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This work reports on the development and characterization of Zinc Oxide (ZnO) nanocrystalline thin
films deposited on glass substrates by spray pyrolysis method. The effect of 1 % Mg-doping and 6 % F/
x % Mg co-doping (x =1, 2 and 3) on the structural, morphological, optical and electrical properties of the
films obtained is studied. The structural characterization shows that all the deposited layers are polycrys-
talline with a hexagonal wurtzite-type structure due to the existence of a more intense peak relative to the
(002) peak, located around an angle of 34.13° with no other phase detected. The measured contact angles
are more than 90° for pure, doped and 6 % F/1 % Mg co-doped films prepared, which confirms the hydro-
phobic character, while other co-doped films (6 % F:2 % Mg and 6 % F:3 % Mg) show the hydrophilic char-
acter at values of the contact angle < 90°. A higher transmittance value of 86.47 %, a wide band gap of
3.53 eV and lower disorder (330.03 meV) are observed for the 6 % F:1 % Mg co-doped film. Co-doping with
1 % Mg considerably improves the electrical conductivity (o= 0.030 (2.cm)-1). The results suggest that the
co-doped ZnO film (6 % F, 1 % Mg) can be used as a window film in thin film solar cells.
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1. INTRODUCTION

Currently, II-VI semiconductor compounds have
been widely studied by researchers due to their re-
markable performance in optics and electronics. Zinc
oxide (ZnO) is one of the most widely used II-VI semi-
conductors in optoelectronics because of its excellent
photoelectric properties due to the high exciton binding
energy (60 meV) at 300 K and a wide band gap (= 3.2-
3.37 eV) [1]. These properties make ZnO an effective
material for various optoelectronic devices, such as thin
film solar cells, photonic devices, laser systems, light
emitting diodes, flexible screens, and surface acoustic
wave devices. In general, two methods of physical and
chemical synthesis are used to make ZnO thin films.
Among them, we are interested in the work in the
spray pyrolysis technique, which is a simple chemical
method, profitable and which allows to adapt a doping
element in the host matrix of ZnO films [2, 3]. To modi-
fy these physical properties for a wide range of possible
applications, ZnO films are doped or co-doped with
various elements such as Mg, Co, Ni, Sb, F, Mn, Cr and
N. The selection of the doping element aims to improve
the optical and electrical properties of ZnO nano-
materials for optoelectronic devices [2]. These proper-
ties can be further improved by varying the stoichio-
metric ratio of the doping element in the host material
[1]. Among the different doping elements, particular
attention is paid to the incorporation of fluorine (F),
which, acting as an anionic impurity, leads to resistivi-
ty values that are lower than those obtained for the
most appropriate cationic impurities such as ZnO:In
with a resistivity of the order of 2 10-2 Q-cm [4]. In
addition, fluorine is an attractive dopant due to its high
electronegativity and low ionization energy [5]. Accord-
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ing to the literature [6], the lowest value of the resistiv-
ity obtained for ZnO:F deposited by spray is of the or-
der of 2 10-2 Q-cm. Another factor to be taken into
account, which can mainly affect the optical properties,
is the wide optical gap. In this regard, we are interest-
ed in this study of the transition element magnesium
(Mg) for two reasons: (i) the solubility of solid MgO in
ZnO is high, (ii)) due to the wide band gap of MgO
(= 7.8 eV), doping with Mg can widen the optical band
gap of ZnO and the UV luminescence intensity of the
systems, making them suitable for optoelectronic appli-
cations. Therefore, Mg is chosen as the initial doping
element of ZnO and is limited to 3 % to avoid the for-
mation of a secondary phase (MgO) [7]. To our
knowledge, there are few papers on the combined effect
of Mg and F as dopants to improve the physicochemical
properties of ZnO for application in thin film solar cells.
For all these reasons, we are working on this contribu-
tion to enrich this research area. Moreover, in this
work, thin films of pure ZnO, Mg-doped and F/Mg co-
doped were developed by the method of spray pyrolysis,
and their structural, optical and electrical properties
were studied in detail.

