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A study of the 160 MeV Ni’*swift heavy ion
irradiation effect of defect creation and shifting of
the phonon modes on Mn,Zn;_,O thin films
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Mn,Zn;_,O thin films were successfully synthesized by the dip coating technique. The thin films were
irradiated by Ni’* swift heavy ions (SHI) with 1 x 10% ions per cm? fluence, and their structural, electrical,
Raman spectral and surface morphological properties were investigated. X-ray diffraction patterns
confirmed the P6smc space groups, and the crystallite size increased after SHI irradiation, due to
electron rearrangements. /-V studies revealed enhanced conductivity after Ni’* SHI irradiation and
showed the ohmic nature of the sample. The irradiation sensor efficiency and responsibility were
calculated by using /-V data, which revealed impressive results. Photoluminescence (PL) measurements
were performed to determine the evolution of defects and defect-annealing during ion irradiation;

enhancement in the luminosity of pure and 5% Mn substituted ZnO thin films was observed. The

iig:gﬁ% 11‘7’9'(31 Ziﬂg?%;oy presence of the Raman active strongest optical phonon mode of ZnO at 436.19 cm™ revealed that ZnO
with hexagonal wurtzite structure supported the XRD results. Atomic force microscopy (AFM) images

DOI: 10.1035/c7ra01809f revealed the formation of nano-bunches on the surface and enhanced the surface roughness and
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Introduction

Nanotechnology is an interdisciplinary research field with vast
applications in materials technology, manufacturing, instru-
mentation, energy production and storage, information tech-
nology, chemical technology and the medical field.'* However,
there are many issues to be addressed, including toxicity and
the environmental impact of nanostructured materials and
their potential effects on global economics. The many applica-
tions of ZnO nanomaterials in spintronic devices, such as
optical isolators, spin-valve transistors, non-volatile memory,
ultra-fast optical switches and spin-light emitting diodes,
inspire extensive research work to synthesize diluted magnetic
semiconductors (DMS) with III-V and II-VI semiconductors.**
Among the different types of semiconducting nanomaterials,
zinc oxide (ZnO) is one of the significant multifunctional
materials that finds applications in the various fields. ZnO is
cheap in cost and is environmentally friendly as compared to
other materials.” Normally, ZnO is studied on the nanoscale;
this is probably because the high surface area to volume ratio of
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T Electronic supplementary information (ESI) available: Ion collision, ion recoil
distribution, energy loss of target phonon and energy loss of vacancy
production plots are shown in Fig. 1. Table 1 shows the lattice binding energy,
surface binding energy and displacement energy of ZnO nanoparticles are
calculated by TRIM software. See DOI: 10.1039/c7ra01809f
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skewness of the irradiated samples, due to coulombic interactions between electrons and ions.

nanoparticles could increase the adsorption of organic pollut-
ants on the surface of the particles, as compared to bulk
materials.*** ZnO belongs to the group II-VI binary compound
semiconductors; in the hexagonal structure it is an n-type
semiconductor with high electron mobility, a direct energy
bandgap of 3.37 eV and a high exciton binding energy of 60
meV, which is greater than the thermal energy at room
temperature. Due to the excellent structural, electrical, optical
and morphological properties, ZnO thin films have wide
applications as solar cells** gas sensors,”*® light emitting
diodes (LED's)*” and transparent electrodes.*® Moreover, they
can be prepared by different techniques, such as pulsed laser
deposition,* the dip coating method,** chemical vapor depo-
sition,** magnetron sputtering,** the spin coating method,*
atomic layer deposition,® and thermal evaporation.** Among
the above methods to prepare ZnO, the dip coating method is
extremely attractive, due to its features such as its simplicity,
low temperature, low cost, easy coating of large surfaces and low
evaporation temperature.

