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The role of cobalt doping in tuning the band gap,
surface morphology and third-order optical
nonlinearities of ZnO nanostructures for NLO
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The work presented here reported the effect of doping cobalt (Co) in ZnO thin films. The thin films were
prepared using the spray pyrolysis technique with 0, 1, 5 and 10 wt% cobalt doping concentrations to
study the morphological, optical and third-order nonlinear optical (NLO) properties. X-ray diffraction
revealed the crystalline nature of the prepared thin films, and the crystallite size was found to increase
with the concentration of doped Co. The morphology and surface topography of the films were largely
influenced by doping, as indicated by field emission scanning electron microscopy (FESEM) and atomic
force microscopy (AFM). With an increase in Co-doping concentration, the direct optical energy band-
gap value increased from 3.21 eV to 3.45 eV for pure to 10 at% of Co concentrations respectively. To
study the NLO properties of the prepared thin films, the Z-scan technique was adopted; it was observed
that with an increase in the doping concentration from 0 to 10 wt%, the nonlinear absorption coefficient
(8) was enhanced from 4.68 x 107° to 9.92 x 1073 (cm W), the nonlinear refractive index (n,)
increased from 1.37 x 1078 to 2.90 x 1078 (cm? WY, and the third-order NLO susceptibility (x'¥) values

Received 23rd April 2019 also increased from 0.79 x 107° to 1.88 x 107° (esu). At the experimental wavelength, the optical
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limiting (OL) features of the prepared films were explored, and the limiting thresholds were calculated.
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The encouraging results of the NLO studies suggest that the Co:ZnO thin film is a capable and
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1. Introduction

ZnO is a transparent conducting oxide (TCO) film having
applications in various devices such as varistors, UV-light
emitters, gas sensors, piezoelectric transducers, solar cells
and smart windows due to its wide-range-energy band gap (i.e.,
=3.37 eV)." Because of its higher band-gap energy, ZnO permits
optoelectronic devices to operate in visible and short-
wavelength ranges, thereby meeting the enhanced demands of
the optoelectronic industry.” The doping of ZnO is achieved via
impurity atoms and it has widespread technological applica-
tions in optoelectronic devices and microelectronics.®* The
doping materials and substituted ions for ZnO samples can
considerably affect their optical properties due to changes in
the crystal structures.* Due to the enhanced optical and
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promising material for nonlinear optical devices and optical power limiting applications.

electrical properties for optoelectronic device applications,
there are many reports on the ZnO thin films doped with
a variety of materials such as Al, In, Ga, Mn, Sn, and Co.>®
Among these materials, cobalt (Co) possesses large optical
transmittance and similar ionic radius to that of ZnO (Co*" ~
0.08 nm, Zn>* ~ 0.074 nm). The optical and the NLO properties
of ZnO thin films can be tuned by appropriate dopants.>** The
influence of Co into the host ZnO, the size of the nanocrystals
were varied and could be the conducting layers for numerous
applications such as solar cells and transparent display
devices' In particular, Zn,; ,Co,O as a TCO film exhibits
numerous advantages over ITO since both Zn and O are abun-
dant and non-toxic elements.*

Several deposition techniques such as chemical vapor
deposition,** magnetron sputtering,'® pulsed-laser deposition,*®
atomic-layer deposition,'” sol-gel'® and spray pyrolysis* have
been used to prepare ZnO films. Spray pyrolysis (SP) is well-
suited for the deposition of large-area thin films and is very
useful for optoelectronic device applications. As a chemical
method, it is advantageous over other physical methods owing
to convenience, high growth rate and lack of wastewater
discharge. A literature review confirmed that divalent ions such

This journal is © The Royal Society of Chemistry 2019
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as Ni, Zr, Ce, F, Er, Al, Sn, F and In*** have been used as
dopants in ZnO thin films for NLO device applications, whereas
only a few reports describe the third-order NLO properties of
Zn,_,Co,0 thin films.?® To design and intend metal doped ZnO
material as the versatile NLO devices with the cost-effective and
enhanced performance we need to realize the doping effect on
the basic physical mechanisms of optical nonlinearity arising in
it.

