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Abstract
In the present work, the effects of ion implantation on structural, surface, optical, and photoluminescence behavior of  MgTiO3 
thin films have been investigated. Cobalt ions were implanted into crystalline films by varying the fluence from 3 ×  1014 to 
1 ×  1016 ions/cm2. An intensity reduction and shift of the peak position upon implantation are attributed to amorphization and 
generation of strain, respectively. The root-mean-square roughness is reduced from 8.2 (pristine) to 6.4 nm upon implanta-
tion at 3 ×  1014 ions/cm2 fluence and increases to 7.9 nm with a further upsurge in fluence. A non-monotonous variation in 
transmittance with implantation fluence is observed. The bandgap of pristine sample is ~ 4.22 eV, and the implanted samples 
exhibit a bandgap in the range of 4.03–3.88 eV. The surface chemical states of pristine and implanted films were analyzed 
using X-ray photoelectron spectroscopy. An enhancement in defects upon implantation of Co ions results in the variation 
of luminescence properties. A broad photoluminescence (PL) emission band extending from near UV to visible region is 
observed for the pristine film. The PL emission intensity is quenched upon implantation. Average decay lifetime of pristine 
film is observed to be 17.9 ns, which is slightly increased to 19.1 ns at 3 ×  1014 ions/cm2 implantation fluence. Afterward, 
with a subsequent rise in implantation fluence from 1 ×  1015 to 1 ×  1016 ions/cm2, the average decay lifetime varied within 
the range of 17.2–18.9 ns. Factors responsible for different luminescent centers, structure, and morphology evolution as a 
consequence of Co ion implantation are reported.

Keywords MTO thin films · Ion implantation · Atomic force microscopy · X-ray photoelectron spectroscopy · UV–Vis–
NIR spectroscopy · Photoluminescence

1 Introduction

MgTiO3 (MTO) is a well-known ceramic material, which 
received a considerable attention for different industrial 
applications due to its promising properties, such as a wide 
bandgap [1], thermal stability [2], a near zero temperature 
coefficient of resonant frequency, and a high quality factor 
(Q) [3]. Over past few decades, a lot of research work on 
bulk, powdered, and thin films of MTO has been carried 
out to achieve desired characteristics for various applica-
tions, such as dielectric resonators at microwave frequencies, 
filters [4], wireless communication [5], global positioning 
system, integrated circuits [6], FRAMs [7], photocatalytic 
material [8], sensors, etc. Apart from this, MTO is inter-
estingly focused to explore its photoluminescence proper-
ties to be utilized in several optical applications due to its 
low phonon frequency (which may reduce non-radiative 
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transitions) as well as thermal and chemical stability [9]. It 
finds applications in display devices, solid state lightening, 
and white LEDs with different dopants, such as  Eu3+,  Al3+, 
and  Dy3+,  Li+ [9, 10]. The dopant elements are generally 
chosen according to their compatibility with the host matrix. 
The low solution energy of Co doping in MTO makes it 
one of the easily doped and well-suited dopants in the MTO 
matrix [11]. Apart from it, J. H. Sohn et al. reported that Co 
doped MTO possesses a slightly higher Q-factor as com-
pared to pure MTO [12]. Also, T. S. Kumar et al. showed the 
applicability of Co doped MTO in complementary metal-
oxide semiconductors and anti-reflection coatings [13]. In 
addition, the decreased leakage current density is observed 
in Co doped MTO [14]. On the basis of earlier reports, 
it becomes imperative to study the MTO thin films with 
incorporation of optically active Co ions and their effects 
on optical properties from the application point of view. Y. 
N. Shieh et al. showed the effective rearrangement of charge 
distribution as a result of Co ion implantation into the  TiO2 
matrix, which improves the PL intensity [15]. In addition, 
300 keV Co ions were implanted into Zn doped  TiO2 films, 
and the modification in bandgap with Co ions incorporation 
was demonstrated [16]. Moreover, the shift in bandgap and 
various emission centers in  TiO2 are observed, which are a 
consequence of transition involving the d levels of Co ions 
[17]. On the other hand, R. Kumar et al. studied lumines-
cence properties and bandgap variation in ZnO with Co ions 
implantation, and showed the applicability of Co implanted 
ZnO thin films in spintronic oriented devices [18]. There-
fore, apart from ease and compatibility of Co ions into MTO, 
it also showed significant improvement in the properties of 
other matrices.

