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Abstract: Porous ZnO films are synthesized by inorganic chelating sol-gel method, which is a novel sol—gel technique

using zine nitrate as starting materials and citric acid as the chelating reagent. T he erystal structure, surface mor—

phology, porous and optical properties of the deposited films are investigated. X—ray diffraction pattern analysis

shows that erystal structure of the ZnO films is hexagonal wurtzite. Scanning electron microscopy (SEM) shows

that the ZnO film is porous. The curve of pore size distribution has two peak values at about 2. 02nm and 4. 97nm

and BET surface area of the ZnO film is 27. 57m"/g. In addition, the transmittance spectrum gives a high transmit-

tance of 85% in the visible region and optical bandgap of the ZnO film (fired at 500TC) is 3. 25eV.
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1 Introduction

Zn0 is an n-type semiconducting material with
interesting properties such as transparency in the
visible and high infrared reflectivity, acoustic char-
acteristics, high electrochemical stability, and ex-

cellent electronic properties. It has been widely

[

used in chemical sensor ', surface acoustic wave

device'”, and photoanode films of solar cell'*". Re-

ports are available in the preparation of ZnO films

. . . . . . [5~7)
by a variety of techniques including sputtering ,

chemical vapor deposition (CVD)'", thermal oxida—

tion'”, spray pyrolysis'™. and sol-gel
cess'""" "' These studies have shown that the prop-

pro—

erties of ZnO films depend greatly on the method
and conditions of deposition.
The present paper reports on synthesis of ZnO

films through a novel process involving chelate
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complex of sol-gel derived precursor films, which
uses zinc nitrate as starting materials and citric
acid as the chelating reagent. The crystal struc-
ture, surface morphology, porous and optical prop-

erties of ZnO films are reported.

2 Experimental procedure

2.1 Preparation

Zinc nitrate[ Zn(NO3) * 6H20](AR) was first
dissolved in absolute ethanol( AR) at room temper-
ature. The solution was mixed thoroughly on a
magnetic stirrer, once entirely dissolved, a suitable
amount of citric acid (AR) was added as chelating
agent. The molar ratio of citric acid to zinc nitrate
was 1 ¢ 1 and the concentration of zinc nitrate was
0. 5mol/L. After stirring the solution for 2h, a ho-

mogeneous and transparent sol (zinc chelates) was
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obtained. Quartz glass was degreased in an acetone
ultrasonic bath and then used as a substrate. T he
solvent was evaporated at 60~ 70°C in air and a
dried gel formed.

Dip-coating method was used to coat sol on
quartz glass substrates and the drawing rate is
about 6cm/min . The film was dried at 110°C in air
for 10min. The process was repeated eight times so
as to add the thickness of films, and then the wet
film was dried at 110°C in air for 30 min. Finally,
the film was fired to the various temperatures. T he

dip conditions were the same for all samples.
2.2 Characterization

Phase compositions were determined using
Philips X-ray diffractometer model D/M ax-2500X
nickel filter CuKa. The FT-HR absorbance

spectrum of dried gel was also achieved by using

with

FTS3000 spectrometer in the wave number range
400~ 4000cm” '. The microstructure and cross-sec—
tion of films were observed in Philips XL-30 scan-
ning electron microscope ( SEM ). Surface area and
the pore size distribution (PSD)of 152. 7Tmg sam-
ples scraped off the substrate were determined by a
gas adsorption method using a BET adsorption-—
desorption isotherm (high purity N2 as adsorbate,
ASAP 2000, Micromeritics) . T he optical transmit—
tance of the film was measured by DU-8B UV /VIS

double-heam spectrophotometer.

3 Results and discussion

3.1 Structural analyses

To of

chelates between Zn™" and citric acid, Figure 1

determine the formation the metal
gives the FTHR absorbance spectra of citric acid
and dried gel. The samples were dispersed in a KBr
pellet. Curve a indicates the standard peaks of citric
acid. The peaks at 1750em”™ " and 1716em”™ ' indicate
C= O which are diagnostic peaks of carboxylic
acid. Curve b is the FTHR absorbance spectra of

dried gel. The diagnostic peaks of C= O disappear
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Fig. 1 Comparison of FTHR absorbance spectra of

citrie acid (a) with dried gel (b)

and the peaks of carboxylate appear at 1610cm™'
and 1372em” . It shows that stable chelated car—
boxylate has formed between citric acid and Zn™" .
Two chelated ways betw een citric acid and Zn®" are
exhibited as follows'"”:

0=C—0 +

I
\ coo

‘0=C—0 OH,

TR
\U—Zn
A

00C-H,C — 0

Because absolute ethanol is used as solvent,
the stronger peaks of esterified carboxylic acid ex-

1160em”™ ', 1160 ~
1260cm™ ', and 1730cm”™'. The diagnostic peaks of

ist in the range of 1050 ~

citric acid disappear, which shows that no chelated
carboxylic acid has been esterified.

X-ray diffraction (XRD) patterns (shown in
Fig. 2) of ZnO thin films at different firing temper—
atures show that ZnO is polyerystalline and the
crystal structure is hexangular wurtzite. At 400C,
(100), (002), (101), (110), and ( 103) diffraction
peaks appear. With the increase of temperature, the
of (002) diffraction

intensity peak becomes
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stronger and the intensity of other peaks gradually
becomes weak or disappears. Therefore, the ZnO

film exists a preferential orientation of c-axis.

