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Abstract
In this research work, effect of Au ions irradiated Zn1-xNixO (with x = 0.0, 0.02, 0.04 and 0.06) thin films grown by pulsed
laser deposition on Si substrate has been investigated. The influence of ions implantation on structural, optical, electronic
and morphological properties of the thin films have been examined by X-ray diffraction (XRD), X-ray absorption near
edge spectroscopy (XANES), Field emission scanning electron microscopy (FESEM) and ultraviolet-visible (UV-Vis) spectroscopy. XRD results confirm the existence of single phase hexagonal wurtzite structure of ZnO in all the thin films. The
preferred orientation were observed along (002) plane. It has also been analyzed that due to co-doping of Au ions and Ni
ions, the peaks shifts towards the shorter angle, as a result, lattice expansion has been identified. UV-Vis measurements reveal that the band gap decreases up to x = 0.02 and 0.04 Ni concentration, after that it starts increasing at x= 0.06. XANES
analysis reveals the presence of Zn, Ni and O at different edges, K and L edges. FESEM results reveal that the surface
morphologies are scarcely changed.
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Introduction
II-IV metal oxide i.e., Zinc Oxide (ZnO) intrinsically n-type
semiconductor whichis the most pioneer, topical, everlasting
and extensively utilized academic and industrially researched
material. It has unique, inherent and versatile properties such as
direct wide band gap up to 3.4eV, binding energy of 60 meV, low
price, environment friendly nature, natural abundance, chemical
as well as thermal stability andnon-toxic nature [1]. It possesses
experimentally a stable hexagonal wurtzite crystal structure. Such
properties make ZnO a promising material for diverse device
applications such as optoelectronic, blue and ultraviolet optical
devices [2, 3], varistors, solar cell [2, 4], gas sensor, surface
acoustic wave devices, photodetectors [5], heat mirror for energy
saving [6], nanolasers, transparent conducting films [7], laser
diodes [8], biomaterials, window material for display, cosmetics,
light emitting diodes [10], biomedical application [10], sunscreens
[11] and spintronics [12].
In order to establish more versatility in one of the application
spintronics, II-IV alloys can be doped by a minute amount of

transition metal (Ni, Mn, Co, Cu, Ti, Sc, V, Cr and Fe etc) and rare
earth (Eu, Gd, Sm, La, Ce and Er etc) metals. The non-magnetic
semiconductor such as ZnO result into a new material called
diluted magnetic semiconductors (DMS). Among oxide based
DMS, ZnO is vastly utilized material because its intrinsic room
temperature ferromagnetism is attained by doing process [13].
Magnetic property is attributed to the d electron interaction with
the s or p electron of the host material. In the latest investigation
on DMS still p-type conduction is under discussion and n-type
conduction has been explored vastly. Ferromagnetism at and
above room temperature has been studied in diverse materials.
Although, it is a great achievement in the field of semiconductor
technology, still lot of work is required to synthesis and confirm
the basic phenomenon for the magnetism in ZnO wide band gap
semiconductors.
Several techniques have been employed to fabricate ZnO thin
films that including pulsed laser deposition (PLD) [14], sol-gel
[15], RF magnetron sputtering [16], chemical vapor deposition
(CVD) [17, 18], spray pyrolysis [19], chemical bath deposition
[20], molecular beam epitaxy (MBE) [21], organic chemical vapor
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deposition (MOCVD) [22] and DC magnetron sputtering [23].
Among these entire thin film fabrication techniques PLD is most
versatile physical vapor deposition technique that is utilized for
achieving high quality and featured thin films with low deposition
temperature. Recently, Mn, Sb, Ni, Cd, Co, Er and Mg doped
ZnO thin films have been investigated successfully [14, 15, 20,
24-28]. However, Ni doped ZnO is more promising candidate for
its attaining room temperature ferromagnetism.
Similarly, doping Cu, Ag and Au into the ZnO has been of great
interest [29-31]. It has been observed that doping of different
elements into the ZnO thin film is an effective approach to
improve diverse properties. Introducing Au into ZnO is a typical
way used to enhance gas sensing properties. However, by Au ion
implantation, conductivity of the thin films can be enhanced.
It is given that by Au doping p-type conductivity of ZnO can
be achieved [32-35]. Ion implantation is a well-known material
engineering technique, in which implanted dopants are introduced
into the thin film by the bombardment with ions, in order to
modify the surface properties of material in a controlled way. One
of the merits of the ion implantation is that every material can be
used as a dopant for ion implantation. In the present study, Au
ion irradiated Ni doped ZnO thin films have been successfully
prepared by the PLDon Si(100) substrate and its structural,
morphological, electronic and optical properties are investigated
by diverse characterization techniques.