To study the third-order NLO properties with various
morphologies in nanostructured transition metal-doped ZnO
thin films, researchers have used the Z-scan technique.*” The
results show that metal-doped ZnO is a potential material for
NLO applications because of its tunable energy band gap,
enormous absorption cross-sections and excited-state absorp-
tion (ESA) characteristics. Rare earth metal like Al, erbium (Er)
and Ni are much affected on NLO properties of ZnO.?*"** Due to
the low cost and large optical transmittance in the visible
region, the NLO properties of ZnO can be enhanced using
elements from group III such as In, Ga and Al*"** In particular,
two- and three-photon NLO absorptions (2PA/3PA) for In-doped
ZnO wires were determined by the Z-scan technique at 532 nm
and 1064 nm laser wavelengths.*® Also, doping with Co results
in variations in the optical energy band-gap ‘E;’.>* According to
the Burstein-Moss effect, the ‘E,’ value increases with the
strength of carrier concentration in the conduction band. This
can also be verified using the morphology of the samples. Co
doping in ZnO thin films has been restricted to low concen-
trations. Under CW laser illumination, the self-focusing and
self-defocusing effects are usually associated with the refractive
nonlinearities of thermo-optic origin.** In our study, we focused
mainly on the doping effect of cobalt for the enhancement of
third-order NLO properties. Therefore, in the current study, we
attempted to dope Co in ZnO by varying weight percentages
using the SP technique; to study the NLO properties, the Z-scan
technique was used.

2. Experimental

2.1 Sample preparations

Pure ZnO and CZO (Co-doped ZnO) thin films with 0, 1, 5, and
10 wt% of Co were prepared using the SP technique on glass
substrates at 350 °C. By dissolving zinc acetate (Zn(CH3;COO),-
-2H,0) in distilled water, a standardized solution was prepared
at a concentration of 0.1 M. To prepare the doped films, cobalt
acetate (Co(CH;COO),-4H,0) solutions (1, 5 and 10 wt%) were
added to the precursor solution. The solution was sprayed
directly onto the substrate. A stream of air was used to help the
atomization of the solution through the nozzle. Glass substrates
(7.5 em x 2.2 cm X 0.1 cm) were washed with detergent,
acetone and double distilled water and then dried before the
deposition. Substrates were kept on the hot plate after the
deposition-temperature is stretched. All the films were annealed
for about 1 hour at 350 °C. Other spray pyrolysis deposition
conditions for the fabrication of the nanostructured films are
shown in Table 1. The following chemical reaction shows the
formation of the nanostructured Zn,_,Co,O films.
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Table 1 Optimum deposition conditions for the Zn;_,Co,O thin films

Spray parameters Values
Substrate temperature 350 °C
Carrier gas pressure 2 bars
Nozzle to substrate distance 24 cm
Spray rate 1 ml min !
Diameter of nozzle 0.8 mm
Spray duration ~15 min
Zn(CH;COO0),-2H,0 + Co(CH;C00),-4H,0
350 °C
——— 7ZnCo0O| 4+ CO,1 + CH4 1 + steam
decompose

Colourless deposition of pure ZnO film was obtained at the
end of the reaction and all the prepared Co-doped films were
greenish in colour. The films were then annealed for about an
hour at a temperature of 350 °C.

2.2 Material characterizations

The as-prepared Zn, ,Co,O films were strongly adherent to the
glass substrates. The thickness was measured by the gravi-
metric weight difference method using a sensitive microbalance
and SEM cross-sectional analysis method assuming that the
samples were uniform. The thickness of all the prepared films
was found to be 0.35 pm, with an accuracy of 2%. The structural
properties of the prepared films were studied by a Bruker's XRD
source with a wavelength of 1.5406 A by varying the diffraction
angle (26). FESEM was carried out to analyze the grain size of
the particles, and AFM was used to study the surface roughness
in the film. Elemental analysis of the prepared films was
determined using EDAX. The optical parameters such as
absorption coefficient, transmittance and optical energy band-
gap (E;) were determined using a UV-visible double-beam
spectrophotometer. The third-order NLO properties of the
deposited films were measured using the standard Z-scan
technique under a DPSS continuous wave laser operated at
a wavelength of 532 nm with an output power of 200 mW.

