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Fluorine doped Zinc oxide (ZnO) [FZO] transparent conducting thin films were deposited by sol-gel spin
coating method. Zinc acetate and amonium fluoride were used as precursor solution materials.
Microstructural, morphologycal, and optical properties of the films were investigated as a function of
flourine (F) doping ranging from 0 to 3.5% mole. From x-ray diffraction (XRD) patterns the films
exhibited a hexagonal wurtzite structure with preferred c-axis orientation. All the films had a highly
preferential c-axis orientation and exhibited (002) preferential growth in all the dopant ratios. Grain sizes
of the films were varied in range of 15 to 18 nm. The SEM images of the films showed well crystallinity
with good homogeneity, smooth surface and uniform grains. The average optical transmittance in the
entire visible wavelength region was higher than 95% for all F-doped ZnO except undoped ZnO thin film.
The band gap energy values were determined as 3.270, 3.291, 3.293 and 3,287 eV, respectively for
undoped ZnO, 0.5, 1.5 and 3.5% mole FZO samples. The band gap values increased with increasing the
F dopant concentration for all doped samples. These results make FZO thin films an attractive candidate
for transparent material applications.
Key words: Flourine doped Zinc oxide (ZnO), Sol-gel growth, transparent conducting oxide (TCO), thin films,
microstructures.

INTRODUCTION
Transparent conducting oxide (TCOs) thin films have
attracted the attention of many researchers due to their
wide applications in both science and technology.
Different metal oxide semiconductors such as In2O3,
SnO2, ZnO and TiO2 have been employed to fabricate
TCO thin films (Cao et al., 2011). Among TCO materials,
ZnO is one of the metal oxide semiconductors suitable for
use in optoelectronic devices, varistors, sensors,
piezoelectric nanogenerators, thin film solar cells (Pawar
et al., 2008; Sanchez-Juarez et al., 1998) flat panel liquid
crystal displays, light emitting diodes (Cao et al., 2011)
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due to its low material cost, abundance in nature, easy
fabrication, non-toxicity, low electrical resistivity, good
optical transparency in the visible region, direct band gap
(3.37 eV) with a large excitation binding energy of 60
meV (Pawar et al., 2008; Sanchez-Juarez et al., 1998;
Yoon et al., 2008) and high chemical stability (Biswal et
al., 2010).
Pure ZnO is an n-type intrinsic semiconductor and it is
difficult to control some properties. Therefore, in order to
control or improve some properties of ZnO, many
researchers focused on doping ZnO with anion and
cation dopants such as Cerium (Ce), Fluorine (F), Erbium
(Er), Aluminium (Al), Tin (Sn), Indium (In), Antimony (Sb),
Gallium (Ga), Iron (Fe) etc. (Sofiani and Sahraoui, 2007;
Choi et al., 2005; Maldonado et al., 2010; Zhang et al.,
1999; Wen et al., 2010; Paraguay et al., 2000). Among
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these, fluorine (F) is one of anion dopants and its radius
2is similar to that of oxygen (F = 1.31 Å; O = 1.38 Å)
(Biswal et al., 2010). Therefore, it can be an adequate
anion doping candidate due to lower lattice distortion
compared to Al, Ga or In (Tsai et al., 2009).
Undoped and doped ZnO thin films have been
prepared using various methods such as spray pyrolysis
(Guillén-Santiago et al., 2004), electron beam
evaporation (Xu et al., 2005), successive ionic layer
adsorption and reaction (SILAR) (Sakthivelu et al., 2011),
rf and dc magnetron sputtering (Zhang et al., 1999),
pulsed laser deposition (PLD) (Wen et al., 2010), and solgel process (Maldonado et al., 2010; Ilican et al., 2008b;
Shakti et al., 2010; Sagar et al., 2005; Ghodsi and
Absalan, 2010; Rokn-Abadi et al., 2009; Bahadur et al.,
2007). Among these techniques, the sol-gel is attractive
candidate due to its easy manipulation of the samples
and its ability to prepare high quality thin films in large
scale. Among the other advantages of this technique are
its simplicity, safety, low cost (Ghodsi and Absalan,
2010), high purity and homogeneous deposition at
relatively low temperatures (Sagar et al., 2005; RoknAbadi et al., 2009), easy control of chemical components
(Maldonado et al., 2010; Ilican et al., 2008a).
According to our knowledge, only a few studies on Fdoped ZnO thin films by sol-gel have been reported in the
litrerature (Maldonado et al., 2010; Ilican et al., 2008b). In
the present study, we report the influence of the F doping
on structural and optical properties of ZnO thin films
prepared by sol-gel technique.
MATERIALS AND METHODS
Synthesis
ZnO thin films were deposited on glass substrates by spin coating
sol-gel method. The coating precursor solution was prepared by
using Zinc acetate dihydrate [Zn(CH3COO)2.2H2O] as a starting
material together with 2-Methoxyethanol (C3H8O2) and
Monoethanolamine (C2H7NO, MEA) were a solvent and stabilizer,
respectively. For the FZO (ZnO:F) solution, the ammonium fluoride
(NH4F) was inserted into the solution to use as the fluorine source.
The molar ratios of Zn(CH3COO)2.2(H2O) and metal dopant to
MEA were maintained at 1:1. 0.5 M Zinc acetate dihydrate and 0.5
M ammonium fluoride were mixed in different solution mole ratios
as 0.5, 1.5 and 3.5% mole F and the films were named as FZO-1,
FZO-2, FZO-3, FZO-4 according to fluorine content, respectively,
and undoped ZnO was used as a reference sample. The sol was
stirred at 90°C for 8 h to obtain a clear and homogenous solution in
balloon flask which is tightly sealed. The glass substrates were
cleaned in acetone and methanol by using an ultrasonic cleaner
and the substrates were immersed in diluted 10% HF (hydrofluoric
acid) for 15 s. Then the substrates were rinsed with large amount of
de-ionized (DI) water and dried with nitrogen. The resultant solution
was dropped on glass substrate, which was rotated at a speed of
3000 rpm for 25 s by using a spin-coater. The as-coated film was
sintered at 250°C for 5 min to evaporate solvent and remove the
organic sediments and then spontaneously cooled to room
temperature. This procedure was repeated for 10 times to obtain
the intended thickness and film quality. The same procedure was
repeated for the films prepared with different values of fluorine
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doped and finally, they were annealed in air at 450°C for 30 min.

