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Nanocrystalline ZnO thin films prepared by the sol-gel dip-coating technique were characterized by
grazing incidence X-ray diffraction (GIXD), atomic force microscopy (AFM), X-ray reflectivity (XR) and
grazing incidence small-angle X-ray scattering (GISAXS). The structures of several thin films subjected to
(i) isochronous annealing at 350, 450 and 550°C, and (ii) isothermal annealing at 450 °C during different
time periods, were characterized. The studied thin films are composed of ZnO nanocrystals as revealed by
analysing several GIXD patterns, from which their average sizes were determined. Thin film thickness and
70 roughness were determined from quantitative analyses of AFM images and XR patterns. The analysis of XR
Nanostructured thin films patterns also yielded the average density of the studied films. Our GISAXS study indicates that the studied
XR ZnO thin films contain nanopores with an ellipsoidal shape, and flattened along the direction normal
GISAXS to the substrate surface. The thin film annealed at the highest temperature, T=550°C, exhibits higher
density and lower thickness and nanoporosity volume fraction, than those annealed at 350 and 450°C.
These results indicate that thermal annealing at the highest temperature (550°C) induces a noticeable
compaction effect on the structure of the studied thin films.

Keywords:

© 2011 Elsevier B.V. All rights reserved.

porous film sensors have a high sensitivity and longer response
time [10].

This work aims at studying the structure of nanocrystalline ZnO
thin films deposited on silica glass plates by the sol-gel dip-coating
technique and subjected to either isochronous or isothermal high

1. Introduction

ZnO nanopowders and thin films exhibit a number of interesting
properties for varistors [1] in ceramic technology and as sensor
element in gas sensor devices [2]. The band-gap and high exciton

energies of ZnO make this material adequate for applications to
luminescent devices operating in UV and visible. ZnO thin films are
used as a part of pressure transducers and acusto-optic devices due
to their piezoelectric properties and as window electrodes for solar
cells because of they are transparent conductive films [3-7].
Several applications of the studied material require that the as-
deposited films, which exhibit low density and amorphous porous
structure, be transformed into final films with nanocrystalline
structure and high density. Alternatively, the highly accessible
porosity observed in ZnO films before compaction processes is an
interesting feature due to their related catalytic photovoltaic and
photonic properties [8]. This feature together with the inherently
reduced dimensions of the thin films favour the fast diffusion of
the analyte through the heterostructured interface [9]. Also, by
varying the porosity and dopant concentration of the ZnO films,
gas-sensing properties and response time can be tuned. Highly
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temperature annealing. The characterization of the ZnO thin films
is performed by X-ray diffraction at grazing angles (GIXD), atomic
force microscopy (AFM), X-ray reflectivity (XR) and grazing inci-
dence small-angle X-ray scattering (GISAXS).

2. Experimental
2.1. Sample preparation

The precursor solution used to obtain the ZnO thin films is
composed of zinc acetate dihydrate dissolved in absolute ethanol,
distilled water and acetic acid [11,12]. This solution was stirred
at 65°C under reflux during one hour until a homogeneous and
transparent solution was obtained. The colloidal solution was
deposited on amorphous SiO, flat substrates by dip-coating with
a withdrawal speed of 10 cm/min and subsequently dried at room
temperature. The same dip-coating procedure was repeated 6 times
for each studied sample.

In order to eliminate the organic part of the precursor, the
as-deposited thin films were subjected to annealing at different
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temperatures. Results of Differential Scanning Calorimetry (DSC)
and Thermogravimetric Analyses (TGA) not reported here indicated
that the sample mass remains practically constant above 350°C.
This demonstrates that at this temperature, in heating cycles, the
residual organic parts of the thin films are fully eliminated. Final
3 h isochronous annealing was performed on three different sam-
ples held at 350, 450 and 550 °C, respectively. Other set of samples
submitted to isothermal annealing at 450°C during 1, 3 and 8h,
respectively, were also studied. As we will see, these annealing pro-
cedures transform the initially amorphous and organo-inorganic
structure of the as-deposited thin films into thin films composed of
nanometric ZnO crystals.

2.2. Structural characterization of the ZnO thin films

The crystallographic structure of the polycrystalline ZnO thin
films studied here - after high temperature annealing - was char-
acterized by using grazing incidence X-ray diffraction (GIXD). The
X-ray diffraction patterns were obtained by using a PW 3710 Philips
diffractometer with Cu-Ka radiation. The diffraction patterns were
obtained keeping constant the incidence angle, o; = 1°. The average
sizes of the ZnO crystallites in different films were determined by
applying Scherrer equation [13].