It is well known that doping a selective element into ZnO has
become an important route to improving the structural, elec-
trical, morphological, optical, and magnetic properties, and
increasing the carrier concentration for electronic applications
because a higher carrier concentration is required. Recently,
many studies have been focused on the transition metals (TM)
such as Mn, Ni, Fe, Co and Cr doped into ZnO, due to their
potential applications in spintronics.*

This journal is © The Royal Society of Chemistry 2017
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Swift heavy ions (SHI) are particle radiations accelerated to
very high energies, typically in the MeV or GeV range, having
sufficient mass and energy to penetrate solid materials. Irradi-
ation with GeV energy ions has been found to produce inter-
mixing in the Fe/Si multilayer (Bauer et al. 1993).% It was shown
by Dunlop et al. (1994)*” that trails of damage can be made in
metals by high levels of electronic energy loss, S.. Threshold S,
for such columnar damage varies from metal to metal, for
example, S, for Fe is ~5 keV A~ (Dunlop et al. 1994). Recently,
researchers have shown interest in atomic mixing, materials
modification and phase changes using ion beam mixing of high
energy, where inelastic collisions or electronic stopping are
responsible for the energy loss. Veenu Sisodia and Jain (2004)*®
studied mixing induced by swift heavy ion irradiation at Fe/Si
interfaces. To date, tubular Mn-doped ZnO structures grown
by the solution method have seldom been reported.

In this paper, we propose a new and facile chemical solution
method to synthesize the hexagonal Mn-doped ZnO thin films
on a large scale, via a dip coating technique. The effect of SHI
irradiation on the structural, electrical, morphological and
photoluminescence properties of Mn doped ZnO thin films are
presented.

Experimental procedure
Synthesis of thin films

Thin films of pure and Mn substituted ZnO, using glass
substrates, were synthesized by the dip coating technique that
was fully based on the adsorption and reaction of the ions from
the solutions. The fundamental building block of the dip
coating technique is the collection of samples on the surface of
another substance.

The pure ZnO thin film was obtained from 0.1 M zinc chlo-
ride solution, dissolved in 40 mL distilled water with constant
stirring for 1 h at room temperature. Sodium hydroxide (NaOH,
0.1 M) solution was dissolved in 40 mL distilled water for 1 h at
70 °C in a separate beaker. A zincket bath was prepared by
adding 2-3 drops of triethanolamine (TEA) and 5-6 drops of
ammonia in zinc chloride solution for maintaining the pH at
11. The sodium hydroxide solution was added to the zincket
bath and stirred at 80 °C for 1 h using magnetic stirrer. A glass
substrate was immersed in hydrochloric acid for 24 h and was
subsequently cleaned ultrasonically with acetone and distilled
water, and dried on a hot plate at 75 °C for 1 h. The cleaned
substrate was dipped in the solution for 30 minutes (three
cycles, 10 minute gap) at 80 °C. The film deposited was then
dried in air for 60 minutes at 250 °C.

Similarly, for the synthesis of Mn doped ZnO thin films,
three solutions, 0.1 M of zinc chloride, 0.1 M of manganese
chloride (MnCl,) and NaOH, were separately dissolved in 40 mL
of distilled water. NaOH solution was stirred at 70 °C for 1 h;
0.1 M of zinc chloride solution, and 0.1 M of manganese chlo-
ride (MnCl,) solution were stirred at room temperature for 1 h,
using a magnetic stirrer, then 5% of manganese MnCl, solution
was added into the zinc chloride solution with constant stirring
at room temperature. TEA (2 drops) and 5-6 drops of ammonia
were added to the zinc chloride solution for preparation of the
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zincket bath. NaOH solution was added to the zincket bath and
stirred at 80 °C for 1 h. The cleaned substrate was dipped in the
solution for 30 minutes (10 minute gap, three cycles) at 80 °C.
The film was deposited then dried in air for 60 minutes at
250 °C. The manganese concentration was varied up to 5% for
the preparation of Mn doped ZnO thin films.