In the present work, we have incorporated Co ions into 
the MTO matrix using ion implantation. Ion implantation is 
an alternative doping approach in which the dopants with 
some fixed fluence or dose can be added into the host matrix 
at a desired depth. Moreover, a precise control over ion flu-
ence, and the possibility of overcoming the solubility limit 
are unique advantages [19]. In general, the nuclear energy 
loss  (Sn) plays a major role for modifications of a material, in 
case of low energy ion implantation process. A large number 
of defects (interstitials and vacancies) are generated inside 
the matrix as a result of cascade collisions with incident 
energetic ions [20], which can effectively tune the bandgap, 
luminescent centers, and surface chemistry of the film. The 
photoluminescence (PL) efficiency and emission centers are 
found to be quite sensitive to the dopants and their con-
centration. Therefore, it becomes interestingly important to 
study the implantation induced evolution in structure and 
morphology, which in turn effects the luminescent behav-
ior and optical properties of MTO thin films. Moreover, an 
absence of reports on the ion implantation of pure MTO thin 
films motivated to carry out the study. In the present work, 

Co ions with 100 keV energy were implanted into MTO 
matrix at different fluences, i.e., 3 ×  1014, 1 ×  1015, 3 ×  1015, 
and 1 ×  1016 ions/cm2. The effects of incorporation of Co 
ions on luminescent properties, optical bandgap, as well as 
structure and morphology modification of MTO films, were 
studied in detail.

2  Materials and methods

2.1  Synthesis of samples

MTO thin films were synthesized using RF magnetron sput-
tering unit (Advanced Process Technology, Pune). Before 
the deposition process, the evacuation of sputtering chamber 
was carried out using rotary and turbo molecular pumps to a 
base pressure of ~1.52×10-5 mbar. The deposition was car-
ried out at RF power of 85 W. The process pressure of nearly 
7.4×10-3 mbar was maintained throughout the deposition. 
Afterward, conventional furnace annealing at 750 °C was 
carried out to crystallize the as-deposited MTO thin films. 
The thickness of the film is around 530 nm.

2.2  Implantation

Furthermore, 100 keV Co ions were implanted into pris-
tine films (annealed at 750 °C) at various fluences, such as 
3×1014, 1×1015, 3×1015, and 1×1016 ions/cm2. The implan-
tation of thin film samples was carried out using low energy 
ion beam facility at Inter-University Accelerator Centre 
(IUAC), New Delhi. The projected range, and nuclear and 
electronic energy losses were estimated using SRIM 2008 
simulation software, which are found to be ~50 nm, and 1.5 
and 0.2 keV/nm, respectively.

2.3  Characterizations

After implantation, characterization of pristine and 
implanted samples was done using X-ray diffraction (XRD; 
TTRAX III, Rigaku, Japan) to examine the variation in 
crystalline nature of MTO thin films with implantation 
fluence. XRD measurements were carried out using Cu 
 Kα monochromatic X-ray source with wavelength of 1.54 
Å. The step size and scan speed during the measurements 
were 0.02° and 3°/min, respectively. The impact of implan-
tation fluence on surface morphology was analyzed using 
atomic force microscope (AFM; Multimode Scanning Probe 
Microscope, Bruker). In addition, optical bandgap and other 
optical parameters were deduced using UV–Vis–NIR spec-
troscopy. The surface chemistry of MTO thin films was 
studied with X-ray photoelectron spectroscopy (XPS; Omi-
cron Nanotechnology, ESCA+, Germany) with 1486.6 eV 
monochromatic Al  Kα source. During XPS measurements, 
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the base pressure was around 5.2 ×  10–10 mbar. The pass 
energy of 50 eV was utilized for the survey scan, while the 
short scan was carried out with energy of 20 eV. Energy 
resolution of XPS is about 0.6 eV. To overcome the charging 
effect, a charge neutralizer of 2 keV is applied and binding 
energy of C1s core was taken as reference. Moreover, the 
photoluminescence PL spectroscopy was carried out with 
310 nm wavelength excitation source using 450 W Xenon 
flash lamp. In addition, the time-resolved PL of films was 
done using 266 nm pulsed laser excitation source (FLS980 
Edinburgh system) to estimate the decay lifetime of pristine 
and implanted samples.