Characterizations
Morphological properties of the films were determined with Nova
Nanosem 430. The optical absorbance of the films were recorded in
spectral region of 350 to 1100 nm at 300 K using a UV-VIS
spectrophotometer (Perkin-Elmer, Lambda 35) which works in the
range of 200 to 1100 nm and has a wavelength accuracy of better
than 0.3 nm. X-ray diffraction (XRD) patterns were taken using a
Rigaku D/Max-IIIC diffractometer. The diffractometer reflections
were investigated at room temperature and the values of 2θ were
altered between 20 and 90°. The incident wavelength was 1.5418
Å.

RESULTS AND DISCUSSION
The crystal structure and orientation of undoped and Fdoped ZnO (FZO) thin films, which have different flourine
concentrations, were investigated by X-ray diffraction
(XRD) patterns. Figure 1 shows the XRD patterns of ZnO
and FZO films deposited at different F dopant
concentrations. These spectra indicate that the films have
polycrystalline nature (JCPDS card file no. 36-1451) and
a preferred orientation with the c-axis perpendicular to
the substrates (Cao et al., 2011).
The dominant diffraction peak for the films was (002)
line. In addition to the (002) peak, other peaks such as
(100), (101), (102), (110), (103), (112) and (004) with
comparatively lower intensities were also observed for
the films (Yakuphanoglu et al., 2007; GonzalezHernandez et al., 2010). When F was incorporated in the
film, the intensity of the peak corresponding to the plane
(002) fluctuated with doping concentrations, namely
intensities of (002) peak the firstly decreased at for 1.5%
mole F, then increased for 3.5% mole F and the
intensities of other peaks continuously decreased with
increasing F doping content. This result indicates that the
inactive F atoms in the FZO films have been segregated
into grain boundaries and to restrict the crystallization
and preferred orientation of ZnO. Observed weak peaks
for FZO films with increasing F content from 0.5 to 3.5%
mole could be implied to these inactive F atoms. Similar
results for AFZO (Al and F codoped ZnO) and AZO (Al
doped ZnO) thin films has been studied by Choi et al.
(2005).
Also, low intensity (222) peak for ZnF2 (or NH4ZnF3)
was appeared at 3.5% mole F doped ZnO (JPCDS card
fine no. 07-0214). This is the indication of fluorine
compounds involving extra phases such as ZnF2. This
can be explainded to high volatility of fluorine (Choi et al.,
2005; Yakuphanoglu et al., 2007; Gonzalez-Hernandez et
al., 2010; Tsai et al., 2010). The crystallinity of ZnO thin
films was decreased with 1.5% mole F doping, then was
increased at 3.5% mole. It is seen in Figure 1 that the
crystallinity of ZnO thin films was deteriorated with highly
fluorine incorporation (Yakuphanoglu et al., 2007). This
deterioration can be lead to the formation of configuration
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Figure 1. XRD patterns of ZnO thin films with different fluorine contents.

