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ZnO  thin  films  deposited  on  silica  flat plates  were  prepared  by  spin-coating  and  studied  by  applying  sev-
eral  techniques  for structural  characterization.  The  films  were  prepared  by depositing  different  numbers
of layers,  each  deposition  being  followed  by  a  thermal  treatment  at 200 ◦C to  dry  and  consolidate  the suc-
cessive  layers.  After  depositing  all layers,  a final  thermal  treatment  at 450 ◦C during  3  h  was  also  applied
in  order  to eliminate  organic  components  and  to promote  the  crystallization  of  the  thin  films.  The  total
thickness  of  the  multilayered  films  –  ranging  from  40 nm  up  to 150 nm  – was  determined  by AFM and
FESEM.  The  analysis  by GIXD  showed  that  the  thin films  are  composed  of  ZnO  crystallites  with  an  average
anostructured thin films
R
FM
ESEM
ISAXS

diameter  of  25  nm circa.  XR  results  demonstrated  that  the  thin films  also exhibit  a large  volume  fraction
of  nanoporosity,  typically  30–40  vol.%  in thin  films  having  thicknesses  larger  than  ∼70  nm.  GISAXS  mea-
surements  showed  that  the  experimental  scattering  intensity  is well  described  by  a  structural  model
composed  of nanopores  with  shape  of oblate  spheroids,  height/diameter  aspect  ratio  within  the  0.8–0.9
range  and  average  diameter  along  the  sample  surface  plane  in  the  5–7  nm  range.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nanocrystalline ZnO is a material of great practical relevance
ecause of its potential applications to the development of new gas
nd humidity sensors [1–3], UV detectors, optoelectronic devices
3,4], nanogenerators [5], etc. In addition, the porosity developed in
nO thin films obtained by sol–gel favors other useful applications
s substrates for catalysis, electrodes for solar cells, and for sensing
f guest structures and biocompatible organic components.

The application to the development of conductive gas sensors
omposed of thin films of n-type zinc oxide is based on the depend-
nce of the electrical characteristics of this material on the nature
f the surrounding gas atmosphere. The performance of ZnO thin
lms as gas sensor depends on the internal microstructure of the
aterial and on its surface geometry [6]. Thus, when this material

s used as a gas sensor, a synthesis process leading to a con-
rolled porous microstructure should be selected. Since the sensing
rocess involves chemisorption, i.e. exchange of charges between

dsorbed gaseous species and the metal oxide surface – the detailed
haracterization of the nanoporous structure of the materials is
eeded for adequate design of new sensor devices [6].

∗ Corresponding author. Tel.: +54 11 47098100x1212.
E-mail address: heredia.edu@gmail.com (E. Heredia).

ttp://dx.doi.org/10.1016/j.apsusc.2014.08.046
169-4332/© 2014 Elsevier B.V. All rights reserved.
In a previous work, ZnO nanostructured films were obtained by
the sol–gel technique [7], in this case drying the sample at room
temperature after each deposit. The films prepared by this method
are very porous, thin and flat, but their thicknesses are difficult to
control.

In the present work, pure ZnO thin films were prepared by the
sol–gel method and deposited by spin-coating. In this procedure
the samples were submitted to successive heat treatments at 200 ◦C
during 10 min  after each deposit. This led to the consolidation of the
different layers and to the proper control of the final film thickness.

The ZnO films were characterized by grazing-incidence X-ray
diffraction (GIXD), atomic force microscopy (AFM), field emission
scanning electron microscopy (FESEM), X-ray reflectivity (XR) and
grazing-incidence small-angle X-ray scattering (GISAXS).

2. Experimental

2.1. Preparation of the thin films

Nanocrystalline pure zinc oxide films were obtained by sol–gel
processing using a precursor solution composed of zinc acetate

dihydrate dissolved in absolute ethanol, deionized water and acetic
acid, as described in a previous work [7]. This solution was  then
deposited on amorphous SiO2 flat substrates by applying several
times the spin-coating technique during 10 s at 3000 rpm. In order

dx.doi.org/10.1016/j.apsusc.2014.08.046
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.08.046&domain=pdf
mailto:heredia.edu@gmail.com
dx.doi.org/10.1016/j.apsusc.2014.08.046
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o consolidate the deposited material after each deposition, the
amples were subjected to partial heat-treatments during 10 min  at
00 ◦C. This procedure led to the formation of thin films composed
f 2, 4, 6 and 8 layers. Finally, the multilayered films were annealed
uring 3 h at 450 ◦C in order to achieve their whole crystallization
nd to eliminate organic residues.