2.3 NLO characterizations

The Z-scan technique developed by Sheik Bahae®*® was adopted
to study the third-order NLO properties of the prepared thin
films. This single-beam technique offers high sensitivity and
simplicity for measuring the magnitude of nonlinear absorp-
tion (NLA) as well as the sign and magnitude of nonlinear
refraction (NLR). Fig. 1 shows the experimental setup of the Z-
scan technique. The transmitted intensity through the sample
was measured using a photodetector. The laser beam was
focused to a spot size of 32 pm using a convex lens to give an
intensity of 8.48 x 10 W m™? at the focus. For both open-
aperture (OA) and closed-aperture (CA) traces, the intensity of
the transmitted beam was measured as a function of the sample
position Z. The Rayleigh range (Zg) was found to be higher than
the film thickness; thus, the sample approximation is valid.

RSC Adlv., 2019, 9, 22302-22312 | 22303
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Fig. 1 Experimental Z-scan setup.

3. Results and discussions
3.1 Analysis of structural properties using X-ray diffraction

The structural properties of the prepared films were assessed by
an X-ray diffractometer (XRD) having wavelength of 1.5406 A
through the precise range from 20° to 65°, as shown in Fig. 2(a).
All peaks in the recorded XRD pattern were identified and
indexed with JCPDS card number for ZnO - 00-001-1136 and for
Co - 01-089-7373, which confirms the diffraction patterns cor-
responding to the planes (10 0),(002),(101),(102)and (100)

(@) (002) (a) Undoped ZnO
2.5x10" —— (b) 1% Co doped ZnO
(c) 5% Co doped ZnO
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Fig. 2 (a) XRD patterns of undoped and Co-doped ZnO thin films. (b)

JCPDS standard peaks.
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were correctly indexed to the hexagonal wurtzite ZnO structure
and it reveals that through Co-doping the crystal structure of the
ZnO is unchanged, hence it implies that, there were no
secondary phases such as Co clusters or oxides. All the prepared
films exhibited preferential growth orientation along the (002)
plane.*”

It is observed from Fig. 2 that the intensity of the (0 0 2) peak
increases with the Co concentration. We also detected
a minimal shift in the position of the (0 0 2) diffraction peak
toward lower values of the diffraction angle (26). The broad peak
indicated the formation of a nanostructure. The crystallite size
was calculated based on the width of the (0 0 2) peak, which
appeared at 34.18° on the 26 scale, using the Scherrer relation:*®

0.92

Dyy = ———
¢ Bcosf

(1)
Here, D, is the crystallite size, § is the Bragg's angle and § is
the full width at half maximum (FWHM), which is given in
radians.

From the XRD observation, the lattice constants (a and c¢) and
the inter-planar spacing (dn) were calculated using the
following equations:*

1 4(h2+hk+k2)+ﬁ
o 3a? c2

(2)

iy’
Here, d is the interplanar distance and 4, k and [ are the Miller
indices. The lattice constants a and ¢ were calculated using the
following equations:

A
= §no (3)
A
a= - (4)
33 sin 6

It can be seen that the lattice constant (a,) decreases as the
concentration of cobalt increases. We also estimated the
dislocation density (6) and lattice strain of the prepared films
from the current structural studies using the following
relation:**

6= 25 (5)
Here, n = 1, which indicates the lowest dislocation density of
the film, and D is the crystallite size. Usually, the number of
dislocations per unit area determines the dislocation density of
the film. These data show the quality of the films and defect
states in a given material. In the current study, the dislocation
density of the Zn;_,Co,0 films decreased from 2.5860 x 10
m ™2 for pure films to 0.6090 x 10"> m~2 for 10 wt% Co-doped
ZnO films, which indicated that Co incorporation in ZnO
decreased the defects in the films. The lattice strain of the
current thin films was also determined using the formula

