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Irradiation of materials by high energy (�MeV) ions causes intense electronic excitations through inelastic

transfer of energy that significantly modifies physicochemical properties. We report the effect of 100 MeV

Ag ion irradiation and resultant localized (�few nm) thermal spike on vertically oriented TiO2 nanorods

(�100 nm width) towards tailoring their structural and electronic properties. Rapid quenching of the

thermal spike induced molten state within �0.5 picosecond results in a distortion in the crystalline

structure that increases with increasing fluences (ions per cm2). Microstructural investigations reveal ion

track formation along with a corrugated surface of the nanorods. The thermal spike simulation validates

the experimental observation of the ion track dimension (�10 nm diameter) and melting of the

nanorods. The optical absorption study shows direct bandgap values of 3.11 eV (pristine) and 3.23 eV (5

� 1012 ions per cm2) and an indirect bandgap value of 3.10 eV for the highest fluence (5 � 1013 ions per

cm2). First principles electronic structure calculations corroborate the direct-to-indirect transition that is

attributed to the structural distortion at the highest fluence. This work presents a unique technique to

selectively tune the properties of nanorods for versatile applications.
1. Introduction

Manipulation of physical and chemical properties of materials
through modication of crystallinity, morphology and elec-
tronic structure is of great interest to researchers.1,2 High energy
ion beam irradiation is a unique technique, which induces
localized modication in a material without the irradiating ions
being implanted or doped into the lattice.3–6 When an energetic
ion travels through a material, it transfers its energy to the
atomic and electronic subsystems in two ways, which are called
nuclear/elastic energy loss (Sn) and electronic/inelastic energy
loss (Se). In general, if the energy of an ion exceeds 1 MeV per
tructures and Tailored Heterojunction

h Group (FORG), Department of Physics,

ennai 600036, India. E-mail: somnath@

saf Ali Marg, New Delhi 110067, India

al Lab, Department of Physics and Center

Design (CAMMD), Indian Institute of

ineering, Birla Institute of Technology &

1, Rajasthan, India

partment of Physics, Indian Institute of

tion (ESI) available. See DOI:

the Royal Society of Chemistry
nucleon, it is called the swi heavy ion (SHI), where Se domi-
nates over Sn. When Se becomes larger than a threshold value,
the huge energy deposited by an ion creates a latent track along
its trajectory with a cross-section of a few nanometers.7 The
track is a region of distinguishable crystallinity depending on
the type of target material, ion energy, and the type of ion
chosen. Thus, SHI irradiation provides exibility to selectively
modify the target material in a highly localized manner.

Titanium dioxide (TiO2) remains one of the most prominent
members of the metal oxide family owing to its high chemical
and thermal stability, excellent photoactivity, biocompatibility
and availability in the form of three different polymorphs
(anatase, brookite and rutile).8,9 There are a few reports, which
have discussed SHI irradiation-induced structural changes in
TiO2, for example, from amorphous to anatase,10 rutile,11,12 and
mixed-phase;12 and anatase to amorphous,13 rutile,14 andmixed-
phase15 transformations. SHI irradiation induced effects have
also been studied on doped TiO2. For example, Gautam et al.16

reported 120 MeV Ag and 130 MeV Ni ion induced phase
transformation in undoped and niobium doped anatase TiO2

composite thin lms. Thakurdesai et al. observed a SHI-induced
phase transition of a pulsed laser deposited TiO2 thin lm from
the rutile to the anatase phase.17 SHI-induced nano or micro-
lithography18–21 has been reported on single crystal rutile TiO2.
Further, formation of the ion track under SHI irradiation has
been investigated in single crystal rutile TiO2 with (001),22,23
Nanoscale Adv., 2022, 4, 241–249 | 241
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(110),24–26 and (100)27 orientations. Latent tracks of different
morphologies such as cylindrical, dumbbell-shaped or
sandglass-like have been observed with variation of ion path
length as a consequence of molten phase outow and recrys-
tallization.28 In the case of thin lms, 120 MeV Ag ion irradia-
tion has been performed on a rutile TiO2 lm deposited by ion
beam sputtering on silicon to investigate the inuence of SHI
irradiation on the dynamics of phonon interactions.29 Rath et al.
reported 79 MeV Br ion induced modications in a 200 nm
thick rutile TiO2 thin lm prepared by DCmagnetron sputtering
on a Si (100) substrate.30 The sample crystallinity was retained
up to a uence of 1 � 1013 ions per cm2, even though the Se
value exceeded the threshold for amorphization along the ion
track in TiO2.30 Some of the important published studies on Ag
ion irradiation effects on TiO2 are listed in Table T1 (ESI†). It is
therefore apparent that several studies have been reported on
SHI irradiation of TiO2 single-crystal and thin lms; however,
such studies on TiO2 nanostructures remain unexplored.