2. EXPERIMENTAL DETAILS

ZnO thin layers were prepared using 1.097 g of de-
hydrated zinc acetate (Zn(CH3COO)2-2H20) as a pre-
cursor, dissolved in methanol at a molar concentration
of the solution equal to 0.1 M. Addition of any drop of
hydrochloric acid is necessary to ensure maximum
dissolution of Zn(CH3COO0)2-2H20. After 10 min under
magnetic stirring at room temperature, an adequate
quantity of magnesium (Mg(CH3COO)2-4H20) and
fluorine (NH4F) with different doping rates was consid-
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ered. Five samples were obtained: pure ZnO, 1 % Mg-
doped ZnO, 6 % F/1 % Mg co-doped ZnO, 6 % F/2 % Mg
co-doped ZnO, and 6 % F/3 % Mg co-doped ZnO. The
final solution was deposited by spray pyrolysis on glass
substrates, the deposition time of each sample was
10 min. The substrate temperature was fixed at 400 °C,
the carrier gas (compressed air) and the solution were
fed into the spray nozzle at a pre-adjusted constant
atomization pressure. The nozzle to substrate distance
was 17 cm. The structural properties were determined
by XRD using a Philips X’ Pert system with CuKa ra-
diation (Acuk, = 1.5418 A). The values of the contact
angle of each deposit were obtained after 5 s with a 5 ul
drop of distilled water. Measurements of optical trans-
mission in the UV-Visible range (300-800 nm) were
performed using a Shimadzu UV-3101 PC spectropho-
tometer. The electrical properties, mainly the resistivi-
ty of thin films, were characterized at room tempera-
ture by the four-probe method using Keithley 2401.

3. RESULTS AND DISCUSSION

Fig. 1 shows the X-ray diffraction spectra of our
films. According to Fig. 1, we notice the presence of
layers based on pure ZnO, doped and co-doped. The
same diffraction peaks located at 31.61, 34.13, 35.97,
47.30, 56.12, 62.41 and 67.68° are assigned to the
planes (100), (002), (101), (102), (112), (103) and (200),
respectively. According to ASTM files (JCPDS 36-1451
[2]), the resulting layers are polycrystalline with a
hexagonal wurtzite-type structure due to the existence
of a more intense peak related to the (002) orientation
located around 34.18° for all layers deposited. In other
words, no additional peaks corresponding to Mg and F
and MgO and ZnF2 compounds are detected in the XRD
spectra of ZnO films doped with 1 % Mg or co-doped
with 0% F:% Mg. This indicates that the hexagonal
wurtzite structure of our films is not altered in the
presence of Mg and F as impurity atoms. However, the
(002) peak became more intense and narrower for a
film co-doped with 6 % F:1 % Mg. This behavior is
probably due to the improved crystallinity of this film.
In addition, still following the same figure for the films
co-doped with 2 and 3 % Mg, the intensity of the (002)
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Fig. 1 —X-ray diffraction spectra of the obtained films with
different doping and co-doping concentrations
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Fig. 2 — X-ray diffraction (002) peaks and their intensities for
processed films

peak decreases again. The reason is that the crystallin-
ity of our samples decreases when more Mg atoms are
incorporated into the crystal lattice.