(Table 2):

B cos @
&=

: ©
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Table 2 XRD results for the structural parameters of Zn;_,Co,O thin films

Lattice

parameters

(A

Roughness

Samples (Wt%) 20 (002) diy (B) (£1%) a c FWHM D (nm) (£2%) ‘e 9’ x 10" (m™?) (nm) (£2%)
0% Co 34.18 2.62 3.66 5.24 0.73 19.68 0.59 2.58 3.68
1% Co 34.29 2.60 3.62 5.21 0.42 34.46 0.34 0.84 0.91
5% Co 34.27 2.61 3.63 5.22 0.42 34.49 0.34 0.84 0.56
10% Co 34.30 2.61 3.63 5.22 0.35 40.52 0.29 0.60 0.31
3.2 Morphological, elemental composition and surface 3.2.2 Energy dispersive X-ray analysis (EDAX). The

topography studies

3.2.1 FESEM analysis. To analyze the microscopic charac-
teristics of the prepared Zn, ,Co,O thin films, FESEM was used.
The microscopic features have a substantial impact on the
structural properties of the prepared thin films. Fig. 3(a-d) show
the FESEM images of the Zn;_,Co,O thin films. The SEM data
revealed a dense microstructure with flakes emerging from the
surface. A closer examination revealed that there were pores in
the film, which were randomly distributed. The films prepared
with 5 and 10 wt% Co exhibited porous morphology and well-
packed structures. The most drastic change occurred in the
microstructure of 5 wt% Co-doped ZnO films. The ZnO thin film
doped with 10 wt% of Co showed microstructures ranging from
dense films to slightly porous microstructures, micro/nanorods
and nanowires. However, the grain sizes of the thin films were
enhanced with the increase in dopant (Co) concentration. This
result agreed with the calculated XRD data. From these images
it is observed that the formed transition metal doped ZnO films
are highly yielded surface and the average sizes of the nano-
particles are 80-100 nm.

s> 5 1§
ENT= 600K Sl A= iniess Mg e 10000 KX

elemental composition of the fabricated films was obtained
using EDAX; the results are shown in Fig. 4. As expected, all the
prepared films have the elements Zn, O and Co. The decreased
O/Zn ratio attained for the coated films suggested that the films
are marginally lacking in oxygen or have surplus zinc. At higher
substrate temperatures, i.e., >300 °C, films with perfect stoi-
chiometry were obtained. Also, with increased carrier concen-
tration, the growth mechanism of the ZnO thin films improved.

3.2.3 Surface topography. The nanoscope software was
used to calculate the roughness values of the prepared films.
Fig. 5(a) shows the surface roughness of the prepared films. The
results are in good agreement with the XRD results, showing
a standard orientation, ie., along the (0 0 2) plane. The
formation of an island structure in the film increased the
number of columnar grains in the 10 wt% Co-doped film. The
surface roughness value of the prepared films decreased on
increasing Co doping. The increase in Co doping usually results
in the segregation of the secondary phase in the grain bound-
aries, thereby hindering the grain growth and deteriorating the
crystal structure. Therefore, the grain growth was inhibited

(a) Pure ZnO

Signal A= inLens  Mag = 180.00KX WD = 4.8mm

ENT = 6008

(b) 1% Co

EMT= 600K/  SignalA=inlens Mag= J0000KX  WD= 48 mm

(¢) 5% Co

Fig. 3 FESEM images of undoped and Co-doped ZnO thin films.
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Fig. 4 EDAX images of undoped and Co-doped ZnO thin films.

because of the decreased diffusivity, which in turn increased the
grain size. As the grain size became larger, the surface rough-
ness further decreased.

