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Preparation of nanocrystalline thin films of ZnO by sol-gel dip coating
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Nanocrystalline ZnO thin films are deposited from sol-gel of zinc acetateand using dip coating onto two different
substrates: glass and aluminium foil. (i) Films on glass substrates. Nanostructured ZnO thin films with different
concentrations of Ni** doping (0, 1, 5, 10 and 15 wt%) are prepared for the first time by the sol gel method. The film
surface is with a ganglia-like structure as observed by Scanning Electron Microscopy (SEM). The films comprise of
ZnO nanocrystallites with hexagonal crystal structure, as revealed by means of X-ray diffraction (XRD). (ii) Films
on aluminium foil substrates. The ZnO films are annealed at different temperatures (100 °C, 300 °C and 500 °C)
and characterized by means of SEM and XRD. The film surface is with the characteristic ganglia-like patterns. The
crystalline structure is hexagonal with the crystallite sizes increasing with the annealing temperature.
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1. INTRODUCTION

In recent years, zinc oxide has become a par-
ticularly interesting metal oxide material because
of its unique properties. ZnO is a semiconductor
with a wide band gap (3.3 eV), large exciton bind-
ing energy, abundant in nature and environmentally
friendly. These characteristics make this material
attractive for many applications such as solar cells,
optical coatings, photocatalysts, antibacterial activi-
ties, electrical devices, active medium in UV semi-
conductor lasers and in gas sensors [1].

Nanocrystalline ZnO is of special interest,
because of the possibilities for modification and
control of various ZnO-based nanostructures [2—4].
ZnO thin films are prepared by different techniques
such as metal organic chemical vapor deposition
[5], sol-gel [6-8], thermal evaporation, oxidation
and anodizing [9-11]. The sol-gel process with
utilization of dip coating is one of the versatile and
low-cost techniques strategies to prepare thin films
of particles. The recent research demonstrates the
possibilities for utilization of homogeneous ZnO
thin films, prepared by the sol-gel method [12, 13],
which are attractive with desired thickness and
nanostructure. The classical sol-gel method using
complexing agent monoethanolamine (MEA) [14]
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is also applied for the deposition of ZnO films in
order to compare them with the films obtained by
polymeric formulations.

The aim of this paper is to compare the structural
and crystallite features of ZnO thin films obtained
onto two different substrates (glass and aluminium
foil) in dependence on the doping with Ni*" and on
the annealing temperature.

2. EXPERIMENTAL

The compounds used to manufacture ZnO thin
filmswereasfollows: zincacetatedihydrate(>99.5%),
2-methoxyethanol (>99.5%), monoethanolamine
(>99.0%) and nickel acetate tetrahydrate (>99.0%);
all of them from Fluka. Malachite green (MG)
oxalate was from Croma-Gesellschaft mbH &
Co. The microscope glass slides (ca. 76X26 mm)
were from ISO-LAB (Germany). Aluminium foil
(ca. 7626 mm) was also used for the respective
substrates of ZnO films. The aluminium plates were
cleaned successively in hot ethanol and acetone.

Nanocrystalline ZnO thin films were deposited
from sol-gel of zinc acetate, 2-methoxyethanol
and monoethanolamine (Fig. 1) using dip coating
apparatus onto two different substrates: glass and
aluminium foil. The following samples systems
were prepared:

(i) Zinc oxide thin films on glass substrates.
Different concentrations of Ni** doping (0, 1, 5, 10 and
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Fig. 1. Scheme of the experimental procedure for deposi-
tion of thin ZnO films by sol-gel dip coating

15 wt%) were achieved by nickel acetate tetrahydrate
(Ni(CH,CO0),.4H,0) dissolved in a mixture of zinc
acetate (Zn(CH,C0OO),.2H,0), 2-methoxyethanol
and then monoethanolamine (MEA) added finally as
a stabilizer. The substances are mixed together in a
round-bottomed flask and stirred at room temperature
for 15 min. The obtained clear solution was heated up
at 60 °C upon magnetic stirring for 60 min and let
overnight.

(i1)) ZnO films on aluminium substrates. The
sol was obtained using zinc acetate dihydrate
(Zn(CH,C0O0),.2H,0), 2-methoxyethanol and
monoethanolamine, mixed together in a round-
bottomed flask and stirred at room temperature
for 15 min. The obtained clear solution was
heated up at 60 °C upon magnetic stirring for 60
min and let overnight.

The final sol was clear and homogenous, to
serve as the coating substance for film preparation.
No visible changes were observed upon standing
of the precursor sol at room temperature for at
least 2 months.

Dipping the glass or aluminium foil substrate in
the sol and withdrawing it at a rate of 0.9 cm/min
at room temperature prepared the gel films. It was
found that a higher withdrawal rate results in films
of lower quality. The films were deposited with 5
coatings and dried at 80 °C for 15 min after each
successive coating. The final gel films onto glass
substrate were annealed at 500 °C for 60 min in order
to obtain the ZnO films. The films on aluminium foil
were annealed for 60 min at different temperatures:
100, 300 and 500 °C

The as-obtained ZnO thin films on glass
(undoped and doped with different per cent Ni*")
and aluminium foil substrate were first imaged by a
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Scanning Electron Microscope (SEM) model JSM-
5510 (JEOL), operated at 10 kV of acceleration
voltage. The investigated samples were coated
with gold by JFC-1200 fine coater (JEOL) before
observation.

