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Abstract

ZnO:F thin films were produced by ultrasonic spray pyrolysis (USP) technique. For photovoltaic and photocatalytic applica-
tions, the properties of ZnO films have been tried to be improved by adding the flourine (F) element. The average optical
transmittance was higher than 85%. Photoluminescence (PL) spectra depict blue, green and yellow emission in deposited
films. Photocatalytic activity of ZnO and ZnO:F thin films was evaluated with methylene blue (MB) organic pollutant under
UV irradiation. 5% doped ZnO:F film successfully decomposed ~80% using MB as photocatalyst. The lowest resistivity
(3.54%x 107 Qcm), high carrier concentration (2.52 X 10*° cm™?) and high hall mobility (8.28 cm?V~!s7!) were observed in
ZnO:F (5%) film. With this study, it was concluded that F-doped ZnO films were effective in the degradation of MB, which is
widely used in the food and pollutant industries. Therefore, it makes ZnO:F films a promising material in both optoelectronic

and photocatalytic applications due to their optimum properties.
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1 Introduction

One of the most abundant clean energy sources in the world
is solar energy. Photocatalysis is an effective method to break
down pollutants using inexhaustible and clean solar energy.
Photocatalysis, which uses semiconductor oxide photocata-
lysts to perform pollutant photodegradation in wastewater,
can reduce the concentration of dangerous organic com-
pounds in water and has a field of use due to this feature [1].
Among the photocatalytic materials, oxide semiconductors
such as titanium oxide (TiO,) and zinc oxide (ZnO) have
attracted great interest as photocatalysts in recent years due
to their easy availability and low toxicity [2]. ZnO has higher
photocatalytic activity than TiO,, it is efficient, economical,
environmentally friendly and stable [3].

To improve and change the different properties (morpho-
logical, structural, optical and electrical properties) of ZnO
in optoelectronic applications [4], solar cells [5], gas sens-
ing [6], light-emitting diodes (LEDs) [7] and photocatalysis
[8], it is very convenient to add elements such as cationic
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elements Mg [9], Li [10] or anionic elements C1 [11], F [12],
Br [13]. Fluorine (F) is one of the most suitable n-type ani-
onic additives used to improve some physical properties of
ZnO thin films. Owing to the strong electronegativity (3.98)
and ionic radius of F (0.136 nm), that is similar to that of O,
(0.140 nm), F atoms can be replaced into O sites [14]. Many
researchers have studied F-doped ZnO films prepared with
different production techniques [14—19]. However, from the
literature, there is scarcely any work done on the photocata-
lytic properties of fluorine-doped ZnO thin films. The stud-
ies carried out on photocatalytic are summarized in Table 1.
As can be seen from Table 1, the number of studies on the
photocatalytic activity of F-doped ZnO films/nanostructures
is few, and among them, MB organic dye has never been
studied. Galil et al. [20] obtained ZnO:F nanostructured thin
films through spray pyrolysis. The photocatalytic activity of
Zn0O and ZnO:F thin films was also evaluated to purify water
from phenol as colorless organic waste by phenol photodeg-
radation under UV irradiation. In this study, fluorine-doped
ZnO films with promising results that can be used in opto-
electronic and photocatalytic applications were produced by
ultrasonic spray pyrolysis (USP) method, which is a low-cost
technique. Our aim is to investigate the effect of F-doping on
ZnO films to increase the photocatalytic activity. Photocata-
lytic activity was evaluated by measuring the photocatalytic
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Table 1 Reports on the

s . Sample  Production technique Organic pollutant ~ Light source Refs.
application of photocatalytic
degradation of F-doped ZnO ZnO:F  Spray pyrolysis Methylene blue 9 W/ UV lamp Present work
ZnO:F  Spray pyrolysis Phenol 6 W/ Hg lamp [20]
ZnO:F  Hydrothermal Diclofenac 10 W/UV-LEDs [21]
ZnO:F  One-step microwave irradiation ~ Methyl violet and ~ Visible light [22]
Rhodamine B
ZnO:F  Hydrothermal Malachite green 300W/Xenon lamp [23]
ZnO:F  Sol-gel Diclofenac 1500 W/Xenon arc lamp  [24]

degradation of the methylene blue aqueous solution. Choos-
ing this pollutant as pollutant molecules is because of the
most used and pollutant existing in industrial wastewater.

