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This work investigates the induced modification in structural, surface and electrical
properties of pristine and 700 KeV Ni®* jon irradiated ZnO thin films at different fluences
(1 x 10%, 1 x 10 and 2 x 10, ions/cm?). The structural properties were studied using X-
ray diffraction and it shows that the average crystallite size of ZnO thin films is observed
to increase by the ion fluence. The atomic force microscopy (AFM) study shows that the
roughness of irradiated thin films decreases which depicted the growth of smaller nano
crystalline on the surface of thin films. The electrical resistivity decreases at the fluence of
1 x 10®ions/cm? from pristine value. The resistivity increases by further increases the ion
fluence. The modifications of structural, surface and electrical properties are well
explained on the basis of annealing effect and oxygen vacancies induced by irradiation.
Density functional theory (DFT) calculations are used to simulate the effect of doping of
Ni ions in ZnO wurtzite structure. Calculation of band structure and density of states
supports the experimentally results of resistivity trend.
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1. Introduction

Zinc Oxide is an n-type semiconductor with wide band gap 3.37 eV and large excitonic
binding energy 60 meV [1]. Pure and doped ZnO thin films have been subjected of vast attention
due to their significant technological applications such as blue/UV LED’s, soler cell, ultra violet
nano-lasers, gas sensors, piezoelectric materials, spintronic and optoelectronic devices [2-10].

A variety of techniques have been used for the preparation of ZnO thin films, the
properties of grown thin films and interface depends on the deposition process and deposition
parameters. These techniques include pulsed laser deposition, magnetron sputtering thermal
sputtering, magnetron sputtering, sol gel, chemical bath deposition , Molecular Beam Epitaxy,
electro-deposition etc. [11-17 ]. Out of these used Pulsed laser deposition (PLD) technique to
synthesize high quality thin films [18].

lon irradiation is a unique post deposition technique to modify structural, optical and
electrical properties of thin films, when intense interaction of incident ions with the target atoms.
lon irradiation can create new defects and anneal out preexisting defects in the same material [19].
The incorporation of impurities (Co, Ni, Fe, Au, etc.) is key towards controlling the conductivity
in ZnO, it has been postulated that the unintentional n-type conductivity in ZnO is caused by the
presence of oxygen vacancies or zinc interstitials [20].

ZnO has been extensively studied using computational techniques such as density
functional theory to unveil the underlying physics. Both LDA and GGA approximations give
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underestimated results for the band gap of ZnO. The correction can be introduced by using
LDA+U method [21]. The ion irradiation of ZnO can lead to both ion implantation and crystal
defects such as vacancies. Oxygen vacancies are found to be the lowest energy defect followed by
Zn interstitial and Zn on Oxygen site substitution [22]. In the simulation of present work we have
discussed the oxygen vacancies and implantation of Ni?* ions in ZnO.

2. Experimental

In this experiment ZnO thin films were fabricated on ultrasonically cleaned glass substrate
(10 mm x 10mm x1mm) by pulsed laser deposition technique. KrF excimer laser (A =248 nm, ¢ =
2.5 J/cm? N, = 7500, v = 10 Hz) was used to ablate the pure ZnO target. The substrate temperature
and background oxygen pressure were 300°C and 10 mbar respectively. The thickness of all the
deposited ZnO thin films were 250 + 10 nm, calculate from spectroscopic ellipsometry technique.
The deposited ZnO thin films were irradiated with 700 keV Ni?" ions with fluences 1 x 10, 1 x
10" and 2 x 10" ions/cm? using Pelletron tandem accelerator. Irradiation was carried out at room
temperature and high vacuum condition. Using Srim simulation [23] the electronic stopping power
of 700 keV Ni ions in ZnO thin films was 61.80 eV/A, while nuclear stopping power was 94.02
eV/A. The estimated projected range and lateral straggling were 310 nm and 100 nm respectively.
The range of ions was greater than the thickness, therefore most of the ions were stopped in the
glass substrate. Modification in crystalline structure is analyzed by X-ray diffractometer (XRD)
using Cu K, 1.5405 A radiations in 20 range of 20 to 90°. Surface morphology is studied by
atomic force microscope (AFM) in tapping mode. The electrical resistivity estimated by using four
point probe technique.