.2. Characterization techniques

The samples were studied by GIXD, by using a PW 3710 Philips
iffractometer with Cu K� radiation (wavelength � = 1.542 Å), at

 constant grazing incidence angle ˛i = 1◦. The analysis of the
IXD patterns indicated that the thin films are crystalline, all the
bserved Bragg peaks corresponding to ZnO-wurtzite crystals. The
verage crystallite sizes, D, were determined from (1 0 0) and (1 0 1)
eaks – the two most intense reflections – by applying Scherrer
quation, D = 0.9�/(B cos�B), where B is the integral breadth (in radi-
ns) and �B the Bragg angle of the diffraction peak [8].

By applying the AFM technique, the root-mean-square surface
oughness parameter, �AFM, and the film thickness, tAFM, were
etermined. The thickness was measured by determining the mag-
itude of the edge produced by scratching the thin films with a
teel cutting tool. The AFM images were processed with the WSxM
ree software [9]. The thicknesses of the films were also determined
rom FESEM images of the cross-section perpendicular to the film
urface.

XR and GISAXS experiments were performed using the D10A-
RD2 beam line of the LNLS synchrotron radiation facility,
ampinas, Brazil, using a monochromatic 8 keV (� = 1.549 Å) pho-
on beam.

XR measurements were carried out using  ̨ − 2  ̨ scans, by vary-
ng the  ̨ grazing incidence angle between 0.1◦ and 2◦. In general,
-ray reflectivity patterns allow for determining the average den-
ity, the thickness and the roughness of the films by fitting a
tructure model to the experimental XR curve [10–12]. Since the
R patterns did not exhibit well-defined Kiessig fringes [13] the

hickness could not be determined. Thus we have derived the aver-
ge film densities from the values of the critical angle of total X-ray
eflection.

The GISAXS technique was applied to determine the shape and
he size distribution of pores in the nanometric scale embedded in
he thin films. A KODAK imaging-plate was used to record the 2D
ISAXS patterns. The grazing incidence angle of the X-ray beam was
et at ˛i = 0.4◦, slightly above the critical angle for total reflection
f bulk ZnO (˛c = 0.33◦), for all the studied samples. The analysis of
he GISAXS intensity was performed using the IsGisaxs 2.6 program
14].

. Results

.1. Grazing incidence X-ray diffraction

The GIXD patterns of the ZnO thin films deposited on silica glass
lates in the 2� range between 30◦ and 39◦ – are plotted in Fig. 1.
n order to compare the crystallographic parameters related to the
rystalline structure of the different studied thin films, the GIXD
atterns were determined by using identical experimental condi-
ions. The angular positions of the Bragg peaks in the diffraction
urves – (1 0 0), (0 0 2) and (1 0 1) reflections – are in agreement
ith those of the expected peaks for ZnO crystallites with wurtzite-

ike structure. These peaks are superposed to the diffuse scattering

alo produced by the amorphous silica glass substrate.

The inset in Fig. 1 shows the added areas (˙) of the three main
eaks of ZnO. The added areas versus number of layers (n),  ̇ × n
lots, indicate an approximately linear behavior. As the X-ray
Fig. 1. GIXD diagrams of ZnO films carried out using Cu K� radiation in grazing-
incidence geometry (grazing incidence angle � = 1◦). Inset: area of the diffraction
peaks (  ̇ = A(100) + A(002) + A(101)) versus the number of deposits, n.

absorption of the thin films here studied is weak,  ̇ is roughly
proportional to the irradiated ZnO mass. Therefore, the behavior
in the  ̇ × n curve in Fig. 1 indicates that nearly the same mass of
ZnO is deposited in each layer.

The values of the average diameters of the ZnO crystallites D
corresponding to the studied films, determined from the integral
breadth of the main Bragg peaks after correction for instrumental
broadening, are reported in Table 1.

3.2. Atomic force microscopy and field emission scanning electron
microscopy

The morphology of the surface of the thin films can be seen in
the AFM images shown in Fig. 2. In the upper left corner of all the
images shown in Fig. 2 the distributions of the heights normal to
the film surfaces are plotted. The root mean square parameters,
�AFM, were determined from these histograms using the WSxM
software [9]. The results reported in Table 1 indicate that the
magnitude of the roughness increases for increasing number of
deposited layers, all values being within the 5–10 nm range. In the
bottom right corner of each image in Fig. 2, we have plotted the
profiles derived from AFM images corresponding to the thin film
area after scratching it with a steel cutting tool. The thicknesses
of the thin films determined by measuring the step depth of the
grooves, tAFM, are reported in Table 1, their values ranging from 43
to 147 nm.