Irradiation experiment

The thin film samples were mounted on an electrically insu-
lated sample ladder and the ladder current was integrated to
collect and count the charge pulses via a scalar counter, along
with the digital current integrator. The pure and Mn doped ZnO
films were irradiated with 160 MeV Ni’* ions, at room temper-
ature, with fluence of 1 x 10" ions per em?, using a 15 UD
Pelletron accelerator at the Inter-University Accelerator Centre
(IUAC), New Delhi, India. The beam current was maintained at 1
pnA (particle nanoampere). This was kept low in order to
prevent the sample from heating up during irradiation. The
beam was raster scanned over an area of 1 x 1 cm?, using
a magnetic scanner. The damage caused by the interaction
between the ion beam and target material was calculated using
the SRIM software. The electronic stopping power (S.) and
nuclear stopping power (S,) of the 160 MeV Ni’* ions for pure
and Mn doped ZnO films were calculated using SRIM-2008. The
range of the projectile ions of Ni’* for 160 MeV electronic energy
loss was 1.033 x 10* keV um ™" and nuclear energy loss was 1.42
keV um ' and the range was 20.88 um; ion collision was
calculated by depth versus Y axis plot, shown in Fig. 1(a). It was
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Fig.1 (a) Simulated electronic and nuclear energy loss in the 160 MeV
Ni”* SHI irradiation of ZnO. (b) lon collision effect of SHI irradiation.
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found that the energy loss to target phonons consisted of the
direct creation of phonons by the ion and the additional energy
loss by target recoil atoms to phonons, as shown in Fig. 1(b).

Detailed information for the Li** SHI irradiation effect on
pure and Mn doped ZnO samples of ion collision, ion recoil
distribution, the energy loss of target phonon and energy loss of
vacancy production plots can be found in (ESI}).

Material characterization

The pristine and irradiated films were characterized using
different techniques. The structural properties were investi-
gated by XRD studies, and patterns were recorded using a D-8
Advance X-ray diffractometer (acquired from Bruker AXS Ger-
many) with the monochromatic CuK, conventional X-ray
source, GoObble mirror, LiF monochromator, scintillator
detector. I-V measurements were taken at IUAC, New Delhi.
Raman spectra of pure and Mn doped ZnO samples were
recorded by using an Ar ion laser with 514.5 nm wavelength and
50 mW power as the excitation source. Surface morphologies
were studied by atomic force microscopy (AFM) in the tapping
mode with an antimony-doped silicon tip, using a Nanoscope.

Results and discussion
Crystallographic analysis

X-ray diffraction patterns were used to investigate the crystal-
lographic structure of the as-synthesized samples. The X-ray
diffraction patterns were obtained for pristine and Zn,_,Mn,O
with nominal composition (x = 0.05) irradiated with SHI Ni’"
ions. The X-ray diffraction patterns of the pristine and irradi-
ated, pure and 5% Mn doped ZnO thin films are shown in Fig. 3.
The patterns show strong and sharp diffraction peaks,
demonstrating good crystallinity, and are matched with the
common ZnO hexagonal phase, i.e., the wurtzite structure [80-
0074, JCPDS]. These peaks, at angles (26) of 31.89°, 34.43°
36.33%, 47.63°, 56.73° and 62.96°, correspond to the diffractions
from the (100), (002), (101), (102), (110) and (103) planes. Pure

Fig. 2 Creation of voids in Mn doped ZnO samples after SHI
irradiation.
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and 5% Mn doped ZnO samples usually have decreased inten-
sity after SHI irradiation, as reported by S. K. Neogi et al.,*® but
in our case, it was observed that the increase in intensity
accounted for the influence of ions on the scattering factors of
the unit cell. Enhancement in the intensity may also be due to
changes in the electronic density in the crystallographic posi-
tion and the increase in peak intensity is an indication of the
improvement of the crystallinity of the samples. The absence of
the diffraction peaks of manganese oxide (Mn) structures in the
XRD pattern may imply Mn incorporation within the ZnO thin
films by means of substitution for Zn, or that the content of the
manganese impurities is lower than the limitation of the XRD.
The lattice parameters for hexagonal Mn doped ZnO thin films
were calculated from the (102) plane. Lattice parameters (a and
c) were calculated from XRD data using eqn (1).*°

1 _4[h2+hk+k2]+12 0

> 3 a? 2
where ‘@’ and ‘c’ are the lattice parameters and (kkl) are the
Miller indices, d is the interplanar spacing for the plane (kkl). It
can be seen from Table 1 that the values of the lattice constants,
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Fig. 3 XRD patterns of (a) pristine and irradiated ZnO, (b) pristine and
irradiated 5% Mn doped ZnO thin films.
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for pure and Mn doped ZnO, and pristine and SHI irradiated
thin films, decrease the lattice parameters after SHI irradiation
as well as increase Mn concentration. The decrement in the
lattice parameters with dopant concentration and irradiation of
the crystal can be understood as a phase transition or the actual
incorporation of dopant into the unit cell of the host structure.
This decrement in lattice parameters with dopant concentra-
tion can be explained by Vegard's rule. This rule holds that
a linear relation exists at a constant temperature, between the
crystal lattice constant of an alloy and the concentration of the
constituent elements.*'