In order to study the incorporation of Mg and F into
the ZnO matrix, the maximum position of the (002)
peak is monitored. Fig. 2 shows a zoom of the (002)
peak of our films. As seen from Fig. 2, the peak of the
Mg-doped ZnO sample clearly shows a shift from the
center of the (002) peak to a higher angle compared to
that of pure ZnO. This result is in good agreement with
those published by several authors [8, 9]. According to
Verma et al. [8], this slight shift of the (002) peak to a
higher angle with the addition of 1 % Mg doping is due
to the possible substitution of Mg2* in the ZnO matrix,
which results in a slight deformation of the crystal
lattice. We also note the shift of the peak towards lower
angles observed for co-doped films (ZnO:6 % F:1 % Mg,
Zn0:6 % F:2 % Mg and Zn0:6 % F:3 % Mg with offsets
of 34.12, 34.14, and 34.12°, respectively) as compared
to pure ZnO film (34.18°). Such a reduction in the lat-
tice parameter can be attributed to the smaller ionic
radius of Mg2+ (0.066 nm) [1] compared to that of Zn2*
(0.074 nm) [1, 10]; the radius of F~ ions (0.131 nm) is
smaller than that of O-2 ions (0.138 nm) [11]. In addi-
tion, this indicates that the lattice parameters of Mg-
and F-doped films are smaller than those of ZnO films
[10]. This is similar to the results reported in the liter-
ature, such as Al-doped ZnO [10], In-doped ZnO, Mg-
doped ZnO thin films [12]. Therefore, the variation of
the lattice parameter signifies the incorporation of
Mg2* and F~ due to doping and co-doping.

The crystallite sizes (D) of the (002) peak were cal-
culated from the Debye-Scherrer formula [2, 3, 13]:

D- 0.91 , )
pcosb

where A is the wavelength of X-ray radiation, S repre-
sents the full width at half maximum (FWHM) and 6 is
the angle of diffraction.

The strain values (¢) of the ZnO film along the (002)
plane are calculated using the following formula:

oo pcosb .

1 @)
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Table 1 — Variation of crystallite size and strain of our films

Sample type D, nm Strain (g) x 10-3
Undoped ZnO 16.986 2.040
Zn0:1 % Mg 16.954 2.043
Zn0:6 % F:1 % Mg 19.149 1.810
Zn0:6 % F:2 % Mg 17.557 1.973
Zn0:6 % F:3 % Mg 16.366 2.121

Table 1 summarizes the crystallite sizes (D) and the
strain values (¢) at different doping and co-doping con-
centrations. It is seen from Table 1 that the variation of
strain is inversely proportional to the crystallite size.
According to the literature [2, 3, 5], a similar phenome-
non has already been observed by other researchers.
Consistent with the variation in the intensity of the
diffraction peak with doping and co-doping, the strain
decreased at a Mg concentration of 1 and 2 % upon co-
doping and increased upon doping (1 % Mg) and the
highest co-doping (6 % F:3 % Mg). For 6 % F:1 % Mg co-
doping, the minimum strain of 1.810 x 10-3 and the
largest crystallite size of 19.149 nm are obtained. Ac-
cording to [2, 5], the increase in the crystallite size is
interpreted by the better crystallinity of the film pro-
duced. These results indicate that ZnO:6 % F:1 % Mg
film has the best crystal quality.
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Fig. 3 — Water contact angles of ZnO thin films deposited with
different dopant

Table 2 illustrates the variation of contact angle for
different films produced. From Table 2 we see an in-
crease in the contact angle from 93.08° for an undoped
film to 112.45° for 6 % F/1 % Mg co-doped film, on the
one hand. On the other hand, we also notice a decrease
in the contact angle for 6 % F/2 % Mg and 6 % F/3 % Mg
co-doped films from 85.21° to 77.72°, respectively. The
same behavior was observed by Cho et al. [14]. Follow-
ing the work of Cho et al. [14], this variation is due to
the surface morphology of the films produced by con-
tact with a water drop. In addition, the contact angle
values found for undoped, Mg-doped and 6 % F:1 % Mg
co-doped films are > 90°, which shows the hydrophobic
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character of the deposited films. On the other hand, for
other co-doped films, the hydrophilic character mani-
fests itself at contact angle values < 90°; this character
demonstrates that these films are a promising material
for photocatalytic applications and as a sensitive layer
in gas sensors.