One-dimensional nanostructures such as nanowires and
nanorods, offer the advantage of unidirectional charge trans-
port along with high specic surface area.31 Particularly, highly
aligned and vertically oriented TiO2 nanorods hydrothermally
grown on a uorine doped tin oxide (FTO) coated glass
substrate have shown strong potential in applications such as
electrode materials with a transparent conducting window for
solar cells,32 water splitting,33 electrocatalysis,34 bio-
photoelectrochemical reactions,35 UV photodetectors,36 elec-
tron transport layers in perovskite solar cells,37 electron injec-
tion layers in DSSCs,38 sensors,39 etc. In addition, the single-
crystalline nature of each nanorod provides a long-range peri-
odicity throughout the individual nanorod structure, which is
a suitable platform for the study of irradiation effects. More-
over, a small lateral dimension (a few tens of nanometers) of the
nanorods provides limited space for thermal energy transfer
and atomic displacement in the radial direction. Therefore, it is
interesting to explore the effect of SHI irradiation-induced
localized energy transfer in rutile TiO2 nanorods. Here, we
present the crystalline phase, morphology and electronic
structure transformation of the SHI (100 MeV Ag ion) irradiated
TiO2 nanorods, and their effect on the optical absorption. The
experimental data and observation are correlated with the
thermal spike model-based analysis and density functional
theory (DFT) calculated band structure to gain an insight into
ion beam-induced disorder and defects in these nanorods.
2. Experimental section
2.1. Preparation of TiO2 nanorod arrays

TiO2 nanorod arrays were synthesized by a hydrothermal
method on a FTO coated glass substrate. The details of the
synthesis process are given in our previous report.40 Briey, the
hydrothermal process was carried out at 200 �C for 2 hours,
where the reaction solution comprised 10 ml of concentrated
hydrochloric acid (HCl 37%), 10ml of de-ionized (DI) water, and
0.3 ml of titanium(IV) butoxide. The as-prepared TiO2 nanorod
samples were rinsed thoroughly with DI water, air-dried, and
242 | Nanoscale Adv., 2022, 4, 241–249
nally annealed at 450 �C for 30 minutes to ensure the stability
of TiO2 nanorods on the substrate.

2.2. Experimental details of ion irradiation

The TiO2 nanorods grown on a FTO coated glass substrate were
irradiated at room temperature with 100 MeV Ag ions using the
15UD accelerator at the Inter-University Accelerator Centre, New
Delhi, India.41 The uences used for irradiation were 1 � 1012, 5
� 1012, 1 � 1013 and 5 � 1013 ions per cm2. The beam current
was maintained at �7 nA to avoid any joule heating. The
Stopping and Range of Ions in Matter (SRIM)42 code was used to
calculate the electronic energy loss and range of the ion inside
the material.

2.3. Characterization

A eld emission scanning electronmicroscope (FESEM) (Model-
FEI Inspect F50), operating at 30 keV, was employed to study the
surface morphology. X-ray diffraction (XRD) patterns were
recorded using a RigakuSmartLab X-ray Diffractometer with Cu
Ka (l ¼ 0.154 nm), operating at 45 kV and 200 mA anode
current. Raman spectroscopy was performed using the HORIBA
LabRAM HR instrument equipped with an argon ion laser
emitting 488 nm (2.54 eV) excitation wavelength. A trans-
mission electron microscope (TEM) (Model-Tecnai G2 T20),
operating at an accelerating voltage of 200 kV, was used to
observe the microstructure and record the electron diffraction
pattern. An X-ray photoelectron spectrometer (ESCAprobe TPD),
equipped with an Mg Ka X-ray source, was employed to perform
X-ray photoelectron spectroscopy (XPS). Optical absorption
spectroscopy was carried out using a PerkinElmer LAMBDA 950
UV-Vis-NIR Spectrophotometer, equipped with an integrating
sphere accessory, and operating in diffuse reectance mode.
Photoluminescence (PL) spectra were acquired using a JobinY-
vonFluorimeter (Fluorolog-3-11), equipped with a Xe lamp
source and a photomultiplier tube detector.

