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This paper reports the effect of fluorine doping on ZnO thin films. Undoped and doped films were de-
posited by spray pyrolysis method on heated glass substrates at 380 °C with different concentrations of
fluorine (0-15 at. %). X-ray diffraction patterns show the polycrystalline nature of the films with the pre-
ferred orientation along the c-axis. No other fluorine metal cluster and impurity phases have been ob-
served with F doping. The crystalline size of the deposited thin films was calculated using Debye- Scherrer
formula and found in the range between 13.7 and 37.3 nm. The optical transmittance of F doped ZnO thin
films reduces up to 79 % as compared to undoped ZnO thin film in the visible region. The band gap was
found to be decreasing in the range of 3.38-3.26 eV with F doping whereas it increases for higher doping of
F concentration from 7-15 at. %. The Urbach energy (disorder) decreases from 120 to 90 meV that allows
the atoms find a good site that is to say a better organization of the ZnO film, i.e. layers become homogene-
ous and well crystallized. The four-point techniques for measuring electrical conductivity show that all
samples are n-type, and the best value of the electrical conductivity 9.24 10-5 (Q cm)-1 was obtained for
5 at. % F. The increase of the electrical conductivity can be explained by the increase in carrier concentra-
tion of the films. FZO can be applied in different electronic and optoelectronic applications due to its high
band gap, high transparency and good electrical conductivity.

Keywords: Spray pyrolysis, ZnO thin films, F-doped ZnO, Four-point techniques, Band gap, Conductivity.

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3HKH
Tom 11 Ne 3, 03002(5cc) (2019)

DOTI: 10.21272/jnep.11(3).03002

1. INTRODUCTION

Transparent conducting oxides are promising mate-
rials in the class of optoelectronic devices due to their
potential applications in gas sensors, piezoelectric
transducers, light emitting devices and in solar cells [1].
Transparent oxide ZnO is a n-type semiconductor, has a
direct band gap of 3-3.37 eV and a large exciton binding
energy of 60 meV more than the thermal energy at room
temperature [2]. ZnO is widely used because of its prop-
erties, nontoxic, less expensive and abundantly availa-
ble on earth, chemically and thermally stable [1, 3].
There are quite similarities between the optical proper-
ties and band structures of ZnO and GaN [4]. Both GaN
and ZnO are direct wide band gap (Eg > 3 eV) semicon-
ductors, transparent in the visible region, having wurtz-
ite crystal structure, comparable lattice constants, with
nearly the same c/a lattice constant ratios [5]. Doping is
a widely used method to improve physical properties of
semiconductor compounds [6]. These properties can be
greatly influenced by the chemical doping or formed
intrinsic lattice defects. As well as dopant concentration,
it is well known that the physical properties of ZnO
films also depend on the preparation technique, source
material and growth temperature. ZnO thin films can
be grown by various methods such as thermal evapora-
tion, chemical vapor deposition, sol gel method, electro-
chemical deposition, magnetron sputtering deposition,
and spray pyrolysis [7, 8].

Among these methods, the simple and inexpensive
spray pyrolysis method allows easy control over deposi-
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tion parameters as well as reproducibility [9]. The aim
of this paper is to study the effect of fluorine doping on
the structural, optical and electrical behavior of un-
doped ZnO, FZO thin films synthesized on glass sub-
strates by spray pyrolysis method; and the properties of
these films were studied and discussed.

2. EXPERIMENTAL PROCEDURE
2.1 Preparation of Samples

ZnO:F (0-15 at. %) thin films were prepared on corn-
ing glass substrates using spray pyrolysis technique. In
this procedure, to prepare 0.2 M solution of undoped
ZnO0, zinc acetate dehydrate [CsHeO04Zn.2H20] was dis-
solved in distilled water. The solution was kept under
constant stirring for about 2 hours. For doping, appro-
priate amount of ammonium fluoride (HN4F) and zinc
acetate was dissolved in 100 ml of distilled water and
stirred for 2 hours to transparancy solution. Before
deposition of the films, the corning glass substrates
were dipped in a mixture of distilled (DI) water and
HCIl, then cleaned ultrasonically followed by acetone
and with DI water for 10 min, respectively. After dry-
ing the substrates, the films were deposited by spray
pyrolysis with the value of pressure and the nozzle-
substrate distance of 2 bars and 20 cm, respectively.
The films were then preheated on a hot plate at 380 °C
for the evaporation of organic solvents. To keep the
substrate temperature constant, the pre-cursor solution
was deposited cyclically, 10 s of spraying followed by
45 s without spraying. Undoped ZnO was used as a
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reference sample. The F content was varied as 5, 7 and
15 at. %. The F content in the starting solution is re-
ferred here as the atomic percentage with respect to Zn.