3.3 Optical properties

To study the nature of the electronic transitions for the as-
grown ZnO thin films, the optical absorption spectra for all
the deposited films were recorded in the range of 300-800 nm
using a UV-visible double-beam spectrophotometer, as shown
in Fig. 6. To obtain detailed information about the E, values of

Fig. 5 AFM micrographs and surface roughness of undoped and Co-
doped ZnO films elaborated at different doping concentrations: (a and
b) pure ZnO, (c and d) 1% Co and (e and f) 10% Co.
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Spectrum 1
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(b) 1% Co

Spectrum 1
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(d) 10% Co

the films, the dependence of the absorption coefficient («) on
the photon energy (E) in the high absorption region was
analyzed. The results showed that the undoped film exhibited
transmittance of 70% for wavelengths longer than 500 nm.
Furthermore, small absorption bands can be noticed in the
range of 590-690 nm for the Co-doped ZnO samples. The
absolute strength of these absorption bands increased almost
linearly with the increase in Co concentration. Since the ionic
radius of Co** (72 pm) is similar to that of Zn*" (74 pm) in the
tetrahedrally coordinated structure, this phenomenon can be
attributed to the d-d transitions of the tetrahedrally coordi-
nated Co®".** These transitions cause change in the sample
color from white to green.

The spectrum shows high transmittance in the visible and
infrared regions and low transmittance in the ultraviolet region.
The maximum transmittance observed was about 95% for the
undoped ZnO sample. The absorbance decayed rapidly at
shorter wavelengths corresponding to the band-gap of the
prepared films. The energy band-gap of a material increases
because of the interaction of the electrons in accordance with
the input photon energy. The higher concentrations increasing
the band gap which can be attributed due to increasing the
electron concentration is providing more energy by photon to
jump from valance band to conduction band. The absorption
coefficient (a) values of the prepared thin films at different
doping levels of Co were >10* ecm ™", which implied the increase
in probability of the occurrence of direct transitions. The energy
band-gap was calculated using the following relation:*?

ahv = A(hv — Ep)” (7)

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 UV-visible spectra for (a) absorbance (ar.u.) and (b) transmittance vs. wavelength for the undoped and Co-doped ZnO thin films.

Here, A is a constant, « is the absorption coefficient, and N is
a constant equal to 2 for an indirect transition and 0.5 for
a direct transition. The (ahy)” values against photon energy are
represented in Fig. 7. An optical direct energy band-gap (Ey)
values were found to be 3.21, 3.25, 3.41 and 3.45 eV for the
Zn, ,Co,0 films with x = 0, 1, 5 & 10 wt% of Co, respectively. It
was noticed that the E, value increased with the increase in
doping (Co) concentration.

3.4 Third-order NLO properties

A high-intensity laser radiation incident on a thin film material
causes special phenomena such as second- and third-order NLO
effects. These effects are due to the interaction of induced
polarization (p) with an applied electric field (E). The interaction
is a linear function at a low intensity, which provides linear
optical effects, and they produce a nonlinear function at a high
intensity. The nonlinear electronic polarizability (Pyy) is deter-
mined using the following equation:

P=xVE+ Py (8)

150
°__ = (d) 10% Co doped zno | (a (d)
= (c) 5% Co doped ZnoO
= ———(b) 1% Co doped ZnO
a= (a) Pure ZnO
£
o 1004
>
L
o
7~~~
2
£ w.
-
0
— v v —

L] v L)
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
Photon Energy (eV)

Fig. 7 (ahv)? vs. photon energy for undoped and Co-doped ZnO thin
films.

This journal is © The Royal Society of Chemistry 2019

Here, Py, = xPE + x®E and it is the nonlinear polarizability;
Y, x® and x® are the linear, second, and third-order NLO
susceptibilities, respectively. To estimate the intensity depen-
dency of the nonlinear absorption and nonlinear refraction
processes for the thin films, OA and CA Z-scan experiments were
carried out at an input intensity of 8.48 x 10" W m™>.*® Fig. 8
illustrates the open aperture measurements for the Co-doped
thin films. For each z position, the sample will see a different
laser density and the sample transmission for different z posi-
tion is measured using a laser energy meter. Many organic and
inorganic samples show a change over from saturable absorp-
tion (SA) to reverse saturable absorption (RSA) and vice versa.**

