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a b s t r a c t

Calcium doped zinc oxide nanorods on ZnO seed layers were grown by hydrothermal method. Photo-
induced bicolour laser treatment was done on the samples and the effective second order nonlinear
coefficient (deff) has been measured. The morphology of the samples was investigated by the field
emission scanning electron microscope (FESEM) images. The structural parameters acquired from X-ray
diffraction (XRD) patterns have been correlated with the measured deff. The results have revealed that
15 mol% Ca doped ZnO nanorod showed maximum deff because of the Lorentz local field established
along the length of the nanorod. The aspect ratio and stress play a significant role in enhancement of deff.
The nonlinearity has been correlated with the absorption cross sections.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide (ZnO) is the most attractive and widely studied ma-
terial in the past two decades or so because it finds application in
the areas of optoelectronic devices, piezoelectric devices, spin-
tronics, lasing, solar cells and sensors [1e6]. It has excellent prop-
erties like high electron mobility, high thermal conductivity, high
transparency, wide and direct bandgap (3.37 eV), large exciton
binding energy (60 meV) at room temperature etc. ZnO can be
grown in nanostructure form easily. It can be grown by numerous
methods such as sputtering [7], chemical vapour deposition (CVD)
[8], pulsed laser deposition (PLD) [9], atomic layer deposition (ALD)
[10] and hydrothermal method [11e19]. Among these, the hydro-
thermal method offers many advantages such as low cost, conve-
nience with simple equipment, low temperature growth [14e19]
etc.
. Kalyanaraman).
In recent years the topical interest of wurtzite ZnO is its non-
linear optical (NLO) properties [20e27]. The nonlinear behaviour
is more for polar crystals like ZnO as the optical nonlinearity is
enhanced due to the formation of the charge density non-
centrosymmetry and creation of dipoleedipole interaction be-
tween the atoms at the surfaces. The nanomaterials of ZnO possess
cost-effectiveness and high damage threshold. Among the various
nanostructures of ZnO, nanorod (NR) is one of the suitable sil-
houettes for NLO applications due to its well-controlled growth
condition and significantly enhanced NLO responses with respect
to bulk materials. The nonlinearity is due to strong polarization
anisotropy and size/aspect ratio dependency on these materials
[23,28]. Lorentz local field effect is responsible for the size depen-
dent polarization anisotropy observed for them [23e25,28].
Photoinduced nonlinear optical effects in ZnO films [29,30], with
Au nanoparticle deposition [31], by doping rare earths like Nd [32],
Er [33] etc., have been studied earlier.

There are plenty of higher order NLO materials like ZnO. Espe-
cially with respect to second order nonlinearity, ZnO finds its ap-
plications in frequency converters in laser sources at new
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Fig. 1. Photoinduced effective second order nonlinear coefficient (deff) versus the po-
wer density during bicolour laser treatment.
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wavelengths, electro-optic switching, as modulators in telecom-
munication etc. These types of materials combined with inexpen-
sive diode lasers can be used for generating optical frequencies over
a broad range [34]. Second order nonlinearity could be tuned by
controlling the length, diameter and ordering degree of the cost
effective nanorods. Since we deal with the nanorods, it is possible
to evaluate only the effective second order susceptibility and defi-
nition of the particular tensor components is not possible for these
materials because they are not in the form of single crystals. For
determining the frequency conversion efficiency, gain and
threshold for optical parametric devices, the effective second order
nonlinear coefficient (deff) plays an important role [35]. This
parameter deff defines effective transformation of the laser light to
the doubling of frequency. Knowing this parameter we can do
direct changes in order to improve the important technological
parameters like efficiency of the fundamental laser beam from
1064 nm to the doubled frequency 532 nm of green signal which is
important for the laser frequency modulators. Additionally these
materials may be used for visible control of IR laser light of
1064 nm.

In our present study, after doping calcium in ZnO nanorod by
low cost hydrothermal method, the important second order
nonlinear parameter, the effective second order nonlinear coeffi-
cient (deff) was measured using photoinduced bicolour laser
treatment at 1064 and 532 nm. We correlated the structural pa-
rameters like stress, dimensions of the nanorod etc., with the
witnessed deff values in p-polarized geometry of the beam based on
the Lorentz local field.