The crystallite sizes of pure and Mn doped ZnO, pristine and
irradiated thin films were calculated using the Debye-Scherrer
formula:**

09
" Bcosd

(2)

where D is the crystallite size, A is the wavelength with CuK,
radiation (1.5406 A), § is the full width at half maximum and ¢ is
the Bragg's angle of diffraction. After SHI irradiation, the crys-
tallite size was decreased as reported by S. Som et al.,** but in
our case, it was observed that there was an increase in crystallite
size with increasing Mn content in the samples, and it was also
observed that after SHI irradiation, there was an increase the
crystallite size as compared to the pristine sample. This might
be due to the stress released between the grains and the
decrease in the concentration of oxygen vacancies at a fluence of
1 x 10" ions per cm>.

The dislocation density was calculated as the amount of
defects in the crystal, or the irregularity within a crystal struc-
ture. Dislocations are a type of topological defect. The move-
ment of a dislocation is impeded by other dislocations present
in the sample; thus, a larger dislocation density implies
a greater hardness. The dislocation density represents the
magnitude of defects in the film. The dislocation density was
calculated by using the following formula:**

1

BZE

(3)
where D is the crystallite size of the samples. The values of
dislocation density () for pure, pristine ZnO is 1.972 x 10 °
(nm)~?, and is 1.467 x 10~ (nm) 2 upon irradiation with flu-
ence of 1 x 10" ions per cm®. The same trend was observed in
Mn doped ZnO thin films; a decrease in dislocation density with
increasing Mn concentration as well as SHI irradiation was
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observed. The values of dislocation density decreased with
increasing fluence, as summarized in Table 1. This clearly
implies that the enhancement of defects in the samples is due
to the formation of more wide cylindrical ion tracks after irra-
diation with Ni”* ions on Mn doped ZnO samples.

The X-ray density ‘P, was calculated using the known
formula,*®

_ nM
YTUONAV

(4)

where 7 is the number of atoms per unit cell, M is the molecular
weight of the samples, N, is Avogadro's number and V is the
volume of the unit cell. It was found that the X-ray density
decreases with increasing Mn concentration and also increases
after SHI irradiation, clearly implying that the effect of irradi-
ation on the density of the sample was decreased. This may be
due to the larger ionic radius of Mn ions, compared to Zn
ions.

The atomic packing factor (APF) is the fraction of volume in
a crystal structure that is occupied by atoms. It is dimensionless
and is always less than unity. Pure and Mn doped ZnO nano-
particles have the wurtzite structure, with HCP (hexagonal
close-packed) arrangement. HCP has two types of voids in the
crystal structure, i.e. tetrahedral and octahedral voids.

After SHI irradiation of pure and Mn doped ZnO, the values
of APF were reduced with Ni’* ions irradiation, which intro-
duced the presence of voids. Reshak et al.*® reported that the
space group of the ZnO sample is P6;mc for this structure,
which has six octahedral voids in the 2a sites with coordinate (0
0 3/4) geometry. The shortest distance between the oxygen
atoms from the octahedral voids is 2.28 A, as shown in Fig. 2.

The APF of the materials was evaluated using the following
formula:*”

2Ta

APF = ==
3v3¢

(5)

It was observed that the value of APF slightly decreased after
SHI irradiation, which may be due to the enhancement of voids
in the samples. The APF of bulk hexagonal ZnO materials is
about 74%, but in our case, the APF of ZnO nanoparticles is
nearly 75% for the pristine sample, and is 74.5% for the irra-
diated sample, in a hexagonal structure. This means that the
APF in nanocrystals is slightly larger than that of bulk materials,
due to the effect of SHI irradiation on the samples.

Tablel Lattice parameters, crystallite size, APF, X-ray density and surface to volume ratio of pristine and irradiated, pure and Mn substituted ZnO

thin films at fluence of 5 x 10 ions per cm?