3  Results and discussion

3.1  XRD analysis

Figure 1a indicates the XRD pattern of pristine, and Co ion 
implanted MTO thin films at different fluences within the 
range of 3 ×  1014 to 1 ×  1016 ions/cm2. Pristine MTO thin film 
shows the XRD peaks indexed as (003), (101), (012), (104), 
(110), (113), (024), (107), (116), (018), (214), and (300) situ-
ated at 18.9°, 21.1°, 23.9°, 32.8°, 35.4°, 40.6°, 49.1°, 50.3°, 
53.5°, 56.9°, 62°, and 63.7°, respectively. The observed well 
defined peaks indicate the rhombohedral crystal structure of 
MTO thin films with R 3 space group and are matched with the 
standard database (reference JCPDS #000,060,494). The crys-
talline quality of films is found to deteriorate upon ion implan-
tation, followed by an increase in fluence, as shown in Fig. 1a. 
Implantation is observed to induce defects, such as vacancies 

and dislocations, etc., into the films [21, 22]. The disorders 
and/or defects generated in the samples are proportional to the 
fluence of implanted ions [23, 24]. Therefore, with an increase 
in fluence, the defect density increases, which causes strain 
in the sample leading to the disturbance of long-range order 
in the matrix. Such a disturbance eventually deteriorates the 
crystallinity of the films which is evident from the reduction in  
intensity of peaks in the XRD pattern [22, 25]. A minor shift 
in the position of peaks, as displayed in Fig. 1b, indicates the 
generation of tensile strain in the films upon implantation [21, 
22]. During implantation, some of the implanted  Co2+ ions 
will possibly substitute  Mg2+ (having comparable ionic radii) 
in the octahedral coordination geometry. The ionic radius of 
 Co2+ is 0.75 Å, which is slightly larger as compared to  Mg2+ 
with an ionic radius of 0.72 Å. As a result, the lattice param-
eter is observed to expand slightly, which probably leads to 
the generation of tensile strain in the films. Such an observa-
tion of generation of tensile strain upon ion implantation is 
also reported in the literature [19, 21, 26]. A minor reversible 
change in the strain is observed at higher fluence which pos-
sibly occurred as a result of slight contraction of lattice due 
to the irradiation led compressive in-plane stress. A similar 
observation is also reported for CdTe and NiO thin films [27, 
28].

The crystallite size was evaluated using Scherrer’s equation 
[29] given as

(1)D =
Kλ

βCos�

Fig. 1  a XRD pattern of pristine, and implanted films with Co ions at various fluences within the range 3 ×  1014 to 1 ×  1016 ions/cm2, b peak 
shifting in highly oriented (104) peak
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where K denotes the shape factor whose value is 0.9, which 
is considered for the samples consisting of both cubic and 
noncubic crystallites [30], λ indicates the incident X-ray 
wavelength, full-width at half maximum intensity in radi-
ans is denoted as β, and θ is the Bragg angle. Pristine sam-
ple exhibits the crystallite size of ~ 21.8 ± 0.2 nm, which is 
decreased to 19.2 ± 0.2 nm upon implantation of Co ions at 
a fluence of 3 ×  1014 ions/cm2. Implantation induced cascade 
collisions result in multiple displacements in the matrix, 
which may cause a reduction in the size of crystallites. 
Further, a monotonic increase in the crystallite size from 
19.2 ± 0.2 nm to 19.8 ± 0.2 nm after an increase of implanta-
tion fluence from 3 ×  1014 to 1 ×  1016 ions/cm2 is observed. 
The increase in crystallite size upon increasing the fluence is 
possibly due to energy deposition to the lattice as a result of 
ion–solid interaction, where incident ions impart energy to 
the sample causing an increase in temperature, which leads 
to a slight increase in crystallite size. A similar observation 
of variation of crystallite size with implantation fluence was 
also reported for CdTe thin films [28].

