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Within this work, the nonlinear optical properties and electrical effects exhibited by zinc oxide thin films codoped with zirconium
andfluorine are reported.Thedevelopment of a simple photoconductivemultiplexor system is proposed.The sampleswere prepared
by the ultrasonic spraying technique (UST). Spectroscopic studies and a vectorial two-wave mixing method were carried out
with a nanosecond Nd:YAG laser system at 532 nm. Experimental results indicate that after the zirconium and fluorine doping, a
strong third-order optical nonlinearity can be developed in the ZnO films.The nonlinear optical response seems to be dominantly
originated by a two-photon absorption closely related to a photoconductive phenomenon.

1. Introduction

There has been a renewed interest in the improvement of
new nonlinear optical (NLO) materials for developing novel
applications in photonics and integrated optics. The demand
of low-cost andhigh-performance optoelectronic systems has
given rise to a progress related to more efficient transparent
conductive oxide (TCO) thin films. Regarding the popular
TCOs, last decade has seen zinc oxide [ZnO] to emerge as
one of themost importantmaterials formanufacturing trans-
parent electrodes. Besides their high optical transparency,
the ZnO thin films are highly stable in the hydrogen-plasma
environment commonly used for the fabrication of silicon
based p-i-n structures [1].

ZnO thin solid films have been deposited by a wide
variety of techniques, and among those, the ultrasonic spray
technique has been successfully employed for developing
conductive and transparent ZnO thin films [2]. Keeping
in mind the high optical transparency as one of the basic
requirements for optoelectronic applications, the incorpora-
tion of distinct dopants has been carried out to reduce the
resistivity of ZnO films [3]. Despite being similar to all the
ultrasonic deposition processing routes, the ultrasonic spray
technique involves numerous parameters and conditions to

control the resulting physical properties of the ZnO thin films
[4].

For electrode manufacturing, oriented ZnO films doped
with adequate impurities are required to present a low resist-
ivity; in this respect, stable ZnO thin films could be fabricated
utilizing group-III elements as dopants [5], but frequently,
an additional postdeposition annealing either in vacuum or
under molecular hydrogen atmosphere has been performed
to achieve a low resistivity [6]. Furthermore, incorporation
of some other elements with higher valencies into the ZnO
lattice has been contemplated as another chance in the quest
for improving its optical and electrical characteristics [7]. It
is worth noting to mention that it has been considered to
establish the substitution of divalent Zn atoms from the lattice
sites of ZnO by tetravalent zirconium [Zr] atoms to achieve
changes in the optical and electrical features of ZnO:Zr films
[8].

On the other hand, anionic impurities like fluorine [F]
also have been employed to reduce the resistivity with an
additional enhancement of the nonlinear optical properties
of the films, through the substitution of oxygen atoms of their
lattice [9, 10].

Since the inclusion of both anionic and cationic impu-
rities helps to reduce the resistivity of some metal oxide
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Figure 1: Schematic diagram of the experimental setup used for the
deposition of the ZnO:Zr:F thin solid films by the UST.

systems, in this work the incorporation of both F and Zr
into the ZnO lattice seems to be attractive to study the
resulting electrical and nonlinear optical properties. A UST
was employed to prepare zinc oxide co-dopedwith zirconium
and fluorine [ZnO:Zr:F] thin solid films on glass substrates.
The advantages observed in the electrical and optical phe-
nomena allow us to present a photoconductive multiplexor
system. A noticeable enhancement in the photoconductive
and nonlinear optical responses of the films was observed.
In order to explore their potentials in the development of
optical devices, the experiments reported in this scientific
research have been carried out as a fundamental study on the
physical properties of ZnO:Zr:F based samples deposited by
an inexpensive UST.

