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A high density of nanovoids between 2 and 13 nm in size were produced during the crystallization
process as amorphous Al2O3 and WO3 20~30 % lower in density than their crystalline phases were
annealed. By contrast, no formation or growth of nanovoids was observed during the crystallization
of amorphous TiO2, which has a density 2% lower than its crystalline phase. These results suggest
that large difference in density between the amorphous and crystalline oxides can be utilized to
produce nanoporous structures.

Porous oxides have attracted extensive attention as functional materials in categories such as
ion exchange, molecular separation, catalysis, chromatography, microelectronics, and energy storage,
since their properties can be vastly improved by increasing the surface-to-volume ratio [1,2]. A
number of production methods have been proposed to extend the composition of metal-oxides,
including Al2O3, TiO2, ZrO2, WO3, SnO2 and mixed oxides for the applications mentioned above [3].
Nanoporous materials are produced mainly by chemical synthesis routes which combine the use of a
template and an etching process. This technique is based on directly creating spaces by eliminating
the nano-sized templates. In recent years, the focus has been on the condensation of atomic level
spaces, that is, utilizing atomic vacancies in the fabrication of nano-sized pores in nano-scaled
materials [4,5] and on bulk surfaces [6]. The more established approach is based on vacancy
clustering due to the Kirkendall effect in the interdiffusion between two different materials, while the
more recent approach is based on the annihilation process of a large number of supersaturated
vacancies at the surface of intermetallic compounds.
In terms of atomic level spaces, amorphous structures include essentially ‘free volume’, a
concept which refers to vacancies in the crystalline structure. In the case of amorphous metals, it is
well known that the reduction in volume by structural relaxation and/or crystallization is in the range
of 0.5-2.0% [7], indicating that amorphous metals have 0.5-2.0% lower density than their crystalline
phases. By contrast, some amorphous metal-oxides are known to have much lower density than in
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their crystalline phases. For example, the density of amorphous Al2O3 (a-Al2O3, 2.8~3.0 gcm-3) and
WO3 (a-WO3, 5.0~5.5 gcm-3) is 20 and 30 % lower than -Al2O3 (3.69 gcm-3) and monoclinic WO3
(7.16 gcm-3), respectively [8-10]. It is expected, therefore, that a large difference in density may
bring about the generation of a large amount of voids in the matrix during crystallization. This
crystallization of oxides appears to be accompanied by volume reduction, but this is not the case
with amorphous metals. Alvarez et al. have predicted that the free volumes in a-Al2O3 are converted
into nano-scaled pores with increasing annealing temperature [11,12].
In our study, the formation behavior of nanovoids during the annealing of a-Al2O3 and a-WO3,
both of which have a large density difference between their amorphous and crystalline phases, has
been studied by transmission electron microscopy (TEM). For comparison purposes, amorphous
TiO2 (a-TiO2, 3.80 gcm-3) was also annealed and observed by TEM since there is only an
approximately 2% difference from its crystalline phase (anatase, 3.89 gcm-3) [13] Clearly, the
difference in density between the amorphous and crystalline phases of TiO2 is much smaller than for
Al2O3 and WO3. We have found that a high density of interior voids of several nanometers in size
can be introduced by annealing of amorphous Al2O3 and WO3 with a large density difference
compared to their crystalline phases in air.

Thin films of amorphous Al2O3 and TiO2 were produced by electron-beam deposition in a
high-vacuum chamber. A cleavage NaCl crystal was used as the substrate and Al2O3(99.99%) and
TiO2(99.9%) tablets were used as the evaporation source. The substrate temperature at deposition
was kept at 290 K. A WO3 thin film was prepared by sputtering the WO3 target (99.9%) at a
radio-frequency of 150 Hz under an Ar pressure of 1.0 Pa. The substrate was cooled via a liquid
nitrogen reservoir and kept at 100 and 273 K. The NaCl on which the 15~30 nm thick oxide thin
film was deposited was put into distilled water, and then the floating thin film was mounted onto a Pt
grid. The amorphous oxides on the Pt grid was subjected to heat-treatment in an electric furnace in
air at 573~1123 K for 3.6 ks. The changes in its morphology and structure were examined by a
Hitachi H-800 type TEM operated at 200 keV. The composition of the as-deposited and annealed
thin films was analyzed by a JEOL-3000F type TEM equipped with energy disperse spectroscopy
operated. The average diameter and the areal fraction of voids were estimated with an image
analyzer (Winroof, Mitani Corp., Japan).

