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Abstract: In the present study, 100 MeV Ag’™ ion beam-induced structural and optical modifications of nanocrystalline
ZnO thin films are investigated. The nanocrystalline ZnO thin films are grown using radio frequency magnetron sputtering
and irradiated at fluences of 3 x 10'%, 1 x 10" and 3 x 10" ions/cm?®. The incident swift heavy ions induced change in
the crystallinity together with the preferential growth of crystallite size along the ¢ axis (002) orientation. The average
crystallite size is found to be increased from 10.8 & 0.7 to 20.5 + 0.3 nm with increasing the ion fluence. The Atomic
force microscopy analysis confirms the variation in the surface roughness by varying the incident ion fluences. The UV—
visible spectroscopy shows the decrement in transmittance of the film with ion irradiation. The micro-Raman spectra of
ZnO thin films are investigated to observe ion-induced modifications which support the increased lattice defects with
higher fluence. The variation in crystallinity indicates that ZnO-based devices can be used in piezoelectric transduction

mechanism.
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1. Introduction

The oxide semiconductors possess various physical prop-
erties such as transparency, conductivity, and piezoelec-
tricity which makes them of great scientific interest for
optoelectronic and piezoelectric device applications.
Among all, ZnO (n-type) semiconductor is a very
promising material of II-VI group due to its wide band gap
~3.35 eV and large exciton binding energy of 60 meV
[1, 2]. The larger band gap of ZnO in comparison to Si and
Ge makes it more favourable to use at high temperature in
electronic devices. The physical properties of ZnO are
widely influenced by deposition conditions and parameters.
To analyze the effects of deposition on film properties,
many techniques such as sol-gel method, spray pyrolysis,
metal organic chemical vapour deposition, pulse laser
deposition and RF/DC sputtering have been used and
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reported by many groups [3-7]. Due to its functionalize
properties, ZnO is used in solar cells, transparent conduc-
tive contacts, gas sensors, thin film transistors and laser
diodes [8—13]. The variability of piezoelectric properties of
Zn0O, make it useful also for short-wavelength light emit-
ting diodes, optical waveguides, laser deflectors and sur-
face acoustic wave (SAW) band-pass filters [14-16].
Nowadays, researchers are trying to improve the prop-
erties of different materials using swift heavy ion (SHI)
irradiation. Ion irradiation is a precise technique to modify
optical, structural and electrical properties of materials in
the nanometer region due to its spatial selectivity [17-28].
Ion beam technique is more advantageous in comparison to
other methods because of good control of incident ion
energy and fluence. As the swift heavy ions (SHI) traverse
through the target material, it interacts with material by
losing their energy in two different way; (a) direct transfer
of energy to target atoms by elastic collisions, termed as
nuclear energy loss (S,) and (b) transfer of energy of
incoming ions to the electrons of target atoms, termed as
electronic energy loss (S,). This energy transfer leads to the
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atomic displacement in a cylindrical zone around the
incident ion path of material which is explained by two
established models; Coulomb spike model (CSM) and
Thermal spike model (TSM). According to the CSM, a
passage of high energy ions through a material produces
ionized cylindrical zone for the time duration of ~10~"" s.
This cylindrical zone contains higher charge region which
leads to electrostatic repulsion between incident ions and
target atoms and responsible for coherent radial atomic
movements under Coulomb force. On the other hand, in
Thermal spike model, the incident ion transfers its energy
to the electronic subsystem via electron—phonon coupling
(EPC) which leads to the rapidly rise in the lattice tem-
perature of the materials above its melting point. Due to the
energy dissipation by the thermal conduction, rapid
quenching process takes place. This process is responsible
for the modifications in the cylindrical zone around the ion
path [29, 30]. Schematic diagram for ion—matter interaction
is shown in Fig. 1.

