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Abstract

Nanocrystalline zinc oxide films have been obtained by the sol–gel process. The films were deposited from precursor solutions by dip-coating
on quartz substrates, and subsequently transformed into nanocrystalline pure or aluminium-doped ZnO films after a thermal treatment. The film
microstructure and composition characterization was studied by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The
optical properties were studied by transmittance spectroscopy. The water adsorption energy was measured by temperature programmed desorption
(TPD) in the range 90–700 K. The optical transmittance in the UV region gives bandgap energy values of 3.27 eV for undoped samples, and
higher than 3.30 eV for the Al-doped ones. The increase in bandgap energy in Al-doped samples may be explained by band-filling effects. The
band edge absorption coefficient increases monotonically for the Al-doped samples but has a shoulder for the undoped ones, which may be
assigned to room-temperature excitonic absorption.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

During the last years there has been a renewed interest in
ZnO-based electronic and optoelectronic devices. With a wide
bandgap of 3.4 eVand a large exciton binding energy of 60 meV
at room temperature, ZnO could be important in the develop-
ment of blue and ultra violet optical devices [1,2]. Furthermore,
the use of thin film technology has opened the field to the
fabrication of high quality material for applications such as UV
light emitters, detectors, gas sensing elements, nanoheterojunc-
tions, and even catalysts. With reduction in size, novel
electrical, mechanical, chemical, and optical properties could
be introduced in nanostructured ZnO films [3].

It is well known that the water in the environment reacts with
the surface of ZnO single crystals [4]. The interaction of water

with Zn films has also been used for the preparation of ZnO
films by wet oxidation [5,6]. However, to our knowledge, there
is no information regarding the interaction of water with
nanocrystalline ZnO films.

In this paper we study the structure, composition, and optical
properties of nanocrystalline ZnO and ZnO:Al films deposited
by a sol–gel process. The room-temperature exciton absorption
dependence with Al doping is observed. Also, the interaction of
water with ZnO films is measured by temperature programmed
desorption experiments.

2. Experimental procedure

2.1. Sample preparation

Nanocrystalline zinc oxide films have been obtained by the
sol–gel process. ZnO precursor solution was prepared using
zinc acetate dihydrate in ethyl alcohol as a starting material.
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Acetic acid as a product of the hydrolysis reaction and deionized
water were also added. The solution was aged at 65 °C during
2 h.

In the case of the doped films, solution was prepared by
adding aluminium nitrate nanohydrate, before the ageing, in a
molar ratio Al/Zn=5%. Diethanolamine and acetylacetone were
incorporated in order to control the ZnO colloids size and
stabilize the sol. The precursor solutions were deposited by dip-
coating technique on amorphous SiO2 substrates and dried at
room temperature, repeating the procedure for each layer.
Amorphous zinc oxide and other species are transformed into
nanocrystalline pure or Al-doped ZnO after thermal treatments.

2.2. Sample characterization

Sample microstructure was analyzed by XRD using a PW
3710 Philips diffractometer with Cu-Kα radiation, operating
with glancing angle geometry. The angle of incidence used was
1° (the critical angle varies in the range 0.25–0.30°).

Both XPS and TPD experiments were conducted in an
ultrahigh vacuum (UHV) stainless steel chamber with a base
pressure of ~2×10−10 Torr. The chamber was equipped to
perform Ar+ ion sputtering, XPS and TPD [7]. ZnO samples
(approximately 12×12 mm2 in size) were mounted onto a Ni
foil holder that was spot-welded between two tantalum heating
wires attached to the liquid nitrogen cooled sample holder at the
bottom of a UHV manipulator. The sample temperature was
measured using a chromel–alumel thermocouple that was
attached to the back of the Ni foil and controlled via computer
feedback to a DC heating supply.

Carbon contamination was removed from the surface by Ar+

ion sputtering. Typically, the surface was sputtered with 1.0 keV
argon ions during 3 min at 300 K. Surface cleanliness was
verified by XPS.

TPD experiments in the range 100–500 K were done by
cooling the ZnO sample with liquid nitrogen to less than 100 K.
The surface was then exposed to water admitted into the
chamber through a leak valve. Desorption measurements were
performed by heating the sample at a constant rate of 0.5 K/s
while the mass spectrometer monitored the species desorbing
from the surface. The mass spectrometer is housed in a metal

tube which terminates in a circular aperture approximately
8 mm in diameter. Desorption experiments were conducted with
the sample approximately 3–5 mm from the end of this
aperture, and any desorption from the opposite side of the
sample is undetectable. The result of the TPD experiment is a
plot of desorption rate as a function of sample temperature.
Using the peak desorption temperatures, Tp, and the heating
rate, the desorption energies, Edes, can be estimated using the
relationship developed by Redhead [8].