3. Results and discussion
3.1. Morphology, crystallinity, microstructure and chemical
composition analysis

The surface morphologies of the pristine and irradiated TiO2

nanorod arrays investigated through FESEM images are pre-
sented in Fig. 1. The pristine TiO2 nanorods are shown in
Fig. 1(a). It is observed that the individual rods are tetragonal in
shape with a length of�1 mm and an average width of�100 nm.
The surface morphologies of the samples aer irradiation at
different uences (1� 1012, 5 � 1012, 1 � 1013 and 5 � 1013 ions
per cm2) are shown in Fig. 1(b), (c), (d) and (e) respectively. The
range of 100 MeV Ag in TiO2 (density 4.25 g cm�3), estimated
using the SRIM code,42 is 8.85 mm, which ensures that all irra-
diating ions pass through the nanorod structure (�1 mm long)
without being implanted or doped in the material.

At a low uence of 1 � 1012 ions per cm2, no signicant
changes are observed (Fig. 1(b)). However, the nanorod struc-
tures show slight bending at a few locations (Fig. 1(c)) aer
irradiation at a uence of 5 � 1012 ions per cm2 (indicated by
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FESEM images of (a) pristine and irradiated samples with (b) 1 �
1012, (c) 5 � 1012, (d) 1 � 1013 and (e) 5 � 1013 ions per cm2

fluences.
Yellow ellipses in (c) indicate slight bending of nanorods, and red
ellipses in (e) indicate interconnected adjacent nanorods.

Fig. 2 (a) XRD patterns of pristine and irradiated samples at fluences of
1 � 1012, 5 � 1012, 1 � 1013 and 5 � 1013 ions per cm2; high-resolution
XRD peaks corresponding to (b) (101) and (c) (211) crystallographic
planes of rutile TiO2 respectively for pristine and irradiated (at a fluence
of 1 � 1012 ions per cm2 samples.

Fig. 3 Raman spectra of pristine and irradiated samples with 1 � 1012,
5 � 1012, 1 � 1013 and 5 � 1013 ions per cm2

fluences. Dotted lines
show the peak positions of the pristine sample and thus indicate slight
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yellow ellipses), followed by an increase in bending and
morphological distortion at a uence of 1 � 1013 ions per cm2

(Fig. 1(d)). Further increase of uence to 5 � 1013 ions per cm2

causes a signicant structural distortion and bending of indi-
vidual nanorods with the appearance of a semi-transparent
layer connecting the adjacent rods (Fig. 1(e)). The inter-
connected adjacent nanorods are indicated by red ellipses in
Fig. 1(e). It appears that the energy transferred from an incident
ion to a nanorod induces intense local heating leading to
melting and bending of the TiO2 nanorods. Diffusion of the
molten material between adjacent nanorods results in the
formation of such interconnecting layers. Here, the individual
nanorods having lateral dimensions of �100 nm provide
limited space for heat dissipation and molten state ow.
Therefore, as a result of thermal spike induced melting,
signicant morphological changes are clearly observed from the
FESEM images. However, in the case of polycrystalline lms
even if a thermal spike induced change in crystallinity occurs, it
would not be so clearly evident throughmorphological changes.
The digital photographs of actual samples irradiated at
different uences are shown in the ESI (Fig. S1†).

To investigate the structural changes induced by SHI irra-
diation, XRD analysis was carried out for pristine and irradiated
samples, and the results are presented in Fig. 2(a). The XRD
pattern of the pristine sample shows peaks at 36.10�, 41.33�,
54.59�, 62.93� and 68.99�, which correspond to (101), (111),
(211), (002) and (301) of rutile TiO2 (ICSD reference code 01-073-
1765) respectively. The additional peaks are attributed to SnO2

(ICSD reference code 01-077-0452) from the FTO coating of the
substrate. Aer irradiation, there is a gradual reduction in
crystallinity as indicated by decreasing intensities for (101),
(211), and (002) peaks. To analyze the shi in the position of the
peaks, a high-resolution X-ray scan was carried out for the (101)
and (211) planes and the data are presented in Fig. 2(b) and (c),
respectively. A clear shi to a lower 2q value is observed, indi-
cating an increase in the inter-planner spacing as a result of ion
irradiation.