3. Results and discussion

3.1. Structural analysis

Crystallinity of pristine and Ni** ions irradiated ZnO thin films were investigated by x-ray
diffraction (XRD) technique. Fig. 1 depicts that pristine ZnO thin film exhibited a preferential
orientation along c-axis with (002) plane at 34.24°. When ZnO thin films were irradiated with 700
keV Ni* ions indicating that ZnO stayed crystalline, but after irradiation observed a low intensity
peak of NiO (220) plane at 62.67°. NiO phase formation showed that the Ni** ions are
incorporated to Zn site during irradiation, which indicated by the variation in 20 position of ZnO
(002) plane. The crystallite size and lattice constant of the (002) plane was calculated using
following equations [24-25]:
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Where A is the wavelength of X-ray, © is the Bragg diffraction angle, B is the observed full width
half maximum (FWHM) and dkhl is the crystalline plane distance for indices (hkl) and the value
could obtained for XRD pattern.
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Fig. 1. XRD spectra of pristine, and Ni*? ions irradiated ZnO thin films

The crystallography parameters calculated from XRD spectra are given in table 1, it is
evident from the table that all irradiated ZnO thin films have shift towards higher 26 value and
reduced the lattice constant as compared to pristine ZnO thin film indicating the presence of
compressive stresses. The crystallite size increases from 9.4 nm (pristine) to 14.3 nm at the high
fluence, i.e. 2 x 10" ions/cm® The increase in crystallite size with increasing ion fluence
indicating improved crystallinity of ZnO thin films. This could be attributed to reduction in strain
by annealing effect due the imparted energy of the incoming ions according to thermal spike
model and result in the improved crystallinity of ZnO thin films [26].

Table 1. Different parameters of pristine and Ni*?irradiated ZnO thin films at different ion fluences.

‘ lons fluences 20 FWHM | Crystallite Size Lattice Resistivity
r. No. - 2 _ k parameter Q-cm
(ions/cm?) (degree) (degree) D(nm)= feost © A ( )

1 Pristine 34.24 0.88 09.4 5.228 3.84 x 10"

2 1x108 34.28 0.74 11.2 5.220 4.47 x 10™

3 1x 10" 34.76 0.69 12.0 5.179 3.01 x 1072

4 2 x 10% 34.40 0.58 14.3 5.220c 4.42 x 10"

3.2. Surface morphology

Surface topography of pristine and Ni** ions irradiated ZnO thin films were studied by
atomic force microscope (AFM) in tapping mode. Fig. 2, shows the 2-D and 3-D surface profile
(scan area 2 um x 2 um) of pristine and Ni** ions irradiated ZnO thin films. The root mean square
(rms) roughness of pristine film is about 5.25 nm due to the inhomogeneous distribution of grains
on the surface. The roughness was decreased after ion irradiations from pristine value i.e. 4.96 nm,
4.35 nm and 4.07 nm at the fluence of 1 x 10" 1 x 10™, 2 x 10" ions/cm® respectively. The
decrease in roughness of ion irradiated ZnO thin films were attributed to the formation of smaller
sized nano-crystallites, grain growth and better filling of pores upon radiation due to increase of
local annealing effect. The appearance of the nano-crysallites structures also signifies the
improvement in crystallinity of thin films as indicated by XRD results.
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Fig. 2.Atomic force microscopy graphs (2-D and 3-D) of pristine and Ni*? ions irradiated
ZnO thin films at different ion fluence. (a) Pristine, (b) 1 x 10 jons /cm?, (c) 1 x 10
ions /cm?, (d) 2 x 10* ions /cm?

3.3. Electrical Resistivity

Electrical resistivity measurements were carried out for pristine and Ni?* ions irradiated
ZnO thin films using four-point probe method. The electrical resistivity of thin films was
calculated by substituting the observed data in equation [27]

() () g

Where the term in first pretenses is the correction factor, | is the current applied between two outer
probes, V is the voltage drop across inner probes, and t is the thickness of thin film, calculated
values of electrical resistivity shown in table 1.

Fig. 3 (main panel) shows the electrical resistivity of ZnO thin films decrease form 3.84 x
10™ Q-cm (pristine) to 4.47 x 10 Q-cm (at the flow fluence of 1 x 10" ions /cm?). The possible
reason for decrease in electrical resistivity is that the incoming ions produce some structural
defects, creation of oxygen vacancies and zinc interstitial in thin film [28]. Further increase in ions
fluence (i.e. 1 x 10* and 2 x 10™jons /cm?) the electrical resistivity increases to 3.01x 102 Q-cm
and 4.42x 10" Q-cm. The appropriate reason is that, the incident ions energy produced localized
annealing effect at high fluence along with the Ni?* ions substitution in the ZnO matrix. This
results in improved crystallinity of thin films and hence it increase electrical resistivity of ZnO thin
films as observed in reference [29].