2.2 Devices and Measurements

The crystal structure of ZnO thin film was de-
termined by X-ray diffraction (XRD) using diffractome-
ter with Cu-Ka X-ray source. The optical transmission
spectra are used to study the optical properties of de-
posited thin films and have been analyzed using UV-
Visible spectrophotometer at room temperature. The
electrical conductivity was measured with the four-
point techniques.

3. RESULTS AND DISCUSSION
3.1 Structural Properties

Fig. 1 shows the XRD spectra of ZnO:F thin films
prepared on corning glass substrates in the 26 range of
25-60°. The diffraction peaks are indexed by comparing
the data with JCPDS of card number (36-1451). It has
been observed that the films are polycrystalline in na-
ture, having (002) orientation along the c-axis perpen-
dicular to the substrate surface. The three major peaks
at 31.8° 34.5° and 36.4° corresponding to (100), (002)
and (101) orientations of ZnO have been observed in all
the samples. It is to be noted that, the (002) peak inten-
sities of the ZnO films are found to increase with increas-
ing F concentration. Similarly, G.H. Kim and et al. [10]
have observed that the (002) peak intensity appeared to
increase as the fluorine content increased.

The full width at half maxima of the (002) peak of
all the samples was obtained by the Lorentzian fitting
tool. The grain size (D) corresponding to (002) peak was
calculated by the Scherrer formula
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where A is the X-ray wavelength of Cu-K, (1.54046 A), o
is the diffraction angle (in radians) and g is the full
width at half maximum of the peak. According to hex-
agonal symmetry, the lattice constant can be calculated
from the following equation:
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where d is the interplanar spacing, h, k, [ are the crys-
tal plane indices and a, b, c are the cell parameters.

The biaxial stress along the c-axis was calculated
using the relation [11]

$=453.6x102[ (c—co)/c]. 3)

The lattice strain (¢) is calculated using the relation
[12]
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where the lattice parameter of the strained films was
obtained from the XRD data, and co is the strain free lat-
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tice parameter (co = 0.5206 nm). The values of dislocation
densities (6) are calculated using the relation [13, 14]
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Fig. 1 — XRD patterns of FZO sprayed thin films

3.2 Optical Properties

Fig. 2 shows the transmission and absorption spectra
of the sprayed FZO thin films in the wavelength range of
300-800 nm. It is observed that the transmission is about
80 % for undoped sample and decreases slightly with the
increase in doping concentration. This is due to the de-
crease in the grain size (see Table 1) leading to the high-
er density of grain boundaries, that can be explained by
the atomic radius between Zn and F, which in turn leads
to a decrease in transmission [15].
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Fig. 2 — Transmission spectra for undoped and F-doped (0, 5,
7 and 15 at. %) ZnO films prepared at 380 °C
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Table 1 — Various structural parameters of FZO sprayed thin films
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Samples Grain size dislocation Cell parameter, A lattice strain
D, nm densities a=b c & %
S, cm — 2
Undoped ZnO 37.27 7.20E+10 3.258 5.208 0.404
ZnO:F (5 at. %) 13.7 5.33E+11 3.259 5.211 0.827
ZnO:F (7 at. %) 23.85 1.76E+11 3.260 5.219 0.493
ZnO:F (15 at. %) 20.7 2.33E+11 3.283 5.267 0.582
In Fig. 3, we observe what are called localized states 300
formed in band tails at the boundaries of the band gap, Undoped ZnO

the valence and conduction bands. For energies greater
than E. and less than E,, the extended states are found
(Fig. 5), this difference is known as disorder. When the
disorder becomes too great (e.g. with the appearance of
hanging bonds or impurities in the material), the tails
may become entangled. We will then define the notion of
Urbach parameter (Eoo) which corresponds to transitions
between the extended states of the valence band and the
localized states of the conduction band. The absorption
coefficient is linked to disorder by the law [16]:

a=agexp(hv/ Ey) , (6)

Eoo being the width of the tape tail that characterizes
the disorder.