When high-energy ions pass through a material, an enor-
mous amount of energy is transferred within a short period. As
© 2022 The Author(s). Published by the Royal Society of Chemistry
a result, in some cases, the amorphous material turns crystal-
line,10 whereas the crystalline material becomes amorphous13

due to thermal spike-induced heating, local melting, and
ultrafast re-solidication. The excessive local heating along the
ion trajectories creates latent ion tracks that are oen distinct in
density or crystallinity compared to the surrounding material.
In the present case, the gradual decrease in crystallinity can be
attributed to the increase in disorder resulting from the SHI-
induced ion tracks that start overlapping with increasing ion
uence. Further, the shi of (101) and (211) peaks to lower
diffraction angles aer irradiation at a uence of 1 � 1012 ions
per cm2 can be attributed to the ion irradiation-induced stresses
in the TiO2 lattice. The passage of energetic Ag ions causes
atomic movements and vacancy creation in the lattice resulting
in tensile stress leading to an expansion in the inter-planner
spacing (d). Such an expansion causes a consequent shi of
the XRD peak to a lower 2q value.

The changes in crystallinity were also studied by Raman
spectroscopy, which is highly sensitive to the different crystal-
line phases of TiO2. Fig. 3 presents the Raman spectra of the
pristine and irradiated TiO2 nanorods with different uences.
shifts in the peak positions after irradiation.

Nanoscale Adv., 2022, 4, 241–249 | 243
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Fig. 4 TEM images and corresponding SAED patterns of (a) pristine
and irradiated samples with (b) 5 � 1012 and (c) 5 � 1013 ions per cm2

fluences. The arrows and yellow ellipses in (b) respectively indicate the
ion tracks and the corrugated surface as a result of 100 MeV Ag ion
irradiation (at a fluence of 5 � 1012 ions per cm2).

Fig. 5 XPS spectra (a) Ti 2p spectra and (b) O 1s spectra of pristine and
irradiated samples at fluences of 5 � 1012 and 5 � 1013 ions per cm2,
(c), (d) and (e) present the fitted O 1s spectra of individuals.
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The spectra for the pristine sample show three rst-order
Raman peaks at 143.91 cm�1 (B1g), 444.85 cm�1 (Eg), and
608.62 cm�1 (A1g) and a broad peak attributed to second-order
scattering at 237.16 cm�1, which correspond to the rutile
TiO2.43,44 In all the Raman active modes, the Ti atom in the O–
Ti–O bond remains at rest and vibration takes place at the
oxygen atoms. The Eg mode is caused by the asymmetric
bending of the O–Ti–O bonds in the {001} plane, where O atoms
move in the opposite direction across the O–Ti–O bond and
vibrate along the c-axis.45 In contrast, the B1g mode occurs as
a result of the asymmetric bending of the O–Ti–O bonds in the
{001}, {110} and {-110} planes. On the other hand, the A1g mode
arises due to the symmetric stretching of the O–Ti–O bonds in
the {110} plane caused by the opposite directional movement of
O atoms in the O–Ti–O bonds. In B1g and A1g modes, the O
atoms move perpendicular to the c-axis with respect to the
stationary Ti atom. The vibrations of oxygen atoms corre-
sponding to each Raman mode are schematically45 shown in
Fig. S2 in the ESI.† It is observed that the peak intensities
decrease gradually with the increase in ion uences. This
indicates a gradual loss of crystallinity in the TiO2 lattice. In
addition, there is a slight shi for B1g at a uence of 1 � 1012

ions per cm2. As the ion uence increases, the peak corre-
sponding to A1g mode shis towards a higher frequency, while
those of Eg and B1g modes shi to lower frequencies. This
results from the localized disorder and distortion of chemical
bonds due to the oxygen vacancies in the TiO2 octahedra,46

which was also observed in a previous study.30 In particular,
compressive (or tensile) stress is known to cause a blue (or
redshi) in the Raman peaks.47 In our case, the blue shi of the
A1g peak indicates compressive stress perpendicular to the c-
axis, which is caused by the shortening of Ti–O bonds. Gautam
et al.29 reported that the high density of oxygen vacancies in
{110} planes results in tensile strain, which elongates the
equatorial Ti–O bond and shortens the apical Ti–O bond. The
shortening of apical Ti–O bond makes the bond stronger that
leads to the blue shi of the A1g peak.29 On the other hand, the
redshis of B1g and Eg modes suggest the development of
tensile stress. The generation of compressive or tensile stresses
is attributed to the non-uniform oxygen deciency in the TiO2

lattice caused by the energetic ion beam.47 Further, it is
observed that the relative intensity of Eg reduces compared to
that of A1g. The vertically aligned TiO2 nanorods grow along the
[001] direction.48 Therefore, ion irradiation on the nanorods
leads to a higher impact on the {001} planes compared to the
others. Hence, the intensity of the Eg mode decreases rapidly as
compared to that of the A1g mode. Finally, at a uence of 5 �
1013 ions per cm2, the peaks almost disappear. This is corre-
lated with the large density of defects and structural disorder
created by the ion beam.