Fig. 3 depicts the FESEM micrographs of the cross-section per-
pendicular to the ZnO thin film surfaces. In each image the regions
corresponding to the film and substrate are clearly apparent. The
thicknesses of the films, tFESEM, obtained by 4, 6, and 8 succes-
sive spin-coating depositions are reported in Table 1. The thickness
of the thinnest (2-layers) film could not be measured by FESEM
because the image was blurry, this being probably due to a dam-
aging of the thin film cross-section produced during the cutting
process. The values of the thicknesses derived from FESEM mea-
surements, tFESEM, increase for increasing number of deposited
layers, in good agreement with the observed trend of the thickness
determined by AFM.
3.3. X-ray reflectivity

The XR patterns corresponding to samples with different num-
bers of ZnO deposited layers are plotted in Fig. 4. The reflectivity
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Table  1
Parameters obtained from the films with different numbers of deposited layers (n) characterized by different techniques (GIXD, AFM, FESEM and GISAXS). D is the average
ZnO  crystallite diameter, t the film thickness, � the RMS  surface roughness, � the height/width aspect ratio, 〈R〉 the average pore radius in the film plane direction and �R the
size  dispersion (standard deviation) of the nanopores radius.

n GIXD FESEM AFM GISAXS

D (nm) t (nm) t (nm) � (nm) � 〈R〉 (nm) �R (nm)

2 20 — 43 5.6 0.88 4.98 2.20
4  23 86 77 5.3 0.80 6.88 2.65
6  28 107 103 6.9 0.83 6.60 2.50
8  23 146 147 10.2 0.88 6.10 1.97

F For ea
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c
s
X

–

F

ig. 2. AFM micrographs of the thin films with 2, 4, 6 and 8 deposited ZnO layers. 

tep  of the film scratched with a steel cutting tool are exhibited in the upper left co

urves were corrected in order to take into account that, at very

mall grazing incidence angles, only a fraction of the total incident
-ray beam is intercepted by the sample surface [13,15].

Usually, oscillations in X-ray reflectivity curves (Kiessig fringes)
 generated by the interference of the reflected beams at the air/film

ig. 3. FESEM micrographs of the ZnO/silica cross-section corresponding to the number o
ch image the height distribution function and the AFM profile showing the height
nd in the bottom right corner respectively.

and film/substrate interfaces – are observed above the critical angle

for total reflection ˛c for a thin film having constant thickness
deposited on a flat thick substrate. In this case, from the period of
the oscillations, the thickness of thin film can be determined [13].
However, for the curves shown in Fig. 4 the oscillation are very

f layers indicated in each image. Bars in each micrograph correspond to 300 nm.
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only on the critical angle, being independent of the grazing inci-
dence angle [13]. Consequently, the angle ˛f at which the Yoneda
peak appears in the GISAXS patterns can also be used to determine
ig. 4. X-ray reflectivity curves corresponding to the thin films with 2, 4, 6 and 8
nO  layers. The curves in the figure are vertically shifted for clarity.

uch damped and thus precise determinations of the thicknesses
f the thin films were not achieved.

However, for each curve the X-ray critical angle of total reflec-
ion ˛c – defined as the angle for which the reflectivity (ratio
etween the power of the reflected and incidence beam) is equal
o 0.5 – was determined. From the ˛c values the specific mass � of
he thin films were calculated by using the relation [13]:

 = �

�2reNa
.

A

Z + f ′ .˛2
c (1)

here � is the X-ray wavelength, re the classical electron radius,
a the Avogadro number, Z, A and f ′ are the average values of the
tomic number, the atomic mass and the real part of the anomalous
art of the atomic scattering factor, respectively.

The average mass densities of the studied thin films, �, were
etermined by using Eq. (1) and reported in Table 2. The mass den-
ities of all the studied thin films are lower than the density of bulk
nO, i.e. �ZnO = 5.61 g/cm3. We  have assigned the low values mea-
ured for the mass densities – ranging from 3.62 up to 4.71 g/cm3 –
o the presence of nanopores coexisting with ZnO nanocrystals with
he expected density for bulk crystals. Thus the volume fraction of
he porosity, p, was determined as [7]:

 = 1 − �

�ZnO
(2)

The values of the volume fraction of nanopores determined by
pplying Eq. (2) are within the 0.16 and 0.36 range. The volume frac-
ion of porosity in the 2-layers film is noticeably lower than that of
hicker films. However a not well-defined trend in the dependence
f this parameter on the number of deposited layers is apparent
rom our data.