Experimental Detail
The precursors used were ZnO and NiO powder (99.9 % purity,
Sigma Aldrich) and Au ions source. A series of thin films have
been fabricated by three steps. Initially, solid state reaction
method was performed for Zn1-xNixO (with x= 0.0, 0.02, 0.04,
0.06) pellet formation.Appropriate stoichiometric ratios of ZnO
and NiO powders were weighed, mixed, grinded, and calcined in
air at 500°C for 3 h in furnace (Nabertherm Model). The calcined
powders were again ground by adding a small amount of poly
vinyl alcohol (PVA). The ground powders were then used for the
formation of pellets having 5mm thickness and 1.6 cm diameter
using hydraulic press at 6 ton. The prepared pellets werefinally
sintered at 1100° C in furnace for 6 h. In second step, thin films
were deposited onultrasonically cleaned Si (100) substrate by
using pulse laser deposition (PLD). To ablate the ZnNiO target
Nd: YAG laser (YG981C-10, Quantel France)of 2nd harmonics
(λ=532 nm) was used. The ambient gas was O2 and the working
pressure of the chamber was 15 m torr(7.5×10-2 torr). The
parameters chosen for deposition of thin films were as, pulse
duration of 6ns, repetition rate of 10 Hz, number of shots 6000,
power of 200 mJ and target to substrate distance of 3cm. The
substrate temperature and thin film deposition time employed
was 300°C and 10 minrespectively. The incident angle for the
laser beam was 45˚ with respect to the target. Before depositing
the thin films, substrate was first cleaned ultrasonically in distilled
water and acetone. Finally, thin films were deposited on silicon
substrate Si (100) in high vacuum.
In the third step, Au ions of 500 KeV energy with fluence 2×1014
ions/cm2 were irradiated by using Pelletron accelerator (6SDH-2,
NEC). The beam size for irradiating Au singly charged ions was
2×2 cm2. All the samples were irradiated at room temperature
under high vacuum condition. The prepared thin films were
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characterized by different techniques, such as, XRD (2D Phaser
bruker model) for structural analysis, UV-Vis spectroscopy
(Perkin Elmer’s UV/VIS/NIR lambda 950 spectrophotometer)
for determining the band gap of thin films. XANES (1D beam
line in Pohang source) was performed for scrutinizing the
electronic structure. FESEM (Nova Nano SEM) was utilized for
investigating film surface morphology.