Lattice parameter

Crystallite X-ray density
Sample Fluence (ions per cm?) a (nm) ¢ (nm) size (nm) APF (gm em™?) S/v
x = 0.00 Pristine 0.3271 0.5215 23.57 0.767 5.691 0.050
Irradiated 5 x 10" ions per cm? 0.3268 0.5209 24.41 0.761 5.638 0.043
x =0.05 Pristine 0.3269 0.5206 27.64 0.758 5.699 0.039
Irradiated 5 x 10" ions per cm?® 0.3253 0.5156 32.24 0.757 5.596 0.029

This journal is © The Royal Society of Chemistry 2017
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The surface area to volume ratio of the nanoparticles has
a significant effect on their properties. Firstly, thin films have
a relatively larger surface area when compared to the same
volume of the material. The surface to volume ratio was calcu-
lated by using the following equation:*®

Surface SRy, 3R ©)
Volume V —SRy, R— SR,

where S is the surface area, Vis the volume, R, is the ZnO distance
(0.18 nm) and R is the average particle radius. The surface area to
volume ratio decreases with SHI irradiation of the pure and Mn
doped ZnO thin films, due to the increase in the average crys-
tallite size, which is due to this surface area to volume ratio
decrease. The values for the S/V ratio are listed in Table 1.

Photoluminescence (PL) study

Photoluminescence is a sensitive method for examining the
sample quality, especially its optical properties. Further infor-
mation about the optical properties of pure and Mn doped ZnO
can be obtained from PL spectra, in addition to information
about the crystal modality, structural defects such as oxygen
vacancy, Zn interstitials and surface properties of particles. ZnO
is a strongly luminescent material that is used with several
polymers. The PL spectral studies before and after SHI irradia-
tion using nickel ion irradiation with a high energy beam of 160
MeV of undoped and 5% Mn doped ZnO thin films were
recorded in the wavelength range of 400 to 900 nm. Fig. 4 shows
the PL spectra of the composite formed with the glass substrate,
with a peak around 3.25 eV, attributed to the band-edge exci-
tonic transition of ZnO. A broad emission band covers the
green-red spectral region from 500 nm to 750 nm. Y. Hao et al.®®
reported PL spectra with UV emission and defect-related blue
emission, but in our case it was noticed that in the visible range
for all samples, the green-red emission presents a much higher
intensity than the blue, indicating that yellow light is predom-
inant in the white light emission. In pure ZnO thin films, the
irradiated sample has increased wavelength as compared to the
pristine pure ZnO, and the same trend was observed in 5% Mn
doped ZnO thin films. On performing Gaussian deconvolution
of the PL spectra, it was observed that an intense, broad, green
band at 506 nm appeared in the PL spectra, which can be
attributed to deep level emission caused by impurities and
structural defects inherent in pristine ZnO nanoparticles, such
as oxygen vacancies, zinc interstitials, etc., and there was a less
intense blue emission near 506 nm, because of intrinsic defects
such as oxygen and zinc interstitials.>

Herein, for pristine ZnO the sample exhibits a UV emission
peak at 464.40 nm and five defect peaks, which correspond to
green emissions near 543 and 572 nm and an orange band at
630 nm, and red emission near 706.41 nm in the PL spectra with
Gaussian fitting. The main peak at 602.83 nm could be ascribed
to the transition occurring from Zn interstitials to the valence
band, and it may be the result of the singly ionized oxygen
vacancy.”!

The ZnO sample irradiated with NI’* SHI ions had an
enhancement in the wavelength, into the visible and infrared

34740 | RSC Adv., 2017, 7, 34736-34745
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Fig. 4 PL spectra of (a) pristine ZnO thin film, (b) irradiated ZnO thin
films, (c) pristine 5% Mn doped ZnO thin film, (d) irradiated 5% Mn
doped ZnO thin films.

range for all spectra. Apart from the two common peaks, the
other two emission peaks observed in the orange and the red
regions are the focus of attention. The orange band at a wave-
length of around 604.87 nm was attributed to either the pres-
ence of excess local oxygen or structural imperfections.>
Enhancement of the wavelength after SHI irradiation was due to

This journal is © The Royal Society of Chemistry 2017
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cascade formation in the inner core of the samples; this cascade
changed the electron position and was observed in the infrared
region. The fourth and fifth bands were Gaussian fitted,
observed in the infrared region at wavelengths of 732.29 nm and
808.43 nm, respectively. The sputtered ZnO films exhibited n-
type conductivity, which led to red and IR emission bands.* It
is believed that this emission resulted from the formation of
native defects. The origin of this band is still ambiguous and
needs to be further investigated.