.4. Grazing incidence small-angle scattering

.4.1. Geometry and preliminary analysis
Fig. 5 displays the geometry of the setup used in the study of

nO thin films by GISAXS. The scattering intensity was measured
s a function of the scattering vector given by [14]:

� = �kf − �ki = 2�

�

⎛
⎜⎝

cos 2� cos ˛f − cos ˛i

sin 2� cos ˛f

⎞
⎟⎠ (3)
sin ˛f + sin ˛i

here �ki and �kf are the wave-vectors of the incoming and scattered
eams, respectively, � = 1.549 Å is the wavelength of the incidence
Fig. 5. Geometry of the setup used in the study of the ZnO thin films by GISAXS.

X-rays, 2� the horizontal scattering angle, ˛i the grazing incidence
angle and ˛f the exit angle between the scattered beam and the
sample surface [16–18].

The 2D GISAXS intensity patterns corresponding to the films
having 2 and 4 layers are displayed in Fig. 6. The vertical strip in
the center of scattering patters is the shadow of the beam-stopper
used to stop the incident and totally reflected X-ray beams. We  have
assumed that the observed X-ray scattering intensity is produced
by the contrast between the density of pores, with density �p = 0,
and that of the bulk ZnO, �ZnO. The GISAXS pattern of a bare glass, i.e.
without deposition of the ZnO film, not showed here, exhibit a weak
and nearly constant intensity, except close to the shadow edges of
the beam-stopper, where part of the reflected intensity is appar-
ent. Before further analysis, the contribution to GISAXS intensity
from the bare glass and also the parasitic scattering intensity pro-
duced by the Kapton windows, slits and air paths was also properly
subtracted.

The maximum intensity at the bottom of the scattering pat-
tern at qz = (2�/�)(sin ˛c + sin ˛i) is due to the modulation of the
pores scattering intensity by the Fresnel transmission function of
the air/film interface. This maximum occurs at ˛f = ˛c, ˛c being the
critical angle for X-ray total external reflection at the interface. This
gives rise to the so-called Yoneda peak in I × qz profiles. The posi-
tion of the Yoneda peak with respect to the sample surface depends
Fig. 6. 2D GISAXS intensity patterns of 2-layers (above) and 4-layers (below) thin
films prepared by spin-coating technique. The sample with 2-layers shows an addi-
tional Yoneda peak attributed to the ZnO/SiO2 interface.
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Table  2
Critical angle (˛c), average mass density (�) and volume fraction of the nanoporosity (p) obtained by XR and GISAXS. The mass density derived from GISAXS data were
determined by using two different procedures: (i) from the position of ˛f of the Yoneda peak and (ii) from a best fitting procedure using IsGISAXS program to derive the real
part  of the film refraction index (1 − ı). In the last procedure � and p were then determined by using Eqs. (1) and (2), respectively.

n XR GISAXS (Yoneda peak) IsGISAXS

˛c (◦) � (g/cm3) p ˛c (◦) � (g/cm3) p � (g/cm3) p

2 0.300 4.71 0.16 0.300 4.71 0.16 4.75 0.15
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4  0.261 3.56 0.36 0.26
6  0.279 4.09 0.27 0.26
8  0.263 3.62 0.35 0.26

he critical angle and, thus, to calculate the film density by apply-
ng Eq. (1). The critical angles obtained from the GISAXS intensity
atterns are reported in Table 2. These values are in good agree-
ent whit those determined from X-ray reflection measurements

Section 3.3).
An additional peak is observed at ˛f = 0.22◦ for the 2-layers ZnO

lm (Fig. 6 above). The ˛f value of this peak coincides with the crit-
cal angle of the bare SiO2 substrate and corresponds to the Yoneda
eak due to the modulation of the Fresnel transmission function
f the scattering of fluctuation in electron density of the glass sub-
trate. The Yoneda peak due to the substrate is only observed when
he film/air interface is very rough while the absorption of X-rays in
he film is low, such as in the case of the 2-layers ZnO thin film. For
hicker films the absorption of X-rays is higher and, in these cases,
he second Yoneda peak vanishes.