Intensity/a.u.

400C

30 4 30 60 70
20/0)

Fig. 2 XRD patterns of ZnO thin films at various

firing temperatures

The crystallite size of the ZnO film fired at
500°C is calculated from the full width at half the
maximum (FWHM) of the (002) diffraction peak

by the Sherrer equation: D= 0.94A/Bcos0, where A
is X-ray wavelength (A= 0.15405nm) and B is the
FWHM (4.92 X 107%) in radians. So the average

grain size is about 30. 90nm.
3.2 Characteristics of properties

3.2.1 Porosity

The SEM photographs (Fig. 3) show the sur—
face and cross-section of ZnO films prepared by the
repeating dip-coating method. It is observed that
the surfaces of ZnO films fired at 400C are smooth
and the grain are unclear, indicating the mi-
crostructures of zinc citrate have not been com-
pletely decomposed. Nano-grains and a roughness
surface of ZnO films appear at 500°C and the grains
size of ZnO films increase with annealing tempera-
ture up to 600°C. The grains of film fired at 600°C
grow large(about 40nm) but some aggregated and
the surface appears a porous structure. The films
thickness is about 157nm in the cross-section im-
age(d) of the film fired at 500°C.

S 051

Fig.3 SEM micrographs and cross=section of ZnO thin films annealed at (a) 400°C, 1h: (b) 500C,

Th: (¢) 600°C, 1h and (d)S00C, 1h
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Nitrogen adsorption is a standard procedure
for the determination of the pore size distribution
(PSD) of porous solids. The PSDs of the samples
are calculated by employing the regularization
method according to density functional theory
(DFT) that is based on a molecular model for ad—
sorption of nitrogen in porous solids''”. As illus—
trated in Fig. 4, the ZnO film fired at 500C (Fig. 4

(a)) exhibits an adsorption-desorption isotherms
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Fig. 4

measured at 77K of ZnO films: (b) Pore size distribu—

(a) Nitrogen adsorption-desorption isotherms
tion of ZnO films obtained by DFT analysis.

16]

of type V according to TUPAC"". There exists a
sharp adsorption at relative pressure p/po= 0.7
and a largest adsorption at relative pressure p/po=

0. 98, showing that pore of ZnO film consists of mi-
cropores or mesopores. BET surface area is calcu—
lated to be 27.57m’/g. The curve of pore size dis—
tribution of ZnO films obtained by DFT analysis
has two peak values at about 2.02nm and 4. 97nm
showing the film mainly comprises mesopores of
2.02nm and 4. 97nm. It can be concluded that the
film possesses some micropores and a large amount

of mesopores.

3.2.2 Optics property

Figure 5 shows optical transmittance of Zn0O
films at different firing temperatures in the wave-
length (A) range from 300nm to 900nm. The opti-
cal spectra of all samples exhibits a high transmit-
tance of 85% in the visible range when A is above
400nm. It is observed that sharp ultraviolet absorp-
tion edges at approximately A= 380nm, which is
close to the intrinsic bandgap of ZnO ( 3.37eV).
The tendency of curves depends on the annealing
temperature. Optical transmittance at 380~ 600nm
decreases with the increase of annealing tempera-
ture, but grows larger at 600°C, the reason of
which is still unclear and need further study. The
weak fluctuation in the curves is due to the inter—
ferences in the thin films owing to the reflection at

airZn0 and ZnO-quartz interfaces'"”.
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Fig. 5 Optical transmittance and absorption spectra
of ZnO thin films obtained at different annealing
temperatures and the inset shows a plot of (ohv)”

versus fiv for the ZnO thin films

The absorption coefficient a w)is given by the
transmittance T and film thickness d using the for-
mula

a(w) = - In(1/T)/d
where w is angular frequency. When a( w) exceeds
10" “em™ ', & obeys the relationship as

ohv= k(hv- E.)"
where E is the optical bandgap. k is a constant and
the exponent m = 1/2, 1, 2, 3, depending on the

types of electronic transition in k-space. To deter—
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mine the optical bandgap of the ZnO thin films,
taking m= 1/2 gives the best fit for this film. The
optical bandgap, E., is determined for ZnO ( an—
nealed at 500C and film thickness d= 157nm) by
extrapolation of linear part of the plot of (ohv)’
versus the excitation energy, hv as inset in Fig. 3.
The E¢= 3.25 is nearly the same as those for ZnO
films deposited by CVD'"® (3. 17eV), spray pyroly—
sis(3.26eV)'"” and sol-gel( 3. 21eV) "™ . The result
for ZnO film by inorganic sol-gel method indicates

electronic transitions of direct type.

4 Conclusion

We have successfully synthesized porous Zn0O
thin films by inorganic chelating sol-gel method,
which used zinc nitrate, absolute ethanol and citric
acid as precursor material, solvent and chelating a-
gent respectively. T he results show that the stabili-
tated metal chelates can be formed between Zn™
and citric acid. The ZnO films are polycrystalline
and the crystal structure is hexagonal wurtzite.
The surface of ZnO films is porous and mainly con-
sists of mesopores of 2.02nm and 4.97nm. Grain
size of films grows large with the increase of an-
nealing temperatures. BET surface area of ZnO
film fired at 500°C is 27.57m’/g. The transmit—
tances spectrum gives a high transmittance of 85%

in the visible region and the optical band-gap of

ZnO film (fired at 500C)is 3.25eV.
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