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The crystallization of amorphous aluminum oxide thin films

formed on NiAl(100) has been investigated using in-situ low

energy electron microscopy, low energy electron diffraction,
and scanning tunneling microscopy. It is found that both the

annealing temperature and annealing time play crucial roles in

the crystallization process. A critical temperature range of
450°C–500°C exists for the crystallization to occur within a

reasonably short annealing time. The initially uniform oxide

film first becomes roughened, followed by coalescing into amor-

phous-like oxide islands; further annealing results in the con-
version of the amorphous oxide islands into crystalline oxide

stripes. The density of the crystalline oxide stripes increases

concomitantly with the decrease in the density of the amor-

phous oxide islands for annealing at a higher temperature or
longer time.

I. Introduction

ALUMINUM oxide thin films have important applications
in microelectronics, protective coatings, and catalysis.

In particular, the formation of aluminum oxide on NiAl sub-
strates has been studied extensively owing to its important
applications in harsh environments ranging from high-tem-
perature materials in propulsion systems and gas turbine
engines to ambient-temperature reactions, such as surface
catalysts and electronic metallization.1–14 The aluminum oxi-
des on NiAl(100) were typically formed by directly oxidizing
a clean NiAl(100) surface at a high temperature (typically
around 727°C or above) or by exposing a clean NiAl(100)
surface to oxygen gas at room temperature followed by
annealing at a high temperature, both of which would result
in fully- or partially crystallized oxides.9,10 Most of the stud-
ies focused on investigating the properties of the crystalline
oxides due to their stable electronic and geometric structures,
with only a few exceptions focusing on the study of amor-
phous aluminum oxides formed on NiAl(100) substrates. For
instance, Gabmann et al.15,16 investigated the oxide structure
with electron energy loss spectroscopy after annealing the
room-temperature-oxidized surface at 427°C. An alteration
of the local structure within the oxide film was suggested and
the structure of oxide film was still found to be different
from the crystallized oxide film formed after annealing at
927°C. Using low-energy electron microscopy (LEEM),
McCarty17 studied the crystallization of the amorphous oxide
films formed by oxidation of NiAl(110) at 325°C and found
that crystallized oxide domains and oxide-free regions

developed on the surface when the amorphous oxide was
annealed at 695°C and above. In addition to the aforemen-
tioned studies on the amorphous aluminum oxide films
formed from the oxidation of NiAl alloys, the crystallization
of amorphous Al2O3 thin films formed on silicon by atomic
layer deposition was studied using grazing-incidence X-ray
diffraction, which indicates that decreasing oxide film thick-
ness leads to a higher crystallization temperature.18 However,
important information regarding the range of critical temper-
atures at which the amorphous alumina films starts to crys-
tallize and the associated film morphological evolution within
the temperature range is still not elucidated. Thus far, there
are no detailed studies on the nucleation and growth of the
crystalline aluminum oxide out of the amorphous alumina
films. In general, there is a lack of study on how an amor-
phous oxide thin film transforms into a crystalline oxide,
which is especially important in controlling both the morpho-
logies and atomic structures of the oxide films, and thus their
electrical and chemical properties.

In this article, the crystallization process of the amorphous
aluminum oxide films formed on a clean NiAl(100) surface is
studied in detail using a combination of in-situ LEEM, low
energy electron diffraction (LEED), and scanning tunneling
microscopy (STM). The oxide formed by room-temperature
oxygen exposure was annealed to different temperatures for
different time periods. The surface morphology evolution of
the oxide films was characterized by both LEEM and STM,
and the structure of the oxide films was characterized with
LEED. A simple “time-temperature” map for the crystalliza-
tion of Al2O3 thin films was obtained from the experimental
measurements.