The 5% Mn doped ZnO sample had four peaks, at 574.71,
600.79, 654.14 and 717.11 nm, which were fit to the Gaussian
model. Without irradiation, the spectra of the 5% Mn doped
ZnO thin films were in the visible and infrared regions as
compared to pure ZnO samples. It was observed that the
enhancement of intensity as well as wavelength, are due to the
effect of Mn doping in the ZnO. The peak at 607.76 nm, corre-
sponding to the orange region, was enhanced as compared to
the pure ZnO thin films; it is clearly evidenced that the Mn
content increases the wavelength of the samples.

To perform Gaussian deconvolution of the PL spectra of
Mn,Zn,_,O (x = 0.05) samples irradiated with Ni’" SHI ions, the
behavior of visible band components depending on x should be
clarified. For this purpose, the PL spectra of the un-doped and
Mn doped ZnO samples were measured under excitation by
light with A = 320 nm, corresponding to band-to-band absorp-
tion, and were analyzed. Four bands were observed, 560.65 nm,
corresponding to green emission, 624.82 and 640 nm corre-
sponding to orange emission and 690.07 nm corresponding to
red emission. It is clear that the all spectra were observed the
visible region, but after SHI irradiation, the intensity changed as
well as the region of the band spectra, due to the cascade
formation in the materials.

Raman spectra

The Raman spectra of pure and 5% Mn doped ZnO thin films in
the range 200-800 cm ™" are shown in Fig. 5. The pure ZnO thin
films have wurtzite structure with space symmetry Cg, (P65mc),
found using the Halford method.>* The optical phonon irre-
ducible representation is given by eqn (7).

Fopt = Al + 2B1 + El + 2E2 (7)

where A; and E; modes are polar and can split into transverse
optical (TO) and longitudinal optical (LO) phonons, respectively;
both are Raman active modes. The nonpolar E, mode is Raman
active, while the B, mode is Raman inactive. Two formula units
per primitive cell give six Raman active phonon modes at 101 (E,,
low), 381 (A4, TO), 407 (E4, TO), 437 (E,, high), 554 (A;, LO), 583
cm ™' (Eq, LO) and 776 (E,, high) of first order.”® For pristine ZnO
thin films, the four peaks that were observed are 333.05 cm™ ',
437.74 ecm ™', 574.55 cm ™' and 675.54 cm ™. The broad peak at
about 333.05 cm™ ", seen in the spectrum of pure ZnO, has been
attributed to the second order Raman processes involving
acoustic phonons. Second peak Raman mode at 437.74 cm ™" (E,,
high) characteristic of ZnO and is mainly due to the vibration of
the oxygen atoms in the ZnO lattice. Its presence demonstrates
the good quality of the samples. The (E;, low) mode around 574

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The Raman spectra of (a) pristine ZnO, (b) irradiated ZnO, (c)
pristine 5% Mn doped ZnO, (d) irradiated 5% Mn doped ZnO thin films.

', according to Asokan et al,*® and 587-591 cm™ ', strictly

speaking, cannot be observed in a backscattering geometry as
a dipole-allowed mode.*”

cm
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In irradiated pure ZnO thin films, the four Raman modes,
333.05, 439.58, 576.81 and 680.04 cm ™', were observed. The
observed phonon mode is (E,, high) 436 cm™", shifted towards
higher wave number, 439.58 ecm ™, with respect to pristine ZnO,
as is usual for nanocrystals.*® The spectra of the irradiated films
show that the intensity of the E, high (680.04 cm™') mode
increases drastically upon irradiation at 1 x 10" cm? fluence,
due to the high energetic ions interacting with the electrons in
the samples, due to the change in the geometry as well as the
structure of the sample.