.4.2. Experimental results and modeling
Fig. 7 displays I versus q|| =

√
q2

x + q2
y GISAXS profiles (circles)

orresponding to ten cuts performed in Fig. 6 below for a 4-layers
lm for the indicated qz values. For clarity the curves were vertically
isplaced from the bottom to top by multiplying by increasing pow-
rs of 10. These GISAXS intensity profiles were analyzed using the
sGISAXS program by Lazzari [14]. In our case the GISAXS patterns
ere modeled assuming that the scattering intensity is produced
y a polydisperse set of spatially uncorrelated pores embedded in
he ZnO film, the pores having the shape of an ellipsoid of revolu-
ion and all the same high/width aspect ratio. The GISAXS intensity

ig. 7. GISAXS intensity profiles extracted from 2D GISAXS intensity patterns of 4-
ayers film (Fig. 6) at the indicated qz values (circles) and best fitted curves (solid
ines) calculated using the IsGISAXS program assuming the model described in the
ext. For clarity the curves were multiplied, from bottom to top, by increasing powers
f  ten.
3.54 0.36 3.90 0.30
3.54 0.36 3.40 0.39
3.62 0.35 3.45 0.38

I(q||, ˛i, ˛f) produced by a spatially uncorrelated set of ellipsoidal
empty nanopores with same aspect ratio �, a size distribution given
by N(R), embedded in a layer deposited on a substrate, is written as
[14]:

I(q||, ˛i, ˛f ) ∝
∫

N(R)
∣∣∣˚(q||, ki

z, kf
z, R, �)

∣∣∣2

dR, (4)

where  ̊ is the effective scattering factor resulting from the coher-
ent interference between four waves:

˚(q1, ki
z, kf

z, R, 	)

= T1(˛i)T1(˛f ) exp [−i(k̃f
z − k̃i

z)ı]F(q||, k̃f
z − k̃i

z, R, 	)

+ R1(˛i)T1(˛f ) exp[−i(k̃f
z + k̃i

z)ı]F(q||, k̃f
z + k̃i

z, R, 	)

+ T1(˛i)R1(˛f )exp[−i(−k̃f
z − k̃i

z)ı]F(q||, −k̃f
z − k̃i

z, R, 	)

+ R1(˛i)R1(˛f )exp[−i(−k̃f
z + k̃i

z)ı]F(q||, −k̃f
z + k̃i

z, R, 	) (5)

R1(˛i, ˛f) and T1(˛i, ˛f) being the amplitudes of the upwards

and downwards propagating waves in the layer, k̃i
z and k̃f

z are
the perpendicular components of the refracted and scattered
wave-vectors inside the layer and ı the average buried depth of
nanopores. F is the form factor associated to an ellipsoid of revolu-
tion. The T1(�f) function gives rise to above described Yoneda peak.
The thickness obtained by AFM and the refractive index calculated
from the Yoneda peak position were used as input data for fitting
the ten curves of each diagram.

In our model the parameter R is the semi axis of the ellipsoid
in the film plane, and H the axis of ellipsoid in the direction nor-
mal  to this plane, the aspect ratio being so equal to � = H/2R. The
best agreement between experimental and calculated curves was
obtained when the lognormal function

N(R) = N√
2�R log(�/R0)

.exp

[
−1

2

(
log(R/R0)
log(�/R0)

)2
]

(6)

was used to describe the size distribution function N(R) of the pores.
Different GISAXS curves for the 4-layers film obtained by apply-

ing the best fitting procedure – using the IsGISAXS program –
are plotted as solid lines in Fig. 7. The average radius 〈R〉 and the
standard deviation, �R, of the radius distribution were determined
from the parameters R0 and � of Eq. (6) [7]. Similar agreements
between the experimental GISAXS results and the best fitted
modeled curves were found for the other studied thin films. The
values of 〈R〉, �R and � of the studied thin films are reported in
Table 1.

3.4.3. Discussion of GISAXS results
The values reported in Table 1 indicate that the aspect ratio � of
the different studied thin films ranges between 0.80 and 0.88. This
result implies that in all the studied samples the nanopores are
flattened in the direction normal to the film surface. This effect was
already observed in a previous study by GISAXS of ZnO thin films
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Fig. 8. Chi-square 
2 factor related to the goodness of the fits using IsGISAXS pro-
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films prepared by dip-coating, Appl. Surf. Sci. 257 (2011) 10045–10051.
ram as a function of the specific mass for the thin films. The curves correspond to
lms having 2, 4, 6 and 8 ZnO layers.

repared by a different deposition method and was  attributed to
he decrease in the film thickness as a consequence of their com-
action during the final annealing of the samples [7].