ZnF2. Probably, this could be the reason for reduced XRD
peak intensity. If excess fluorine atoms do not occupy the
proper lattice positions, instead of occupying interstitial
sites (like ZnF2) (Tsai et al., 2010), the crystallinity of ZnO
having highly F concentrations may be deteriotated. The
calculated interplaner distance d values from XRD
studies were presented in Table 1 and these values were
compared with the standard ones from JPCDS card no:
36 to 1451. The matching of the calculated and standard
d values confirms that the deposited films are of ZnO with
a hexagonal wurtzite structure. Also, the lattice constants
a and c of the wurtzite structure of ZnO can be calculated
using the relations as follow (Sakthivelu et al., 2011):

Where d and (hkl) is the interplaner distance and Miller

indices, respectively. The standard and calculated lattice
constants were given in Table 2. The calculated a and c
values agree with JPCDS card no: 36-1451. As seen
from Table 2, F doping did not affect much lattice
constans of ZnO. The crystallite size of the ZnO films
doped at different F doping concentrations was
calculated by using Scherrer’s formula (Bowen et al.,
2011):

Where D is the crystallite size, wavelength of the X-ray
used is λ =1.5418 Å, β is the broadening of diffraction line
measured at the half of its maximum intensity in radians
(belong to (002) peak) and θ is the angle of diffraction.
The number of crystallites per unit area (N) of the films
was
determined
using
the following relation
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Table 1. Standard and observed interplanar distances’d’ values of the films.

(hkl)

Standard d (Å)

100
002
101
102
110
103
112
004
ZnF2 or NH4ZnF3

2.814
2.603
2.475
1.911
1.624
1.477
1.378
1.301
-

Undoped ZnO
2.837
2.592
2.473
1.911
1.623
1.476
1.384
1.299
-

Observed d (Å)
0.5% FZO
1.5% FZO
2.8148
2.8408
2.6060
2.6128
2.4833
2.4856
1.9290
1.9265
1.6243
1.6365
1.4783
1.4769
1.3832
1.3821
1.3039
1.3045
-

3.5% FZO
2.8316
2.6211
2.4816
1.9265
1.6295
1.4809
1.3868
1.3049
1.1407

Table 2. The structural parameters of undoped and F doped ZnO thin films.

Lattice constants (Å)
a
c
3.2498
5.1830
3.2503
5.2120
3.2629
5.2256
3.2697
5.2422

Sample (% mole
F doped)
0.0
0.5
1.5
3.5

16

-2

D (nm)

N (x10 m )

16
15
16
18

10
12
10
7

JPCDS card no: 36-1451 (a = 3,250 Å and c = 5,207Å).