3.4.1 Nonlinear absorption. The nonlinear absorption
coefficient (8) was determined from the OA Z-scan measure-
ments. The recorded open aperture pattern clearly demon-
strates that all materials display nonlinear absorption, and the
inverse saturable absorption-type behavior is due to maximum
transmittance at the focus. As the sample is moved away from
the source, the normalized transmittance increases with respect
to the focus (Z = 0) and then, it is reduced as the sample moves
closer to the source. When the sample is far from the beam
waist, no transmission change is evident. A nearly linear rise in
transmission from the wing to peak is noted in the experimental
information. A similar pattern of linear increase in trans-
mittance from the wing to the peak is noted under comparable
experimental conditions for other materials.*> The reason for
this may not be due to the nature of the material alone (scat-
tering problems), but it may also be due to the laser spatial
quality. In order to obtain a clear image of the transmittance
from the peak to wing region, a thorough inquiry must be
carried out by minimizing the Z-position interval and repeating
the experiment.

With reference to the focus (z = 0), the transmission is
symmetric and minimal. The presence of valleys in the OA scan
indicates strong RSA.*® To confirm the observed nonlinearity
and estimate the nonlinear absorption (8) coefficient, the
experimental OA data (represented as scattered circles) were

RSC Adv., 2019, 9, 22302-22312 | 22307
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Fig. 8 Open-aperture Z-scan traces for undoped and Co-doped ZnO thin films.

theoretically fitted (solid line) using the raw data. The 2PA
coefficient (8) was calculated using the following relation:*

L L
Topcn =1- 6 T

z
2\/§1+?

o

] ©)

. . 1—expd |
is a beam waist; Legr = [—p} is the

Twe

Here, Z, =
b (o] 204)

effective thickness of the sample; « is the linear absorption
coefficient at a wavelength of 532 nm; d is the sample length; I, is
the intensity of the laser beam; and ( is the NLA coefficient. Fig. 8

Table 3 Third-order NLO parameters of Zn;_,Co,O thin films

depicts the relationship of the normalized transmittance T to the
distance (z/z,) for different Co-doped ZnO films. The obtained
NLA coefficient (8) values are shown in Table 3. The nonlinear
absorption coefficient of the films apparently increased with the
increase in doping concentration. However, as CW lasers were
used as a source of excitation in the current situation, the source
of nonlinearity was solely thermal, and the sample acted as
a thermal lens.*” Thus, the nonlinear absorption observed is
anticipated from the open aperture pattern signature, which is of
reverse saturable absorption type in the current situation. Here,
multi-photon processes cannot explain the source of nonlinearity
as CW lasers generate weak electronic effects and the original
nonlinearity is solely due to thermal effects.

NLA coefficient

Composition (§) x 107° cm NLR index (1,) x 10~° cm®

Real part of NLO
susceptibility x 107° (xzx®)

Imaginary part of NLO Third-order NLO
susceptibility x 1077 (ximg") susceptibility

of Co W (£2%) W (+2%) esu esu (x®) x 107 esu (£5%)
Pure ZnO 4.68 —1.37 0.78 0.12 0.79
1% Co 5.31 —1.54 0.88 0.13 0.89
5% Co 7.53 —-1.94 1.35 0.18 1.36
10% Co 9.92 —-2.90 1.87 0.24 1.88

22308 | RSC Adv., 2019, 9, 22302-22312

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03006a

Open Access Article. Published on 18 July 2019. Downloaded on 11/14/2025 4:54:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