2. Experimental Details

2.1. Fabrication of ZnO:Zr:FThin Solid Films. UST is a versa-
tilemethod capable of producing nanostructured powder and
thin film samples.The particle/grain size in these samples can
be straightforwardly controlled by varying the concentration
of the source solution and the atomization parameters. The
deposition system used in this work includes a variable
frequency piezoelectric transducer, which was set to 1.2MHz
and operated at 120W ultrasonic powers. In the UST system,
a geyser is formed in the liquid surface by the action of a
beam of ultrasonic vibrations which is directed to a liquid-gas
interface. This geyser is followed by the generation of a spray
formed by microscopic droplets. A carrier gas transports
and directs the spray toward the surface of a hot substrate
where the film formation is produced. The experimental
setup used for the fabrication of ZnO:Zr:F films in this
work is schematically presented in Figure 1. The precursor
solution used for the thin solid film deposition was prepared
by dissolving zinc (II) pentanedionate ([Zn(C

5
H
7
O
2
)
2
⋅H
2
O],

Alfa 98%) and methanol ([CH
3
OH], Baker, 98%) mixture

(12.5 : 487.5, v/v) under magnetic stirring to obtain a 0.2M
concentration of Zn in it. After the complete dissolution
of zinc precursor, measured amounts of zirconium (IV)
acetylacetonate ([Zr(O

2
C
5
H
7
)
4
], Sigma-Aldrich, 98%) and

ammonium fluoride ([NH
4
F], Sigma-Aldrich, 48%) were

added to the mixture keeping F and atom Zr % (nominal)
30.0 and 3.0% of Zn atoms. The pH of the final precursor
solution was adjusted to 4 by adding excess acetic acid.While
the concentrations of the dopants in the precursor solution
were fixed taking into account that the addition of excess
acetic acid or the final pH value of the precursor solution
was to avoid an early precipitation of zinc hydroxide from it.
The starting solution was prepared at room temperature in
a dark and clean environment in order to avoid any photo-
induced reaction. For ultrasonic spray, aliquots from the
precursor solution were collected at different aging times.
The thin films were deposited on glass substrates (alkali
free borosilicate) with an area of 2.56 × 2.5 6 cm2, and
the substrates have a thickness of 0.5 cm. Prior to film
deposition, all the glass substrates were cleaned using the
procedure as follows: (i) sonication for fiveminutes in Extran-
formaldehyde-free AP 33 (Merck, Millipore), followed by (ii)
sonication for five minutes in trichloroethylene ([C

2
HCl
3
],

Baker, 98%) for degreasing the substrates, followed by (iii)
sonication in methyl alcohol ([CH

3
OH], Aldrich, 98%), and

(iiii) sonication in acetone ([CH
3
COCH

3
], Baker, 98%), and

finally, (v) the substrates are dried by a jet of pure and dry
nitrogen ([N

2
], PRAXAIR, 99.997%). Then the substrates

were placed on a fused tin bath of the deposition system.
The temperature of the substrates was measured by putting a
chromel-alumel thermocouple placed below. The deposition
system was covered with a stainless steel metal jacket during
the pyrolysis process. Then, the substrate temperature serves
to finish the chemical heterogeneous reaction that originates
the [ZnO:Zr:F]. The deposition time serves as a parameter to
control the thickness of the samples. The substrate temper-
ature (𝑇

𝑠
) varied from 450 to 500∘C in 25∘C steps, within an

accuracy of±1∘C.This temperature range was chosen because
in this case the samples present a low resistivity as 7.2 ×
10−2Ωcm. In that interval of the substrate temperature of the
samples, on the part of element, Zinc there is no loss of mass,
since its correspondent point of boil is 907∘C. Pure nitrogen
([N
2
], PRAXAIR, 99.997%) was used both as the solution

carrier and precursor directing gas, maintaining its flow rates
at 3.5 and 0.5 L/min, respectively.The deposition time was set
to 7.5min.

2.2. Characterization of ZnO:Zr:FThin Solid Films. The crys-
tallinity andmicrostructure of the deposited filmswere deter-
mined by X-ray diffraction (XRD) technique. XRD pattern of
the sample in 𝜃-2𝜃 scan mode in the range of 30 to 80∘ was
recorded by utilizing the Cu K𝛼

1
(𝜆 = 0.15405 nm) radiation.

The morphology of the particles was analyzed in an XL
FEG/SFEG/SIRION scanning electronmicroscope (FEI).The
thickness of the films was measured using a KLA Tencor P15
profilometer with a resolution of 0.5 nm. The measurement
of optical transmittance of the studied samples was made
by a UV-Visible 2401 PC Shimadzu spectrophotometer. The
mechanism of the third-order nonlinearity in the samples
was investigated by means of a vectorial two-wave mixing
method [11]. A 532 nm wavelength and 1 ns pulse duration
were provided by single shots from the second harmonic of
an Nd-YAG laser source ContinuumModel SL II-10 SN14419.
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Figure 2: Schematic illustration of the setup for the photoconductive multiplexing system. (a) Parallel circuit. (b) Series circuit.