3.2  AFM results

The morphology evolution of MTO thin films, as depicted 
in Fig. 2a–e, prior to and after Co ion implantation, has been 
deduced from AFM. Various competing processes like sur-
face erosion by ion bombardment and diffusion of adatoms 
are responsible for the reorganization of films’ surface [31]. 

The surface becomes rough or smooth depending upon the 
energy and fluence of arriving ions during implantation [32].

The root-mean-square roughness (Rq) of pristine film is 
8.2 nm, which is found to reduce to 6.4 nm after implan-
tation at 3 ×  1014 ions/cm2 fluence. While it is slightly 
increased to 7 nm upon increasing the fluence to 1 ×  1015 
ions/cm2. There is no significant variation of roughness 
for the films implanted at 1 ×  1015 and 3 ×  1015 ions/cm2. 
A subsequent rise in fluence to 1 ×  1016 ions/cm2, the  Rq is 
significantly enhanced to 7.9 nm. It is observed that with 
implantation of Co ions into the films, Rq first decreases and 
then increases (shown in Fig. 2f) with a rise in the fluence. 
This particular behavior in Rq can be understood on the basis 
of adatoms’ mobility over the surface which is influenced 
by the impact of ion beam. The adatoms get activated, and 
their mobility is increased, resulting in diffusion of adatoms 
to fill the inner voids at the surface, which lead to the reduc-
tion in surface roughness at a fluence of 3 ×  1014 ions/cm2. 
Furthermore, implantation at higher fluence results in rise of 
temperature due to which the adatoms jump over the upper 
layers increasing the surface roughness of samples [32]. 
The increase in surface roughness can also be attributed to 
the sputtering of atoms, more likely from the valleys as an 
impact of ion implantation [33, 34].

The grain size distribution and average diameter of grains 
measured using AFM micrographs, are indicated in Fig. 3. 
A reduction in grain size from 76 ± 2 nm (pristine film) to 
72 ± 2 nm is noticed upon implantation and increasing the 

Fig. 2  AFM micrographs of a pristine, and Co ion implanted MTO 
samples at different fluences of b–e 3 ×  1014, 1 ×  1015, 3 ×  1015, and 
1 ×  1016 ions/cm2. f Variation in root-mean-square roughness with flu-

ence of implanted ions [here, 3E14, 1E15, 3E15, and 1E16 represent the 
fluence of 3 ×  1014, 1 ×  1015, 3 ×  1015 and 1 ×  1016 ions/cm2]
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fluence to 1 ×  1015 ions/cm2. A further rise in fluence to 
3 ×  1015 ions/cm2, significantly reduces the size to 59 ± 4 nm. 
The reduction in grain size up to the fluence 3 ×  1015 ions/
cm2 is attributed to the fragmentation of grains because of 
generation of internal strain upon implantation [35]. After-
ward, an enhancement in grain size to 70 ± 3 nm is observed 
which is due to the agglomerations of fragmented grains as 
a result of increased surface energy [35].

3.3  UV–Vis–NIR spectroscopy

Transmittance spectra of the films (pristine and implanted) 
are obtained in the range of 250–800 nm, as shown in 
Fig. 4. Pristine film exhibits transmittance of ~59–97% in 
the visible region. The transmittance goes on to increase 
slightly up to ~63–97% upon embedding Co ions in the 
film at 3×1014 ions/cm2 implantation fluence. Subse-
quently, transmittance percentage is reduced to ~ 62–94% 
and ~ 59–84% for implanted films at 1×1015 and 1×1016 
ions/cm2 fluences, respectively. The roughness of the 
films is one of the crucial factors responsible for varia-
tion in transmittance. More the roughness, higher will be 
the transmittance scattering loss [36, 37]. The decreased 
roughness of film implanted at a fluence of 3×1014 ions/
cm2 results in higher transmittance. In the same way, upon 
implantation at a fluence of 1×1015 ions/cm2, film shows 
a slight rise in transmittance as compared to pristine film, 
while lower transmittance as compared to 3×1014 ions/cm2 

fluence implanted sample. Moreover, at higher fluence, the 
reduction in transmittance percentage is ascribed to the 
generation of defect levels within the bandgap [38] and 
scattering at the rough surface [36]. In addition, the thick-
ness of pristine MTO film is evaluated using transmittance 
spectra, which is around 530 nm. The detailed evaluation 
procedure, using Swanepoel envelope method to determine 
the thickness, is shown elsewhere [39].