To further investigate the changes in the microstructure and
crystallinity of the irradiated nanorods, we performed TEM
analysis. The micrographs along with the selected area electron
diffraction (SAED) patterns shown in insets are presented in
Fig. 4. The TEM image of a single pristine nanorod showing an
almost perfect tetragonal shape is presented in Fig. 4(a). The
single-crystalline nature of this nanorod is conrmed from
244 | Nanoscale Adv., 2022, 4, 241–249
a clear spot-type SAED pattern. The microstructure of the
nanorods irradiated at a uence of 5 � 1012 ions per cm2 is
presented in Fig. 4(b). In the SAED pattern, we observe diffused
spots indicating an interruption in the long-range periodicity of
the lattice. A closer look at the microstructure reveals striking
features of parallel trajectories (indicated by yellow arrows)
attributed to the track formation by SHI. The observed width of
the tracks is �10 nm, which is corroborated by the radial
dimension of the simulated ion track obtained from the
thermal spike model presented in the next section. Further, the
smooth surface of the nanorod becomes corrugated (indicated
by the yellow ellipse) at the sites of ion beam impingement.
When the samples are irradiated at a uence of 5 � 1013 ions
per cm2 (Fig. 4(c)), signicant microstructural deformation
takes place, as indicated by the ring-type SAED pattern. Here, we
observe that the nanorods having rounded edges, which may be
attributed to partial melting caused by a high amount of
thermal energy resulting from the interaction with the ion
beam.

Chemical compositions of pristine and irradiated nanorods
were investigated by XPS. Fig. 5 presents (a) Ti 2p and (b) O 1s
spectra of pristine and irradiated (5 � 1012 and 5 � 1013 ions
per cm2) samples. The peaks located at 457.47 eV and 463.06 eV
(in Fig. 5(a)) are attributed to Ti 2p3/2 and Ti 2p1/2, respectively,
and correspond to the Ti4+ state.49 Fig. 5(a) shows no signicant
change in the peak position and shape aer Ag ion irradiation.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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However, the peak intensities decrease compared to that of
pristine nanorods, which indicates a reduction in Ti4+ content
in the sample.50 The O 1s peak in Fig. 5(c) shows three
components attributed to the lattice oxygen of TiO2 (528.06 eV),
oxygen vacancies (529.67 eV), and surface adsorbed oxygen
(530.58 eV).51 Fig. 5(b) shows that the contribution from oxygen
vacancies becomes stronger in irradiated samples. Aer irra-
diation at uences of 5 � 1012 ions per cm2 and 5 � 1013 ions
per cm2, the peaks shi to the higher binding energies observed
from Fig. 5(d) and (e). The peak positions in terms of binding
energies (in eV) of Ti and O are presented in Table 1. The
observed shi is attributed to the irradiation-induced changes
in the electronic structure, as also observed in the case of ZnO
nanorods.52
Fig. 6 (a) Electronic and (b) lattice temperature profiles along the
radial distance from the center of the ion trajectory with the evolution
of time.
3.2. Thermal spike calculation

It is important to quantify the energy deposited by an irradiating
ion to estimate the heat dissipation and thermal spike-induced
effects in the material. To have a detailed analysis of the ion–
matter interaction, the electronic and atomic (lattice) tempera-
ture evolution proles were simulated in the framework of the
inelastic thermal spike (i-TS) model.53 The i-TS model considers
the target material comprising two components, namely, elec-
tronic and atomic subsystems. The transient heat diffusion
process between the incident ion and the two subsystems is well
described by a set of coupled differential equations in a cylin-
drical geometry (r, z, t), which are as follows:53

Ce

vTe

vt
¼ VðKe � VTeÞ � gðTe � ΤaÞ þ Aeðr; tÞ (1)

Ca

vTa

vt
¼ VðKa � VTaÞ þ gðTe � TaÞ þ Aaðr; tÞ (2)