2 Experimental

ZnO thin films were deposited on ultrasonically cleaned
glass substrates using the ultrasonic spray pyrolysis (USP)
method at various F-doping ratios. The starting solution
(0.15 M) zinc acetate dihydrate Zn(CH;COO),.2H,0 was
dissolved in 75 ml of methanol and 25 ml of distilled water
(3:1) and stirred at 60 °C for 15 min on a magnetic stirrer.
Similarly, (0.05 M) ammonium fluoride (NH,F) (5, 10, 15%)
was added to the mixture solution. The solution flow rate
was kept constant at 5 ml/min and the substrate temperature
at 375+ 5 °C. Air at 1 bar pressure was used as the carrier
gas. The photocatalytic testing process of ZnO:F films is
given in our previous study [25, 26].

Optical transmittance of the films was performed with
UV-Vis spectrophotometer (Perkin Elmer Shimadzu-2550)
at 300-900 nm wavelength range. “Panalytical Empyrian”
was used for XRD pattern of the ZnO:F films. Photolumi-
nescence (PL) spectra at room temperature were take a by

the Perkin Elmer LS55 Fluorescence Spectrometer using an
excitation wavelength of 325 nm. Morphological proper-
ties of the films of all films were defined by Field Emis-
sion Scanning Electron Microscope (FESEM) images using
Hitachi Regulus 8230 device. The resistivity, the Hall mobil-
ity and carrier concentration of the ZnO:F films were found
out using a Hall effect system (Teknis HLF 1.2 model). The
thickness values of the films were determined with the "Dig-
ital Coating Thickness Meter (Elcometer)" device.

3 Results and discussion

Figure 1 shows the optical transmittance characteristics
of the ZnO:F films in the 300-900 nm wavelength region.
The thin films are highly transparent in this wavelength
range with the value of transmittance ~85-95%. In addi-
tion, the transmittance of the film increases significantly
when F-doped is added compared to the undoped ZnO film.
Thickness values of the ZnO, ZnO:F (5%), ZnO:F (10%)
and ZnO:F (15%) films were obtained using Elcometer
as 150 nm, 125 nm, 114 nm and 100 nm, respectively. As
the thickness values of the films decrease, their transmit-
tance values increase. In Fig. 1, the transmittance curves of

Fig. 1 The transmittance spectra

of ZnO:F films 90 1

ZnoO
—=—ZnO:F (5%)

——ZnO:F (10%)
—=—ZnO:F (15%)
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F-doped ZnO films show a well-defined interference fringe
pattern showing the smooth surface of the thin films [27].
This is because incoming photons oscillate between inter-
faces (air-film-substrate) during measurement producing dif-
ferent transmitted waves, these waves interfere consistently
and produce optical interference fringes [28, 29]. (ahv?-hv)
plots of undoped and F-doped ZnO films are shown in Fig. 2.
The optical band gaps generally decrease due to the band
shrinkage effect with increasing carrier concentration. The
decrease in the band gap can be attributed to the strong sp-d
exchange interaction between the band electrons and local-
ized electrons of the dopant. This situation is also supported
by some studies in the literature [30, 31].

Structural properties of the obtained ZnO:F thin films
evaluated using XRD analysis. The XRD spectra of the
ZnO:F samples are shown in Fig. 3. All XRD diffraction
peaks were defined by crosscheck with the JCPDS data
file for ZnO:F corresponding to (100), (002), (101), (102),
(110), (103) and (112) reflections of the hexagonal wurtz-
ite structure [32]. All ZnO thin films corresponded to the
hexagonal wurtzite type ZnO structure and preferred the
(002) orientation. The films suggest preferential orienta-
tion due to the lowest surface free energy in this direction

(002) [33]. The inclusion of F in the unadulterated ZnO
film results in lower intensity and degradation of crys-
tal quality of the XRD peaks of the ZnO:F films. With
increasing fluorine doping, the peak intensity of the (002)
plane decreased, while the peak intensities of the (100)
and (101) planes increased. Penetration of the F ion, which
has a smaller ionic radius than oxygen, into the ZnO struc-
ture will reduce the crystallization of ZnO films, as it may
cause deformation in the lattice due to F doping [17].