The root mean square (RMS) surface roughness parameter, 7,
and the thickness of the thin films, d, were determined by AFM.
These results derived from AFM analysis are named as napv and
dapm, respectively. The film thickness was determined by scratch-
ing it with a steel cutting tool and then measuring the magnitude of
the edge. The image processing was performed by using the WSxM
software [14].

In order to characterize the nanostructure of the studied thin
films, synchrotron XR and GISAXS measurements were performed
using the D10A-XRD2 beamline of LNLS, Campinas, Brazil. Exper-
iments were carried out using a monochromatic X-ray with a
wavelength 0.15498 nm. The X-ray detectors for XR and GISAXS
measurements were a fast scintillator and an imaging plate, respec-
tively. XR measurements were performed using the o-2¢ step
scanning procedure while GISAXS measurements were carried out
on an immobile flat sample keeping a constant incidence angle, «;,
slightly larger than the critical angle for total reflection (c¢; =0.315°).
Because of the shadow produced by the substrate in GISAXS mea-
surements, only the upper half of the total scattering pattern was
recorded.

The analysis of the recorded XR patterns allowed us to determine
the average density, p, thickness, dxg, and RMS roughness param-
eter, nxg, of the studied thin films. Modelled functions were fitted
to the whole XR experimental spectra by applying Parratt32-1.6
software [15]. This package is based on the recursive Parratt
formalism [16] and on the Nevot-Croce model for roughness deter-
mination [17]. As will be shown in Section 3.3, the average mass
density of deposited films being much lower than homogeneous
ZnO, suggested the presence of a significant nanoporosity in the
deposited layers.

Table 1
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Fig. 1. GIXD patterns corresponding to ZnO thin films annealed during 3 h at 350,
450 and 550°C.

The GISAXS technique was applied to the characterization of the
internal nanoporosity inside the thin films. The analysis of GISAXS
curves was carried out by applying the IsGisaxs 2.6 software pack-
age [18,19] using the distorted wave Born approximation (DWBA)
that takes into account the reflection-refraction effects at the sur-
face of the substrate and considers the contrast variation produced
by the pores as a first order perturbation.

3. Results and discussion
3.1. Grazing incidence X-ray diffraction

The GIXD patterns corresponding to ZnO thin films annealed
during 3 h at 350,450 and 550 °C are plotted in Fig. 1. The presence
of well defined and wide Bragg peaks in the GIXD patterns indicated
that the studied thin films are nanostructured materials. All Bragg
peaks in the patterns displayed in Fig. 1 were indexed by assuming
that the thin films are composed of ZnO nanocrystals with a cubic
waurtzite structure similar to that of bulk ZnO.

Average sizes of the ZnO nanocrystals were determined - under
the assumption of an isotropic shape - from the width of the
strongest (002) Bragg peak. The average crystallite sizes deter-
mined from the (002) peak profile, after being corrected for
instrumental effects, are 13, 16 and 20 nm for samples annealed
at 350, 450 and 550°C, respectively (Table 1).

3.2. Atomic force microscopy

Two AFM images corresponding to ZnO thin films, annealed dur-
ing 3hat350and 450 °C, are displayed in Fig. 2a and c, respectively.
Visual examination of these images indicates the presence of clearly
different roughness features. The roughness parameters, 1agy;, of
these thin films - determined from a quantitative analysis of the

Structural parameters of ZnO thin films submitted to different thermal annealing. p: mass density, dxg and dapy: film thickness derived from XR and AFM, respectively,
nxr and napm: roughness parameter derived from XR and AFM, respectively, v,: nanopore volume fraction, v: nanopore aspect ratio, (R): nanopore average radius, and og:

relative standard deviation of the lognormal radius distribution.

T(°0) t(h)  Numberoflayers  p(g/cm®)  dxz(nm)  dapv (NM)  7xg (NM) narm (M) (D) (nm)  vp v (R) (nm) oR (nm)
350 3 1 3.76 19 17 6.4 5.6 13 033 094 487 1.54
450 1 2 3.50 15 20 44 3.3 - 037 075  5.10 2.07

3 1 3.89 16 - 6.6 7.6 16 030 078 457 2.14

8 2 3,57 18 23 4.9 5.1 - 036 080 458 2.01
550 3 1 412 13 - 5.2 6.9 20 026 075 5.14 1.98
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Fig. 2. (a) AFM micrograph of the surface of a ZnO thin film annealed during 3 h at 350°C. (b) Height profile related to the surface shown in Fig. 2a. (c¢) AFM micrograph of a
thin film annealed during 3 h at 450°C. (d) Height profile related to the surface shown in Fig. 2c.

profiles plotted in Fig. 2b and d - are 5.6 and 7.6 nm, respectively
(Table 1).