The high energy ion beam has been proved very efficient
tool to alter the properties of ZnO thin films. The energetic
ions loss their energy after interaction with ZnO thin film
and transfer excess amount of energy, which creates the
density of defects, stress, and strain in the structure of ZnO.
The formation of self-affine nanostructure over the surface
of ZnO thin films using SHI has been investigated by
Agarwal et al. [31]. They reported that the shape and
density of these nanostructures depend on incident ion
fluence. The effect of 120 MeV Au ion beam on ZnO thin
films prepared by the sol-gel method has been investigated
by Singh et al. [32] and it was observed that SHI irradiation
induced disorder and high density of lattice defects causes
to evolution of A; (LO) mode. The energetic ions can also
be used for better understanding of phonon modes in
nanostructures. The structural and spectroscopic modifi-
cations of nanocrystalline ZnO thin films using 120 MeV
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Fig. 1 Schematics diagram for ion—-matter interaction

Au ion beam have been analysed by Rehman et al. [33].
They found that nanocrystals become more oriented at low
fluences however at higher fluences, the release of strain
and decrease in grain size was observed. These modifica-
tions could be used in radiation harsh environment for
optoelectronic applications.

In present work, the structural, optical, and morpho-
logical modifications in ZnO thin film induced by
100 MeV Ag’™ ions have been investigated. The modifi-
cations have been analyzed using different characterization
techniques such as X-ray diffraction (XRD), UV-visible
spectroscopy, Atomic force microscopy (AFM), Raman
spectroscopy and Scanning electron microscopy (SEM).
All the modifications induced by energetic ions may be
favourable in device fabrication.

2. Experimental details

The sputtering target of pure ZnO was prepared with ZnO
powder (99.99%, Alfa-Aesar) by using a hydraulic press
machine (HYCON Hydraulic engineers and consultants,
New Delhi) with pressure approximately ~7 ton. The
prepared target was sintered for 24 h at the temperature
1200 °C by sequential steps in a programmable furnace
with a continuous flow of oxygen gas. Thin films of ZnO
were deposited on glass and silicon substrates at room
temperature by radio-frequency (RF) magnetron sputtering,
using ZnO target of 2-inch diameter and 3 mm thickness in
the presence of Ar environment (grade-I with flow rate ~4
sccm). A base pressure of ~107° mbar was achieved by
using a turbo-molecular pump before deposition. The
sputtering was carried out at a pressure of ~5 x 107"
% mbar with a target to substrate distance of 40 mm. The
deposition was performed for 15 min at fixed RF power 150
watts, and self-bias voltage 250-280 V. For the film
deposition, substrates were cleaned in an ultrasonic bath
with a mixture of de-ionized water and trichloroethylene
(TCE) and then washed with boiled acetone. After deposi-
tion, ZnO thin films were irradiated with 100 MeV Ag ions
(charge state 47) using the 15UD Pelletron accelerator
facility at the Inter-University Accelerator Centre (IUAC),
New Delhi in Materials Science beam line. The vacuum in a
chamber during the irradiation was ~6 x 10~/ mbar. The
electronic (S,) and nuclear (S,,) energy losses for 100 MeV
Ag ions in ZnO thin film were ~20.39 keV//nm and
~0.122 keV/nm, respectively and the range of Ag ions in
ZnO film was ~12.15 pm as calculated by Stopping and
Range of Ions in Matter (SRIM) simulation programme.
The ion beam was scanned over an area of 1 x 1 cm? with
fluence 3 x 1012, 1 x 10" and 3 x 10" ions/cm? and the
beam current was kept constant at 1 pnA (particle
nanoampere).
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The phase formation and crystal structure of the films
before as well as after irradiation were studied by Bruker
X-ray diffractometer with CuK, (A = 1.54 10\) monochro-
matic radiation source. The UV-visible transmission spectra
of pristine and irradiated thin films were measured by the
dual beam U-3300 Hitachi Spectrometer at Inter-University
Accelerator Centre (IUAC), New Delhi. The surface
topography was observed by atomic force microscopy
(Bruker) and scanning electron microscopy (Nova Nano FE-
SEM 450 FEI). Micro-Raman spectra of pristine and irra-
diated ZnO thin films were obtained by using Renishaw in-
Via micro-Raman microscope with Ar ion laser excitation
wavelength at 514.5 nm with 10 mW power.