Results and Discussion
XRD Analysis
Figure 1 displays X-ray diffraction pattern of Au+ ion irradiated
Zn1-xNixO (x= 0.0, 0.02, 0.04, 0.06) n-type Si (100) substrate. It
is evident that preferred orientation of the dominant intensity
peak in all ion irradiated thin films either doped or codoped is
along (002) at angle 34.6630. It is observed that all diffracted
peaks match with JCPDS data card number 01-089-1397 having
hexagonal wurtzite ZnO structure. It is also revealed from the
spectra that secondary phase of Au2O3 (with the JCPDS data
card number 00-043-1039) having orthorhombic structure were
observed at angle 25˚in Au+ ion irradiated Zn1-xNixO (x = 0.0,
0.02, 0.04, 0.06) thin films. This exhibits the fact that Au+ ions are
partially incorporated into the ZnO crystal lattice and are partially
reside on the film surface which created defects in the crystal
structure, this is due to the fact that ionic radius of Au3+ (0.84 Å)
is greater than the Zn (0.74 Å). Peaks of the Au+ ion irradiated
Zn1-xNixO (with x= 0.0, 0.02, 0.04, 0.06) thin films are shifted
towards lower angle as compared to pristine ZnO as shown in
Figure 1. The reason for the shifting of peak towards lower angle
is the ionic radius of the Zn (0.74 Å) that is smaller than the
Au3+ (0.84 Å). Irradiating Au+ ions in Zn1-xNixO causes the lower
angle shifting of (002) peak, this is unusual, usually peaks shifted
towards larger angle which is due to codoping effects and creates
the expansion in the ZnO matrix as well [36]. In various studies
it has been reported that as contrast to pure ZnO, (002) ZnNiO
peak has been shift towards larger angle [37-39] and Ni ions has
been incorporated into the ZnO matrix attributed by the fact that
Ni ionic radius (0.69Å) is smaller than the ZnO (0.74Å). By using
XRD data lattice constants of the Pure ZnO, Au+ ion irradiated
ZnO and Zn1-xNixO were calculated by using cell software and
presented in Table 1. Results show that lattice parameter ‘a’ and
‘c’ increases gradually with Ni doping. It is noted that the lattice
parameters depend upon diverse factors; quantity of disparate
impurity atoms, defects, distinction between ionic radii of doped
ions (Ni, Au) and host material, such as, ZnO etc., [40, 41].
An increase in lattice parameters of Au+ ion irradiation Zn1-xNixO
thin film with diverse Ni contents is depicted in Figure 2. Figure
reveals that lattice parameters ‘a’ and ‘c’ increases with increasing
Ni contents. Because ionic radius of Ni (0.69 Å) is smaller than
the Zn2+ ( 0.74 Å)[42], so an increase in the lattice parameters
confirm the incorporation of the Ni2+ ions at the interstitial places
in the crystal lattice [43]. Crystallite size (D) of all the samples has
been calculated using the Scherrer’s equation as given below [44]
and summarized in Table 1.
D = kλ/β cos θ ----- (1)
Here D is the crystallite size in nanometer, k is the Scherrer’s
constant equal to 0.89, λ is the wavelength of the X-ray, β is the
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Figure 1. X-Ray Diffraction Spectra of Au+ Ion Irradiated Zn1-xNixO (x= 0.0, 0.02, 0.04, 0.06) Thin Films.
(002)

* Au2o3

Intensity (a.u.)

Au/Zn0.94Ni0.06o

Au/Zn0.96Ni0.04o

Au/Zn0.98Ni0.02o

Au/Zno
20

30

40

50
60
2θ (degree)

70

80

Figure 2. Graph Between Various Doping Concentration of Ni and Lattice Parameters.
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Table 1. Lattice Constants ‘a’ and ‘c’, Unit Cell Volume, Crystallite Size, Stress, Strain and Bond Length of Au+ Ion Irradiated Zn1-xNixO (x= 0.0, 0.02, 0.04, 0.06) Thin Films Evaluated from XRD.
Samples

Pure ZnO
Au/ZnO
Au/Zn 0.98Ni0.02O
Au/Zn 0.96Ni0.04O
Au/Zn 0.94Ni0.06O

Lattice Constants
(Å)
a
c
3.326 5.171
3.291 5.154
3.329 5.219
3.332 5.235
3.337 5.276

Cell Volume (Å)3

Crystallite
Size (nm)

Bond
Length (Å)

Stress

Strain

V
49.54
48.31
50.09
50.33
50.88

D
36
12
9
12
30

L
2.006
1.988
2.012
2.015
2.022

σfilm
4.07
4.82
-

ε
-0.0175
-0.0207
-
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FWHM (full width half maximum) in radians and θ is the half
diffracted angle. It has been found that crystallite size of the
Au+ ion irradiated Zn1-xNixO thin film increases by increasing Ni
contents. An increase in the crystallite size reveals the fact that
crystallinity of the thin film has been enhanced. It also shows the
fact that Ni atoms are being incorporated in the interstitial sites
and there is a difference in the ionic radius of the Zn2+ (0.74 Å)
and Ni (0.69 Å). A decrease in the crystallite size of the ZnAuO
thin film is due to ion irradiation.
The bond length (L)[43] of Zn-O for Au+ ion irradiated Zn1-xNixO
(with x= 0.0, 0.02, 0.04, 0.06) respectively, has been calculated
using equation 2 and given in Table 1.