3

(Ravichandran et al., 2010); N = t / D Where, t is the
thickness of the film and it was about measured to be 417
nm for the samples. Table 2 gives the crystallite size and
the number of crystallites per unit area along prominent
diffraction planes for films. The grain size firstly shows a
decreasing tendency at 0.5% mole F doped, then again
shows increasing beyond of 0.5% mole F dopant content.
Whereas, the number of crystallites per unit area was
shown a tendency opposite to relation of the grain size
with F doping content as an expected result.
Figure
2
shows
the
scanning
electron
micrograph (SEM) micrographs of the films doped at
different fluorine content. All the FZO films show good
homogeneity and have uniform grains and smooth
surface; these properties imply the well crystallinity,
which is effective on the characteristics of the device
(Cao et al., 2011). It is clear from these micrographs that
the surface morphology of FZO films were modified with
doping. A clear change in the grain size due to the effect
of the doping can be observed. It can be seen that the
grain size gradually increased with F doping range from
0.5 to 3.5% mole. The images show that the films have
columnar grained structure perpendicular to the substrate
surface. This result confirms the XRD patterns indicating
c-axis orientation growth. Similar to our study, it has been
pointed out by many groups that sol-gel derived thin films
exhibited most likely particle-like microstructures on the
film surface (Lee et al., 2003; Zhou et al., 2007; Chen et
al., 2008).

Optical transmittance spectra of FZO samples and
undoped ZnO were recorded in the wavelength range
350 to 900 and 365 to 425 nm and are given in Figure 3.
The transmittance spectra show interference fringes. The
appearance of interference fringes indicates smooth
reflecting surface of the film and minimum scattering loss
at the surface, which indirectly proved the homogeneous
film deposition. Undoped film exibits 65% transmittance,
when fluorine incorporates in ZnO, the transmittance of
the film sharply increase to 90 to 95% in transmittance at
about 400 nm. The transmittance in the short
wavelengths shows a proportional increase with
increasing fluorine content. The increase in transmittance
spectra at the edge of UV region can be due to increase
in oxygen sites occupied by fluorine which is related to
increase in carrier concentration, commonly known as the
Burstein–Moss effect (Pawar et al., 2008). A peak
observed at 3.2 eV (about 385 nm) could be explained by
the exciton transition. The exciton effect has been
observed in ZnO at room temperature by Yakuphanoglu
et al. (2007). The optical band gap can be calculated
from the following relationship (Tauc, 1974):

-1

Where α is the optical absorption coefficient in cm , A is
the absorbance, m is a constant which determines type of
the optical transition (m = 1/2 for allowed direct transitions
and m = 2 for allowed indirect transitions). Optical band
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Figure 2. SEM micrograph of ZnO films with different fluorine concentrations: (a) F0.5ZO; (b) F1.5ZO; (c) F3.5ZO; (d) cross
sectional SEM image for avarege film thickness (0.5% mole).

2

gap values were determined from the plot of (αhν)
versus photon energy graph. This curve was shown in
Figure 4, depending on fluorine content. The band gap of
3.270 eV for undoped was increased to 3.291 eV for the
sample having 0.5% mole doping and 3.293eV for the
one having 1.5% mole doping. Again it decreased to
3,287 eV for 3.5% mole doping, respectively. Although
the band gap of ZnO is about 3.4 eV, it is about 7 to 8 eV
for ZnF2 (Tsai et al., 2009). It can be easily seen that the
band gap has been affected by the substitution or
interstitial of flourine with oxygen and this process has
reduced the carrier concentration due to the valence
number of fluorine is one less compared to oxygen.

Conclusion
In this work, transparent and conductive fluorine-doped
ZnO (FZO) thin films have been deposited by sol-gel
spin-coating method. The obtained data show that the
crystal morphology and structure of ZnO is highly
affected by F doping. The intensity of (002) peak of
undoped sample decreases with increasing F doping
concentration as a result of deterioration the film
crystallinity. The peak which is belonging to ZnF2 was
observed very weakly because of high volatility of
fluorine. From SEM micrograph, it was observed that
surfaces of doped F films exhibited uniform particle-like
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Figure 3. Optical transmittance spectra of un-doped and various F-doped
ZnO films and inset figure shows the transmittance spectra at short
wavelengths.