The optical band gap values (E;) are determined by
using the relation [16]:

(ahv)’ = Alhv—E,], )

where A is a constant, which is different for different
transitions, A is the Planck constant, vis the frequency
of incident light, and Eg is the corresponding band gap.
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Fig. 3 — Distribution function of the energy states in the bands

From Fig. 4, the band gap values are determined as
a function of fluorine concentrations by extrapolating
the straight line portion of the (ahv)? versus (hv) varia-
tion to (aehv)?2 =0. The obtained values ranging from 0
to 15 at. % are: 3.38 eV (Zn0), 3.37 eV (Zn0.98 F0.02),
3.28 €V (Zn0.95 F0.05), 3.26 eV (Zn0.93 F0.07), 3.32 eV
(Zn0.85 F0.150). The band gaps generally decrease due
to the band shrinkage effect with increasing carrier
concentration [17]. The value of E; for ZnO thin film
was found to be decreased from 3.38 to 3.32 eV with
increase in F doping concentration. The decrease in the
band gap can be attributed to the strong sp-d exchange
interaction between the band electrons and localized
electrons of the dopant.

These results indicate that the optical properties of
ZnO films are affected by fluorine doping.
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Fig. 4 — Plots of (ehv)? versus hv for Zn:F films with different
values of fluorine concentration
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Fig. 5 — Variation of the optical gap and Urbach energy of
FZO films
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Fig. 6 — The electrical conductivity of FZO thin films deposited
at various fluorine concentrations, such as (x = 0; 5; 7; 15 at. %)
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3.3 Electrical Properties

Fig. 6 shows the variation of the electrical conductivi-
ty of ZnO thin films doped with fluorine measured by
four-point techniques at room temperature for the films
deposited at various x concentrations, such as (x=0; 5; 7;
15 at. %). The electrical conductivity of the samples in-
creases with the increase of the fluorine concentration
from O to 5 at. % and reaches its maximum value of 9.24
10-5(Qcm)-1 at a concentration of 5 at. % of the fluo-
rine. That is due to the reduction of charge carrier loss to
crystalline defects and grain boundaries, which increases
carrier mobility. The latter is due to a decrease in the
resistivity to the movement of the charges.

4. CONCLUSIONS

FZO thin films with wurtzite structure have been
successfully grown on corning glass substrates by low
cost spray pyrolysis process. The XRD results revealed
that FZO films are polycrystalline in nature with high-
ly c-axis preferred orientation along (002) plane and
presented a hexagonal crystal structure. Due to fluo-
rine doping, the crystallite size decreases from 37.27 to
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20.7 nm.

The average optical transmittance for ZnO is above
80 % in the visible region, and it reduces for FZO thin
films and the optical band gap value decreases from
3.38 to 3.32 eV as doping concentration increases. The
optical and electrical studies clearly indicate the pres-
ence of fluorine in ZnO. Hence, the observed decrease
in the optical band gap and the variation in the electri-
cal conductivity could be directly attributed to the ef-
fect of F ion incorporation into ZnO lattice. At 5 at. % of
F doping, the film has the highest conductivity equal to
9.24°10-5 (Qcm)-1. These FZO films may be used for
photovoltaic devices.

AKNOWLEDGEMENTS

The authors wish to thank Prof. Tibarmacine for his
assistance in electrical measurements and Mr. Brahim
Gasmi for his assistance in XRD data acquisition from
(LPCMA), University of Biskra, Algeria.

The authors are grateful to the Editor-in-Chief of
the Journal of Nano- and Electronic Physics Protsenko
Ivan Yuhymovych for a critical reading of the manu-
script and his valuable comments.