L=

a2 1
+ ( − u )2 c 2
3
2
------ (2)

Where u is the positional parameter and the value of u for wurtzite
structure is given below

u
=

a2
+ 0.25
3c 2
----- (3)

The calculated data has been used to plot the graph for bond
length verses doping concentration of Ni shown in Figure 3. It
has been observed that with the increase in Ni contents bond
length increases as presented in Table 1. From XRD data lattice
parameters has been calculated, then by using lattice parameters
volume of the unit cell has also been calculated by using following
formula.
V = a2 c sin 120° ----(4)
Figure 4 is a graph between doping concentration and volume of
the unit cell. It has been noticed that with the increase in doping
contents of Ni volume increases gradually. This increase in volume
is attributed to the fact that when peaks shifted towards lower
angle lattice expansion occurs and volume increases. Similarly,
strain in the c-axis was computed by using XRD data by using
formula shown in equation 5 [43].
ε = cfilm - cbulk/cbulk -----(5)
Where cfilm the lattice parameter (c) of ZnO thin film and cbulk is the
lattice parameter (c) of ZnO Pellet (bulk). Calculated strain value
is ε=-0.0175. Strain produced is negative so strain is compressive
hence lattice expands. Also this value of strain reveals the fact
that as we move from bulk to thin film there is some strain due
to defects. Also from the above results stress in the thin films has
been computed by using the biaxial formula.
σfilm = -232.8 × ε(GPa) -----(6)
Stress in the films is presented in the Table 1. Stress that has been
observed is tensile because it is positive stress. Stress is due to
the reason that by ion irradiation additional stress is generated
because energy has been transferred from ion irradiation into the
ZnO lattice. So the stress is intrinsic which has been observed due
to the defects and impurities in the thin film. Stress in all other
samples has not calculated because their pellet XRD has not done.
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Optical Analysis
Ultraviolet Visible spectroscopy (UV-Vis) is one of the
characterization technique used to approximate the band gap of
the Au+ ion irradiated Zn1-xNixO (x= 0.0, 0.02, 0.04, 0.06). In the
UV-V is spectroscopy at reflection mode, on room temperature
measurements was executed on all the samples in the UV-V is
spectral region. The reflectance spectra of ZnO pellet, ZnO and
Au ion irradiated Zn1-xNixO (with x= 0.0, 0.02, 0.04, 0.06) Si(100)
substrate thin films was obtained by using UV-V is spectroscopy.
The Figure 6 depicts the UV-Vis reflection spectra of ZnO pellet
and Au ion irradiated Zn1-xNixO (x= 0.0, 0.02, 0.04, 0.06) thin
films. Band gap of the ZnO pellet and Au ion irradiated Zn1N O (x= 0.0, 0.02, 0.04, 0.06) thin films was calculated by using
x ix
KubelkaMunk function F(R) [41, 45, 46] given in the following
equation.
F(R)= (1-R)2/2R ----- (7)
Here F(R) is the Kubelka Munk function and R is the reflectance.
Energy (hv) is calculated by using the formula given below.
E = 1240/λ -----(8)
