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a b s t r a c t

We have performed studies on the third-order nonlinear optical susceptibility of Al doped ZnO (AZO) thin
films using z-scan and third harmonic generation techniques. From the present studies, it reveals that the
introduction of Al in ZnO leads to substantial changes in the third-order nonlinear susceptibility. Addi-
tionally we have shown that using treatment by the 707 nm laser pulses of the Er:glass 20 ns laser also
influence on the third harmonic generation. Such behavior is explained by the photoinduced charge re-
occupation of the trapping levels on the borders substrate and ZnO. Further, the sign and magnitude of
nonlinear absorption coefficient beff, nonlinear refractive index n2, real and imaginary parts of third-order
nonlinear susceptibility were evaluated. Finally, the optical limiting studies for various concentrations of
AZO thin films were determined. Reverse saturable absorption was the dominant process leading to the
observed nonlinear behavior.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

There are many works devoted to studies of the nonlinear
optical properties of ZnO films [1,2]. Particular role belongs to
the orientation of ZnO films with respect to the substrate [3] and
the interface between the substrate and ZnO [4,5]. Most of the ef-
forts were devoted to the formation of the refined technologies in
order to improve the sample’s quality, however Kityk et al. [6]
established that even the use of simple spray deposition technol-
ogy may be of interest for the nonlinear optical properties in the
case when it is used the external photoinduced beam. For this
reason, in one of the part in the present work, we will study a
possibility of enhancement of the third harmonic generation for
the Al doped ZnO films using treatment by the pulsed laser beam.

Following the results of studies of binary Al2O3–ZnO system [7]
the solubility of Al2O3 in ZnO at temperature below 1200 �C do not
exceed 1% and during the enhancement of temperature the solubil-
ity of Al2O3 is partially enhanced. At higher content of Al2O3 there
occurs a compound ZnAl2O4 with spinal structure which is in

equilibrium with Al2O3. Exploring the compound structure within
the phase existence of the solid solutions (Zn,Al)1�yO and
(Zn,Fe)1�xO for Zn0.943Al0.038O [8] at 1973 K it was shown that Al
ions occupy the positions of Zn atoms.

An analysis of the crystalline structure for the binary compound
system Al2O3–ZnO system (Fig. 1) has shown for the two limiting
cases of ZnO or Zn0.943Al0.038O (Fig. 1a) (in Fig. 1a we have Zn0.93-

Al0.038O) as well as Al2O3 (Fig. 1c) [8] that the second coordination
surrounding [9] for oxygen atoms is of the one type – in the form of
hexagonal cubooctahedra. Within the one-type anion sub-system
the metallic atoms are situated in the different voids. The Al atoms
are situated opposite the fourth-angle planes in the octahedral and
the Zn atoms are situated opposite the triangle planes in the tetra-
hedral voids. For the intermediate compound ZnAl2O4 (Fig. 1b)
[10], which possesses the second coordination sphere in a form
of cubooctahedra the metallic components occupy the same voids
as well as in the starting binary compounds.

So the incorporation of Al into the structure of ZnO may lead to
a slight solvation of Al atoms and may lead to varying anionic
sub-lattice up to formation of ternary phase ZnAl2O4. For the solid
solution Zn1�xAlxO the three-valence Al+3 ions substituting the
two-valence atoms of Zn+2 in the range of existence of solid solu-
tion occupying non-proper for them tetrahedral coordinated bonds
which form optical active centers. Outside the range of the solid
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state alloys existence the exceeded Al atoms are connected to form
of the intermediate phase ZnAl2O4 possessing anionic sub-lattice of
other types and which forms their grains and is not scattered on
the borders of the output phase. This factor may play a decisive
role for use of the photoinduced treatment.

We will explore the dependence of the THG versus the power
density of the photo inducing laser beam as well as versus the dop-
ing content. Further, the sign and magnitude of real and imaginary
parts of third-order nonlinear susceptibility was determined by
using z-scan technique. Optical limiting, one of the application of
nonlinear optics, was also carried out for different concentrations
of AZO films. Section 2 describes technology of the sample’s prep-
aration and the z-scan experimental technique. Section 3 contains
principal results of the structural and photoinduced THG measure-
ments, the nonlinear absorption-refraction studies and the optical
limiting behavior for AZO thin films together with the appropriate
discussion.

2. Experimental

2.1. Sample preparation

Aluminum doped ZnO (AZO) thin films were deposited on glass substrate by
spray pyrolysis technique. An homogeneous solution was prepared by dissolving
zinc chloride (ZnCl2) [0.1 M] and aluminum nitrate (Al (NO3)3) in distilled water
at room temperature. Different solutions were prepared with different Al content.
Some drops of acetic acid (CH3COOH) have been added while stirring at room tem-
perature for 30 min to obtain a clear solution. The glass substrate was cleaned in
ethanol, rinsed in distilled water, and subsequently dried under nitrogen gas plate
and heated progressively until the deposited temperature is reached. All films were
deposited at 350 �C during 77 min with a flow rate of the solution fixed at 2.6 ml/
min.