2. Materials and methods

The soda lime glass substrates were cleaned by an ultrasonic
cleaner with aqua regia (HNO3:HCl in 1:3 ratio), acetone, ethanol
for each 20 min, then cleaned with deionized water and dried.
Before hydrothermal deposition, the normal glass substrates were
spin coated with ZnO seed layer which was prepared by solegel
synthesis. The preparation of ZnO seed layers was given elsewhere
[36,37]. For preparing nanorod, calcium is doped with ZnO by
taking zinc nitrate hexahydrate (Zn(NO3)2$6H2O), calcium chloride
dihydrate (CaCl2.2H2O) and hexamethylene tetramine (HMT,
C6H12N4) as the precursors. Calcium was incorporated at different
percentages such as 5 mol%, 10 mol%, 15 mol% and 20 mol% in the
ZnO matrix. The precursor solutions of 50 mM concentration were
mixed with deionised water and stirred in a beaker at room tem-
perature for half an hour. After filtration, the seed layers were
suspended inside this solution facing upside down. The beaker was
covered with an aluminium foil and kept at 90 �C in a hot air oven
[38]. After 4 h, it was taken out and the samples were cleaned by
sonication with deionised water and dried at 100 �C for 10 min. For
all these samples the photoinduced effective second order
nonlinear coefficient (deff) was measured using bicolour Nd:YAG
nanosecond laser at 1064 and 532 nmwavelength. Themorphology
was examined using the field emission scanning electron micro-
scope (FESEM, Zeiss Supra 55). X-ray diffraction patterns were
recorded using Bruker, Germany (Model: D8) X-ray diffractometer
with CuKa1 (1.5406 Å) radiation and subsequently analysed to
extract the structural parameters. The absorption spectrum was
recorded with Agilent Cary 5000 UVevisible spectrophotometer.

3. Results and discussion

Fig. 1 shows the dependence of photoinduced effective second
order nonlinear coefficient (deff) of calcium doped ZnO nanorods
grown by hydrothermal method with the intensity of the bicolour
laser beam. Douayar et al. (2013) has reported earlier about second
harmonic generations in Tm doped ZnO measured using the
bicolour Nd:YAG laser at 1064 and 532 nmwavelength. The similar
measurements were performed for our samples. Optimal ratio of
intensities between these two beams was equal to 5:1. Additionally
a cw 12 mW HeeNe laser beam was used as a probing beam in
Senarmont method to detect the photoinduced birefringence with
accuracy of 10�6 [39]. The p-polarized beam probed the samples to
witness deff. It was measured with respect to the intensity of the
incident laser beam [Fig. 1]. The measured deff values were 0.51,
0.75, 0.92, 0.68 pm/V for 5 mol%, 10 mol%, 15 mol% and 20 mol% of
CaZnO respectively and the maximum value is observed for 15 mol
% CaZnO. When the intensity of the laser beam reaches the satu-
ration level (Is), the deff value is found to decrease. However a
comparison with other forms of ZnO [32,40e42] indicates that the
obtained second order nonlinear coefficient values are considerably
higher.

In order to have a clear picture on the structure of the samples,
FESEM images have been taken. Fig. 2 shows the plane-view images
of all the samples. The inset images show the tilted (25�~45�) view
of the nanorods and the EDX spectra which confirm the calcium
doping. From the figure, it was obvious that the diameter of 15mol%
CaZnOwas smaller with respect to others. The average diameters of
5 mol%, 10 mol%, 15 mol% and 20 mol% CaZnO were found to be
~275, ~193, ~92, ~147 nm respectively. The length of the nanorods
varies for these samples from ~592, 712, ~670, ~488 nm. In our case
the diameters are changing monotonically and hence diameter
plays a vital role here. The change in dimension of the as grown Ca
doped ZnO nanorod induced optical nonlinearity via dipoleedipole
interaction based charge localization [43]. Here the interaction
might have taken place at the surface parallel to the diameter of the
nanorod and along its length. Having a larger dimension and ac-
commodating larger number of atoms along its length, the nanorod
was having higher interaction in the longitudinal axis rather than in
the transverse axis because in transverse direction the dimension
(diameter) of the nanorod is smaller than that is in the longitudinal
direction (length). Therefore the Lorentz local field has been set up
along the length of the nanorod and induces nonlinearity. This
Lorentz local field overshadowed the bulk effect and the nonline-
arity was superior in the nanorods along the c-axis. So in 15 mol%
CaZnO the longitudinal contribution of the Lorentz field dominated
the transverse contribution. From Table 1 it is evident that 15 mol%
CaZnO possesses higher aspect ratio. The deff values for all the
samples are having linear dependence on aspect ratio [44]. Hence