Here λ is the wavelength. By using data obtained from the UVVis spectroscopy graphs has been plotted energy (hv) in eV
verses [F(R)hv]2. In order to evaluate the direct band gap of all
the samples the spectra curve is extrapolated to [F(R)hv]2=0 [47,
48]. The extrapolated band gap energies Egof ZnO pellet, ZnO
and Au ion irradiated Zn1-xNixO (x= 0.0, 0.02, 0.04, 0.06) thin
films are exhibited in the Figure 5. The determined values of the
bandgap energy of ZnO pellet and Au ion irradiated Zn1-xNixO
(x= 0.0, 0.02, 0.04, 0.06) thin films are presented in Table 2.
The band gap of ZnO pellet and Au ion irradiated Zn1-xNixO (x=
0.0, 0.02, 0.04, 0.06) thin films exhibit varying trend. The bandgap
of the ZnO pellet obtained by extrapolating the UV-V is spectra is
3.06 eV. While the band gap of the Zn1-xNixO (x= 0.0, 0.02, 0.04,
0.06) thin films first decreases by increasing doping concentration
up to x= 0.04 and then band gap increases by increasing up to
x= 0.06. This decrease in the band gap is attributed to the red
shifting and increase to the blue shifting. The red shift in the Au
ion irradiated Zn1-xNixO thin films with Ni doping concentrations
(x= 0.0, 0.02, 0.04, 0.06) is associated with the sp-d exchange
interaction. The variation in the band gap has also been elucidated
by the alteration of the lattice parameter because of the doping
effect. It has been found that as lattice parameters increases the
band gap decreases. This band gap decreasing effect closely
relate to our experimental results of XRD, as lattice parameters
are increasing [47-49]. As well as by increasing Ni concentration
further up to x= 0.06 a blue shift has been observed.
Morphology
FESEM is utilized for the analysis of the morphology of the thin
film and it gives the resolution upto 1 nm. The representative
images of the ZnO, Au/ZnO and Au/Zn0.96Ni0.04O thin films
shown in the Figure 6(a) along with Au/Zn0.96Ni0.04O EDX
spectrum (Figure 6(b)) have been given. Figure 7 represents the
ellipsometric data, which have been used to obtain the thickness
of the ZnO thin films. The data clearly depicts that the thickness
of the thin film is ~ 180nm. SEM results reveal that the flakes
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Figure 3. Graph Between Various Doping Concentration of Ni and Bond Length.
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Figure 4. Graph Between Various Doping Concentration of Ni and Volume of the Unit Cell.
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Figure 5. Band Gap Energies (Eg) of the ZnO Pellet and Au Ion Irradiated Zn1-xNixO (x= 0.0, 0.02, 0.04, and 0.06) Thin
Films.
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Figure 6a. Representative Images of Undoped ZnO, Au Implanted ZnO and Au/Zn0.96Ni0.04O Thin Films.
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Figure 6b. Representative Graph of Qualitative and Quantitative EDX Analysis of Au/Zn0.94Ni0.04O Thin Film.
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Table 2. Band Gap Energies (Eg) of the ZnO Pellet, ZnO and Au Ion Irradiated Zn1-xNixO (with x= 0.0, 0.02, 0.04, 0.06)
Thin Films.

