitutional occupancy of N
and assumed the band structure being narrowed due to N 2p
and Ti*? localized states above the VB and below the conduc-
tion band (CB), respectively [76]. According to SRIM-TRIM
calculation, an increase in ion fluence leads to an increase
in vacancies because more number of ions hitting the target
results in sputtering of oxygen ions due to its high sputtering
yield [30]. In addition to ion beam induced vacancies, N
implantation facilitates the formation of oxygen vacancies to
maintain the charge neutrality [78]. Thus, the combined effect
of ion implantation and N substitution leads to an increase in
the number of oxygen vacancies [§1-84].

Based on the above results using synchrotron characteri-
zation techniques viz. XRD, PL, and XAS, and the existing
literature based on first principle calculations using DFT for
N doped SrTiO3, and TiO, systems, a schematic crystal struc-
ture is proposed as shown in Fig. 8. The pristine sample
possesses an ideal cubic crystal structure in which Ti** ion
has coordination number of 6 [Fig. 8(a)]. Implantation of N
ions creates oxygen vacancies in the lattice [shown as O,
in Fig. 8(b)], which results in +3 valence state of the body-
centered Ti ion. The N and O ions possess almost identical
radii. Hence, N ion can either substitute O atom (shown as
N,) or occupy the interstitial sites (shown as N;). There are
six O ions located at the face center of STO cubic structure.
The probability of occupancy of any O site by N, depends
on the ion implantation conditions like ion species, energy,
fluence, current, and the time of exposure to the ion beam
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FIG. 9. Schematic diagram of energy levels illustrating the pos-
sible mechanisms for observed PL emission.

[11]. Therefore, it is challenging to determine the exact charge
state of the O vacancy. To identify the possible transitions,
defect levels, and recombination of the electron-hole pair, a
schematic diagram of energy levels is proposed as shown in
Fig. 9 and discussed as follows. The band gap of STO is of
the order of ~3.3-3.4 eV which arises from the gap between
the Ti 3d CB and the O 2p VB [11]. Xu et al. studied the
effect of crystallization on the band structure of STO films
and proposed an energy band structure for amorphous and
crystalline STO [34]. As there is no long-range order in the
amorphous STO, tailing localized states appear near the ex-
tended VB and CB [34,35]. The bound states corresponding to
the O vacancy donor levels also appear near the £ [10,34,85].
Mitra et al. studied the electronic structure of O vacancies in
STO and LaAlO; using HSE hybrid density functional and
suggested that the O vacancies can be neutral (V°), singly
positive (VT), or doubly positive (V1) which create bound
states, respectively, at 0.7 eV, 0.57 eV, and 0.28 eV below
the CB in the band gap [12,16,85,86]. The implanted N ions
form a bound state of hybridized 2p orbitals above the top
level of the VB [20]. The recombination of excited electrons
(in the CB) and the holes (in the VB) through the bound
states of doubly positive O vacancies (V1) results in the blue
emission at ~415 nm (A) [5,10], whereas the transitions of the
excited electrons through the bound states of singly positive
(V*) and neutral O vacancies (V°) give emissions at ~460 nm
(B) and ~480 nm (C), respectively. If the transitions of excited
electrons occur through V° to the N 2p hybridized states or
trap levels near the valence band [5,10,20], a green emission
appears at ~550 nm (D). At higher fluences (N-5E15 and
N-1E16), the number of singly positive O vacancies increase
which contributes to the emission at ~460 nm. When the
O ions are knocked out by N ions, they leave two unbound
electrons behind with a neutral O vacancy. On increasing the
N ion fluence, we observed that the number of O vacancies
having one unbound electron has increased. In any material,
there is a limit of creating O vacancies [87]. At higher fluence,

the number of implanted N ions increases, and the number
of O vacancies approaches the limit. Therefore, to balance
the extra negative charge of implanted N ion, an electron is
emitted from the neutral O vacancy. However, it is tricky to
control this phenomenon as the creation of defects depends
on the ion beam current, energy, and fluence, i.e., exposure
time to beam [11]. As evident from Fig. 9, a variety of PL
emissions are observed in PL spectra through the bound states
of O vacancies and N 2p states. Hence, N ion implantation
proves to be a very efficient technique to make a tunable
photoluminescent material for optoelectronics applications.

V. CONCLUSION

STO thin films deposited by RF sputtering were subjected
to 100 keV N ion beam to investigate the change in struc-
tural, optical, and electronic properties. XRD spectra reveal
distortion in the lattice structure and amorphization of films
at higher fluences. An intense blue-green emission corre-
sponding to the bound states of O vacancies and implanted
N ions are observed in N ion implanted films. This makes
the N ion implanted STO a promising material for the future
optoelectronics. The XANES at Ti K edge show the amor-
phization of films, change in valency states (from +4 to +3),
and reduction in the coordination number of Ti ions. The
splitting of 3d e, states into d» and d,>_,2, observed from the
Ti L and O K edges, confirms the distortion in lattice along
with its expansion. This study using the synchrotron-based
characterization techniques explains the origin of blue-green
photoluminescence emission in N ion implanted STO.
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