Fig. 3a and b displays two profiles from AFM images correspond-
ing to thin films scratched with a steel cutting tool. In both height
profiles, the grooves and damage produced on the substrate by
the scratch are clearly evidenced. Accumulation of removed mate-
rial is observed on several groove edges. The thicknesses of three
films were estimated from deepness analysis of these grooves.
The dapv values, reported in Table 1, range from 17 nm up to
23 nm.

3.3. X-ray reflectometry

XR patterns of the studied thin films are presented in Fig. 4a and
b, each set of curves corresponding to isochronous and isother-
mal annealing procedures, respectively. The experimental X-ray
reflectivity curves are plotted as functions of the grazing inci-
dence angle «;. The X-ray reflectivity is defined as R(¢;) = I(¢¢;)/Imax,
I(a;) being the X-ray intensity of the reflected beam and Imax
the maximum of I(«;) which occurs well below the critical o
angle for total reflection. The intensity correction for low graz-
ing angles due to the beam width and sample size was included
[20].

The oscillations of the XR patterns expected at high «; are not
pronounced in any reflectivity curve. As a consequence, the thick-
nesses of the films - whose classical determination utilises the
« values corresponding to the maxima and minima of the Kies-
sig fringes and applies a modified Bragg equation [20] - could not
directly be determined. Instead, the thicknesses were estimated by
fitting modelled functions to the whole experimental XR patterns.
This procedure was performed by using the Parratt package [15],
which was also applied to determine the roughness parameter of
the thin film surfaces and substrate surface.

We have first tried to model the experimental R(«;) function
corresponding to all XR profiles by assuming a single average den-
sity for the whole thin film. This one-layer model led to XR profiles
that fit well to all experimental R(«;) curves except to the spectra
corresponding to thin films annealed 1 and 8 h at 450°C. In order
to obtain a modelled R(¢;) with an acceptable fitting quality for
these two particular thin films, an alternative two-layer model was
assumed.

The main parameters obtained by the best fitting of the mod-
elled functions to the experimental profiles are reported in Table 1.
The second layer that was added at the bottom of the film to
improve the fitting quality of the modelled function is very thin
(thickness d ~ 1 nm). Therefore, for the samples to which the two-
layer model was applied, we have reported in Table 1 only the
total film thickness, the average density of the whole films and the
external surface roughness.

The Nevot-Croce roughness factor [17] can be applied provided
the condition gq,nxr/2 <1 or o;> a, — is obeyed (g, being the
component of the scattering vector normal to the surface) [21]. In
our XR measurements, the roughness parameters of the ZnO thin
films were in all cases rather large (nxg ~5.5 nm). This implies that
the fitting using Nevot-Croce roughness factor can be applied to
the studied thin films only up to a maximum angle omax =0.25°
and to very large «; values. Since our XR measurements were per-
formed in the 0.1 <¢; <1° range, the above conditions were only
partially fulfilled. As a consequence we should consider the struc-
ture parameters derived from XR measurements (average density,
thickness and roughness parameter) as subjected to not negligible
errors.

The average mass densities reported in Table 1 are in all cases
lower than the density of homogeneous ZnO (pzn0=5.61g/cm3).
This finding indicates that the studied ZnO thin films are porous. It
is worth noticing that the densities calculated from the values of
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Fig. 3. Height profiles from AFM micrographs of ZnO films, scratched with a steel
cutting tool, annealed during (a) 3h at 350°C, (b) 8 h at 450°C.
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the critical angle [20] are somewhat lower than those obtained by
the global fitting.

Under the assumption of a two density model for the studied
ZnO thin films, - i.e. a homogeneous matrix in which empty pores
are embedded - the porosity parameter (i.e. the volume fraction
occupied by pores), vp, can be determined by applying the following
equation:

Yo p
Vp=—=1- 1
b v Pzno ()

where V), and V are the total volume of nanopores and the volume
of the thin film, respectively, and p and pz,o are the mass densities
of the thin film and bulk crystalline ZnO, respectively. The volume
fraction of the nanoporosity, vp, reported in Table 1 ranges from
0.26 up to 0.37.