The average lateral radius 〈R〉 of nanopores ranges from about
 nm up to 7 nm without a clear trend for different number of
eposited ZnO layers. The standard deviation in the nanopores
adius does not significantly vary with the film thickness, the value
f this parameters being maintained within the 2 nm to 2.7 nm
ange. GISAXS results (Table 1) do not show a clear relation between
he morphology and size of nanopores (�, 〈R〉, and �R) and the
umber of deposited ZnO layers (n).

In addition to the modeling of the morphology and size of
anopores, the IsGISAXS program was also used to determine the
eal (1 − ı) and the imaginary part (ˇ) of the refraction index of
he thin films resulting from the best agreement between experi-

ental and fitted curves in the region of GISAXS intensity affected
y the Fresnel transmission function, i.e. around the Yoneda peak.
rom the ı values obtained from this best fitting procedure and Eq.
1), the average mass density (specific mass) of the thin films were
etermined. Fig. 8 displays the dependence between the chi-square
2 factors – related to the goodness of the fits performed varying

he input (ı and  ̌ = 2.044E−2 ı) parameters – and the average mass
ensity of the thin films. It was observed that for each sample there

s a density value that minimizes the 
2 vs. � function (Fig. 8). This
alue was taken as the most probable for the average density �.

The average thin film densities (determined from IsGISAXS pro-
ram) and the respective volume fraction of porosity, p, calculated
sing Eq. (2), are also reported in Table 2. It can be seen that such
alues are in good agreement with those determined from XR and
ISAXS (Yoneda peak) data.

In summary, the average density derived from GISAXS data were
etermined by two different procedures, namely: (i) the position
f ˛f of the Yoneda peak and (ii) a best fitting procedure using the
sGISAXS program to determine the real (1 − ı) and the imaginary
ˇ) parts of the film refraction index. From ı values, � and p param-
ters were calculated using Eqs. (1) and (2), respectively. These
esults confirm the presence of porosity in the ZnO films. The small
ifferences in � (and so p) values determined by GISAXS and XR, can
e attributed to uncertainties in the values of the critical angle, ˛c,
nd differences in probed deepness in XR and GISAXS experiments.

. Conclusion
The structures of thin films composed of nanometric ZnO crys-
allites prepared by spin-coating and supported on a flat silica
ubstrate were characterized by GIXD, AFM, FESEM, XR and GISAXS.
amples with 2, 4, 6 and 8 successive depositions were studied. All
 Science 317 (2014) 19–25

samples were subjected to several thermal treatments at 200 ◦C for
10 min  after each deposit and a final annealing at 450 ◦C during 3 h.

The different studied thin films consist of ZnO nanocrystals
with wurtzite-like crystalline structure similar to the structure of
bulk ZnO. The average nanocrystal sizes derived from GIXD range
from 20 nm up to 28 nm.  These sizes are somewhat larger than
those reported in a previous investigation of samples subjected to
equivalent thermal treatment but prepared by another procedure
(dip-coating) [7].

The thicknesses of the ZnO thin films determined by AFM
range from 43 nm for two  layered up to 147 nm for eight layered
films, these values being in good agreement with the thicknesses
determined by FESEM. The root mean square surface roughness
parameter determined by AFM imaging increases from 5.3 up to
10.2 nm for increasing number of the layers.

All the studied ZnO thin films exhibit a nanoporous structure.
Our GISAXS characterization indicates the presence of nanopores
with an ellipsoidal shape flattened along the direction normal to
the thin film surface with aspect ratios 0.80 < � < 0.88, the average
lateral radius of pores 〈R〉 ranging from 5.0 nm up to 6.9 nm for
2-layers and 8-layers films, respectively.

As it can be verified in Table 2, the average density correspond-
ing to the film with 2-layers (n = 2) is clearly higher than those of
thicker films. On the other hand, the thinnest film exhibit both
roughness and average nanopore radius significantly lower than
those of the thicker films (Table 1). These different features sug-
gest an influence from the substrate surface that affects more the
thinnest two layered film than the others ticker films.

Finally, our results indicate that the average size and morphol-
ogy of nanopores and ZnO crystallites are essentially the same for
all the studied thin films, except for the thinnest 2-layer film. This
finding suggests that the ZnO thin films with four or more layers,
prepared by the spin-coating process described here and irrespec-
tive of their final thickness, exhibit equivalent and reproducible
structural features.
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