Figures 1(a)~(d) show bright field images (BFIs) of as-deposited and annealed Al2O3. No void
contrast can be detected in an as-deposited thin film although a fluctuation in the contrast is seen, as
shown in Fig. 1(a). After annealing at 973 K for 3.6 ks (Fig. 1(b)), voids with a mean diameter of 1.9
nm appear, as is indicated by the bright contrast. As shown in the corresponding selected-area
electron diffraction (SAED) patterns (a’) and (b’), the structure of the thin film remains amorphous
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up to 973 K. At 1073 K, crystallized regions appear in the amorphous matrix, as can be seen in Fig.
1(c). The enlarged images corresponding to the amorphous (A) and crystallized (B) regions of Fig.
1(c), respectively, show that the voids in the crystallized region are larger than those in the
amorphous region. The mean diameter of the nanovoids in the amorphous and crystallized regions
was estimated to be 1.9 and 2.6 nm, respectively. The Debye-Scherrer rings can be consistently
indexed as those of γ-Al2O3 (Fig. 1(c’)). The amorphous Al2O3 is fully crystallized into γ-Al2O3 at
1123 K and the mean diameter of nanovoids is 3.0 nm, as shown in Fig. 1(d). Our cross-sectional
observation of a 200 nm-thick film revealed also that interior nanovoids were introduced inside the
films after annealing at 973 K for 3.6 ks.
BFIs and the corresponding SAED patterns of a-WO3 thin film prepared by radio-frequency
sputtering at a substrate temperature of 100 K before and after annealing are shown in Fig. 2. Voids
with diameters as small as 1.5 nm intrinsically appear as a result of the sputtering in the as-deposited
film in Fig. 2(a). The microstructure of the as-deposited a-WO3 is consistent with the general
tendency that as-deposited films grown at very low temperature tend to be porous [14]. The growth
of the existing voids is not clear at 573 K (Fig. 2(b)). At 623 K, however, crystalline regions appear
in the amorphous phase, as shown in Fig. 2(c), as is the case with Al2O3. As seen from the magnified
images of the amorphous (A) and crystallized (B) regions in Fig. 2(c), a significantly high density of
voids can be seen in the crystallized region, although the voids in the amorphous region did not grow
as much as those in the films as-deposited and annealed at 573 K. It is obvious that the voids are
much larger and are much more dense after the film is annealed at 673 K. The voids can be as large
as 13 nm. The SAED patterns of Fig. 2(a’)-(d’) show that crystallization from amorphous to
monoclinic WO3 starts at 623 K. We confirmed that the changes in the morphology and structure of
the thin films deposited at 273 K were similar to that at 100 K.
Figure 3 shows the BFIs of three different TiO2 thin films: (a) as-deposited, (b) annealed at
573 K, and (c) at 673 K. Their corresponding SAED patterns are indicated by (a’)~(c’). Amorphous
structures are still apparent up to 573 K and then they are crystallized into anatase-type TiO2 at 673
K, as shown in Figs. 3(a’)-(c’). In an as-deposited a-TiO2, nanovoids as small as 1.5 nm are a
consequence of the deposition process, as was the case with a-WO3. The origin of nanovoids in
as-deposited films seems to be an intersection space of coalescence of islands [15]. In the case of
TiO2, however, no change in the size or number of nanovoids is evident even after crystallization,
unlike Al2O3 and WO3.
Figure 4 shows the changes in the average void diameter, d, and the areal fraction of the voids,
S, obtained by an image analysis of (a) Al2O3, (b) WO3, and (c) TiO2. The value of d is considered
equivalent to the diameter, assuming the voids are spherical and S is determined by dividing the sum
of the occupied areas of voids by an area on a TEM image. Common characteristics were found in
the void formation behavior in both Al2O3 and WO3: (i) S increases from as-deposited amorphous to
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annealed amorphous, (ii) d and S