Table 2 — Variation of contact angle of undoped, Mg-doped and
F/Mg co-doped ZnO films

Sample type Water contact angle, °
Undoped ZnO 93.08
Zn0:1 % Mg 108.11
Zn0:6 % F:1 % Mg 112.45
7Zn0:6 % F:2 % Mg 85.21
Zn0:6 % F:3 % Mg 77.72
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Fig. 4 — Transmission spectra of ZnO thin films deposited
with different doping elements

A UV-visible spectrophotometer was used to study
and analyze films of pure, doped with Mg and co-doped
with F/Mg (Fig. 4). For all films, the average transmit-
tance for the visible wavelength region A = 300-800 nm
was greater than 80 %. When the molar doping amount
of Mg?* is 1 %, the transmittance is remarkably im-
proved in the visible and near infrared regions with a
high value of 86.47 % for 6 % F:1 % Mg co-doped film.
For comparison, the transmittance obtained in this
work for ZnO film co-doped with 6 % F:1 % Mg
(86.47 %) is higher than that found by Snega et al. [15]
for ZnO film co-doped with 20 % F:4 % Mg (T'= 85 %)
deposited by spray pyrolysis. This improvement can be
attributed to various reasons such as particle size,
oxygen deficiency, surface roughness and thickness.
According to Guermat et al. [2], the high transparency
of 6 % F:1 % Mg co-doped film is probably due to the
low dispersion effect resulting from structural homoge-
neity and improved crystallinity of the deposited thin
film. The same behavior was observed by Rath et al.
[16], studying ZnO films for different levels of Mg. With
increasing Mg concentration (2 and 3 %), transmission
decreases. This behavior is in good agreement with [7].
According to Liu et al. [7], doping with Mg2* cations in
the ZnO lattice should modify the chemical and physi-
cal properties of ZnO, in particular, the optical proper-
ties. Therefore, it can be concluded that the transmit-
tance is improved by the good incorporation of fluorine
and magnesium into the structure of ZnO for the con-
centration of Mg equal to 1 %.
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To better see the effect of doping and co-doping on
the behavior of ZnO films, we increased the transmit-
tance slices at the level of the fundamental absorption
zone in the UV region for lengths <400 nm, as illus-
trated in Fig. 5. For a wavelength of 400 nm, it can be
seen that the transmittance patterns clearly evoke the
chut due to the interband absorption (the fundamental
absorption). The shift towards shorter wavelengths for
films of pure, Mg-doped and co-doped with F/Mg
(Zn0O:6 % F:1 % Mg), which reflects the Burstein-Moss
(BM) effect [13] and manifests in increased transmis-
sion in the UV region, is an advantageous characteris-
tic for thin film solar cell applications because it allows
more high-energy photons to hit the solar cell. Accord-
ing to Fig. 5, the opposite effect is also observed, the
shift of the absorption tail towards longer wavelengths
for another co-doping is reflected in the Roth effect [13].
Therefore, it can be concluded that 6 % F:1 % Mg dop-
ing and co-doping improve the transmittance.

The direct band gap energy (Eg) for films of un-
doped, Mg-doped and F/Mg co-doped ZnO is estimated
from the plots of (ahv)? versus the photon energy hv, as
shown in Fig. 6, using the Tauc's equation [2, 3, 17, 18].
The linear part of these graphs is extrapolated to the
energy axis, and the energy value at (ahv)2=0 gives
the value of E;. The values obtained for our films are
listed in Table 3.
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Fig. 5 — Zoom of the transmittance spectra for A =400 nm of
our films
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Fig. 6 — Tauc's plots for determining the optical band gap
energy of ZnO thin films deposited with different dopant
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Table 3 — Values of optical parameters of ZnO thin films
deposited with different dopant

Sample type E; eV Eu, eV
Undoped ZnO 3.21 335.57
Zn0:1 % Mg 3.24 332.22
Zn0:6 % F:1 % Mg 3.53 330.03
7Zn0:6 % F:2 % Mg 3.20 337.83
7Zn0:6 % F:3 % Mg 3.18 348.43