3.4.2 Nonlinear refractive index. The nonlinear refractive
index (n,) of pure and Co-doped films was determined using the
CA Z-scan technique.*® The aperture was kept at the front of the
detector and allowed us to find the sign and also the magnitude
n, of all Co-doped ZnO films. In the input intensity spectrum
engaged in the studies, closed aperture traces could be repro-
duced and demonstrated the existence of a powerful nonlinear
refractive behavior. The nonlinear refractive behavior of the
sample under CW laser excitation is equal to the creation of an
induced positive or negative lens, resulting in a self-focusing or
self-defocusing behavior. The nonlinear response from the
sample was obviously noticeable with the distance during the
measurement, shown by an intensive self-focused disk when
the sample was nearer to the lens and the laser source on the
side and as a self-defocused optical vortex when the sample was
on the opposite side of the focal point. The recorded normalized
closed aperture Z-scans display a pre-focal peak, followed by
a post-focal valley, showing the adverse nonlinearity of the
sample and the defocusing lensing impact (negative nonlinear
refraction). This may be due to the thermal nonlinearity
resulting from the absorption of radiation at 532 nm. In the
closed aperture pattern, the scattered circles represent the
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experimental data, and the solid line is the theoretical fit, as
proposed by Sheik-Bahae. The closed aperture results are shown
in Fig. 9. Using the results of n, and B¢, the NLO susceptibility
x® was determined by the following equations.” First, to
determine the phase shift (A¢,), the experimental CA data were
fitted theoretically using the following equation:

4XA¢,

@ =1y

(10)
Here, x = z/z,. With the A¢, value obtained from the relation
A¢o = KnyIoLegr, the nonlinear refractive index (n,) was calcu-
lated. The real part of the third-order NLO susceptibility was
determined through the following equation:

Rex® = 2Cnyeony’ (11)

The imaginary part of the third-order NLO susceptibility was
determined using the following relation:

@ _ CeoABny?

I
ox 2T

(12)
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Fig. 9 Closed-aperture Z-scan plots for undoped and Co-doped ZnO thin films.
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Using the above results, the magnitude of NLO susceptibility
was expressed using the following equation:*
Xl = Rex® + ilmx ) (13)
The third-order NLO properties are shown in Table 3. The
increasing behavior can be explained in terms of the improve-
ment in crystallinity with the Co doping concentration. Optical
nonlinearity also increased at higher Co concentrations due to
the increase in carrier concentration. The structural properties
and surface roughness are the key factors for the scattering of
light intensity for films and generate the highest NLO response.
We conducted a Z-scan experiment on the plain glass slides
used and found negligible contributions for both nonlinear
refraction and nonlinear absorption at the input intensity used.
Therefore, at the input intensity used, any contribution from
the plane glass slide to the observed nonlinearity is negligible.
Continuous wave (CW) lasers having powers ranging from pw
to kW are widely used in various applications.®* This necessi-
tates the need for protecting optical sensors and human eyes
from the high-intensity laser beams. The factors like the
nonlinear absorption figure of merits ‘W (FOM) for all the
prepared thin films were studied and evaluated using the
following equation:
Loy

W= 14
™ (14)

Where, I, is the intensity of light to which the NRI is subjected.
FOM depends on the value of the nonlinear refractive index and
increases with the doping concentration. For useful optical
device applications, the value of ‘W’ must be greater than one.**
In the current Co-doped ZnO films, the value of W was found to
be nearly 1. It was also noted that the number of clusters
interacting with the laser beam increased with decrease in the
crystallite size, which eventually led to an increase in the
nonlinear optical susceptibility and hyperpolarizability. The
peak-valley patterns obtained under the closed aperture
configuration of the normalized transmittance curve reveal the
self-defocusing behavior of the propagation in the samples,
a property with wide applications for protecting the optical
sensor. The recorded NRI (n,) value was high for all these doped
films compared to those of some previously reported materials
of interest.** However, the actual potency of these materials was
strongly dependent on n, for optical switching-based applica-
tions. The change in refractive index, as indicated by the
thermo-optic effect,® occurred because of the higher thermal
contribution of the non-radiative relaxation of the excited levels,
which caused phase changes in the material. Optical nonline-
arity is temperature-dependent, and the outcome rise in third-
order nonlinearity. In the present case, nonlinearity was
thermal in nature because a CW laser was used. The peak-to-
valley (Tp.y) separation was approximately twice the Rayleigh
range (Zg) of the laser used. We believe that nonlinear scattering
is the reason for the minor deviations of the theoretical fit to the
experimental data. When the medium is illuminated by a laser,
at higher doping concentrations, a large number of particles are
thermally agitated because of the local heating of the absorbing
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medium, resulting in temperature variation in the sample
medium.>