Here, r, z and t are the radial distance, depth and time,
respectively. Ce and Ke are the specic heat and thermal
conductivity of the electronic subsystem, whereas Ca and Ka

represent the specic heat and thermal conductivity of the
lattice, respectively. Electronic and lattice temperatures are
denoted by Te and Ta respectively. The energy deposited to the
electrons in the target material through Se (inelastic process) at
a radial distance of r and at an instant of time t is taken into
account by the term Ae(r,t). In this study, Sn/Se (�0.004) being
<10�2, the energy (Sn) deposited by the incident ion in the lattice
(Aa(r,t)) is neglected.53 The values of other relevant parameters
used for the i-TS calculation are provided in the ESI (Table T2†).
Here, it should be noted that when the dimensions reduce to
Table 1 XPS peak positions in terms of binding energy (eV)

Chemical state of elements Pristine

Ti 2p3/2 457.47
Ti 2p1/2 463.06
O 1s (lattice oxygen) 528.06
O 1s (oxygen vacancy) 529.67
O 1s (adsorbed oxygen) 530.58

© 2022 The Author(s). Published by the Royal Society of Chemistry
the nanoscale, both specic surface area and electronic prop-
erties (due to connement) are drastically affected. In the
present case, each nanorod is �100 nm wide and �1 mm in
length. Therefore, the specic surface area certainly increases
with respect to a polycrystalline thin lm. However, in order to
have signicant changes in the electronic properties, strong
quantum connement is required, which, in the case of TiO2

occurs at less than 1.5 nm dimensions.54 Therefore, in spite of
having nanostructure morphology, the bulk parameters are
used for i-TS calculations since the dimensions are higher than
that of the connement regime.

Fig. 6(a) shows that the electronic subsystem retains the
energy deposited by the incident ion for a very short period
(�10�15 s) and then it is transferred to the lattice subsystem via
electron–phonon coupling controlled by the parameter g. It is
observed from Fig. 6(b) that the lattice temperature reaches the
melting point of TiO2 (2130 K)27 at 5.5 � 10�15 s and the boiling
point (3200 K)27 at 2.3 � 10�14 s. Fig. 6(b) also shows that the
temperature within a radius of 5.5 nm exceeds the melting point
of 2130 K. This observation is in agreement with the lateral
dimension (�10 nm) of the track as observed from high-
resolution TEM images (Fig. 4(b)). According to the thermal
spike model, the ion track appears as a consequence of the re-
solidication during the rapid quenching of the molten state
along the ion trajectory. Fig. 6(b) shows that the quenching
from the molten state starts at 5.2 � 10�11 s, enabling us to
ascribe the SHI-induced track formation to the rapid quenching
of the thermal spike. Further, melting of the material as pre-
dicted by the i-TS model explains the observations in the SEM
images (Fig. 1), which show a thin layer of material connecting
the adjacent nanorods.

The interaction of the 100 MeV Ag ion beam with TiO2

nanorod arrays is schematically shown in Fig. 7. At a relatively
5 �
1012 ions per cm2

5 �
1013 ions per cm2

457.34 457.34
463.06 463.06
528.40 528.54
529.96 530.27
531.05 531.33

Nanoscale Adv., 2022, 4, 241–249 | 245
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Fig. 8 (a) UV-Vis diffuse reflectance spectra, (b) absorbance spectra
and (c and d) Tauc plots of pristine and samples irradiated at 5 � 1012

and 5 � 1013 ions per cm2
fluences.
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lower uence (5 � 1012 ions per cm2), tracks are formed inside
the material preserving the tetragonal shape of each nanorod.
However, at the highest uence (5 � 1013 ions per cm2), indi-
vidual ion tracks overlap that result in the overall melting of the
nanorods. Being in a molten state, the nanorods start to bend
and interconnect with adjacent nanorods through the diffusion
of molten layers. Due to the rapid quenching of the molten
state, signicant distortions of the crystalline structure and the
tetragonal shape occur along with the appearance of inter-
connected nanostructure morphology. Initially, TRIM simula-
tion42 (Fig. S3(c)†) was performed to quantify the disorder
created inside the TiO2 lattice. However, the TRIM code42 does
not account for the thermal spike phenomenon and therefore
provides an under-estimation of the disorder compared to the
experimental observations. In the present study, the disorder-
liness is highly pronounced as a consequence of thermal spike
and rapid quenching.