3. Results and discussion
3.1. XRD measurements

The structural behaviour of ZnO thin films is investigated
using X-ray diffraction (XRD) pattern. Fig. 2 shows the
XRD pattern for pristine, and 100 MeV Ag’" ions irradiated
films at the different ion fluence 3 x 1012, 1 x 1013, and
3 x 10" ions/cm®. The XRD pattern of pristine film con-
firm the presence of crystalline hexagonal wurtzite structure
with reflection from (100), (002), and (101) planes at
~31.7°,34.4°, and 36.2° respectively (JCPDS Card No. 89-
1397). After the irradiation, the intensity of the reflections
corresponding to (100) and (101) planes is observed to be
decreased when the incident fluences increased. Whereas, at
the highest fluence (3 x 10" ions/cm?) the intensity corre-
sponding to (002) plane is found to be increased drastically
with increased fluences which is indicating the growth of the
grain along the c-axis. On the other hand, the peaks
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Fig. 2 XRD spectra of the pristine and irradiated ZnO thin films with
different fluences. Inset shows the zoomed behaviour of (002) plane
with ion irradiation

associated with (100) and (101) planes are almost vanished at
this highest fluence (shown in Fig. 2). The increased inten-
sity is indicating the improved crystallinity of ZnO films. It is
observed that at the higher fluences, film releases strain,
which is responsible for growth in c-axis orientation because
(002) plane of ZnO is having the lowest surface energy
according to basic crystal growth theory [34, 35]. The strain
can be estimated by using the following relation [36]:

pCos0
= 1
® = 4Sin0 (1)
where, £ is full width at half maximum (FWHM) in radian
and 0 is the angle of diffraction. The size of ZnO crystallite
is calculated using the following Debye—Scherrer’s formula
[37]:
094
~ Peost)

(2)

In Eq. (2), A, B, and 0 are X-ray wavelength
(CuK, = 1.54 A), FWHM and the Bragg diffraction
angle, respectively. The calculated average crystallite size
(Fig. 3) of the pristine ZnO film is 10.8 & 0.7 nm which is
increased up to 20.5 + 0.3 nm with increasing the ion
fluences and summarized in Table 1. During swift heavy
ion irradiation, the thermal spike model is the dominant
mechanism for all the structural modifications according to
which incident ions transfer a large amount of energy into
the target material due to electronic energy loss (S.). This
large amount of energy creates the very high-temperature
zones in the target material, which is responsible for the
structural modifications. In this process, film releases the
strain at higher fluence leads to the crystalline behaviour of
the film [38]. The increased crystallinity along the
preferred c-axis orientation of ZnO thin film could be
suitable for piezoelectric transduction mechanism [39].
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Fig. 3 Variation of the lattice strain and crystallite size with different
ion fluences
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Table 1 Variation of crystallite size with different ion irradiation
fluences

Crystallite size
(in nm) with error

Fluences (ions/cmz)
100 MeV Ag ions

Pristine 10.8 &= 0.7
3 x 10'? 12.6 £ 0.9
1 x 10" 127 £ 0.6
3 x 10" 20.5 £ 0.3

3.2. UV-visible spectroscopy

Optical properties of pristine and irradiated ZnO thin films
are analysed by UV-visible spectroscopy. The transmission
spectra in the visible region of the electromagnetic spectrum
of ZnO thin films are shown in Fig. 4. It is observed from
spectra that there is a significant change in transmittance of
ZnO thin films with increasing ion fluences. The transmit-
tance of the pristine and irradiated film at higher fluence
3 x 10" ions/cm® are found to be ~90 and 80% respec-
tively at 550 nm. The reduction in transmittance of the film at
higher fluence is attributed to the increased electron carrier
density and defect creation such as oxygen vacancies
induced by SHI irradiation in ZnO thin film [40]. ZnO is a
direct band gap material, and the band gap of the pristine and
irradiated ZnO thin films is determined using Tauc’s relation
[41] which is expressed as

oahv = A (hv — Eg)l/" (3)

In Eq. (3), o is the absorption coefficient, hv is the
incident photon energy, E, is the optical band gap, and A is
constant. The index value “n” depends on the transition
whether it is direct or indirect and allowed or forbidden.
For the direct band gap, the value of n = 2. The band gap
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Fig. 4 UV-visible transmission spectra for pristine and 100 MeV Ag
ion irradiated films of ZnO. Band gap variation of pristine and
irradiated film calculated by Tau’c plot (inser)

value is calculated by extrapolating the linear part of the
spectra of (ozh\))2 versus hv plot (inset). It is observed that
the band gap of the ZnO films is slightly increased (from
3.28 to 3.30 eV) with ion irradiation. The variation in band
gap can be explained by Burstein—-Moss effect (B-M
effect) which depends on electron carrier concentration in
the material which affected by SHI irradiation [42].