ZnO Pellet
Au/ZnO
Au/Zn 0.98Ni0.02O
Au/Zn 0.96Ni0.04O

Band gap Energy
(Eg)
3.06
2.97
2.96
2.88

Au/Zn 0.94Ni0.06O

2.99

Samples
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Figure 7. Spectroscopic Ellipsometric Data of ZnO Thin Film.
1.5
1.2

0.9

Re(rho)
Im(rho)
Model

0.6

Re(rho)

0.9

0.3

0.6
0.0

0.3

-0.3

0.0
-0.3
300

400

500

600
Wavelength (nm)

Sample

700

800

-0.6
900

ZnO thin film

Mean Square Error (MSE)

7.817

Roughness

12.39 +- 0.470nm

Thickness

184.20 +- 1.645 nm

n of B-Spline @632.8nm

2022208

k of B-Spline @632.8nm

0.11434

Figure 8. O K-Edge Spectra of Au/Zn 1-xNixO Thin Films.
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Figure 10. Zn L2,3 Edge of Au/Zn(1-x)NixO Thin Films.
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formation with Au irradiation have been observed in these
representative images. Study shows that flakes are formed due
to the Exfoliational sputtering phenomena. After irradiating the
Au ions on the Zn1-xNixO thin films, the morphology of the thin
film is changed throughout and channeling or interconnected
microstructures are observed in the thin films. Channeling
is due to ion induced heating, melting, bond breakage and resolidification. This channeling clearly shows that re-solidification
has occurred and channels have formed in the representative
graphs as shown in the Figure 6(a). It has been also predicted that
in Au/ZnO image only channel or interconnected microstructures
are observed and in Au/Zn1-xNixO image channels as well as resolidification occurs [50]. Qualitative and quantitative analysis of
EDX spectra clearly reveals the presence of Zn, O, Ni and Au in
the Au/Zn0.94Ni0.06O thin film.
Electronic Properties
For the investigation of the electronic structure such as oxidation
state and coordination environment etc. of the material XANES
[51] is utilized. K-edge spectra is obtained by transition from 1s
level to p level and L2,3 edge spectra by 2p to s or d level. When
electron is absorbed from the 2p1/2 and 2p3/2 level L2 and L3 edge
are formed. XANES has been performed on Au ion irradiated
Zn1-xNixO thin films as shown in the Figure 8 – 10.
From the normalized O k-edge spectra of XANES as shown in
the Figure 8, it is revealed that the pre-edge is from 530-533 eV.
Pre-edge energy peak for (with x = 0.0, 0.02) is at 531eV and at
(x= 0.4) pre-edge is at 535 eV. For (x= 0.6) the pre-edge peak is at
531 eV. Pre-edge elucidates the hybridization of oxygen 2p state
with transition metal (Ni2+) 3d. White line region ranges from
535-540 eV. The intensity of the white line peak is high for the
bulk sample ZnO and intensity of white line at (x= 0.0, 0.02,
0.04, 0.06) is 538 eV as well as at x=0.04 is 539 eV. An increase
in the intensity of the white line has been scrutinized in the Au
ion irradiated Zn1-xNixO thin films as compare to the bulk ZnO
thin film.
Normalized Ni L2, 3 edges XANES spectra is shown in Figure 9.
The electronic configuration of Ni2+ is [Ar] 3d84s2. The 3d shell
in Ni is not completely filled but 4s is completely filled. Ni give
rise to L2, 3 because transition takes place from 2P1/2 and 2P3/2 to
unoccupied 3d level giving rise to L2 and L3 edge respectively.
These transitions are the source of white line spectra in XANES.
Spectra have three regions in Ni L2, 3 edges no change has been

1080

observed in region A in all films. Region B and C is at 856 eV and
874 eV respectively, no change has been observed in this also.
This spectrum confirms the presence of the Ni in all the samples.
A normalized XANES spectrum of hexagonal Zn has been
depicted in Figure 10. Zn has electronic configuration [Ar] 3d104s2.
It has 3d shell completely filled. Transition in Zn2+ have been take
place from 2p core level (spin-orbit split into 2p1/2 and 2p3/2 levels,
giving rise to L2 and L3 edges, respectively) to empty electronic
state above the Fermi level cause the white lines. Region A is at
1030 eV, region B is in the range 1039-1055 eV and region C is in
the range 1059-1064 eV respectively. Region B corresponds to L3
edge and C to L2 respectively.

Conclusion
Successfully Au ion irradiated Zn1-xNixO (x= 0.0, 0.02, 0.04, 0.06)
thin films have been grown on Si (100) substrate by PLD. Au/
Ni doping effect on the structural, optical, morphological and
electronic structure properties have been examined. For the
structural analysis XRD is performed which reveals the preferred
orientation of the as deposited thin films along (002) plane. A
secondary phase of Au2O3 has been found in the thin films which
disclose that ions are not completely incorporated into the thin
films but are residue on the thin films and hence produce defects
in the thin films. An increase in the crystallite size has been found
in the thin films, this increase is due to the difference in the ionic
radius of the Zn2+ (0.74 Å) and Ni (0.69 Å) and also reveals that
crystallinity has enhanced. Peaks are shifted towards the smaller
angle as a result the lattice expansion occurs. Volume of the films
has been calculated which increases by increasing Ni contents.
Bond length has been observed to be increase by increasing Ni
contents. Strain and stress has also been found in the thin films
due to the shifting from bulk to the thin film.
A UV-Vis analysis result in the reduction in the bandgap of
the thin films has been found. The bandgap of the thin films
first decreases, when the content of the Ni are low and then it
increases by increasing Ni contents. The morphology of the
thin films has been investigated by FESEM which reveals that
the defects are produced on the surface of the thin film due to
ion irradiation. XANES confirms the presence of the Ni, Zn, O
in the ion implanted thin films. The successful incorporation of
Ni and Au into ZnO lattice will definitely enhance the magnetic
properties of ZnO and hopefully this will be the best material for
spintronics application.
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