II. Experimental Procedure

The STM and LEED experiments were performed in the
STM chamber and analysis chamber of an ultra-high vacuum
(UHV) system from RHK Technology Inc (Troy, MI). The
base pressures in the two chambers were about 7 9 10�11

and 2 9 10�10 Torr respectively. The single-crystal NiAl(100)
substrate, purchased from Princeton Scientific Corp. (Prince-
ton, NJ), has an orientation accuracy better than 0.1° to the
(100) crystallographic orientation. For each cycle, the oxida-
tion started with a freshly cleaned surface, which was
achieved by flashing the sample up to 1100°C–1200°C a few
times. Surface cleanliness and order were checked by Auger
electron spectroscopy, X-ray Photoelectron spectroscopy
(XPS) and LEED. The oxidation was performed by exposing
the clean surface to oxygen gas at a partial pressure of
1 9 10�7 Torr at room temperature for 100 s. The oxide film
formed under this condition has a thickness of ~3 �A, which
may correspond to a monolayer of Al2�xO3, where x ~ 0.24,
as determined from the XPS Al/O peak intensity ratio.19 For
the first set of experiments, the sample temperature was
raised to 500°C, 600°C, 650°C, and 750°C, and the sample
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was annealed for 5 min. The sample was annealed for
30 min at each temperature for the second set of experi-
ments. For another two sets, the sample was annealed at
550°C for 2 h and 500°C for 4 h respectively. Both the
LEED and STM measurements were performed after the
sample cooled down to room temperature. The STM imaging
was performed with an electrochemically etched W tip and
the bias was applied on the sample.

The LEEM experiments were carried out in a separate
UHV system with a base pressure of about 4 9 10�10 Torr.
All the LEEM images were obtained in bright field mode.
The sample was cleaned with the same method as the one
used for the STM and LEED measurement. The LEEM
images were taken in-situ while exposing the clean surface to
oxygen gas at a partial pressure of 2 9 10�9 Torr at around
250°C for about 100 s and while annealing the sample at
each specified temperature for a few minutes.

III. Results and Discussions

Figures 1(a)–(f) show a series of LEEM images taken from
the clean surface, the surface after the O2 exposure at
~250°C, and the surface after annealing at around 500°C,
550°C, 600°C, and 800°C, respectively, each for several min-
utes. As seen in Fig. 1(a), the clean surface shows a high
density of slightly curved steps, and the step edges appear as
sharp dark lines in the LEEM images. As seen in Fig. 1(b),
upon exposure to O2 gas at a partial pressure of
2 9 10�9 Torr at ~250°C, the overall features of the NiAl
surface (i.e., the terrace width, step density and shape) are
still visible and remain relatively unchanged, but the sharp
contrast from the step edges became blurry. The entire sur-
face shows a granular morphology, but the resolution in the
LEEM images does not allow concluding that the oxide film
is amorphous (the nature of the amorphous oxide film is
inferred by LEED as shown later). Our previous XPS studies
showed that the oxide film formed on NiAl(100) under the
similar oxidation conditions is an aluminum oxide and the
STM imaging showed that the oxide film has a relatively uni-
form thickness on the average across the entire surface as
inferred by unchanged step height (3 �A) across the different
surface terraces before and after the oxidation.19 However, it
is worth mentioning that the oxide film shows local varia-
tions in surface height due to the granular morphology at the
nanoscale, i.e., the film thickness varies locally. The oxidized
surface was then annealed at different temperatures and the
surface morphological evolution was monitored by in-situ
LEEM imaging during the annealing process. No noticeable
changes in the surface morphology were observed until the
annealing temperature reached 500°C. Figure 1(c) is an in-
situ LEEM image from the surface after being annealed at
500°C for a few min, which shows that the dark line contrast
from the step edges completely disappeared and the initially
relatively uniform oxide film developed into coarsened grains
(as shown later by LEED and STM, these coarsened grains
are still amorphous, crystallized oxide grains show a much
regular stripe morphology). Figure 1(d) reveals coarsening of
the grains, which became more prominent after annealing at
550°C. Figure 1(e) shows that some stripe-like structures
started to appear at 600°C; however, the details are not
accessible at this point, because the size of these structures
was too small to be resolved by LEEM imaging. Upon fur-
ther annealing at higher temperatures, more stripes were
formed. An example of the LEEM image of the surface after
annealing at about 800°C is shown in Fig. 1(f), which reveals
a high density of oxide stripes are uniformly distributed
across the entire surface.