Fig. 2. FESEM images of Calcium doped ZnO nanorod samples. (a) 5 mol% (b) 10 mol% (c) 15 mol% & (d) 20 mol%. Inset shows the corresponding tilted view (25�~45�) and EDX
spectra of the nanorods.

Table 1
Effective second order nonlinear coefficient (deff), Intensity of the preparation beam and aspect ratio.

Calcium doping conc. in ZnO (mol%) deff (pm/V) Is (MW/cm2) Aspect ratio (l/a)

5 0.51 401 2.15
10 0.75 506 3.69
15 0.92 542 7.28
20 0.68 439 3.32

Table 2
Structural parameters calculated from XRD patterns.

Calcium doping conc. in ZnO (mol%) a (Å) c (Å) Crystallite size D (nm) Biaxial stress (GPa) TC(002)

5 3.247 5.193 46.365 �1.1675 3.5365
10 3.245 5.188 150.87 �1.5683 4.3817
15 3.250 5.206 44.85 0.0087 3.5586
20 3.251 5.210 47.41 0.3485 3.5334

Table 3
Observed optical parameters from UVevis absorption spectrum.

Calcium doping conc. in ZnO (mol%) Absorbance at 532 nm Absorption coefficient (a) at 532 nm � 104 cm�1 Band gap (eV)

5 0.96 3.250 3.235
10 1.53 5.116 3.187
15 1.86 6.210 3.250
20 1.37 4.603 3.260
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in p-polarized beam, which is mainly taken along c-axis, the deff
value is more for the nanorod with higher aspect ratio, in our case,
it is with 15 mol% CaZnO. Moreover the saturation intensity level
(Is) is also linearly depending on the aspect ratio as is evident from
Table 1.
The XRD patterns of the prepared samples were shown in Fig. 3
for further investigation. They were having the same wurtzite
structure consistent with the earlier reported values (JCPDS 36-
1451). The high (002) peaks [inset of Fig. 3] rendered high value of
texture coefficient (in Table 2) was a clear indication of c e axis



Fig. 3. XRD patterns of 5 mol%, 10 mol%, 15 mol%, 20 mol% of Ca doped ZnO nanorods.
Inset shows the (002) peak profile.

Fig. 4. UVevis absorption spectrum of 5 mol%, 10 mol%, 15 mol%, 20 mol% of Ca doped
ZnO nanorods.
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oriented growth of nanorods. The interaction between the film and
the substrate upon deposition caused this preferential growth. The
growth along the c-axis is dominant due to the high surface energy
of the (0001) plane [45]. Also there was no evidence for the for-
mation of secondary phase upon calcium doping. The (002) peak
occurs at 2q ¼ 34.52�, 34.55�, 34.45�, 34.40� for 5 mol%, 10 mol%,
15 mol% and 20 mol% CaZnO nanorods respectively. The diffraction
peak was shifted to higher angle for 10 mol% CaZnO and the lattice
constant c decreases since Ca gets substituted at Zn sites (ionic radii
of Zn2þ ¼ 0.074 nm and Ca2þ ¼ 0.099 nm). For higher concentration
of Ca, angle of diffraction decreases again resulting in an increase in
c-lattice constant. Such an increment can be attributed to increase
in interstitial Zn/Ca.

The mean crystallite sizes of the samples were calculated using
Scherrer's formula [46].

D ¼ 0:9l
bcosq

where l ¼ 1.5406 Å for CuKa1 radiation, b is the FWHM and q is the
Bragg angle.