From the analysis of the XR pattern corresponding to the free
surface of the flat amorphous SiO, substrate used for deposition,
a roughness parameter 7xg ~0.6-0.8 nm was determined. On the
other hand, the total thickness, dxg, of the different samples ranges
from 12.8 up to 18.3nm. These thicknesses are approximately
consistent with those independently derived from AFM measure-
ments (17 nm<dapy <23 nm). The differences between both results
can be assigned to different areas probed by AFM and XR mea-
surements and/or also to errors in the values of dyg determined
by XR. This error could be the consequence of a part of our fit-
ting procedure that was performed outside the angular range of
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Fig. 4. X-ray reflectivity curves for all studied ZnO thin films for (a) isochronous
3 h annealing at the indicated temperatures, and (b) isothermal annealing at 450 °C
during different time periods. The XR patterns are vertically shifted for clarity.

validity of Nevot-Croce formalism for films with high roughness
[21].

Data reported in Table 1 indicate that the thin films annealed
during 3 h at the highest temperature (550 °C) exhibit the highest
density (p=4.12g/cm3) and the lowest thickness (dxg =12.8 nm).
The film roughness parameters nxr take values within the
4.4-6.6 nm range, these values being similar to those obtained by
AFM. The small differences between the roughness parameters
determined by AFM and XR can also be assigned to the different
areas probed by AFM and XR measurements and/or to deviations
related to our Parratt fitting using the Nevot-Croce factor for rough-
ness within an angular range out of the limits allowed for samples
with a high roughness [21].

The results of the modelling of the X-ray reflectivity profiles that
best fit to the experimental curves by applying Parratt32 indicate
that, for thin films with a thickness d =15 nm, a roughness param-
eter n~5.5nm is the upper limit above which oscillations in the
reflectivity spectrum do not occur. Since the roughness parameter
derived from our fitting procedure takes values close to the men-
tioned upper limit, we can understand why the experimental XR
patterns associated to all thin films studied here exhibit reflectivity
profiles without well-defined oscillations.

The results reported in Table 1 indicate that the average ZnO
crystallite sizes determined from GIXD (002) profile for thin
films annealed at 350 and 450°C are 50% smaller and approxi-
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mately equal, respectively, to the thin film thicknesses derived
from XR fittings. However, in the particular case of the thin film
annealed at 550°C, the average crystallite size derived from GIXD
is (D)=20nm, this value being clearly higher than the thin film
thickness, dxg =13 nm. Even thought the GIXD geometry probes
crystallite sizes along a direction that is not rigorously normal to
the film surface, this finding obviously is unexpected. We have
assigned this effect to a rather low precision in the determination
of the thickness dxg by applying Parratt fitting to our XR results.
As it was mentioned above, this low accuracy is an expected con-
sequence of the very high roughness of the studied film surfaces.
Therefore one only can safely conclude that the average sizes of
the ZnO nanocrystals are, in all cases, similar to the thin film thick-
nesses.

3.4. Grazing incidence small angle X-ray scattering

A typical GISAXS 2D pattern is displayed in Fig. 5a, while
Fig. 5b shows the intensity profiles as a function of the mod-
ulus of the in-plane component of scattering vector q, defined

as qy = (27/A)[(cos oy cos 26 — cos 01,‘)2 + (cosay sin 29)2]]/2 [19], A
being the X-ray wavelength, 26 the horizontal scattering angle and
ay the angle between the scattered X-ray beam and the surface of
the sample. Ten horizontal cuts of the imaging plate at different exit
angles oy are indicated in Fig. 5a for which the GISAXS 1D profiles
were determined.

A model assuming the existence of spatially uncorrelated and
spherical nanopores with different size distributions was firstly
tried. We did not include in our GISAXS model eventual interfer-
ence effects due to spatial correlation of the nanopores because
the nanopore size distribution is very wide. In cases of very high
size polydispersivity, the spatial correlation among nanoparticles
(or nanopores) is reduced as compared to the case of a (monodis-
perse) set of nanoparticles or nanopores of equivalent sizes. Due
to this argument and even thought the pore volume fraction is
rather high, we have assumed, as an approximation, that inter-
ference effects are not significant and thus they can be neglected.
However the modelled GISAXS curves determined assuming spher-
ical nanoparticles did not fit well in any case to our experimental
profiles.