2.2. z-Scan experimental technique

The third-order nonlinear susceptibility v(3) of AZO thin films were evaluated
by employing z-scan technique. z-Scan developed by Sheik-Bahae et al. [11,12] is
a single-beam technique which offers simplicity as well as high sensitivity for mea-
suring both nonlinear absorption (NLA) and nonlinear refraction (NLR) simulta-
neously. The schematic experimental setup used for z-scan technique is shown in
Fig. 2. In the present experiment, a polarized Gaussian laser beam is tightly focused
to a narrow waist using a lens. The sample is mounted on the micrometer transla-
tion stage and by translating the sample between +z and �z positions along the z-
direction, the transmitted intensity through the sample is measured, with and
without (S = 1) the presence of aperture at far field in front of the photodetector.
As the sample moves through the beam focus (z = 0), self-focusing or self-defocus-
ing modifies the wave front phase, there by modifying the detected beam intensity.
Z-scan experiments were performed by using Thor labs HRP350-EC-1 CW He–Ne
laser at 633 nm wavelength as an excitation source. The laser beam was focused

to a spot size of 36.78 lm and the Rayleigh length ZR of 6.71 mm using a 5 cm focal
length lens with input power 23 mW. The film thickness is less than the Rayleigh
length ZR and thus the thin sample approximation is valid [11,12].

Optical power limiting measurements were performed for the concentrations
1%, 3% and 5% of AZO thin films. The films were placed at the focal plane of the lens.
The input power of the laser beam was varied by using neutral density filter and the
resultant output power through the samples was recorded using a photodetector
fed to Thor labs PM320E dual channel optical power and energy meter.

2.3. X-ray diffraction and surface morphology

X’Pert Pro diffractometer was used to determine the X-ray Diffraction (XRD)
patterns with Cu Ka1 radiation (k ¼ 1:54056 Å). Surface morphology of AZO thin
films was performed by Atomic Force Microscopy (AFM, Dimension 3100).

3. Results and discussion

3.1. Structural and morphology

Fig. 3 shows the X-ray diffraction patterns of AZO thin films
with different Al concentration. Both undoped and doped films
have presented a polycrystalline single phase and all peaks corre-
spond to ZnO wurtzite structure with a preferential orientation
along the [002] direction. The lattice parameters, a and c, seem
constant about 0.318 nm and 0.520 nm, respectively. From the
XRD results we have determined the texture coefficient (TC), which
represents the texture of particular plane, whose deviation from
unity implies the preferred growth. The texture factor of particular
plan is defined by relation [13]:

TCðhklÞ ¼ IðhklÞ=I0ðhklÞ
n�1
P

nIðhklÞ=I0ðhklÞ ; ð1Þ

where I(hkl) is the measured relative intensity of a plane (hkl),
I0(hkl) is the standard intensity of the plane (hkl) taken from JCPDS
data [89-1397], n the number of diffraction peaks. The results are
summarized in Table 1. One can note that all the films present a
preferential orientation along the [002] direction and the higher

Fig. 1. Second coordination surrounding of the oxygen atoms and coordination surrounding for the compounds Zn0.943Al0.038O (a), ZnAl2O4 (b) and Al2O3 (c).

Fig. 2. Schematic z-scan experimental setup.
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Fig. 3. XRD patterns of AZO sprayed thin films.
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TC value for (002) plane was observed for thin film doped with 3%
of Al. The increase in preferred orientation along (002) plane is
associated to the increase in the number of grains along that plane.
The average crystallites size of AZO thin films was estimated using
the Scherrer’s formula along the c-axis [14]:

D ¼ 0:9k
B cos h

ð2Þ

where h is the Bragg’s diffraction angle of (002) plane, B is the
broadening of diffraction line at half its maximum intensity and k
the wavelength of X-rays. D values, which give the coherence length
perpendicularly to the substrate, are also listed in Table 1. We can
note that the higher value was obtained for 3% Al content in agree-
ment with the above TC values. This indicates that 3% of Al corre-
sponds to the optimal value. Above this value, defects can be
created, which can decrease both the texture and the grains size.

To support the last hypothesis, we have tried to extract some
information’s on the evolution upon doping of dislocations in our
films. Using the size of crystallites D and the thickness d, the dislo-
cation density d, the number of crystallites N per unit volume and
the strain e are calculated using the following formula [15] and
reported in Table 1:

d ¼ 1
D2 ; ð3Þ

N ¼ d

D3 ; ð4Þ

e ¼ Dð2hÞ cos h
4

ð5Þ

In accordance with the TC variation and d values, the small
values of the strain and the dislocation density were observed for
ZnO doped with 3% of Al. Hence, this sample presents the best
crystalline quality.