15mol% CaZnO has the smaller crystallite size of ~44 nm and the
sizes are varied for all samples upto ~150 nm. The change in crys-
tallite sizes upon doping was due to the change in the values of
stress. The film thickness is small compared to the substrate and in
addition there is lattice mismatch leading to induced stress in the
nanorods. The biaxial stress was calculated [47] as:

s ¼
"
2C2

13 � C33C11 � C33C12
C13

#
c0 � c
c0

where, Cij is elastic stiffness constant of ZnO, C11 ¼ 209.7 GPa,
C12 ¼ 121.1 GPa, C33 ¼ 210.9 GPa and C13 ¼ 105.1 GPa.

∴s ¼ �453:6� 109
c0 � c
c0

As doping increases, initially the stress increases and a change in
compressive stress to tensile stress occur in 15 mol% CaZnO. This
sample has lesser crystallite size and having a 2q value closer to
bulk ZnO (34.43� e JCPDS 36-1451), so are the lattice constants a
and c. Hence this sample is having lesser biaxial stress coefficient.
So one can infer that 15 mol% CaZnO is in a kind of relaxed state
namely in a phase transition state (from compressive nature to
tensile, as evident from the values in Table 2). Hence it can
accommodate more number of dipoles leading to the enhancement
of photoinduced nonlinearity. A decrease in stress favoured the
decrease in the diameter of the nanorod [48] which in turn en-
hances the nonlinearity. The as-grown nanorods with different
diameters might be a stress-driven process. From the variation in
the state of stress we could understand the mechanism for diam-
eter control of nanorods. Lesser diameter leads to higher aspect
ratio. Along with the lesser stress values, the higher aspect ratio
also supports the enhancement in nonlinearity.

From UVevis absorption spectrum [see Fig. 4], it is evident that
the absorbance and absorption coefficient at 532 nm (wavelength
used for bicolour treatment) are found to have the maximum value
for 15 mol% CaZnO. Higher value of absorbance at the preparation
beam wavelength (532 nm) plays a decisive role in the determi-
nation of the observed effective second order nonlinear coefficient.
The linear absorption coefficient (a) increases with effective
thickness of the sample (Leff) by Leff ¼ [1-exp(-al)]/a [49]. Also the
thickness of the sample enhances the second order nonlinearity
[50]. Here 15mol% CaZnO is having the higher a (see Table 3) which
in turn has higher deff value. Hence the higher absorption coeffi-
cient enhances the nonlinearity in our samples. The band gaps of
the samples have been determined by the Tauc plot [Fig. 5]. The
inset of Fig. 5 shows the variation of band gap with the biaxial
stress. There is a linear relation governed by the equation
Eg¼ 3.25802þ 0.03409 sxx that exists between the band gap Eg and
biaxial stress sxx. The possible reason for this variation might be
due to the larger valence band maximum offset compared to con-
duction band maximum in ZnO. Also there might be a strong p-
d coupling in valence band of ZnO [51].

4. Conclusion

The photoinduced effective second order nonlinear coefficient
(deff) valuewasmeasured for 5mol%,10mol%,15mol% and 20mol%
of Ca doped ZnO nanorods grown by hydrothermal method. The deff
value depends not only on the aspect ratio, but also on parameters
like stress coefficient, absorbance etc. These parameters were
responsible for 15 mol% CaZnO to accommodate more number of
atoms along the longitudinal axis rather than transverse axis
leading to the formation of larger number of dipoles along c-axis
compared to basal plane. This much enhanced dipoles created
Lorentz local field in these directions. This Lorentz local field was
found to be responsible for the dipoleedipole interaction and ac-
counts for higher nonlinearity in these samples. So in 15 mol%
CaZnO there is an enhanced bond dipole moment along (0001)



Fig. 5. Tauc plot of 5 mol%, 10 mol%, 15 mol%, 20 mol% of Ca doped ZnO nanorods. Inset
shows the variation of band gap with biaxial stress.
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direction and leads to the increase in observed deff. Moreover
15 mol% CaZnO was held in a state of relaxation which in turn
boosted the formation of Lorentz local field. This type of highly
structure-dependent anisotropies of the photoinduced second-
order nonlinearity in calcium doped ZnO nanorods grown by low
cost hydrothermal method has greater potential in the applications
for nanolasers, high resolution photodetectors, electro-optic
switching, as modulators in telecommunication etc. These types
of materials combined with inexpensive diode lasers can also be
used for generating optical frequencies over a broad range. Addi-
tionally these materials may be used for visible control of IR laser
light of 1064 nm.
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