The X-Ray diffraction (XRD) spectra were re-
corded at room temperature on a powder diffractom-
eter (Siemens D500 with CuKa radiation within 20
range 3070 deg at a step of 0.05 deg 26 and counting
time 2 s/step). The average crystallite size was esti-
mated according to the Scherrer’s equation [15]:

d,, =ki/p cos(20)

where d,,, is the average crystallite size (nm), 1
is the wavelength of CuKo radiation applied (4 =
0.154056 nm), @ is the Bragg’s angle of diffraction,
f is the full-width at half maximum intensity of the
peak observed at 20 = 25.20 (converted to radian)
and £ is a constant usually chosen ~0.9.

3. RESULTS AND DISCUSSION

3.1. Structure characterization of Ni-doped
Zn0 films on glass substrate

The dip coating is a simple and cheap technique
for deposition of thin oxide films, but it requires
soluble reagents. It is possible to control precisely
the immersion and withdrawal speed, number of
dipping cycles and solution viscosity for the pur-
pose of deposition of a layer of oxide material. The
plane view of SEM micrograph of annealed ZnO
film shows smooth ganglia-like hills (Fig. 2a). The
morphology is homogenous with the wrinkles of a
width 0.5-1 um, length ~5 um and height about 1 pm.
The Ni-doped ZnO films display also that peculiar
pattern, as seen from the surface micrographs of
samples with 1 to 15 wt.% Ni** (Fig. 2b-e). In the
case of Ni-containing films, the ganglia are looking
more distorted and branched at their ends. The gan-
glia-like hills are of typical width 0.1-0.5 pm, length
from 1 um to 5 pm and height about 2.5-3 um. The
increase of Ni*" content decreases the volume and
size of ganglia-like hills. The wrinkles are smaller
and the morphology is not homogenous.

X-ray diffraction patterns of ZnO and Ni-doped
ZnO films are presented in Fig. 3. These patterns
correspond to the three main diffraction peaks of
crystallized ZnO. This result shows that the as-pre-
pared films, annealed at 500 °C for 1 h, have a poly-
crystalline hexagonal wurtzite structure. It seems
that the doping with Ni*" ions has no appreciable
effect on the crystal structure of ZnO. These diffrac-
tograms show, however, that the intensities of dif-
fraction peaks decline as the Ni*" ion concentration
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Fig. 2. SEM images of
ZnO thin films prepared on
| glass substrate at different
concentrations of Ni**

| doping: (a) 0%; (b) 1%;

(¢) 5%; (d) 10% and

(e) 15%

increases, i.e. the nickel doping within ZnO films
causes the crystallinity to degenerate. Since the in-
tensity of diffraction peaks becomes weaker and the
half-peak width becomes wider with the increase of
Ni*" doping concentration, the Ni** ions inhibit the
aggregating growth of ZnO nanocrystals and affect
the crystallization of ZnO. The average crystallite
size of samples is estimated using the Scherrer’s
equation. When the Ni concentration increases, the
average crystallite size decreases (Fig. 4), which im-
plies on the role of Ni to destabilize the respective
sol thus making smaller the zinc hydroxide making
species.

3.2. Structure characterization of ZnQO films
on aluminium foil substrate

The of ZnO films, shown on the SEM images
in Fig. 5, exhibit a different surface morphlogy
depending on the annealing temperature. The ZnO
films annealed at 100 °C (Fig. 5a) have different
ganglia-like hills of width of 0.2-0.5 pm, length
~5 um and height about 1-2 um. Ganglia-like hills
of typical width 0.5-1 pm, length from 5 pm to
10 um and height about 2.5-3 um are seen on the
surface of films annealed at 300 °C (Fig. 5b). The
thin films, obtained after heating at 500 °C (Fig. 5¢),
have different ganglia-like hills of width 1-2 um,
length ~15 um and height about 3 pm. The ganglia-
like structure seems reproducible irrespective on the
conditions of film deposition and annealing.
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Fig. 3. XRD spectra of ZnO films prepared by sol-gel
and doped with Ni** at (a) 0%; (b) 1%; (c) 5%; (d) 10%
and (e) 15%. The respective shown in Fig. 4.
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Fig. 4. Relationship between the crystallite size of ZnO
and the percent of Ni** doping
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Fig. 5. SEM images of ZnO films prepared on aluminium foil at different annealing temperatures: (a) 100 °C; (b) 300 °C;
() 500 °C. Increasing the temperature increases the scale of surface pattern of the film surface