2.3. PhotoconductiveMultiplexor System. Theoperation prin-
ciple underlying this function consists essentially in gen-
erating a change in the conductivity provided different
ZnO:Zr:F samples separately exposed to optical beams.
Figure 2 illustrates two different experimental setups: S1–3
represents the thin films and 𝑂

𝑒
the electrical terminal

points to conductivity measurement. The purpose of each
configuration is to exhibit a different contribution of the
electrical response of the photoconductive system when
the optical beams are specifically turned on. In this way,
there is a correspondent multiplexing effect collected by the
photoconductive response of the system.The effect is derived
by the participation of the optical signals that are present
simultaneously in the circuit.The photoconductive responses
for each of the samples were selectively excited by non-
resonant irradiations of 532 nm wavelength and 1 ns pulse
duration. The evaluation of the transmittance of this high-
irradiance single beam was carried out. The modification
of the value of the electrical conductivity exhibited by the
systems was separately measured during the propagation
of the nanosecond pulses. The incident polarization of the
beams was chosen to coincide with the path in measurement.

3. Results and Discussions

Figure 3 illustrates the XRD data associated to the samples.
From the XRD patterns, it is clear that all the samples

were of polycrystalline nature. The XRD peak positions fit
well to hexagonal wurtzite phase of ZnO (JCPDSno. 36-1451).
No diffraction peak related to zirconium or any compound
of zirconium or fluorine was detected. The samples revealed
their preferential growth along the [002] direction, that
is, (002) planes grown parallel to the substrate surface.
Previous reports have indicated that it is supposed that Zr
incorporation into the Zn sites is enhanced by the addition
of F ions to the same starting solution [11]. However, there
is no evidence of the presence of F and Zr dopants into the
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Figure 3: Representative XRD pattern of the ZnO:Zr:F thin solid
films.

Figure 4: SEM micrograph of the studied ZnO:Zr:F thin film.

films by taking into account X-raymeasurements.The atomic
concentration of the elements present in the films could be
expected to be very low, but unfortunately, its identification
has not been carried out yet.

From Figure 4, it can be observed a representative
panoramic view of one region of the samples obtained by
Scanning Electronic Microscopy (SEM). The image shows
evidence of structuredmorphology that can be obtained with
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Figure 5: Optical transmittance spectrum of ZnO:Zr:F thin films.

the UST. The selected film thickness was in the order of
500 nm, and the crystallite size of the films was about 35 nm.

Figure 5 depicts the optical transmission spectrum of the
studied sample. An absorbing edge towards theUV that starts
at 350 nm can be clearly observed and associated to the sub-
strate absorption. All the films were uniform and transparent
in naked eyes. Optical transmittance remained high in the
visible spectral range.Though the optical transparency of the
film varied a bit with deposition conditions in the ultraviolet
spectral range (which is irrelevant for the fabrication of TCO
electrode applications), the position of their band edge did
not vary significantly.

A high intensity optical beam at 532 nm wavelength was
selected to observe if any involvement of multiphotonic
interaction could be detected during the propagation of a
nonresonant optical beam. A two-wave mixing system was
previously calibrated using carbon disulfide (CS

2
) with a

thickness of 𝐷 = 1mm, as a nonlinear medium with a well
known third-order nonlinear susceptibility of |𝜒(3)| = 1.9 ×

10

−12 esu [12]. A clear typical behavior of a two-photon
absorption (TPA) effect was observed in the resulting films.
The representative transmittance of the probe beam in the
two-wave interaction for different angles, 𝜙, between the
planes of polarization of the two incident beams is shown
in Figure 6. The fit of the data was completed by using the
expressions for describing the amplitudes of the transmitted
fields derived elsewhere [13] as follows:
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where 𝐸

1±
(𝑧) and 𝐸

2±
(𝑧) are the complex amplitudes of

the circular components of the transmitted waves beams;
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Figure 6: Transmitted irradiance of the probe beam versus angle 𝜙
between planes of polarization of the incident waves.
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the incident and self-diffracted waves at the surface of the
sample; 𝛼(𝐼) = 𝛼

𝑜
+𝛽𝐼 is the irradiance dependent absorption

coefficient, where 𝛼
𝑜
and 𝛽 are the linear and two-photon

absorption coefficients, respectively; 𝐼 is the total irradiance
of the incident beams; 𝐽
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are the nonlinear phase changes. The optical wavelength is
represented by 𝜆, and the refractive index is 𝑛

0
. The best

fitting for the linear and nonlinear absorptive coefficients
results in 𝛼

0
= 3.3 × 105m−1 and 𝛽 = 5.3 × 10−8m/W.
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Table 1: Photoconductive multiplexed results.