From the integral width of the (002) peak and the peak
position, the parameters for the crystal size (D), macro-
strain (< e>) and dislocation density () of the films are
calculated. The phases assigned by the lattice spacing (d),
diffraction angle (20) and (hkl) planes of the films calcu-
lated from the (002) peak positions are listed in Table 2.
The crystallite size (D) is estimated using Scherrer for-
mula [34]

B
~ Pcos@’

ey

where k=(0.94) is the Scherrer constant, 4 is the X-ray
wavelength, 6 is the Bragg angle of the (002) peak, and S is
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Fig.2 (ahv’—hv) plots of undoped and F-doped ZnO films
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Fig.3 XRD patterns of ZnO:F films

Table 2 Structural parameters for ZnO:F films
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Table 3 Variation of crystallite size (D), macro-strain values (<e>)
and dislocation density (§) for the (002) plane of ZnO:F films

- Film D (nm) <e> 5x107*

Film 200 dA) 26,0 dy (A)JCPDS (h k) (Unm?)
JCPDS XRD FESEM

ZnO 34.99 2.5616 34.42 2.6033 002)  ZnO 88.6 91 —0.0160 1.3
ZnO:F (5%) 3497 2.5636 34.42 2.6033 (002)  ZnO:F (5%) 534 51 - 0.0152 35
ZnO:F 34.99 2.5641 34.42 2.6033 (002)  ZnO:F (10%) 434 42 —0.0151 53

(10%) ZnO:F (15%) 66.6 68 —0.0148 22
ZnO:F 3495 2.5647 34.42 2.6033 002)

(15%)

1
= 3

the FWHM value [35]. The macro-strain (< e>) are found
by the following equation [36]:

d_do

(e) = &

@

0 is an important parameter to find the amount of defects in
a crystal. The value of dislocation density () is calculated
using the following equation [37]:

@ Springer

Parameters such as grain size (crystallite size), macro-
strain and dislocation density are shown in Table 3. The
increase in the dislocation density indicates the defects
generated in the ZnO lattice. Crystallite size F-doped ZnO
is lower than undoped ZnO films. The change in crystal-
lite size (D) can be ascribed to the formation of extrin-
sic defects created by the increase in F doping and can
be described on the principle of the Zener pinning effect
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[38]. Because of the zener pinning effect, as the retarding
force has greater than the driving force of grain boundary
movement caused by specific defects in the ZnO lattice,
growth grain is constrained, resulting in a smaller crystal-
lite [39]. The reason for the decrease in crystal size with
increasing fluorine percentage can be explained by the
fact that fluorine atoms do not replace oxygen atoms, but
instead occupy interstitial states leading to a large number
of dislocations. This reduction in crystallite size is also
consistent with other studies reported in the literature [40].

Emission spectra that obtain information about various
defects in the ZnO structure. Figure 4 shows the room
temperature PL spectra of ZnO:F films at various doping
ratios (0, 5, 10, 15%) under 325 nm wavelength excita-
tion. The emission types observed in the films are blue
emission (~440 nm), green emission (~490 nm) and yel-
low emission (~ 590 nm), respectively. The blue emission
at~440 nm is attributed to the electronic transition energy
between shallow levels of zinc interstitial (Zn;) and accep-
tor levels of zinc vacancy (V,,) [41, 42]. The green emis-
sion peak at~490 nm is usually due to the recombination
of photoexcited holes with electrons occupying the ion-
ized oxygen vacancies [43, 44]. The yellow emission peak
observed at~590 nm is attributed to the oxygen intersti-
tial (O;) [45, 46]. Therefore, the surface morphology and
size of the samples also affect the PL properties [47]. The
decrease in PL intensity with increasing F contribution
in the samples can be attributed to the defect state on the
surface. It has been noticed that the PL emission intensity
gradually decreases with the gradual increase of F content,
as seen in the PL spectrum. In this study, grain size values
obtained from FESEM measurements (in Table 3) support
this situation.

The surface morphology of ZnO:F (0, 5, 10, 15%) thin
films is analyzed by observing FESEM micrographs as
shown in Fig. 5. Images in Fig. 5 were taken at 150 K mag-
nification for all films. Surface morphology is an important
way for obtaining information about the microstructure of
thin films [48]. In the morphology of ZnO:F films, there are
nanoparticles consisting of spherical particles and irregular
hexagonal-shaped layers [49, 50]. These layers became more
prominent with the F element doping. This irregularity in
hexagonal plates increases with F doping. While spherical
particles appear denser and continuous in undoped ZnO and
ZnO:F (15%) films, the structure consisting of irregular hex-
agonal-shaped layers is dominant, especially in ZnO:F (5%)
films. We think that this irregular hexagonal-shaped layer
structure increases the active surface area and positively
affects the photocatalytic activity of the ZnO:F (5%) film.