Fig. 4 shows the AFM images of undoped and ZnO doped with
3% of Al deposited on glass substrates. From the surface morphol-
ogy images, it can be seen that the in-plane grain size does not
change much and only a small part of the grains increased. The
surface roughness of the films depends on the aluminum doping
content. We observed that AZO with 3% of Al showed a uniform
grain size with the lowest root mean square (rms) value of about
24 nm, less than rms for undoped ZnO which was around 38 nm.

3.2. THG data

The dependence of the THG versus the pumping power densi-
ties are presented in Fig. 5. One can see that with increasing power
density the output THG signal was substantially enhanced. This
signal has achieved its maximum at about 600–800 MW/cm2. With
further enhancement of the power densities for all the samples
there occurred some saturation and even decrease of the THG.

The occurrence of such enhancement may be a consequence of a
competition between the photoexcited and relaxation processes on
the localized trapping levels. The THG dependences versus the Al
Content have shown substantially non-monotonous dependences.
And maximal increase was observed at 1% of Al. The further increase
of the Al content leads to a suppression of the THG maximum.

Such behavior may be explained within a framework of multi-
photon excitation s which for the more Al content becomes prefer-
able with respect to the third harmonic processes. Additionally
some role begins to play the interface trapping levels.

Additional control of the photoinduced surfaces has shown that
during the photoinducing processes the increase of temperature

Table 1
Various structural parameters of AZO sprayed thin films. x: Al doping, d: thickness, D:
crystallite size, TC: texture coefficient, d: dislocation density, N: number of crystallites
per unit surface area, e: strain.

x
(at.%)

d
(nm)

D
(nm)

TC
(002)

d
(104 lines m�2)

N
(1014 m�2)

e
(10�4)

0 410 67 2.30 2.2 14 5.4
1 250 57 2.26 3.0 13 4.6
3 455 94 3.01 1.1 5.4 4.6
5 455 73 2.72 1.9 12 5.0

Fig. 4. AFM images of the surface of AZO sprayed thin films. (a) ZnO:0% Al, (b) ZnO:3% Al.

Fig. 5. Dependence of the THG versus the pumping power density.
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did not exceed 3–4 K. There were also not any signs of photode-
structions. The results were averaged over more than 400 points
on the sample’s surface. The photoinduced THG signal was com-
pletely reversible and was absent after several ms. The THG signal
was observed only during the overlap of the photoinducing and the
fundamental beams.

3.3. Nonlinear optical studies using z-scan technique

Open aperture and closed aperture z-scan experiments were
carried out in order to estimate the intensity dependence of non-
linear absorption and nonlinear refraction process for Al doped
ZnO thin films at an input intensity of 1.08 � 107 W/m2. The open
aperture z-scan measurements for Al doped ZnO thin films are
shown in Fig. 6. When the samples are away from the focus, the
light intensity is low. As it is seen clearly in the figure, as the film

is translated towards focus, the transmittance increases and de-
picts saturable absorption (SA) behavior. But as the sample ap-
proaches focus, the transmittance decreases and forms a valley
indicating reverse saturable absorption (RSA) behavior. Variety of
organic and inorganic samples reported in literature behaved the
switch over behavior from SA to RSA and vice versa [16–21].

RSA behavior may results due to any of the nonlinear mecha-
nisms such as two-photon absorption (TPA), excited state absorp-
tion (ESA), free carrier absorption (FCA), nonlinear scattering or
with the combination of these processes [22]. The origin of RSA
is based on the two conditions, (i) the molecules present in ground
state and excited states can absorb the incident photons of same
wavelengths and (ii) the absorption of excited states must be larger
than that of the ground states. If the nonlinearity is due to
two-photon absorption (TPA) alone, the nonlinear absorption coef-
ficient beff should be a constant independent of on-axis input inten-
sity I0 [23]. But from Fig. 7, the nonlinear absorption coefficient beff

values decreases with increase in on-axis input intensity I0 which

Fig. 6. Open aperture z-scan traces of 1%, 3% and 5% Al doped ZnO thin films.

Fig. 7. Nonlinear absorption coefficient beff vs. on-axis input intensity I0 of 1%, 3%
and 5% Al doped ZnO thin films.

Fig. 8. Pure nonlinear refraction z-scan traces of 1%, 3% and 5% Al doped ZnO thin
films.
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is the consequence of sequential two-photon absorption [23].
Compared to TPA, FCA is a weak process and hence its contribution
to the nonlinear absorption is relatively less [24]. This suggests
that a higher-order effect, such as FCA accessed via two-photon
absorption is contributing to the NLA [24].