Figure 4. Plot of (αhν)2 versus photon energy for F-doped ZnO thin films.

and granular morphologies and were affected by the
flourine incorporation. Increased doping concentrations
from 0.5 to 3.5% mole have increased the grain sizes in
FZO films. The grain size of the undoped ZnO and 0.5,
1.5 and 3.5% mole F doped ZnO was calculated 16, 15,
16 and 18 nm, respectively. The interplanar distance
between standard and calculated values for the films did
not show differences and this could be indicated that ZnO
films having a hexagonal wurtzite structure. FZO films
exhibited better transparency than undoped ZnO film with
highly transparency in the visible region. In conclusion,
doping of fluorine into ZnO films with specific metallic

dopant content can be a promising material TCO as the
electrodes of thin film solar cell application because of
their good transparent properties integrated with their
beneficial effect of improving optical and structure
properties.

ACKNOWLEDGEMENTS
One of the authors (S. Doğan) would like to thank to
Turkish Academy of Sciences (TUBA) for partial support
through the Distinguished Young Scientist Award

3822

Sci. Res. Essays

Program (GEBIP). This work was also supported by
Atatürk University Research Fund, Project Number
2010/285.
REFERENCES
Bahadur H, Srivastava AK, Sharma RK, Chandra S (2007).
Morphologies of Sol–Gel Derived Thin Films of ZnO Using Different
Precursor Materials and their Nanostructures. Nanoscale Res. Lett.
2:469-475.
Biswal RR, Velumani S, Babu BJ, Maldonado A, Tirado-Guerra S,
Castañeda L, Olvera M de la L (2010). Fluorine doped zinc oxide thin
films deposited by chemical spray, starting from zinc pentanedionate
and hydrofluoric acid: Effect of the aging time of the solution. Mater.
Sci. Eng. B-ADV 174:46-49.
Bowen A, Li J, Lewis J, Sivaramakrishnan K, Alford TL, Iyer S (2011).
The properties of radio frequency sputtered transparent and
conducting ZnO:F films on polyethylene naphthalate substrate. Thin
Solid Films 519:1809-1816.
Cao L, Zhu L, Jiang J, Zhao R, Ye Z, Zhao B (2011). Highly transparent
and conducting fluorine-doped ZnO thin films prepared by pulsed
laser deposition. Sol. Energy Mater. Sol. C, 95:894-898.
Chen KJ, Fang TH, Hung FY, Ji LW, Chang SJ, Young SJ, Hsiao YJ
(2008). The crystallization and physical properties of Al-doped ZnO
nanoparticles. Appl. Surf. Sci. 254:5791.
Choi BG, Kim IH, Kim DH, Lee KS, Lee TS, Cheong B, Baik YJ, Kim
WM (2005). Electrical, optical and structural properties of transparent
and conducting ZnO thin films doped with Al and F by rf magnetron
sputter. J. Eur. Ceram. Soc. 25:2161-2165.
Ghodsi FE, Absalan H (2010). Comparative Study of ZnO Thin Films
Prepared by Different Sol-Gel Route. Acta Phys. Pol. A 118:4.
Gonzalez-Hernandez R, Martinez AI, Falcony C, Lopez AA, Pech-Canul
MI, Hdz-Garcia HM (2010). Study of the properties of undoped and
fluorine doped zinc oxide nanoparticles. Mater. Lett. 64:1493-1495.
Guillén-Santiago A, Olvera M de la L, Maldonado A, Asomoza R,
Acosta DR (2004). Electrical, structural and morphological properties
of chemically sprayed F-doped ZnO films: Effect of the ageing-time of
the starting solution, solvent and substrate temperature. Phys. Stat.
Sol. A 201:952-959.
Ilican S, Caglar Y, Caglar M (2008a). Preparation and characterization
of ZnO thin films deposited by sol-gel spin coating method. J.
Optoelectron. Adv. M. 10:2578-2583.
Ilican S, Caglar Y, Caglar M, Yakuphanoglu F (2008b). Structural,
optical and electrical properties of F-doped ZnO nanorod
semiconductor thin films deposited by sol–gel process. Appl. Surf.
Sci. 255:2353-2359.
Lee JH, Ko KH, Park BO (2003). Electrical and optical properties of ZnO
transparent conducting films by the sol-gel method. J. Cryst. Growth
247:119.
Maldonado A, Tirado-Guerra S, Cázares JM, Olvera M de la L (2010).
Physical and sensing properties of ZnO:F:Al thin films deposited by
sol–gel. Thin Solid Films 518:1815-1820.
Paraguay FD, Morales J, Estrada WL, Andrade E, Miki-Yoshida M
(2000). Influence of Al, In, Cu, Fe and Sn dopants in the
microstructure. Thin Solid Films 366:16-27.