The in-situ LEEM observations described above demon-
strate that the initially relatively uniform oxide film tends to
form coarsened grains at the annealing temperature of
around 500°C and that the crystallized oxide films have a
stripe-like morphology. To gain a better understanding of

the crystallization process, LEED and STM studies were per-
formed to acquire more details on the morphology and struc-
ture of the oxide films during the amorphous-crystalline
transition upon annealing. Figures 2(a) and (b) show the
LEED patterns of the clean NiAl(100) surface and the sur-
face after exposure to oxygen gas with a pressure of
pO2 = 1 9 10�7 Torr at room temperature for 100 s. The
clean-surface LEED patterns show that the clean surface had
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then changed to the (1 9 1) structure of the NiAl(100) sub-
strate with significantly reduced intensity of the diffraction
spots after the oxygen exposure. This indicates that the c
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)R45° surface reconstruction of the
NiAl(100) substrate was destroyed after the oxygen exposure
and the surface was fully (or almost fully) covered by an
amorphous oxide film. One can note that the LEED pattern
of the clean NiAl(100) surface shows quite high background
intensity. It may be caused by the presence of randomly
distributed surface defects that varies with annealing condi-
tion, as discussed by Blum et al.9 The schematic of the
LEED pattern showing the (191) substrate, the c
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)R45° surface reconstruction on the
clean surface, and the (2 9 1, 1 9 2) oxide superstructure is
shown in Fig. 2(c).

Scanning tunneling microscopy images and the corre-
sponding LEED patterns for the first set of the annealing
experiment (i.e., annealing for 5 min) are shown in
Figs. 3(a)–(d). As can be seen in the inset LEED pattern in
Fig. 3(a), the substrate spots are still visible, but their intensi-

(a)

(c)

(b) (e)

(f)

(d)

Fig. 1. Low-energy electron microscopy images (size:
(7.5 lm 9 7.5 lm) of NiAl(100): (a) before, (b) after O2 exposure,
(c) after annealing at 500°C, (d) 550°C, (e) 600°C, and (f) 800°C for
a few min respectively. The drift is noticeable in the images. The two
darks spots are the damages on the channel plate.
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ties were further reduced after the oxide film was annealed at
500°C for 5 min. As revealed by the LEEM images shown in
Fig. 1 and the STM images in Fig. 3, one can note that the
amorphous oxide films show an irregular granular feature
while crystallized oxide films show a much regular stripe
morphology. In addition to the LEED pattern, their distinct
differences in the morphologies provides additional insight
into the crystallization process. Although the STM images
still show irregular granular amorphous feature, the surface
started to form tiny islands (still amorphous oxide as
revealed by the LEED pattern), and this causes the increased

surface roughness22 compared to the initially uniform oxide
film formed right after room temperature oxygen exposure.
The observed surface morphological evolution is consistent
with the in-situ LEEM observations shown in Fig. 1(c). The
inset LEED pattern in Fig. 3(b) obtained from the oxide film
annealed at 600°C for 5 min showed stronger substrate spots
and very weak intensities around the (2 9 1, 1 9 2) locations
associated with a crystalline oxide phase.16 The streaks in the
LEED pattern of crystalline oxides formed on NiAl(100) are
commonly observed by others and are usually attributed to
the loss of ordering in the oxide film in the corresponding

(a) (c)(b)

Fig. 2. Low energy electron diffraction (LEED) patterns of (a) the clean NiAl(100) surface, and (b) the NiAl(100) surface after exposure to
oxygen of 1 9 10�7 Torr at room temperature for 100 s. Primary electron energy: EP = 121 eV. (c) Schematic of the LEED pattern showing the
(1 9 1) substrate, the c(3
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)R45° reconstruction on the clean surface, and the (2 9 1, 1 9 2) oxide superstructure with streaks.
The streaks are not shown in the schematic.