3.3. Optical property study

The optical absorption of the pristine and irradiated TiO2

nanorod arrays was characterized by diffuse reectance spec-
troscopy. Fig. 8(a) and (b) show the diffuse reectance and
absorbance spectra of the pristine and irradiated samples with
uences of 5 � 1012 and 5 � 1013 ions per cm2. To estimate the
effective bandgap, the Kubelka–Munk function55 was used to
obtain the Tauc plot, as shown in Fig. 8(c). It is observed that the
reectance from the irradiated samples in the visible region is
systematically reduced compared to that of pristine TiO2

nanorod arrays. This suggests an enhancement in the visible
light absorption that can be attributed to enhanced disorder
caused by irradiation, which in turn leads to a higher surface
area. Fig. 8(c) shows bandgap values obtained by the slope
method, which are 3.11 eV for pristine and 3.23 eV for the
sample irradiated at a uence of 5 � 1012 ions per cm2. On the
other hand, the sample irradiated at 5 � 1013 ions per cm2

shows an indirect bandgap of 3.10 eV (Fig. 8(d)). The position of
the band edge at 3.11 eV for the pristine sample matches with
the bandgap of rutile TiO2.8 It is reported that irradiation-
Fig. 7 Schematic presentation of the effect of high energy ion irra-
diation on the TiO2 nanorods at different fluences (5 � 1012 ions per
cm2 and 5 � 1013 ions per cm2).

246 | Nanoscale Adv., 2022, 4, 241–249
induced lattice distortion is mainly caused by oxygen vacan-
cies.30 The presence of the oxygen vacancies induces micro-
strain, as also observed from the XRD peak shi (Fig. 2). For the
irradiation at a uence of 5 � 1012 ions per cm2, ion tracks lead
to a structural distortion in the TiO2 matrix. The reported
optical bandgap value of the amorphous TiO2 is 3.38 eV,30 which
is higher than that of rutile TiO2. Therefore, the higher band
edge position (compared to that of pristine) at 3.23 eV indicates
a signicant structural distortion in the irradiated samples.
However, for the highest uence (5 � 1013 ions per cm2), an
indirect bandgap appears. The direct to indirect transition in
the bandgap is also observed from the DFT-based analysis dis-
cussed in the subsequent section.

The luminescence characteristics of the pristine and irradi-
ated nanorods were investigated by PL spectroscopy, and the
Fig. 9 PL spectra of pristine and irradiated samples with 1 � 1012, 5 �
1012, 1 � 1013 and 5 � 1013 ions per cm2

fluences. 320 nm wavelength
was used for excitation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) The structure of pristine rutile TiO2 showing the corner-
sharing TiO octahedra. (b and c) The structure of TiO when sub-
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spectra are presented in Fig. 9. The PL spectrum of the pristine
sample exhibits a prominent peak at 408 nm attributed to the
near-band-gap emission and a peak at 467 nm, a characteristic
peak for the rutile TiO2.56 Other small peaks at 450 nm, 482 nm,
and 492 nm may arise from low-intensity radiative transitions
between sub-band-gap states. The PL peaks do not show any
signicant shi aer ion irradiation, but a decrease in inten-
sities is observed. The peak at 408 nm is signicantly reduced in
intensity for the irradiated samples due to the incorporation of
lattice defects and disorder build-up with increasing ion u-
ence. However, the peak at 467 nm suggests that some extent of
the rutile structure persists even aer the irradiation at the
highest uence of 5 � 1013 ions per cm2.
6 2

jected to fluences of 5� 1012 and 5� 1013 ions per cm2, respectively. It
shows the change in the bond length of TiO6 octahedra in the latter
case. (d) The band structure of pristine rutile TiO2 showing a direct
bandgap of 1.68 eV with GGA calculation. (e and f) The band structure
corresponding to (b) and (c) respectively. The Fermi level is set to be at
zero. The Ti and O atoms are represented by light blue and red solid
spheres, respectively.
3.4. Electronic structure using the DFT study

Insight into the transition from the direct to the indirect
bandgap with irradiation-induced deformed structures can be
obtained from the DFT calculations. The DFT methods for the
periodic systems can be implemented because, despite defor-
mation, periodicity remains in a larger domain as revealed by
distinct XRD peaks. DFT studies on such systems can explain
the effect of local distortion on the electronic structure.