Figure 6a shows the XRD data of ZnO films an-
nealed at 100 °C. The lack of three characteristic
peaks of ZnO (see below) shows that at this tem-
perature the material is still in its hydroxide form
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Fig. 6. XRD spectra of ZnO films prepared on aluminium
foil by sol-gel and annealed at (a) 100 °C; (b) 300 °C;
(c) 500 °C. The crystallite sizes are about 30.0 nm, 70.5 nm
and 88.1 nm, respectively (see Fig. 7)
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Fig. 7. Relationship between the crystallite size of ZnO
and the annealing temperature for the thin films on
aluminium foil

of rather amorphous state. Nevertheless, the mean
crystallite sizes estimated by the Sherrers formula
are about 30.0 nm. The XRD data from Fig. 6a
are compared with literature data, which prove the
presence of one characteristic peak of Zn(OH),,
which can be indexed as the orthogonal structure.
Increasing the annealing temperature causes a tran-
sition from orthogonal in to hexagonal structure,
respectively from Zn(OH), toward ZnO. The (100),
(002), (101) diffraction peaks of ZnO films appear
clearly at a higher annealing temperature, which can
be indexed as the hexagonal wurtzite structure of
ZnO. The thin films consist in this case of polycrys-
talline grains with no preferential growth observed.
The average sizes of crystallites are about 70.5 nm
(for the films annealed at 300 °C) and 88.2 nm (at
500 °C) (Fig. 6b, c). Increasing the annealing tem-
perature makes the diffraction peaks better pro-
nounced and increases the size of crystallites. The
relationship between annealing temperatures and
the corresponding ZnO crystallite sizes are summa-
rized and as illustrated in Fig. 7, respectively. The
ZnO thin films prepared by us will find applications
in the photocatalytic treatment of waters polluted by
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organics due to their activity in UV and visible light
(especially those doped with Ni ions).

4. CONCLUSIONS

Thin films of nanostructured ZnO are successfully
prepared on glass and aluminium foil substrates using
dip coating. The films are characterized by means of
scanning electron microscopy and X-ray diffraction:
The films (pure and nickel doped) comprise ZnO
crystallites with a hexagonal wurtzite structure,
which demonstrates that doping wit h Ni** ions has
no appreciable effect on the crystal structure. When
the Ni concentration increases, the average crystallite
size decreases. The addition of 1 to 15 wt% of Ni*
to the start solution modifies the morphology of
films the ganglia-like hills and the wrinkles become
smaller. Nanostructured ZnO films are prepared also,
on aluminium foil at three different thermal treatment
temperatures: 100, 300 or 500 °C. The deposited films
have different ganglia-like hills with dimensions,
which become much larger after treatment at elevated
temperature. The crystallite size of as-prepared ZnO
films increases with increasing of the film annealing
temperature as well.
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[NOJIYHABAHE HA HAHOKPUCTAJIHU ThbHKU ®UJIMU OT ZnO
YPE3 30JI-T'EJI METO/I

H. KbneBa, 1. Jlymkun

Jlabopamopus no nayka u mexuonoeust na nanovacmuyume, Kamedpa no Obwa u Heopeanuyna Xumus,
Xumuuecxu paxynmem, Cogputicku ynuseepcumem, oyi. ,,oceiimc bayuep 1, Coghus 1164

[Toctbnuna Ha 20 snyapu, 2011 r.; mpueta Ha 6 anpwt, 2011 r.

(Pesrome)

HanokpucranHuTe ThHKH (UIMH OT IMHKOB OKCHJI Ca TIOJIy4Y€HH I10 30J1-TeJl C TIOMOIITa Ha METO/a Ha MOoTaIsara
Cce TIO/TI0KKA, IPU KOWTO 3a M3XOHO BEIIECTBO CE N3MOI3BA IMHKOB areTaT. @UIMHTE ca OTI0KESHH BBPXY JIBE PA3IIHy-
HH TIOJJIOKKHU: CTHKJIO M allyMUHHEBO (oino. (1) PuiMu BbpXY CTHKIICHH MOUIOKKH. HaHocTpykTypupanute GpuiaMu
ot ZnO notupanu ¢ pa3nuaHa KoHieHtpamnust Ha NiZ* (0, 1, 5, 10 u 15 mMacoBu mporeHTa%) ca MoNy9eHH 3a MbPBH
BT upe3 30J-rest MetoA. [IoBbpxHOCTTa Ha GUIMHUTE € C XapaKTepHa FaHIJIMHHA CTPYKTYpa, KOSITO € YCTaHOBEHA ChC
Ckanupaina Enexrponna Mukpockonust (SEM). C perrrenopa nudpakuust (XRD) ce poka3Ba, 4e IMHKOBHUAT OKCHJL €
C XEeKCaroHaJHa MOJHUKPHUCTATHA CTPYKTypa. (ii) OUiIMU BbPXY MOUIOKKH OT alyMHHHEBO (osro. Ounmure ot ZnO
ca HakaJjieHu nipu paziaugau temnepatypu (100 °C, 300 °C u 500 °C) u oxapaxrepusupanu nocpeactsom SEM u XRD.
[ToBbpxHOCTTA Ha UIIMa € C XapaKTepHa raHrIMitHa CTpyKTypa. KprcraiHara CTpyKTypa e XeKcaroHaiHa, KaTo pa3me-
pa Ha KPUCTAJIMTHUTE CE TIOBHIIABA C yBEIMYaBaHE HA TEMIIEpaTypUTe Ha HaKaIsIBaHE.
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