The optical properties were studied at room temperature by
transmittance spectroscopy using the same system as in a
previous work [9]. It uses a Xe lamp (ORIEL 6262) light source,
whose output is chopped with an SRS SR540 chopper and
filtered with an ORIEL 77250 monochromator. A UDT 11-09-
001-1 linearized photodiode detects the light going across the
sample and two lock-in amplifiers (an SRS SR530 and an
EG&G 5209) recover the signal. A bare substrate similar to the
one where each sample is grown is used as a reference for
calculating the ZnO thin films transmittance.

3. Results and discussion

Two distinct features are present in XRD spectra showed in
Fig. 1: a broad low angle (10°–30°) structure, originated in the
amorphous substrate, plus small and wide diffraction peaks.
These peaks appear very close to the characteristic wurtzite
structure for the ZnO [9].

3.1. XPS analysis

Fig. 2 shows the representative XPS full spectra of clean (a)
ZnO and (b) ZnO:Al thin films The Al2p, O1s, Zn2p3/2 and
Zn2p1/2 peaks can be easily observed. The binding energies
were calibrated by taking Zn2p3/2 peak (1021.9 eV) as
reference. The atomic concentration of Al, O and Zn were
computed from the measured peak area together with the
following sensitivity factors: Al: 0.234; O: 0.711; Zn: 3.726.

Fig. 1. XRD for two selected samples: M2 (undoped) and Md4 (Al doped). The
lines at the bottom show the JCPDS for ZnO [10].

Fig. 2. XPS spectra of clean (a) ZnO and (b) ZnO:Al thin films. The Al2p, O1s,
Zn2p3/2 and Zn2p1/2 can be easily observed. Other observed peaks correspond
to Auger transitions. The inset shows O1s signal of ZnO thin films. The curve
can be resolved into two peaks by a Lorentzian distribution fitting. (Anode: Al
Kα 1486.6 eV).
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The ratio of Zn and O of the ZnO film resulted 0.53 while the
ratio of Al to Zn resulted 0.04.

The O1s signal shown in the inset of Fig. 2 has been resolved
into two peaks by a Lorentzian distribution fitting. The peak
with low binding energy (529.2 eV) corresponds to O2− on
normal wurtzite structure of ZnO single crystal [11]. Another
peak centered at 532.0 eV is attributed to O2− in the oxygen
deficient regions within the matrix of ZnO [12].

3.2. TPD analysis

Fig. 3 displays TPD data obtained from a clean ZnO surface
exposed to different doses of water measured in units of
Langmuir (L=1×10−6 mbar s). It is observed that, at low
coverage, water desorption does not show perfect zero-order
desorption. As the coverage is increased the maximum
desorption temperature shifts to higher values, whilst the
desorption traces share the same low temperature leading edge,
indicative of zero-order behavior: the adsorbate–adsorbate
interactions are stronger than adsorbate–surface interactions.
Zwicker et al. [4] studied the TPD of water on single-crystal
ZnO. They found the presence of multiple peaks at different
temperatures. The peaks at low temperature (150–170 K) were
interpreted as the formation of two and three-dimensional ice,
while the peaks at higher temperature (190–340 K) were
assigned to site-specific interactions of adsorbed water with zinc
sites and with oxygen sites on ZnO (0001). There are no
published results of water adsorption on ZnO poly or
nanocrystalline materials. Our results show the presence of
one peak at the low temperature range. From our data, the
adsorption energy of water on ZnO is calculated as Edes=12.2±
0.3 kcal/mol, slightly higher than the water's combined heats
of vaporization and fusion: ΔHv+ΔHf = 9.72 kcal/mol+
1.44 kcal/mol.