We have assumed a second model consisting of spatially uncor-
related nanopores with a simple shape of ellipsoid of revolution
embedded in a homogeneous ZnO nanocrystalline matrix. The
radius of the ellipsoidal nanopores in the directions parallel to the
film surface is defined as R, while UR is the radius correspond-
ing to the direction normal to the sample surface, the aspect ratio
U being equal to 1 for spherical nanopores. It was also assumed
that the nanopores have a radius distribution N(R), with a sin-
gle valued v parameter for all nanopores. N(R) was defined as a
lognormal function [19], which was previously demonstrated to
be a good approximation for other similar nanoporous materials
[22,23]:

2
B N _ 1 log(R/Ro)
NR) = V27Rlog(o/Ro) P73 <log(o/Ro)) @)

where N is the total number of nanopores. The average nanopore
radius (R) and the standard deviation oy of the radius distri-
bution N(R) were derived from the parameters Ry and o that
define the lognormal function (Eq. (2)). It has been considered
that such radius distribution is valid only up to a maximum R
emerged from UR value equal to half the thickness of the thin
films, thus the distribution functions are truncated, as it is shown
in Fig. 5c.
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Fig. 5. (a) 2D GISAXS results displayed as an imaging plate picture for a ZnO
thin film annealed during 1h at 450°C. (b) GISAXS curves corresponding to the
horizontal cuts indicated in Fig. 5a. Solid lines are the modelled curves that
exhibit the best fit to the experimental GISAXS curves. (c) Nanopore radius dis-
tribution derived form the GISAXS curves that best fitted to the experimental
results.

The GISAXS intensity I(q;, @;, af) produced by a spatially uncor-
related set of ellipsoidal empty nanopores with same aspect ratio
v, a size distribution given by N(R), embedded in a layer deposited
on a substrate, is written as [19]

I(LIH»Oli,(Xf)fX/N(R)‘dj(mwkiak;& v) 2dR (3)
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where @ is the effective scattering factor resulting from the coher-
ent interference between four waves:

¢(qH9 k;a kév Rv U)

= Ta(@)Ts (o) exp | itF] - }F(qu,k’ )

+ Ry (o)T1(af) exp[ kf } q‘|,kf+l~<§,R,u) (4)

+ TR (o) exp iR - ;}F(qu,—ﬁé—l?;,&w

+ R R () exp [~ + K3 Fegy. K + K. R, v).

Ri(a;f) and Ti(a;f) being the amplitudes of the upwards and

downwards propagating waves, l~<§ and l~<£ are the perpendicular
components of the refracted and scattered wave-vectors inside the
layer and § the average buried depth of nanopores. F is the form
factor associated to an ellipsoid of revolution. The Ty(«y) function
gives rise to a maximum in the scattering intensity pattern at oy
values close to the critical angle of X-ray total reflection, the so
called Yoneda peak.

The aspect ratio of the ellipsoidal nanopores, v, the average
radius nanopore (R) and the standard deviation of the nanopore
radius distribution, o, reported in Table 1 are determined from
the N(R) function (Eq. (2)) corresponding to the scattering inten-
sity I(qy, o, o) (Eq. (3)) that exhibits the best fit to the different
experimental GISAXS curves.

The thickness and refraction index of the studied ZnO thin films,
derived from our experimental XR analyses, were used as input
parameters to run the package IsGISAXS. The modelled GISAXS
curves that exhibit the best fit to all profiles corresponding to the
10 horizontal lines shown in Fig. 5a, at different exit angle ay, are
indicated by solid lines in Fig. 5b. Fig. 5c displays the correspond-
ing radius distribution functions N(R) corresponding to the thin film
annealed during 1 h at 450°C.

The aspect ratios, v, of nanopores reported in Table 1 for the
samples studied here are all of them lower than 1, thus indicat-
ing that the shape of the nanopores can be seen as that of spheres
flattened in the direction normal to the thin film surface, i.e. the
nanopore shape is that of an oblate ellipsoid of revolution. The
average radii (R) and the standard deviations o of the ellipsoidal
nanopores - resulting from the fitting procedure and corresponding
to all studied samples - are also reported in Table 1.

The GISAXS curves related to the thin films under isothermal
annealing at 450 °C do not show significant differences for increas-
ing time periods, from 1 up to 8 h. In fact, the variation in the values
of the average radius (R) corresponding to the different time peri-
ods are similar to their respective uncertainties, showing that a
clear trend of the different structural parameters under isothermal
annealing at 450 °C cannot not be inferred from our experimental
results.