Fig. 3  Grain size distribution of pristine and implanted MTO thin film samples

Fig. 4  Transmittance spectra of pristine and implanted MTO samples. 
Inset displays the shift in absorption edge towards higher wavelength
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The transition of electrons in a crystal initiates at the 
absorption edge in the transmittance spectra, which indi-
cates the minimum energy difference (energy bandgap, Eg) 
between conduction band minima and valence band maxima 
[40]. There is a sharp absorption edge observed below ~ 
320 nm for the films due to the fundamental absorption in 
this region.

Moreover, a shift in the absorption edge towards the 
higher wavelength regime (shown in the inset of Fig. 4) with 
increasing the implantation fluence, indicating a decrease in 
the bandgap. Wood and Tauc’s method [40] was employed 
to evaluate the bandgap of the films. The detailed proce-
dure to estimate the bandgap is given in our earlier report 
[41]. Tauc’s plot utilized to obtain the bandgap is depicted in 
Fig. 5a–e, and the variation is plotted in Fig. 5f. The bandgap 
of the pristine film is nearly 4.22 eV. Co ions implantation 
at 3 ×  1014 ions/cm2 fluence, leads to the narrowing of opti-
cal bandgap to 4.01 eV. A minor rise in optical bandgap to 
4.03 eV is observed with the rise of fluence to 1 ×  1015 ions/
cm2. Afterward, the bandgap again goes down to 3.96 eV 
upon increasing the fluence up to 3 ×  1015 ions/cm2. An 
upsurge in the implantation fluence to 1 ×  1016 ions/cm2 
results in further shrinkage of the bandgap to 3.88 eV. Co 
ions implantation into the MTO matrix induces damage to 
the lattice, which creates defect levels leading to the reduc-
tion in bandgap [42]. Such a reduction in bandgap is also 
observed in  SrVO3 after implantation with Cu ions [43]. 
Furthermore, with an increase in fluence, more number of 

defects created, since the lattice damage is proportional to 
the implantation fluence [44]. The implantation induced 
structural disorder in the films can also be revealed using 
Urbach tail. The exponential region in the absorption edge, 
referred to Urbach energy  (Eu) reflects the tail of the band 
states (arised due to disorder), which are extended into 
the forbidden region [40], thereby decreasing the band-
gap energy. The slope of the plot of ln� vs energy (Fig. 6) 
was utilized to obtain the Eu, which is illustrated in inset of 
Fig. 6. Implantation at a fluence of 3 ×  1014 ions/cm2 leads 
to an increase in Eu from 0.21 (for pristine film) to 0.28 eV. 
Subsequently, the Eu is increased from 0.28 to 0.34 eV after 
an upsurge of implantation fluence from 1 ×  1015 to 1 ×  1016 
ions/cm2. The consistent growth in Eu with fluence can be 
attributed to the generation of additional tail states as a result 
of implantation stimulated distortion into the MTO lattice 
[42].

3.4  XPS analysis

XPS profile, as shown in Fig. 7, illustrates the chemical 
states of Mg, Ti, and O in the pristine and Co implanted 
MTO thin films. The survey scan was recorded in the bind-
ing energy (BE) range of 0–1350 eV. The BE scale was cor-
rected using standard calibration by fixing the C 1s peak, 
which is located at a BE of 284.8 eV due to the presence 
of adventitious carbon from the atmosphere during experi-
ment [45].