3.5 Optical limiting studies

Over the past few years, studies on materials with optical
limiting behaviors have focused on nonlinear inorganic mate-
rials, and this is usually due to the nonlinear absorption of the
molecules. The critical power of the laser beam at which
nonlinearity begins to influence transmission can be assessed
by an optical limiting procedure. For weak optical signals,
a device must show very high transmission and become opaque
for large optical signals.*® Currently, much interest is being
directed toward the search for novel NLO materials for optical
limiters that can be used to protect solid-state optical sensors
and optical devices exposed to intense laser beams. OL or
optical restricting is a phenomenon detected when the trans-
mission of a medium decays with the increasing input power of
the laser. A successful optical limiter will have a low restricting
threshold, stability, a fast response time, optical clarity and
high linear transmittance throughout the sensor bandwidth. OL
can be accomplished through numerous NLO mechanisms
such as MPA, free carrier absorption (FCA), nonlinear scat-
tering, excited state absorption (ESA), self-focusing, and self-
defocusing. Also, the optical limiting response was found to
increase with decreasing crystallite size in our investigations.
This is because the divergence angle due to self-defocusing and
absorbance decreases with the decrease in the crystallite size,
thereby increasing the clamping value.>

The source used to probe a nonlinear material is a CW laser.
Fig. 10 shows a typical OL curve concerning the input fluence. It is
obvious that the curve departs under strong irradiance from the
Lambert-Beer's law, leading to OPL in the thin film. The Gaussian
beam input intensity profiles at different positions (z/z,) were
assessed, and the transmitted power through the prepared films at
each (z/z,) position was recorded.* The OL threshold values of
undoped ZnO and 1, 5 and 10 wt% Co-doped ZnO were found to be
7.8, 5.8, 2.8 and 2.1 k] cm™?, respectively. Thus, the fabricated
films are stimulating materials for all-optical switching devices.
The result of our article are in excellent agreement with some

o
o
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s
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g 0.804 = Theoretical “ pl
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Fig. 10 Optical power limiting response of the fabricated undoped
and Co-doped ZnO films.
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previously reported NLO of ZnO materials; also, the magnitude of
the third-order NLO susceptibilities is at least one order higher
compared to that reported in ref. 57. In our current material, it was
confirmed that the crystalline quality of the films is the key factor
for the large NLO properties. Under CW laser excitation, the
thermal effect will enhance ESA, indicating that ESA-assisted RSA
is the NLO mechanism responsible for the OL behavior of the
prepared Zn,;_,Co,O films.*®

4. Conclusion

To sum up, thin films of undoped and Co-doped ZnO were
prepared by the spray pyrolysis technique. The strong influence of
Co doping in the ZnO thin films on the structure and morphology
was observed, and the enhancement in linear optical and third-
order NLO properties was found. The XRD patterns showed an
excellent crystalline behavior with the hexagonal wurtzite structure
with preferential growth along the (0 0 2) plane. The FESEM
images showed that the prepared films have uniform surface
coverage over the substrate. The elemental composition of the
fabricated films was obtained by recording EDAX spectra; as ex-
pected, the elements Zn, O and Co were found. The surface
roughness of all the films was found to decrease with the increase
in Co doping. The thin films were optically transparent in the vis-
NIR region and possessed a direct band gap, which was found to
increase with the increase in doping percentages. The Z-scan OA
studies demonstrated a strong nonlinear absorption behavior (8 ~
1072 em W) for the doped thin films. All the samples were found
to possess enhanced NRI (1, ~ 10”° em* W™ ') and third-order
NLO susceptibility (x®) = 107 esu) values. Open aperture Z-scan
curves indicated a reverse saturable absorption behavior, and the
closed aperture curves showed negative nonlinear refractions.
Large phase shifts were observed due to the thermal contribution
from the CW laser. The Z-scan studies reflected the negative
nonlinearity of the samples; hence, the self-defocusing nature was
responsible for the optical limiting behavior in the regime of
interest. These encouraging NLO and optical limiting threshold
results indicate that the transition-metal Co-doped ZnO thin films
can be used in photonic devices and as optical limiters.
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