Laser input 1
[MW/cm2

]

Laser input 2
[MW/cm2

]

Laser input 3
[MW/cm2

]

Photoconductive value at the output of the multiplexing system
[mho/cm]

Parallel circuit Series circuit
280 0 0 99.6 3.95
0 280 0 99.6 3.95
280 280 0 174.3 6.92
0 0 280 99.6 3.95
280 0 280 174.3 6.92
0 280 280 174.3 6.92
280 280 280 249 27.66

The error bar in the experimental data is around ±5%. It
has been previously reported that F doping strongly con-
tributes to the development of a third-order nonlinear
optical response of ZnO [9]. Moreover, in this work, it
has been observed that stronger optical Kerr nonlinearities
can be obtained by ZnO:Zr:F films with the advantage of
an improved conductivity. In comparison with a previous
studied ZnO:F sample [9], this TPA effect seems to present
a higher level in about one order of magnitude after the
incorporation of Zr dopants. Apparently, this situation ought
to be related to a dynamic modification in the transitions
related to fluorine and zirconium impurities in the ZnO film.
Furthermore, it was evaluated the nonlinear optical response
of a pureZnOfilmand itwas not detected any important non-
linear third order signal; besides, the conductive properties
for different processing routes in similar samples have been
previously reported [11]. Further studies on the deposition of
ZnO:Zr:F films and optimization of the implemented UST
parameters should be performed in order to improve the film
quality, crystallinity, and the nonlinear optical response of
the samples with the deposition temperature and dopants
concentration.

A photoconductive phenomenon was measured in the
samples excited by the incidence of the nanosecond beam
with 80mJ of pulse energy and 6mm diameter. The conduc-
tivity of the sample was about one order of magnitude higher
than the stable measurement of about 8.3mho/cm ±5% in
darkness. An important inhibition of the photoconductive
response was measured in the samples prepared with short
aging times in the precursor solution. Thus, we assumed that
the TPA effect could be responsible for the photoconductive
phenomena in the sample, as it has been previously sug-
gested for some other semiconductor materials [14, 15]. The
transmittance 𝑇 versus incident irradiance of a single beam
interaction is shown in Figure 7. A good agreement in the
fitting of the data confirms the presence of a TPA process
into the sample. This resulting 𝛽 value is considerably lower
than the same parameter previously reported for a 445 nm
wavelength in a pure ZnO thin filmoriginating a near-exciton
resonance [16].

The measured conditions for the proposed photocon-
ductive multiplexor configurations shown in Figure 2 are
expressed in Table 1. The error bar level is about ±5%.
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Figure 7: Nonlinear optical transmittance of a single beam in the
studied samples.

It is clear that the photoconductive response seems to
be different but similar in the two studied circuits; however,
regarding the important absorptive nonlinearities exhibited
by the samples, the use of a nonlinear behavior can be
considered for adjusting the multiplexing performance. The
ultrafast optical and excitonic responses of ZnO media have
attracted the attention of many studies in order to propose
different device applications [16, 17]. It has beendemonstrated
that strong and ultrafast nonlinear optical properties can
be exhibited by TCO thin solid films manufactured on
ZnO media. All-optical switching, optical Kerr modulators,
and photoconductive systems based on nonlinear optical
absorption have been also proposed [18]. Several motiva-
tions for the study of ZnO films have been associated to
their conductive response; nevertheless in this work; we
highlight the possibility for finding additional non-resonant
photoconductive applications that can be also stimulated
in combination with their optical limiting performance in
transparent platforms based on ZnO doped films.
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4. Conclusions

Within this work, ZnO:Zr:F thin solid films with photocon-
ductive and nonlinear optical properties were presented. A
photoconductive multiplexing system based on the samples
was proposed. In regard to the optical and electrical measure-
ments presented, it is estimated that the films can be highly
attractive for transparent platformswith potential application
for developing photoconductive nonlinear optical devices.
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