Fig. 5  a–e Tauc’s plot, and f bandgap variation of pristine and implanted MTO thin films
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The detailed spectra of Mg 2p, Ti 2p, and O 1s are taken 
in the BE range of 45 to 55 eV, 450 to 470 eV, and 526 to 
535 eV, respectively, as shown in Fig. 8A–C. The fitting 
of the detailed XPS profile was done using CASA–XPS 
with Gaussian–Lorentzian product (GL) function. The XPS 
spectrum of Mg 2p corresponding to pristine and implanted 
MTO thin films is shown in Fig. 8A. The Mg 2p spectra 
show a peak lie at the binding energy of ~ 49.7–49.9 eV 
corresponds to the metallic magnesium [46].

The fitting of Ti 2p detailed spectra of pristine and Co 
implanted film at 3×1014 ions/cm2, results in the two spin 

orbit components, Ti  2p1/2 and Ti  2p3/2 [47]. Both the com-
ponents were found to exist in +4 and +3 charge states, as 
shown in Fig. 8B.

The completely oxidized +4 states lie in the BE range 
~464.4–464.5 eV and ~458.4–458.6 eV related to Ti  2p1/2 
and Ti  2p3/2, which is consistent with the earlier report 
[48]. While the +3 state corresponding to both the spin 
orbit components lie at the BE of ~462.6–462.9 eV and 
~456.6–456.8 eV, respectively. The BE separation of the 
+4 state of Ti  2p1/2 and  2p3/2 is ~5.8–6.2 eV, which agrees 
with the results observed in the literature [49]. There is 
a slight decrease in the percentage of +4 states of spin 
orbit components of Ti 2p, while percentage of +3 states 
is observed to increase at a fluence of 3×1014 ions/cm2. 
Moreover, upon enhancing the implantation fluence to 
1×1015 ions/cm2, a substantial enhancement of +3 state 
corresponds to both the spin orbit components is observed. 
In addition, +2 states are also observed to evolve at higher 
implantation fluence, which lie at the BE of 455.1–455.2 
eV (for Ti  2p3/2) and 461–461.3 eV (Ti  2p1/2), respectively. 
A similar observation was also reported for the Ti 2p state 
of  TiO2 after ion implantation [33, 50]. The structural 
modification due to thermally induced lattice vibrations 
at higher implantation fluence associated with the increase 
in concentration of  Ti3+ [51]. Moreover, an increase in the 
concentration of +3 as well as +2 states also corroborates 
the presence of oxygen deficient atmosphere [33, 52, 53]. 
In addition, implantation induces point defects which sub-
sequently merges to generate defect complexes at higher 
implantation fluence [54] appeared as an enhancement of 
percentage composition corresponds to +3 state. A fur-
ther rise in implantation fluence to 3×1015 and 1×1016 
ions/cm2, a slight reduction in the percentage composi-
tion of +3 and +2 states as compared to 1×1015 ions/cm2 
is observed. Such a large implantation fluence may leads 
to local temperature rise in the lattice resulting in migra-
tion of vacancies which recombine with defects present at 
the interstitial sites leading to the recovery of few lattice 
defects at the surface [55].

The detailed XPS spectra of O 1s corresponding to pris-
tine and implanted MTO samples is shown in Fig. 8C.

O 1s (A) at the binding energy of ~ 530–530.1 eV 
with oxidation state  -2, attributed to the lattice oxygen, 
while the peak situated at higher BE (~531.7–531.8 eV) 
is accredited to oxygen vacancies [46, 56, 57]. A slight 
increase in oxygen vacancies at a fluence of 1×1015 ions/
cm2, can be correlated with increase and generation of  Ti3+ 
and  Ti2+ states. On further implantation at higher fluences, 
i.e., 3×1015 and 1×  1016 ions/cm2, there is no significant 
variation in the oxygen vacancies.

Fig. 6  Plot of ln� vs energy for pristine and Co implanted samples. 
Inset shows the variation of Urbach energy (Eu) with fluence

Fig. 7  XPS spectra of pristine and implanted MTO samples with Co 
ions at various fluences
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Fig. 8  A XPS spectra of Mg 2p for pristine and Co implanted MTO thin films. B XPS spectra of Ti 2p for pristine and Co implanted MTO thin 
films. C XPS spectra of O 1s for pristine and Co implanted MTO thin films
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3.5  PL and TRPL study