Mn doped ZnO pristine samples showed peaks, in the
Gaussian fitted mode, at 331.50, 434.89, 527.61 and 568.56
em ', The peak wavelength decreases of Mn doped ZnO
samples as compared to the pure ZnO sample but intensity
enhances due to the effect of Mn doping. It evidences that ion
irradiation induces a microscopic structural disorder and gives
rise to local distortions in the lattice. The Raman mode at
434.89 cm™ ' reveals the vibration of the oxygen atoms in the
ZnO lattice. The 527.61 cm™ ' mode was observed, which
belongs to the 2B; low mode, for the B-modes. In contrast, one
sublattice is essentially at rest, while in the other sublattice, the
neighboring atoms move in opposite directions. In the case of
the B; (low) mode, the heavier Zn sublattice is distorted, while
the B, (high) involves the lighter O sublattice; no net polariza-
tion is induced by the B modes, thus, the A and B modes may be
classified as one polar and two non-polar modes.

After Ni’" SHI irradiation, the 5% Mn doped ZnO thin film
showed drastic changes in intensity, as well as wavelength of
the Raman mode. In the irradiated sample, the 568.56 cm ™
peak disappeared after irradiation at a fluence of 1 x 10'? ions
per cm?. It was observed that the Mn content doped in the ZnO
thin films decreased the wavelength, but after SHI irradiation,
it was increased, due to the effect of cascade formation in
the materials. When high energetic ions were passed through
the samples latent tracks were formed owing to the rear-
rangement of the electron positions. These latent tracks are
responsible to change the internal structure of the samples.
After SHI irradiation of pure and 5% Mn doped ZnO thin films,
a shift in the Raman mode towards the higher wavelength was
observed, due to the effect of SHI irradiation.

I-V measurements

Electrical properties of all films, i.e., pristine and irradiated
films, were studied by measuring current as the function of
voltage. The plots are shown in Fig. 6. S. P. Pandey* reported an
increase in the resistivity after irradiation, but in our case, the
pristine and irradiated Mn doped ZnO samples revealed an
enhancement in the conductivity after SHI irradiation. Hence,
one could assume that the decrease in resistivity might be due
to the creation of oxygen vacancies (Vo) and interstitial zinc
(Zzn), during the irradiation with swift heavy ions. A decrease in
resistivity was observed, which could be attributed to the
beginning of the hopping conduction of ion beams, producing
defects. The conductivity is mainly controlled by the counter-
balance between the presence of oxygen vacancies, which act as
doubly charged electron donors and structural (Zn) defects,
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Fig. 6 [-V characteristics of (a) pristine pure and 5% Mn doped ZnO,
(b) irradiated pure and 5% Mn doped ZnO thin films.

which influence the carrier mobility within the thin film. The
same trend was observed for the 5% Mn doped ZnO sample.
The pristine 5% Mn doped ZnO sample had increased
conductivity as compared to the pure ZnO thin film, but after
SHI irradiation it was drastically enhanced to 2 x 10~ ® amperes.
This provides evidence that the effect of SHI irradiation changes
the conductivity, due to the irradiation-induced thermal
annealing of the defects and hence an improvement in the
crystallinity at the interface of the Mn doped ZnO thin film. The
irradiation induced increment in electrical conductivity of the
zinc oxide thin film is due to the scattering of charge carriers
from defects and grain boundaries, and widening of the band
gap, and breaks some of the covalent bonds in the ZnO semi-
conductor, thus generating free electron-hole pairs. The irra-
diation sensing study of pristine and irradiated pure and 5%
Mn doped ZnO thin film were studied by a two probe -V
measurement system. The irradiation sensor efficiency (R.) was
calculated by the following equation:*°
I
R. = 7 (8)

p

where R; is the irradiation sensor efficiency, I; is the current of
the irradiated sample and I, is the current of the pristine
sample. It was observed that for pure ZnO and 5% Mn doped
ZnO, the values were 1.2883 and 1.5355, respectively, indicating
the effect of SHI irradiation on the efficiency of the materials.

The irradiation responsibility (R,) was calculated by the
equation®
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I, — I
R = 12
ST (©)

where R, is the responsibility, [; is the current of irradiation
of the thin film, I, is the current of the pristine sample and S
is the thickness of the samples, calculated to be 301 =+
5 nm. Irradiation responsibility calculated after SHI irradia-
tion of thin films was 7.069 puA cm™? for pure ZnO and
8.748 A cm ™ for 5% mn doped ZnO thin films. This clearly
revealed the after SHI irradiation response of the thin films in
the I-V curves, due to the electron cascade formation in the
sample.