3.3. Atomic force microscopy

The surface morphology of pristine and irradiated ZnO thin
films is observed by AFM in tapping mode. Fig. 5 shows
the three-dimensional (5 x 5 um?) micrographs of pristine
and 100 MeV Ag’™" irradiated ZnO thin films. It is clear
from the images that ZnO grains are connected to each
other and films are grown uniformly on the substrate. Fig. 6
shows the Gaussian distribution of grain size of the pristine
and irradiated ZnO thin films at different fluences. The
grain size of the thin films is increased with increasing the
ion fluence which is associated to the agglomeration of the
ZnO grains with ion irradiation. The calculated grain size
of the pristine film is around to be ~ 198 + 6.8 nm, and it
increases up to ~219 + 2.8 nm at the fluence of 3 x 10"
ion/cm®. The discrimination in the calculated grain size
from AFM and XRD is observed because XRD pattern
determines the average crystallite size whereas the AFM
shows the agglomeration of particles at the surface, which
are much bigger than those observed by XRD. The
observations of AFM and XRD can be correlated by the
fact that smaller particles have a larger surface free energy,
therefore, agglomerate faster and develop larger grains and
XRD is related to smaller particles whereas AFM gives
larger grains [43]. The root-mean-square roughness (R;ns)
of the pristine and irradiated films is calculated using fol-
lowing relation [32];

(17
Sz
Niil

where N is a number of surface height data, and Z is the
mean height distance. The estimated roughness of the
pristine ZnO films is 10.2 nm and varied marginally with
incident fluences shown in Fig. 7. The variation in grain
size and roughness of the film have been summarized in
Table 2. When swift heavy ions pass through the material,
transfers a large amount of energy into the material. If the
surface energy of the film is greater than acquired energy
from incident ions, then it leads to agglomeration of the
grains and formed the bigger grains due to surface diffu-
sion process near the top surface of the thin film. With the
increase of ion fluences, the surface energy of the film
changes due to total energy (S, x ¢) deposited by incident
ions. This surface diffusion process is responsible for the

1/2
Ryps =

(4)
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Fig. 5 AFM micrographs of (a) Pristine (b) 3 x 10'% ion/cm? (¢) 1 x 10" jon/cm? and (d) 3 x 10" jon/cm?®
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Fig. 7 Variation of roughness and grain size with different ion
irradiation fluences

Table 2 Grain size and roughness of the film with different fluences

Fluence (ions/cm?) Grain size (nm) Roughness
100 MeV Ag ions with error (nm)
Pristine 1983 + 6.8 10.2
3 x 10" 178.2 £ 4.1 11.1
1 x 101 202.7 + 6.2 12.1
3 x 10" 2199 + 2.8 10.1

grain growth and change in shape and size of the grains
near surface region [31].

3.4. Field emission scanning electron microscopy

Figure 8(a)—(d) shows the FESEM micrographs of the
pristine and irradiated films at fluence of 3 x 1012,
1 x 10" and 3 x 10" ions/cm?. The thin film irradiated
at higher fluence (3 x 10" ions/cm?) is showing the
agglomeration of the particles over the surface (Fig. 8(d))
which is further supported the AFM study. Agglomeration
of ZnO particles in the film increases with increasing the
ion fluence, which is attributed to rising the local melting
temperature on the surface due to the interaction of high
energetic ions. FESEM results are showing larger grains
with different size and shape on the top surface of the film.
The agglomeration of the particles is also observed in SEM
images at the higher fluence which has already mentioned
above in AFM analysis.