Figure 9a demonstrates the PL emission spectra of pristine 
and implanted MTO thin films with Co ions. The spectra 
were taken in 340–680 nm wavelength range. The pristine 
MTO film shows a broad PL emission band extended in the 
range of 350–600 nm. The deconvoluted spectrum  (Fig. 9b) 
indicates the possible emission centers in pristine MTO film. 
Different PL emission centers arised in MTO are probably 
due to the defects in the sample, since the emission centers 
lie well below the bandgap of MTO thin film. The struc-
tural complexity (order–disorder at long and short range) in 
pristine films is evident from the presence of PL emission. 
Essentially, MTO shows PL emission due to the order–disor-
der in the structure within the lattice network. The presence 
of intrinsic and extrinsic defects give rise to the disordered 
lattice, which creates additional energy states in-between the 
valence band and conduction band. During excitation, the 
generated defect levels facilitate the charge carriers trapping, 
which leads to the distinct PL emission in MTO [58].

The extrinsic defects present in MTO are related to the 
dislocation of Ti and Mg present in lattice former and modi-
fier, results in the creation of complex clusters which act as 
trapping centers for charge carriers. The complex cluster 
formation in lattice former and lattice modifier network as 
well as the intrinsic disorder are demonstrated by E. A. V. 

Ferri et al. [58]. The different types of structural defects 
in the disordered MTO system contribute to specific states 
within the forbidden gap, resulting in the generation of vari-
ous luminescent centers [59]. Pristine MTO film shows near 
UV and visible emission, centered at 3.38 eV (~ 367 nm), 
3.25 eV (~ 382 nm), 3.04 eV (~ 408 nm), 2.82 eV (~ 440 nm), 
2.64  eV (~ 470  nm), 2.51  eV (~ 494  nm), and 2.32  eV 
(~ 534 nm). Each color represents a specific electronic tran-
sition, which is related to a particular structural arrange-
ment. E. A. V. Ferri et al. showed that the 

[

TiO
5
.V

x

O

]

 com-
plex cluster related to the deeper defects [58]. In addition, 
V. M. Longo et al. elucidated that 
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O

]
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TiO
5
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⋅

O

]

 
complex clusters correspond to deep and shallow defects 
within the bandgap for  SrTiO3 [59]. The more energetic PL 
emission is probably related to shallow defects, while the 
deep defects lead to the low energy visible emission [59]. 
In addition, visible emission in MTO is preferentially due 
to the deep level defects, which are probably related to the 
lattice former [58]. Moreover, in other matrix, such as ZnO, 
the low energy visible emission is also resulted due to the 
deep level defects as depicted by R. G. Singh et al. and H. 
Gupta et al. [60, 61]. After implantation with Co ions at 
a fluence of 3 ×  1014 ions/cm2, PL intensity is observed to 
reduce significantly. During implantation, nuclear energy 
loss inside the MTO matrix facilitates the cascade colli-
sion, which results in the generation of large defect density. 

C

Fig. 8  (continued)
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Typically the radiation damage due to implantation causes 
non-radiative defect centers. These non-radiative defects cre-
ated inside the matrix may probably result in an effective 
decrease in PL intensity [62]. The dissipation of emission 
intensity can also be understood on the basis of increas-
ing energy transfer between the dopants and defects due to 
increasing interaction between them. At higher fluence, a 
larger concentration of dopants results in a decrease in dis-
tance between defects and dopants, which further increases 
the interaction between them, resulting in overall dissipation 
of luminescence intensity [63]. Furthermore, an enhance-
ment of fluence up to 1 ×  1015 ions/cm2, again quenches the 
peak intensity. There is no significant alteration in the peak 
position for samples implanted at fluence of 1 ×  1015 and 
3 ×  1015 ions/cm2. At higher fluence of 1 ×  1016 ions/cm2, a 
drastic reduction in PL emission intensity is observed due 

to the generation of large number of non-radiative defect 
centers. The Commission International del’ Eclairage (CIE) 
chromaticity plot indicating the color center, and color 
purity of the pristine and implanted samples displayed in 
Fig. 9c. The color coordinates for pristine film are (0.185, 
0.201) and implanted films at different fluences of 3 ×  1014, 
1 ×  1015, 3 ×  1015, and 1 ×  1016 ions/cm2 are (0.170, 0.137), 
(0.171, 0.144), (0.180, 0.176) and (0.180, 0.177), respec-
tively. The observed chromaticity coordinates confirms the 
blue emission of MTO thin films with an insignificant shift 
in coordinates after increasing the implantation fluence.