It can be seen from Table 3 that the Eg values for
our processed films are between 3.18 and 3.53 eV. This
variation of the optical gap is in good agreement with
the values found in the literature [19]. According to
Table 3, the optical gap of ZnO films doped and co-doped
with 1 % Mg first increases with a difference of 0.32 eV
for 6 % F:1 % Mg co-doped film (Egmaex = 3.53 €V), then
decreases, while the amount of the doping element Mg
gradually increases (2 and 3 %). This result is in
agreement with those published by several authors [5,
14, 20]. An increase and decrease in Eg under the influ-
ence of doping and the size effect has been reported in
the literature [20]. The increase in the optical gap for
ZnO film doped with 1 % Mg is in agreement with the
data published in several works [1, 21]. Priscilla et al.
[22] synthesized nanoparticles from Zni-Mg:O films
(x=0, 0.2 and 0.4) deposited by the sol gel method, and
the results show that the optical band gap increases
from 3.16 to 3.24 eV depending on the Mg doping con-
centration. Qiu et al. [23] studied the effect of Mg dop-
ing on the optical properties of ZnO films for Mg con-
centration levels from 0 to 25 at. %. Consequently, the
increase in the optical gap can be attributed to the
substitution of Mg?* ions in the ZnO matrix. Since the
level of Mg 3s is higher than that of Zn 4s, the Mg 3s
orbital hybridized with Zn 4s leads to an increase in
the conduction band (CB) edge, thereby increasing the
optical gap [23]. Moreover, the increase in the band gap
with increasing Mg content can be explained by the
generation of more oxygen and electron vacancies. In
addition, the growth of Eg (blue shift) for 6 % F:1 % Mg
co-doping is attributed to the Burstein-Moss. This band
gap widening was also observed for other semiconduc-
tors such as Mg-doped ZnO [1], Co-doped ZnO [2], Ni-
doped SnOg2 [18], Sn-doped In203 and B/Mg co-doped
Zn0. According to the literature, the same result was
observed by Snega et al. [15] by studying films of F/Mg
co-doped ZnO deposited by spray pyrolysis method for
concentrations of Mg varying between 4-16 at. % and a
content of F equal to 20 at. %. Therefore, the reason for
this blue shift caused by Mg doping can be explained by
the difference in ionic radii of Zn%* and Mg?* cations,
which causes an increase in defect centers in the ZnO
lattice which can be the reason for this enlargement of
E; [15]. So, the introduction of a small amount of Mg
(Mg =1 %) improves the optical gap. In addition, still
according to Table 3, we also notice a decrease in the
band gap when Mg (2 and 3 %) is added to ZnO:6 % F.
The same result was observed by Si et al. [24] by study-
ing Zmo.97-«MgxAlo.0sO NPs (x =0, 0.01, 0.03 and 0.05)
deposited by hydrothermal growth. According to San et
al. [25], when the concentration of carriers is greater
than the critical Mott transition concentration (CMott),
the Urbach tail will narrow the energy gap.
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Fig. 7 — Plots of Ina versus photon energy Av for determining
the Urbach energy of ZnO thin films deposited with different
dopant

Irregularities created in the band gap are measured
in terms of Urbach energy (Ev) or disorder. Near the
edge of the band, the absorption coefficient (&) depends
exponentially on the photon energy (hv) according to
the following relation [13]:

o= exp% , 6)
U

where o is a constant.

The Urbach energy for films of pure ZnO, Mg-doped
and F/Mg co-doped is determined by plotting Ina
against the photon energy Av, as shown in Fig. 7. The
inverse of the slope of the linear part (Fig. 7) of the
curves gives the values of Ey, which are tabulated in
Table 3. It is observed from Table 3 that the Urbach
energy for 6 % F:1 % Mg co-doped ZnO film is lower
than that of other films. The Urbach energy decreases
with the Mg content equal to 1 % for doping and co-
doping. However, the value of Eu increases for the
highest doping of Mg (2 and 3 %).