3.5. Micro-Raman spectroscopy

The Raman active phonon modes of the wurtzite structure
of ZnO as expected from the group theory are
Ay + 2E; + E; modes, where all atoms occupy Cj3, sites
[44, 45]. Typical micro-Raman spectra of the ZnO thin

films irradiated with fluences 3 x 1012, 1 x 10" and
3 x 10" ions/cm® are shown in Fig. 9. The spectra con-
firm the presence of the peaks at 280, 440 cm™ ", very sharp
peak at 573 cm™ ', broad peak at 630 and 780 cm ™" for the
pristine as well irradiated ZnO thin films. The weak Raman
mode B (high) — B, (low) and B; (high) + B; (low) are
recorded at 280 and 780 cm ™. The peak at 573 cm™' can
be assigned to A (LO) mode, which is in good agreement
with the theoretical calculations [46]. Small band at
630 cm ™! is assigned to the E; (LO) mode [47]. The B,
(high) — B, (low) and B, (high) + B; (low) modes are not
much affected by SHI irradiation. The intensity of the peak
at 573 cm™!' decreases slowly with the increase the ion
fluences, while E, (high) mode at 440 cm™! decreases at
the fluence of 3 x 10'? ions/cm®. The characteristic modes
of ZnO, E, (high) and A; (LO) at 440 and 573 cm ™!
respectively are associated to the highly textured and
wurtzite structure of the ZnO thin film (inset). The pristine
ZnO thin film seems to be oxygen deficient as indicated by
the A; (LO) mode at 573 cm ™! with higher intensity. Swift
heavy ion induced density of defects and disorder is sub-
jected to loss of the translation symmetry of the lattice of
the material, which leads to the invalidations of the k = 0
wave vector selection rule from all part of the Brillouin
zone in Raman scattering. Therefore Irradiation-induced
A; (LO) mode is explained in the term of surface phonon
mode which is directly related to intrinsic lattice defects in
the material structure. Other Raman modes of the ZnO thin
film have been related to the formation of wurtzite structure
of the ZnO according to the selection rule [32].

The decrement in the intensity corresponding to (100)
and (101) planes with increasing fluence and enhanced c-
axis orientation of ZnO thin films along the (002) plane at
the highest fluence are observed. The improvement in
crystallinity can be described in light of interaction of ion
and materials. The imparted energy from the incident high
energy ions to target material is responsible for the elec-
tronic ionizations/excitations and lattice vibrations along
the ion path. These vibrations and excitations cause to the
releases of strain in the film which lowers the surface
energy. Therefore, ZnO thin film become oriented along
(002) plane as it has lower surface energy and resulted in
increased crystallinity after irradiation. Raman spectra
confirm the formation of wurtzite structure of ZnO films. In
the present study the observed A; (LO) mode at 573 cm ™!
is related to the intrinsic lattice defects in the ZnO struc-
ture. The decrease in the intensity of A; (LO) mode further
confirms the increase lattice defects in the ZnO film due to
high energetic ions. These ion-induced defects and
vacancies play a major role to tune the optical properties of
ZnO thin films. The reduction of transmittance at higher
fluence attributed to the increased electron carrier density
and defect creation such as oxygen vacancies induced by
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Fig. 8 FESEM micrographs of pristine and 100 MeV Ag ion irradiated film of ZnO at different fluences
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Fig. 9 Raman spectra of pristine and 100 MeV Ag irradiated at
different fluences

SHI irradiation in ZnO thin film. The band gap is also
slightly increased (from 3.28 to 3.30 eV) with ion irradi-
ation and it might be attributed to electron carrier con-
centration which can be explained in the term of Burstein-
Moss effect (B-M effect). These modifications in the films
are subjected to change in surface energy of the films
which is also responsible for grain growth and

morphological features of the film with ion irradiation.
Therefore such kind of ZnO thin film can be used in
radiation harsh  environment and optoelectronic
applications.

4. Conclusions

In summary, the structural, optical and morphological
modifications of ZnO thin films are investigated by using
SHI irradiation. The enhancement in the crystallinity along
the c-axis orientation due to the impact of energetic ions is
confirmed by XRD analysis. It is observed that optical
properties can be tailored by ion irradiation as transmit-
tance decreases with higher irradiation fluence. This
property can be used in transparent window materials. The
dependence of surface morphology and grain size on
incident ions are further confirmed by AFM and FESEM
analysis and observed the increased grain size after irra-
diation. All the induced modifications are explained in
terms of energy loss of ions into the target materials.
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