The time-resolved PL spectra of pristine, and Co ions 
implanted MTO samples are illustrated in Fig. 10a. The 
decay profile was analyzed and fitted (Fig. 10b–f) using 
a double exponential function, which is displayed as [64]

Fig. 9  a PL spectra of pristine and implanted MTO thin films b Deconvoluted PL spectrum of pristine sample c CIE chromaticity plot of pristine 
and implanted MTO samples
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where I(t) is the intensity of luminescence at time t  , �
1
 

and �
2
 signify the lifetimes corresponding to fast and slow 

decay routes. The average decay lifetime ( �ave ) of pristine 
and implanted samples was estimated using �

1
 and �

2
 . The 

detailed procedure to calculate the �ave is discussed in our 
earlier report [41].

The implantation with Co ions at a fluence of 3 ×  1014 
ions/cm2 leads to an increase in �

ave
 from 17.9 ns (for pristine 

sample) to 19.1 ns. The prolonged lifetime of charge carriers 
depends on several factors, such as band structure, structural 
defects in the lattice, carriers’ mobility, etc. The enhance-
ment in lifetime is a result of suppression in recombina-
tion of charge carriers. The defect levels present at surface 
and bulk, acts as active trap centers for capturing the charge 
carriers. Instead of directly recombining with the holes in 
valence band, the carriers first trapped to defect levels below 
the conduction band. The trapping below the conduction 
band will be a non-radiative transition. Thereafter, the elec-
trons undergo hopping from one defect to another until they 
find an emission center. Therefore, the presence of different 
defect levels facilitates the trapping of carriers for a consid-
erable amount of time, resulting in the increase of lifetime 
of recombination of the charge carriers [63]. Furthermore, 

(2)
I(t) = A + B

1
e

(

−t∕�
1

)

+ B
2
e

(

−t∕�
2

) increase in non-radiative recombinations, more likely at the 
surface, with increasing the fluence up to 1 ×  1016 ions/cm2 
results in a reduction of average decay lifetime, which is 
consistent with the decrease in the PL intensity [65].

4  Conclusions

Co ions implantation engineered MTO thin films were stud-
ied to investigate the structural, surface, optical, chemical, 
and luminescent properties. Implantation leads to amorphi-
zation and generation of strain in the films. Moreover, a non-
monotonous variation in the surface roughness is a result 
of adatoms’ mobility over the surface, which varies with 
implantation fluence. A reduction in the grain size is resulted 
due to grain fragmentation upon implantation up to the flu-
ence of 3 ×  1015 ions/cm2. Furthermore, an increment of 
grain size at higher fluence is a consequence of the agglom-
eration of smaller grains as a result of increased surface 
energy. The optical transmittance of the film implanted at a 
fluence of 3 ×  1014 ions/cm2 is slightly higher than the pris-
tine sample due to its comparatively smoother surface (less 
roughness). While, a reduction in transmittance with further 
rise in fluence from 1 ×  1015 to 1 ×  1016 ions/cm2 is observed. 
Structural modification at higher implantation fluence leads 
to the increase in composition of + 3 states and generation 

Fig. 10  a TRPL spectra, and b–f fitted TRPL plots for pristine and implanted MTO films
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of + 2 states corresponds to spin orbit components of Ti 2p. 
The luminescent properties are found to be strongly depend-
ent upon types of complex clusters, which are related to deep 
and shallow defects. The pristine film possesses luminescent 
band extended from near UV to visible region. Implantation 
quenches the PL emission intensity due to the generation 
of non-radiative defect centres. The presence of different 
trap states probably leads to the enhancement in the average 
decay lifetime of implanted samples. Therefore, different 
complex clusters, vacancies, and the defects related to Ti 
and O in MTO are found to be sensitive to the implantation 
fluence, which further affects the optical and luminescent 
properties of MTO thin films.
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