AFM study

Atomic force microscopy (AFM) scans of the surfaces of these
films were carried out to determine the changes in surface
morphology of the films. 2D and 3D AFM images of both pris-
tine and irradiated samples clearly outline the change in surface
morphology and roughness, due to the swift heavy ion beam
irradiation as shown in Fig. 7. The AFM image of the pristine
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sample showed a typical three dimensional growth structure
with irregular grains of nearly the same sizes and a surface
roughness (RMS) of 89.96 nm.

The root-mean-square roughness (RMS) has been calculated
by using the formula®

Rrms = i |:(hi &E)z] 1/2

i=1

(10)

where h; represents the height value at each data point, &
represents the profile mean value of the surface, and N repre-
sents the number of data points in the analyzed profile. Thus,
the standard roughness or the arithmetic average roughness
height represents the arithmetic mean of the deviations in
height from the profile mean value, where the profile mean
value is calculated using following equation:*

_ 1 &
h:N;hi (11)
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Fig. 7 AFM images of (a) pristine ZnO, (b) irradiated ZnO, (c) pristine 5% Mn doped ZnO, (d) irradiated 5% Mn doped ZnO thin films.
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In comparison to pristine and irradiated ZnO, the root-
mean-square (RMS) roughness of the pristine film was
43.45 nm, which increased to 62.78 nm at 1 x 10" ions per cm®
fluence. The same trend was observed in Mn doped ZnO
samples, which increased the RMS roughness for the pristine
sample to 89.85 nm, and the irradiated sample to 94.87 nm, due
to the defect formation in the sample after SHI irradiation; thus,
the roughness of the films is affected by the electronic excitation
induced by SHI irradiation. The multiple parameters of
a sample are described by factors that give information about
statistical average values, the shape of the histogram heights
and other extreme properties.

It was also determined that the grain size of pure and Mn
doped ZnO thin films increased after the Ni’* SHI irradiation.

Surface skewness was used to measure the symmetry of the
variations of a surface about the mean line, and is more
sensitive to occasional deep valleys or high peaks. Skewness
illustrates the load carrying capacity, porosity, and character-
istics of nonconventional machining processes. Negative skew
is a criterion for a good bearing surface. Usually, surface
skewness is used to distinguish two profiles of the same average
roughness values, but of different shapes.”® For a pristine
sample of pure ZnO, the surface skewness value was increased,
compared to the irradiation thin film. The same results were
observed for 5% Mn doped ZnO samples; the value of surface
skewness was increased, due to the increase in porosity in the
sample after SHI irradiation. The changes in size and shape of
the grains at higher fluence are due to the high density of
defects induced by the high electronic excitation energy of Ni*”
ion irradiation, and the major grain growth also yields an
increase in the surface roughness.

Conclusions

Thin films of pure and Mn doped ZnO have been synthesized by
using the dip coating technique. XRD data indicate the
successful incorporation of Mn into the ZnO lattice without any
secondary phase. The pristine and Mn doped ZnO thin films
were irradiated by using a 160 MeV Ni’* ion beam at a fluence of
1 x 10" ions per cm?. The crystallite size increased after the
SHI irradiation of pure and Mn doped ZnO thin films. The
surface area to volume ratio and APF value were slightly
decreased after SHI irradiation, due to the enhancement of
voids in the samples. Photoluminescence studies revealed
increased luminosity of pure and Mn doped ZnO thin films;
these samples were irradiated with Ni’" ions of 160 MeV energy,
after which the luminosity of the samples was enhanced. The
observed changes in the E,, high, E,, low and A; (LO) Raman
modes are consistent with the creation of defects, vacancies and
interstitials in the zinc and oxygen sublattices. Raman
measurements revealed the appearance of forbidden modes By
(low) after doping 5% Mn in ZnO, due to relaxation of the
Raman selection rules associated with the breakdown of
translational crystal symmetry. I-V characteristics revealed that
the enhancement in the conductivity after SHI irradiation was
due to the ion-electron interaction. AFM data showed
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a significant difference after SHI irradiation of the samples,
where the film surface exhibited a higher roughness and clear
grains.
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