The GISAXS results corresponding to isochronous annealing at
different temperatures reveal that the average lateral radius of the
nanopores increases from 4.87 nm for annealing at 350°C up to
5.14nm at 550 °C, while the aspect ratio decreases from 0.94 down
to 0.75 and the porosity volume fraction from 0.37 to 0.26 (Table 1).
As reported in Table 1 the decreasing trend of the aspect ratio or
flattening effect on the nanopores for increasing annealing temper-
atures is well correlated to the observed small thickness of the thin
film and low volume fraction of nanopores for samples annealed
at 550°C as compared to samples annealing at 350 and 450°C. If
one compares the thicknesses and porosity fractions corresponding
to thin films annealed at 350 and at 450°C, the same temperature
effect is not observed, thus indicating that the structure of ZnO
thin films held up to 450°C does not exhibit significant changes
promoted by isothermal annealing during periods lasting up to 8 h.
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On the other hand, the values of the nanopores radii are simi-
lar to the roughness parameter n derived from AFM and XR, thus
indicating a clear correlation between the features of the surface
roughness and the sizes of the internal nanopores in the studied
thin films.

Finally it is worth mentioning that, in addition to the scattering
intensity produced by nanopores, surface roughness also can con-
tribute to the total GISAXS intensity. We have assumed here that
the GISAXS intensity produced by nanopores is much stronger than
the contribution from surface roughness. Because of this the con-
tribution from surface roughness was not taken into account in our
modelling procedure.

4. Conclusions

The structures of thin films composed of nanometric ZnO crys-
tallites - prepared by dip-coating and supported by a flat silica
substrate — were characterized by GIXD, AFM, XR and GISAXS. The
structural characterization was performed on (i) samples subjected
to isochronous annealing (3 h) at 350, 450 and 550 °C, and (ii) sam-
ples annealed during different time periods (1, 3 and 8 h) at 450 °C.

The thicknesses of the studied ZnO thin films range from 18.3 nm
in the thin film annealed at 350 °Cdown to 12.8 nm in that annealed
at 550°C. The roughness parameter ranges from 4.4 up to 6.6 nm
for the different samples without any clear correlation with the
annealing temperature.

The studied thin films are polycrystalline and composed of ZnO
nanocrystals with wurzite-like structure similar to the structure of
bulk ZnO. The average nanocrystal sizes derived from GIXD ranges
from 13 nm for thin films annealed at 350 °C up to 20 nm for those
annealed at 550 °C. We can notice that the average sizes of the ZnO
nanocrystals are similar to the thicknesses of the thin films. We
have also noticed an opposite trend in the average nanocrystal sizes
with respect to the film thickness for varying annealing tempera-
tures. As a matter of fact, for increasing annealing temperatures, the
average crystallite size increases while the thickness is reduced.

All studied ZnO thin films exhibit an internal nanoporous struc-
ture. GISAXS characterization indicates the presence of nanopores
with an ellipsoidal shape flattened along the direction normal to the
thin film surface. The average lateral radius (R) ranges from 4.57 nm
up to 5.14 nm and does not exhibit a well defined trend for increas-
ing annealing temperatures, while the aspect ratio decreases from
0.94 at 350°C down to 0.75 at 550°C.

The thin film annealed at the highest temperature, T=550°C,
exhibits the highest density and average crystallite size and the
lowest thickness, porosity volume fraction and pore aspect ratio,
as compared to those annealed at 350 and 450°C. These results
indicate that the most efficient compaction occurs at the highest
annealing temperature.

The decreasing trend of the aspect ratio or flattening of the
nanopores annealed for increasing temperature — its minimum
occurring at 550°C - is well correlated to the observed reduc-
tions in thickness and in nanopore volume fraction. By comparing
the values of the thicknesses, d, and porosity volume fractions, vp,
corresponding to the ZnO thin film annealed at 350 and 450°C
the same trend was not observed, thus indicating that isothermal
annealing up to 8 h at 450 °C or below does not promote significant
structural changes in the studied material.

Structural variations determined for ZnO thin films under
isothermal annealing up to 8 h at 450°C are weak and within
the estimated experimental uncertainties. Therefore no clear con-
clusion about the effects of varying annealing periods during
isothermal annealing could be drawn. In order to establish the time
dependence of the structural variations under isothermal anneal-
ing of ZnO thin films, additional XR and GISAXS measurements at
higher temperatures and/or longer time periods are required.
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