05

0.4 4

=
w

Resistvity ({2 ¢m)
=
R

=

0.0 lf‘“ff_ﬂ.

T T
] 1x10™ 2x10™

lon dose (ions-cm )

Fig. 3. Variation of electrical resistivity of Ni*? ions irradiated ZnO
thin films at different fluences
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3.4. Simulations

DFT simulations for pristine ZnO, ZnO with Oxygen vacancy and ZnO irradiated with Ni
ions were performed to probe the physics behind the variation observed in the experiments. ATK
DFT package was used for the simulations. Fig. 4. Shows the structures of the super cell used for
above mentioned three cases. The band structures and density of states were calculated using DFT
for wurtzite ZnO with ideal structure, with oxygen vacancy and with Zn substitute with Ni.
Generalized Gradient Approximation (GGA+U) was used for all the simulations with 4 k points in
each direction a, b and c. An onsite Hubbard potential was fixed at 10eV for 3d electrons of Zn
atoms to achieve band gaps similar to those of the experimental values. The Ni ion bombardment
can easily knock out the host atoms producing point defects (vacancies) in the structure of pure
Zn0. Also due to very similar atomic radii Ni can also act as a substitute atom to substitute the
host Zn.

Fig. 4. Supercell used for the DFT calculations. (a) Pure ZnO wurtzite structure, (b) ZnO wurtzite
structure with Oxygen vacancy, (c) ZnO wurtzite structure with Zn atom substituted by Ni atoms.

The sudden decreases in the resistivity shown in the fig. 3 could be explained by the
formation oxygen vacancies and Ni ion substitution of Zn. As it can be clearly seen in the fig 5 (a)
and (b) pure ZnO has a wide band gap. Due to the ion bombardment vacancy and substitution
defects are produced in pristine structure of ZnO. Fig 5 (c) and (e) shows that new energy levels
are introduced due to Ni ion implantation and oxygen vacancies. In case of Ni doping two new
levels just below conduction band minima at 1.6 eV and 0.9 eV above fermi level appear whereas
for oxygen vacancy a new level appears around fermi lever. As shown in the fig. 5 (d) and (f)
peaks corresponding to these two levels can be seen in the density of states. These states provide
transmission channels for the electron conductance causing significant reduction of resistivity
consistent with four probe results shown in the fig. 3. Electronic levels in case of Ni doping are
located close to conduction band minima (CBM) and act as shallow donors. Resistivity is
decreased due to highly delocalized d electrons of Ni atoms injecting free electrons in the
conduction band of ZnO. At lower ion fluences the decrease in resistivity is due to impurity Ni
ions is much greater compared to the increase in resistivity due to the competing factor of
annealing due to thermal energy transfer. On the other had ZnO thin films does contain a lot of
oxygen vacancies inherently due to the mobile nature of oxygen ions. These oxygen vacancies
provide a band with significant density of state just around the fermi level (Fig. 5. (f)). Due to the
high fluence Ni ions impart more and more energies to the film initiating annealing like process
due to increase in the temperature. Due to this the crystallite size of the film increases as shown in
the Table 1, causing decrease in defects and oxygen vacancies and hence increase in the resistivity
of the film. Increase in the resistivity at the fluence 1x10™ ion/cm?and higher the increase in
crystallinity is much more important compared to its competing effect of Ni** substituting which
tries to decrease resistivity.
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Fig. 5. Band structure (left panels) (a,c,e) and density of states (right panels) (b,d,f) of ZnO thin films.
(a,b) pure ZnO, (c,d) ZnO with oxygen vacancy and (e,f) ZnO with Ni*? irradiation

4. Conclusions

We have investigated modification of structural, surface and electrical properties of
pristine and Ni** ions irradiated ZnO thin films. We have observed after irradiation the
crystallinity improved, roughness decreases and electrical resistivity increases of ZnO thin films.
The irradiation induced local annealing effect and oxygen vacancies and doping of incoming ions
in thin films. These experimental results are consistent with the result found using DFT. The
resistivity of ZnO decreases exponentially due to the Ni ion where, after initial decrease, resistivity
increases due to annealing effect.
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