It is well known that strong disorder in the film lat-
tice leads to the formation of small crystallites, the
largest crystallite size is 19.149 nm and the smallest
disorder is 330.03 meV for 6 % F:1 % Mg co-doped film.
This is consistent with a decrease in the value of the
defect of the strain calculated from the XRD patterns.
This gives a more ordered film. As seen, Table 3 also
shows a good correlation between the Urbach energy
and the band gap energy. This suggests that the band
gap obtained in this work is governed by the disorder.
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IlopiBHssIbHE TOCHIZKEHHS ONTOEJIEKTPOHHUX XapPAKTEePUCTUK HEJIErOBAHUX, JJeroanux Mg
Ta cuisibHo merosaHux F/Mg HaHOKpHuCTaAIIYHUX TOHKUX ILTiBOK ZnO
IJIS 3aCTOCYBAHHSA B COHAYHUX €JIEMEHTAaX

Warda Darenfad?, Noubeil Guermat!2, Kamel Mirouh!

L Thin Films and Interfaces Laboratory (LCMI), University of Brothers Mentouri of Constantine 1,
25000 Constantine, Algeria
2 Department of Electronics, Faculty of Technology, University Mohamed Boudiaf of M’sila, 28000 M’sila, Algeria

V¥ po6oTi OBIIOMIISETBCS IIPO PO3POOKY TA XAPAKTEPUCTUKN HAHOKPHUCTAIIYHUX TOHKHUX ILTIBOK OKCHIY
muHKy (Zn0), HaHEeCeHMX HA CKJIAHI MIJKJIAJIKA METOIOM CIpei-miposidy. JlocmimxeHo BILIMEB JIeTyBaHHSA
1 % Mg Ta cuinbroro seryBauas 6 % F/x % Mg (x=1, 2 and 3) Ha cTpyKTypHi, MOPdOJIOriYH], OITUIHI Ta
€JIEKTPUYHI BJIACTUBOCTI OTPUMAHUX ILTIBOK. CTPYKTYpHA XapaKTepHuaallid IIOKaadye, 110 BCl HAHeCeH] Iapu
€ MIOJIIKPUCTATIYHUME 3 TeKCATOHAJIBHOIO CTPYKTYPOIO THILY BIOPIIUT, OCKLIBKN (DIKCYEThCs O1/IBIN 1HTEHCHB-
Hu mK BigHOcHO mKy (002), sikwit posrarmoBanuit mobsmay 34,13°, 6e3 o rHo1 iHII01 dhasu. Bumipsaui koH-
TAKTHI KyTH CTAHOBJIATH Olabire 90° I YMCTHX, JIETOBAHUX Ta CINJIbHO JeroBaHux 6 % F/1 % Mg maiBok,
M0 MIATBEPKY€e TIIpooOHMIT Xapakrep, TOMl SK 1HOIN CIJIbHO JieroBaHl miiBku (6 % F:2 % Mg Ta
6 % F:3 % Mg) maroorh rigpodipHAM XapakTep IpU 3HAYEHHSX KOHTAKTHOro kyra < 90°. Bimpm Bmcoke
3HaueHHs KoedirlienTa mpomyckauusa 86,47 %, mmpoka 3aboponena 3oHa 3,53 eB 1 meHmia crymias po3yro-
panaryBauasa (330,03 meB) cmocrepiraroThes IS IUTIBKH, CIIUIBHO JieroBaHol 6 % F:1 % Mg. CoursHe Jery-
BauHA 1 % Mg 3HaunHo mokparye esexrporpoBigHicTh (o= 0,030 (Q.cm) —1). PesynbraTu cBiuaTh 1Ipo Te, 1110
cuisnbHO JieroBaHy wiBky ZnO (6 % F, 1 % Mg) mosxHa BUKOPHCTOBYBATH SIK BIKOHHY ILUIIBKY B TOHKOILIIB-

KOBHUX COHAYHUX eJIeMeHTax.

Knrouori ciosa: Touxi mmiBky; Zn0, coineHo serosauuit F/Mg, Copeii-iposia, Korrakruwuit xyt, ['inpo-

obHwmit, I'inpodinbHuit.
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