The photocatalytic degradation performance of MB for
360 min of UV light exposure every 60 min by all ZnO:F
films is shown in Fig. 6. Percent degradation efficiency
of ZnO:F films are given in Fig. 7. The time-dependent
In(C/C) plots in Fig. 8a obey the first-order rate law of
photocatalytic degradation. Time-dependent In(C,/C) graphs
and plot of degradation rate constants (k) values are given
in Fig. 8. Figure 7 shows that the ZnO:F (5%) film has the
highest % degradation efficiency and rate constant (k). As
shown in Fig. 6, because the defect density of the ZnO:F
(5%) film is higher than the other films, it increases the pho-
tocatalytic activity by preventing e/h recombination. These
results are in agreement with the electrical parameters of
the films, where low-doping rates of F can greatly improve
the concentration of charge carriers and their mobility in
the ZnO film. Therefore, in the photocatalytic activity of
ZnO films wherein low-doping level of F (5%), F~ ions can

Fig.4 PL spectra of ZnO:F
films

~ Blue emission

Intensity (arb.u)

Green emission

* Yellow emission

#eZn0O et ZnO:F (5%) e ZnO:F (10%) s Z0O:F (15%)
400 450 500 550 600
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Fig.5 FESEM images of ZnO:F films

substitutionally occupy the O°~ ions sites and increase the
charge carriers in the ZnO [20]. It is seen that this situa-
tion is compatible with the carrier concentration values in
Table 3. To quantify the rate of degradation, we describe
the concentration degradation with one rate constant k [51]

C(1) = C(0)exp(—k1), 4)

where C (0) is the initial pollutant concentration and ¢ is the
exposure time to UV illumination

In[C(?) + C(0)] = —kt. )
The percent MB degradation rate of ZnO:F thin films was
calculated by the following formula [52]:

n(%degradation) = (1 - C’/co) 100, ©)

where 1 (%) notifies the degradation percentage of pollut-
ants. C, and Ct(mg/L) mean the primary concentration and
equilibrium concentration of pollutants, respectively.
Electrical properties of F-doped ZnO thin films such as
resistivity, Hall mobility and carrier concentration were

@ Springer

characterized by Hall effect measurements. These charac-
terized parameters are summarized in Table 4. Resistivity
decreases with F-doping concentration and attains a mini-
mum value of 3.54 x 1073Qcm at 5% of F doping. The car-
rier density increased initially with an increasing F concen-
tration, reaching a peak density of 1.60x 10%° cm~ at 10% F,
and then decreased with further increases in F concentration.
Therefore, when F replaces O at the O sites, the formation
of the Zn—F bonds supplies an excess electron at the Zn site
that for this reason increases the carrier concentration of the
FZO films. Similar results were recorded in other studies
[20, 53]. When Hall effect measurements were evaluated,
it was observed that increased mobility and carrier concen-
tration with fluorine contributed positively to the electrical
conductivity of ZnO:F films.

4 Conclusions

ZnO films, the electrical and photocatalytic properties of
which have been improved by F-doping, have been success-
fully produced using the USP technique. When the films
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Fig.6 The absorbance spectra of the MB solution for ZnO:F films

obtained are evaluated in terms of photocatalytic applica-
tions; it has been observed that ZnO:F films have structural
and morphological properties suitable for degrading water
pollutants such as MB pollutant. The nanostructure observed
from the FESEM images of the films positively affects the
photocatalytic activity by increasing the active surface area.
While the photocatalytic degradation rate of undoped ZnO
was 76.5%, it increased to~80% at a 5% doping rate. The
fluorine atoms substitution into the ZnO lattice has benefi-
cial results with regard to increasing the carrier concentra-
tion. Therefore, these effects improve the electrical proper-
ZnO  ZnOF  ZnOF  ZnOF ties. Evaluation of all the properties of the films showed
S T that F-doped ZnO thin films have material properties that
Fomin - comin BL0min QISmin G240min - 300min 8360 min are useful in photocatalysis applications such as wastewater
treatment.

Degradation Efficiency (%)

Fig. 7 Graph of the degradation efficiency of ZnO:F thin films
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Fig.8 a Time-dependent In(C,/C) plot of Methylene Blue solution for ZnO:F films. b Plot of degradation rate constants (k) of ZnO:F thin-film

photocatalysts

Table 4 Electrical properties of undoped ZnO and ZnO:F films

Film p (Qcm) uem®V='s™h  n(em™)

ZnO 0,01305039 6,9661 5,77,176 x 10"
ZnO:F (5%) 0,003548523  8,2882 2,52,549x 10%
ZnO:F (10%)  0,012076754  3,2221 1,60,596 x 10%
ZnO:F (15%) 0,123,734 1,0788 4,6847x10"
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