3.3. Optical properties

Fig. 4 shows the transmittance of selected ZnO thin films. In
the visible region (400 to 600 nm) the spectra are almost flat
showing no particular structure. The transmittance is close to

90% at 600 nm; i.e. the samples are quite transparent at the
visible region. Close to 380 nm a shoulder indicates the onset of
an absorption band edge. Into the UV region the transmittance
diminishes but still remains higher than 50% in all cases. The
ZnO thin film transmittance reported in the literature is expected
to vanish at the UV [13,14]. However, as in the present case,
when the films have a nanometric thickness (between 20 to
30 nm) there is not enough optical path for vanishing
transmittance [9,15]. Moreover, it was already shown that for
the undoped samples a direct correlation could appear among
the thickness, number of layers, and UV transmittance value,
although this is not the general case [9].

The inset of Fig. 4 shows a zoom of the absorption edge
region. For the doped samples the edge is smoother than the one
for undoped samples. Fig. 5 shows the absorbance spectra (αd=
− lnT being α the absorption coefficient, d film thickness and T
transmittance) [16]. The difference between doped and undoped
samples is clearly seen in this figure: while absorption in doped
samples increases smoothly from the visible into the UV, for
undoped samples the absorption spectra has a step-like

Fig. 3. TPD spectra recorded following increased exposures of water on a clean
ZnO sample initially at 100 K.

Fig. 4. Transmittance spectra of selected samples: M1 and M2 undoped, thermal
treatment at 450 °C, with 6 and 4 layers respectively. M3d and M4d 5% Al
doped with thermal treatments at 450 °C and 350 °C, respectively, with 6 layers
both. Inset shows the region close to onset of absorption in detail.

Fig. 5. Absorbance against wavelength close to absorption edge. The spectrum
corresponding to sample M2 is shifted downward for clarity.
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behavior. In this last case a shoulder is detected (indicated by
vertical arrows for samples M1 and M2 in Fig. 5), that is not
present in any doped samples. This structure may be attributed
to room-temperature exciton absorption [16], which can be
observed in ZnO because the exciton binding energy (Eb) is
higher than the room-temperature thermal energy (kBT): Eb=
60 meVNkBT=26 meV [2]. For the doped samples, this
shoulder is not seen. Moreover, the same difference in spectral
shape due to doping effects is expected by comparison of
previous works [16,17]. The intensity of this structure was used
as indication of solid undoped ZnO [16], while for Al-doped
ZnO the structure is smoother and tends to disappear with the
increase of Al content [17]. Hence, the absence of this shoulder
is an indication of the correct incorporation of the Al specie as a
dopant into the ZnO samples.

To further study the absorption edge, the bandgap energies
were calculated by the usual extrapolation of a linear fitting in
(α×hν)2 vs. photon energy hν plots, after subtracting a proper
background for any residual below bandgap energy absorption
[9]. The obtained values may be influenced by shifts due to
nanocrystal size effects [9]. The mean room-temperature “bulk”
bandgap energy value obtained for undoped samples results
3.27±0.01 eV. This is close to the usually reported values for
undoped ZnO [18]. For samples grown with 5% Al/Zn content
the corresponding value is 3.325 eV±0.025 eV, although if only
samples with thermal treatment at 450 °C are considered it is
3.315 eV±0.015 eV. Therefore, there is a shift of the absorption
edge due to doping effect on the order of 0.5 eV.

The absence of the exciton peak and corresponding UV shift
of the absorption spectra may be attributed to two different
reasons: quantum size shift due to nanocrystalline size [3] and
band-filling effects because of Al incorporation into the films
[19]. The former one was already studied in a previous paper
[9], but the shift due to Al content is an evidence that Burstein–
Moss effect is being observed in the present samples and should
be responsible for the disappearance of the exciton absorption in
Al-doped samples.

4. Conclusions

Undoped and Al-doped ZnO thin films were obtained by
sol–gel dip-coating technique, with nanometric thickness and
typical wurtzite structure. XPS analysis shows that the material
is defective in oxygen. TPD analysis shows that the
nanocrystalline ZnO is chemically less active than single-
crystal ZnO. The interaction with adsorbed water is very weak,
with an adsorption energy Edes of 12.2 kcal/mol.

The samples show typical optical spectra of ZnO thin films
in the order of tens of nanometer thick. For undoped samples the

absorptance spectra shows a step-like behavior with a shoulder
that can be assigned to room-temperature exciton absorption.
This shoulder is not present for aluminum doped samples. The
bandgap energy for undoped samples has a mean value of 3.27±
0.01 eV, while the mean bandgap energy for 5% Al/Zn (in
solution) and thermal treatment at 450 °C is 3.315±0.015 eV.
Therefore, both XPS and optical properties show that Al is
being incorporated as a dopant in ZnO thin films.
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