The calculations have been performed using the plane-wave-
pseudopotential approach as implemented in Quantum
ESPRESSO.57 The experimentally obtained lattice parameters of
the tetragonal structure of the rutile TiO2 estimated by Rietveld
renement of XRD data have been considered for the calcula-
tions. The Vanderbilt ultraso pseudopotentials are used to
describe the electron–ion interactions,58 in which the valence
states of Ti include 12 electrons from 3s, 3p, 4s and 3d, and that
of O includes 6 electrons from 2s and 2p shells. The exchange-
correlation functional is approximated through the PBE-GGA
functional.59 The convergence criterion for self-consistent
energy is taken to be 10�8 Ry. A k-mesh of 8 � 8 � 8 is used
for the Brillouin zone integration. The kinetic energy cut-off for
the electron wave functions is set at 30 Ry, and the augmented
charge density cut-off is set to be 300 Ry. Our previous analysis
on TiO2 tells that with these sets of parameters, the lattice
parameters for the case of anatase TiO2 match with that of the
theoretical and experimental reports.60,61

The rutile TiO2 crystallizes in a tetragonal structure with P42/
mnm (space group #136). Each unit cell contains two formula
units of TiO2, in which each Ti atom is coordinated with six O
atoms and each O atom to three Ti atoms, as shown in
Fig. 10(a). The TiO2 octahedra are slightly distorted and con-
nected at the edge through O atoms. In the present work, we
have used the experimental lattice parameters obtained from
the XRD data. For pristine TiO2, the observed lattice parameters
are a¼ 4.575 Å and c¼ 2.936 Å. When the structure is subjected
to a uence of 5 � 1012 ions per cm2, the Ti–O bond undergoes
slight distortion (Fig. 10(b)), indicating a structural trans-
formation from the crystalline to the quasidisordered state. At
a uence of 5 � 1013 ions per cm2, the structure undergoes
a larger distortion which is clear from the breakdown of TiO6

octahedra as presented in Fig. 10(c). Although the lattice
parameter is hardly affected, the distortion of the Ti–O bond is
© 2022 The Author(s). Published by the Royal Society of Chemistry
quite signicant, and its impact on the band structure is dis-
cussed in the following section.

With the GGA exchange-correlation functional, a direct
bandgap is observed for pristine TiO2 having a value of 1.68 eV
with the bandminima at the high symmetry point G (Fig. 10(d)).
It is well understood that the GGA functional underestimates
the bandgap.62 Although the GGA + U can approximate the
bandgap to the experimental value;63 however, in the present
situation, the GGA functional is sufficient to provide a compar-
ison of the change in the bandgap with the structural defor-
mation. At a uence of 5� 1012 ions per cm2, a minor structural
distortion takes place as a result of which the band dispersive
nature remains almost like that of the pristine structure except
for an increase in the bandgap by 0.21 eV (Fig. 10(e)). When the
structure is subjected to a uence of 5 � 1013 ions per cm2, the
band dispersion changes due to distortion of the Ti–O bond
(Fig. 10(f)). It goes from the direct bandgap to the indirect
bandgap system, where the valence band maxima are observed
at G and M points and the conduction band minimum is at the
R point. The intertwined Ti-d – O-p – Ti-d covalent interactions
play a major role in the band dispersion of the lower-lying
conduction bands. The increase in bond length and further
tilting of the Ti–O–Ti axis modify this interaction to create the
CBM at R instead of G. Such a direct to indirect transition of the
bandgap has also been observed in ZnO and Si nanowires.64–66
4. Conclusions

We have reported the effect of 100 MeV Ag ion beam irradiation
on vertically oriented TiO2 nanorods grown on an FTO coated
glass substrate. The nanorods undergo a signicant morpho-
logical and structural transformation through bending and
melting induced by a localized thermal spike, particularly at the
highest uence (5 � 1013 ions per cm2). High-resolution TEM
analysis shows tracks with a lateral dimension of �10 nm along
Nanoscale Adv., 2022, 4, 241–249 | 247
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the ion trajectory. Thermal spike simulation conrms the
melting in TiO2 nanorods within a cylindrical region having
a radius of �5.5 nm, supporting the TEM observation. Re-
solidication during the rapid quenching of the SHI-induced
thermal spike within a time interval of �0.5 picoseconds is
responsible for the deformation of the crystalline structure, as
also observed in the XRD and Raman data. XPS analysis reveals
the presence of ion beam-induced vacancies in the lattice, and
the resulting strain is manifested by the shi in XRD and
Raman peaks. An interesting feature of the irradiation is the
transition from a direct to an indirect bandgap at the highest
uence (5 � 1013 ions per cm2), which is also supported by the
electronic band structure calculation using DFT. Hence, the
localized modication of the TiO2 nanorods induced by high
energy ion beam irradiation offers unique features in terms of
crystallinity, morphology and electronic band structure.
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