9. P.S. Shewale, V.B. Patil, S.W. Shin, J.H. Kim, M.D. Uplanea,
Sensor. Actuat. B Chem. 186, 226 (2013).

10. G.H. Kim, D.H. Hwang, and S.I. Wo, Mater. Chem. Phys.
131, 77 (2011).

11. W.T. Lim, C.H. Lee, Thin Solid Films 353, 12 (1999).

12. S. Muthukumaran, R. Gopalakrishnan, Opt. Mater. 34, 1946
(2012).

13. A. Hadri, C. Nassiri, F.Z. Chafi, M. Loghmarti, A. Mzerd,
En. Env. Focus 4, 12 (2015).

14. P. Sing, A. Kumar, A. Kaushal, D. Kaur, A. Pandey, R.N. Goyal,
Mater. Sci. 3, 573 (2008).

15. X. Peng, J. Xu, H. Zang, B. Wang, Z. Wang, J. Lumin. 128,
297 (2008).

16. M. Babikier, D. Wang, J. Wang, Q. Li, J. Sun, Y. Yan, Q. Yu,
S. Jiao, Nanoscale Res. Lett. 9,199 (2014).

17. N.E. Sung, S.W. Kang, H.J. Shin, H.K. Lee, I.J. Lee, Thin
Solid Films 547, 285 (2013).
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"HaHouyacTUHOK ZnQO, nerosauux bropom
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¥V po6oTi BUBUEHMH BILJIUB JIeryBaHHA (DTOPOM Ha BJIACTHBOCTI TOHKUX ILTiBoK ZnO. Heserosawi 1 jsero-
BaHI INIBKH OCAIKyBaJM METOIOM CIpEeH-Iiposidy Ha Harpiti ckiaHi migkaagkn npu 380 °C 3 pisHEMEH
koumenTpariamu gropy (0-15 at. %). PenrreniechKi qudparrorpamMu mOKa3yoTh HOJIKPHUCTAJIIYHY IIPUPOJTY
IUTIBOK 3 IePeBasKHOI0 OpieHTAaIlieo B3I0BK ocl ¢. Higki 1HIII KjiaacTepu Ta JOMIIMKOBI a3y He criocTepira-
Jucs mpu JieryBaHHi propom. Po3Mip KpHCTAIITIB OCAIKeHUX TOHKMX ILJIIBOK PO3PAXOBYBABCS 34 JIOIOMO-
roo gopmyan Hebaa-Illeppepa i sHaxogusesa B gianasosi Big 13,7 mo 37,3 am. OnTryHe MPOIMyCKAHHS TOH-
knx wiiBok ZnO, neroBaHux TOPOM, 3MEHIIYETHCA M0 79 % MOPIBHAHO 3 HEJIETOBAHOK TOHKOI ILTIBKOIO
7n0 y Bupumiit obiacrti. Beranosieno, mo muprHa 3a00pOHEHOI 30HM 3MEHIIYEThCS B Oiama3oHi 3,38-
3,26 eB mpu sreryBanH1 pTopoM 1 301IbIIYyeThCS IJIs OLJIBIN BUCOKOT KOHIleHTpaIlii dropy 3 7-15 at. %. Exep-
rist Ypbaxa (po3ymopsakyBaHHsa) saMmeHyeTbed 13 120 1o 90 meB, 110 mo3BosIsie peasnidyBaTy Kpairy oprami-
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samio wmeku Zn0, TOOTO MIapu CTAOTH OJHOPITHUMHE 1 J00pe KPHUCTATI3YIThCd. JOTHPUTOIKOBI METOIH
BHUMIPIOBAHHS €JIEKTPOIIPOBITHOCTI MOKA3YIOTh, IO yCi 3padKy MAIOTh N-TUI, & HAWKpAIe SHAYCHHS eJIeKT-
pomposigHOCcTi 9,24:10-5 (Q ¢m) ~ ! orpumano 3a KoHIeHTpari dTopy 5 ar. %. 361IbIIeHHS eJIeKTPOIPOBII-
HOCTI MOKHA IIOSICHUTH 301/IBIIIEHHSIM KOHIeHTpallil HocliB y mmiBkax. FZO mosxe OyTtu 3acrocoBaHuUi B pia-
HUX €JeKTPOHHUX 1 ONTOEJEeKTPOHHUX JOJATKAX 3aBOAKM BEJIMKIA 3a00pOHEHIN 30HI, BUCOKIN IIPO30POCTI 1
rapHii eJeKTPOIIPOBITHOCTI.

Kmrouosi cnosa: Crpeii-miposis, Touki mmsku Zn0, ZnO nerosanuit F, Yorupurourkosi meromu, 3abopo-
HeHa 30Ha, [[poBiTHICTE.
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