The closed aperture z-scan experiments were performed by
placing the aperture in front of the detector, allowed us to deter-
mine the sign and magnitude of the nonlinear refractive index n2

of Al doped ZnO thin films. Since closed aperture data obtained
from z-scan will contain both nonlinear refraction and nonlinear
absorption components, it is necessary to separate the nonlinear
absorption components from the nonlinear refraction so as to ex-
tract pure nonlinear refraction. Fig. 8 illustrates the closed aperture
z-scan profiles of the samples. The normalized closed aperture z-
scan curve exhibits a pre-focal transmittance maximum (peak)
followed by a post-focal transmittance minimum (valley) signature
for the samples. This peak-valley signature indicates the self-defo-
cusing property and it is represented by negative nonlinear refrac-
tive index n2. The sign of the nonlinear index of refraction n2 of a
sample is thus immediately clear from the shape of graph. The
physical origin of nonlinear refraction can be electronic, molecular,
electrostrictive or thermal in nature. The closed aperture z-scan
curves for both samples show a peak-valley separation of �2 ZR.
A peak-valley separation of more than 1.7 times the Rayleigh range
(ZR) is the clear indication of thermal nonlinearity. The nonlinear
absorption and nonlinear refraction coefficients are determined
from the open aperture and closed aperture z-scan data. The real
and imaginary parts of the third-order nonlinear optical suscepti-
bility v(3) is determined by using the nonlinear refractive index
n2 and nonlinear absorption coefficient beff by the following
equations [23,24],

vð3ÞR ðesuÞ ¼ 10�4 eoc2n2
o

p
n2 ðcm2=WÞ; ð6Þ

and

vð3ÞI ðesuÞ ¼ 10�2 eoc2n2
ok

4p2 beff ðcm2=WÞ; ð7Þ

where e0 is the vacuum permittivity and c is the light velocity in
vacuum. The obtained values of nonlinear refractive index n2,

nonlinear absorption coefficient beff and the real and imaginary
parts of the third-order nonlinear susceptibility of AZO thin films
are given in Table 2.

3.4. Optical power limiting studies

Optical power limiters have received significant attention in or-
der to control the intensity of light that are in demand for the
development of optical technology. An ideal optical limiter is
transparent to the incident laser light below a threshold level
and above the threshold clamping of light takes place, thus provid-
ing complete safety to the optical sensors and human eyes. The
optical limiting behavior for concentrations 1%, 3% and 5% of AZO
thin films was studied without aperture (s = 1) under cw He–Ne la-
ser illumination. Optical limiting measurements were carried out
by placing the sample near the focal plane of the lens and the
transmitted power through the sample is recorded for different in-
put powers. Fig. 9 shows the characteristic optical limiting curves
as a function of incident power varying from 0.2 up to 23 mW.
The deviation from linearity is observed for all the films and it is
tabulated in Table 2. The optical limiting threshold and optical
clamping values for 1%, 3% and 5% of AZO thin films are given in
Table 2. From Fig. 9 it is clear that for 1% AZO film, the optical
clamping takes place. Whereas for the 3% and 5% AZO films, there
is no clamping taking place. In the present case RSA is the leading
process for the observed nonlinear absorption.

The results of the article are in a good agreement about the
third-order susceptibilities performed in Ref. [25]. They have
shown that the doping of the ZnO films favors a higher conductiv-
ity, and there is a big conversion of the third harmonic signal at dif-
ferent dopants and at an appropriate concentration. As in our case
it was confirmed that the morphology and the crystalline quality of
the films are the main factors for this high conversion.

4. Conclusions

The third-order nonlinear optical properties of AZO thin films
was investigated using z-scan technique with CW He–Ne laser at
633 nm wavelength. They have established that for 1% AZO film,
the optical clamping takes place. Whereas for the 3% and 5% AZO
films, there is no clamping taking place. In the present case RSA
is the leading process for the observed nonlinear absorption. For
1% AZO film, the optical clamping takes place. The films were
characterized with a negative nonlinear refractive index. AZO films
displayed both SA and RSA absorption behavior. The films exhib-
ited a good optical limiting under the experimental wavelength.
The presented results confirms the possibility to use the films as
optical limiters and tripled frequency modulators.
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Table 2
Third-order nonlinear optical parameters, optical limiting and clamping of AZO thin films.

Sample beff (cm/W) n2 (esu) vð3ÞR ðesuÞ � 10�3 vð3ÞI ðesuÞ � 10�3 Optical limiting (mW) Optical clamping (mW)

1% Al doped ZnO 48.59 0.42 9.04 2.56 �7 �7.2
3% Al doped ZnO 23.81 0.22 4.82 1.25 �8.2 �8.8
5% Al doped ZnO 22.23 0.18 4.00 1.17 �9 –

Fig. 9. Optical power limiting response of 1%, 3% and 5% Al doped ZnO thin films.
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