are constant in the amorphous region (except as-deposited

amorphous), and (iii) d and S increase with crystallization in the amorphous phase. The first
characteristic suggests that the annealing of as-deposited amorphous Al2O3 and WO3 causes the new
formation of voids before crystallization. Although intrinsic voids are included in the as-deposited
a-WO3 as mentioned earlier, the increase in S from the as-deposited amorphous stage to the
amorphous at 573 K clearly shows that, in addition to the existing voids, annealing results in the new
generation of voids. Furthermore, the second and third characteristics indicate that crystallization
accompanies the significant growth of voids. On the other hand, d and S for TiO2 remain constant
from the as-deposited state to crystalline phases, indicating that no voids are newly generated and the
existing voids in an as-deposited film don’t grow with annealing.
It should be noted that the void generation and growth are observed after the annealing of
a-Al2O3 and a-WO3 with 20-30% lower density than their crystalline phase. By contrast, no void
formation or growth is seen in a-TiO2, which has density much the same as its crystalline phase. The
results suggest that a large difference in density between the amorphous and crystalline phases seems
to be an important factor for void formation. With regard to large differences in density between
amorphous and crystalline phases, amorphous Ge and Si thin films prepared by vacuum evaporation
are known to be 10~30% less dense than their crystalline phases [16-18]. A void network was
observed in as-deposited Ge films in what were considered density-deficient regions below 1 nm in
diameter [19]. A similar microstructure can be seen in our as-deposited a-Al2O3 (Fig. 1(a)); the
fluctuation of contrast in the range of 1 nm can be seen and the brighter regions seem to correspond
to density-deficient regions with a significant number of free volume networks. Therefore, it would
appear that significant number of free volume spaces, in other words, low density regions, tend to be
common in the deposited amorphous state of Al2O3 and WO3 as is also the case with Ge and Si.
According to Moss and Graczyk [20], however, the voids in a-Ge tend to annihilate through
annealing at high temperature. This is very different from what happens with a-Al2O3 and a-WO3,
however, since the voids in these oxides are generated as the annealing takes place. It is likely that
the difference between oxides and Ge arises from the difference in structural change of these
amorphous phases. It should be noted that in the case of amorphous oxides, at temperatures where
long-range atomic diffusion occurs, existing free volumes are thought to condense to form
nano-sized voids in the process of volume reduction along with crystallization. For the detailed
discussion on the atomic level mechanism of void formation, temperature dependence on radial
distribution function (RDF) of these amorphous oxides by analyzing electron diffraction patterns is
under investigation and will be reported in the near future.
It is interesting to investigate how the composition deviation of as-deposited films from
stoichiometry affects void formation behavior because both electron-beam evaporation and Ar
sputtering techniques probably have an impact on the oxygen-deficiency of oxide thin films. The
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EDS analysis on the composition of oxide films before and after annealing showed a qualitative
tendency that the oxygen/metal ratio before annealing was either nearly equal to or even lower than
that after annealing. A discussion on the quantitative composition should be avoided at this stage
because of the inaccuracy of the composition of oxygen in the EDS analysis. However, under a
stream of high-purity Ar with no supply of oxygen, a-Al2O3 and a-WO3 crystallized into γ-Al2O3 and
monoclinic WO3, respectively, and a high density of voids was formed, as was the case with
annealing in air. This result suggests that the deviation of composition of as-deposited films from
stoichiometry is not so large and that void formation through the annealing of amorphous oxides is
caused by the structural change from the amorphous to crystalline phases.
In conclusion, we have fabricated oxide nanoporous structures from amorphous Al2O3 and
WO3 through a simple heat-treatment process. We have demonstrated that a large difference in
density between amorphous and crystalline oxides can lead to the production of a high density of
nanovoids. These porous nanostructures are expected to enable the application of Al2O3 and WO3 to
expand considerably; in the case of Al2O3, use in low-k materials [21] and humidity sensors [22] and
in the case of WO3, use in photocatalytic materials [23]. By itself, the ability to introduce of
nanovoids in materials amounts to a significant advance in technology since these nanovoids can act
as gettering centers for metallic impurities in the design of devices [24-26]. Kooi et al. [27] and
Hosson and Veen [26] have reported that sharply rectangular nano-sized voids can be obtained in
helium-implanted and thermally annealed MgO(100) single crystals, suggesting that controlling the
crystal growth of amorphous oxides can make it possible to produce faceted nanovoids. Therefore,
further researches on how to control not only the size and density of nanovoids but also their size
and density and to extend the technique to fabrication of other metal-oxides are required.
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FIG. 1. BFIs of amorphous Al2O3 before (a) and after annealing for 3.6 ks at (b) 973, (c) 1073, and
(d) 1123 K. Magnified images (A) and (B) correspond to the amorphous and crystalline regions
enclosed by a square in (c), respectively. (a’)-(d’) show the corresponding SAED patterns.
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FIG. 2. BFIs of amorphous WO3 before (a) and after annealing for 3.6 ks at (b) 573, (c) 623, and (d)
673 K. Magnified images (A) and (B) correspond to the amorphous and crystalline regions enclosed
by a square in (c), respectively. (a’)-(d’) show the corresponding SAED patterns.
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FIG. 3. BFIs of amorphous TiO2 before (a) and after annealing for 3.6 ks at (b) 573, and (c) 673 K.
The corresponding SAED patterns are shown in (a’)-(c’).
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FIG. 4. Changes in the average void size, d, and areal fraction of voids, S, for (a) Al2O3, (b) WO3,
and (c) TiO2. The error bar for d indicates the standard deviation.
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