Pawar BN, Ham DH, Mane RS, Ganesh T, Cho BW, Han SH (2008).
Fluorine-doped zinc oxide transparent and conducting electrode by
chemical spray synthesis. Appl. Surf. Sci. 254:6294-6297.
Ravichandran K, Sakthivel B, Philominathan P (2010). Nanocrystalline
transparent SnO2-ZnO films fabricated at lower substrate
temperature using a low-cost and simplified spray technique. Cryst.
Res. Technol. 45:292-298.
Rokn-Abadi MR, Behdani M, Arabshahi H, Hosseini N (2009). Indiumdoped Zinc Oxide Thin Films by Sol–Gel Method. Int. Rev. Phys.
12:103.
Sagar P, Kumar M, Mehra RM (2005). Electrical and optical properties
of sol-gel derived ZnO:Al thin films. Mater. Sci. Poland 23:3.
Sakthivelu A, Saravanan V, Anusuya M, Prince JJ (2011). Structural,
morphological and optical studies of molarity based ZnO thin films. J.
Ovonic Res. 7:1-7.
Sanchez-Juarez A, Tiburcio-Silver A, Ortiz A, Zironi EP, Rickards J
(1998). Electrical and optical properties of Fuorine-doped ZnO thin
films prepared by spray pyrolysis. Thin Solid Films 333:196-202.
Shakti N, Gupta PS (2010). Structural and Optical Properties of Sol-gel
Prepared ZnO Thin Film. Appl. Phys. Res. 2:1916-9647.
Sofiani Z, Sahraoui B (2007). Third harmonic generation in undoped
and X doped ZnO films„ X: Ce, F, Er, Al, Sn… deposited by spray
pyrolysis. J. Appl. Phys. 101:063104.
Tauc J (1974). Amorphous and Liquid Semiconductors, Plenum Press,
New York.
Tsai YZ, Wang NF, Tsai CL (2009). Formation of F-doped ZnO
transparent conductive films by sputtering of ZnF2. Mater. Lett.
63:1621-1623.
Tsai YZ, Wang NF, Tsai CL (2010). Fluorine-doped ZnO transparent
conducting thin films prepared by radio frequency magnetron
sputtering. Thin Solid Films 518:4955-4959.
Wen Z, Zi- Li-Zhong H, He-Qiu Z, Jing-Chang S, Ji-Ming B, Kai-Tong S,
Xi C., Jian-Ze Z, Xue L, Jin-Xia Z (2010). Effect of Different Substrate
Temperature on Sb-Doped ZnO Thin Films Prepared by Pulsed
Laser Deposition on Sapphire Substrates. Chin. Phys. Lett.
27:017301.
Xu HY, Liu YC, Mu R, Shao CL, Lu YM, Shen DZ, Fan XW (2005). Fdoping effects on electrical and optical properties of ZnO
nanocrystalline films. Appl. Phys. Lett. 86:123107.
Yakuphanoglu F, Caglar Y, Ilican S, Caglar M (2007). The effects of
fluorine on the structural, surface morphology and optical properties
of ZnO thin films. Physica B 394:86-92.
Yoon HS, Lee KS, Lee TS, Cheong B, Choi DK, Kim DH, Kim WM
(2008). Properties of fluorine doped ZnO thin films deposited by
magnetron sputtering. Sol. Energ. Mater. Sol. C 92:1366-1372.
Zhang K, Zhu F, Huan CHA, Wee ATS, Osipowicz T (1999). Indiumdoped Zinc Oxide Films Prepared by Simultaneous r.f. and d.c.
Magnetron Sputtering. Surf. Interf. Anal. 28:271-274.
Zhou HM, Yi DQ, Yu ZM, Xiao LR, Li J (2007). Preparation of aluminum
doped zinc oxide films and the study of their microstructure, electrical
and optical properties. Thin Solid Films 55:6909.