(a) (c)

(b) (d)

Fig. 3. Scanning tunneling microscopy images (Vsample = �1V, It = 1nA.) after annealing for 5 min at (a) 500°C, (b) 600°C, (c) 650°C, and (d)
750°C respectively. The insets are the corresponding LEED patterns taken at a primary electron energy of EP = 131 eV for (a)–(c) and 113 eV
for (d).
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surface direction.16,23 The STM image shows that the
annealed surface has now developed a significant amount of
oxide islands. These oxide islands, however, did not show
any long-range order, as evidenced by the lack of strong
intensity of diffraction associated with the crystalline oxide
phase. Figure 4(a) is a zoom-in STM image from these areas
shown in Fig. 3(b) and it reveals that a small amount of
crystalline thin oxide stripes had already formed, which likely

gave rise to the weak intensity at the (2 9 1, 2 9 1) locations
as shown in the inset LEED pattern in Fig. 3(b). With fur-
ther (added on) annealing at 650°C for 5 min, pronounced
intensities appear at the (2 9 1, 2 9 1) locations as shown in
the inset LEED pattern in Fig. 3(c), suggesting the formation
of a non-negligible amount of crystalline oxides. This is also
supported by the STM image in Fig. 3(c) and its enlarged
view in Fig. 4(b), which show that more oxide stripes were

(a) (b)

Fig. 4. Scanning tunneling microscopy images (Vsample = �1V, It = 1nA) of the oxide surface after annealing at (a) 600°C and (b) 650°C for
5 min respectively.

(a) (c)

(b) (d)

Fig. 5. Scanning tunneling microscopy images (Vsample = �1 V, It = 1nA, area: 100 nm 9 100 nm.) after annealing at (a) 500°C, (b) 600°C, (c)
650°C, and (d) 750°C for 30 min respectively. The insets are the corresponding low energy electron diffraction patterns taken at a primary
electron energy of EP = 131 eV.
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developed on the surface. After annealing at 750°C for
5 min, the c(3
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with the clean NiAl(100) substrate re-appeared at low pri-
mary electron energies, e.g., 113 eV, which indicates that
some nonoxidized areas appeared. One likely cause for the
reappearance of the diffraction spots associated with the non-
oxidized surface is that the initially uniform amorphous alu-
mina film was broken into amorphous islands, which then
transformed to crystalline alumina stripes, resulting in
exposed oxide-free NiAl areas having the c
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)R45° reconstruction. This is also sup-
ported by the formation of surface depressions (which can be
as deep as 0.6–0.8 nm), as observed from the annealed sur-
face [Figs. 3(c) and (d)]. However, we cannot exclude the
possibility that the c(3
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tion may reform at the alloy/oxide interface during annealing
owning to the supply of Al atoms from the bulk to the alloy/
oxide interface that was depleted in Al by the oxide growth
at room temperature.

It is shown in the preceding discussions that the amor-
phous aluminum oxide films started to crystallize at an
annealing temperature of ~500°C and the amorphous-to-crys-
talline transformation occurred via an island formation pro-
cess by breaking up the initially uniform amorphous oxide
film. On the other hand, the annealing time could also be an
important factor in the crystallization. To explore the effect
of annealing time, a similar set of experiment was carried out
with an annealing time of 30 min at each temperature. The
STM images and the corresponding LEED patterns are pre-
sented in Figs. 5(a)–(d). The surface after annealing at 500°C
for 30 min was still dominated by the amorphous-like oxide
islands, as evidenced by both LEED and STM. In addition,
the STM image shows that the surface roughness increased
further compared to the one after annealing for 5 min at the
same temperature. The longer annealing time led to the
coarsening of the amorphous oxide islands. After annealing
at 600°C for 30 min, the LEED pattern shows a clear
(2 9 1, 2 9 1) superstructure, indicating the formation of
crystalline oxide stripes. From the STM image in Fig. 5(b), it
can be seen that both the amorphous oxide islands (which
have less well-defined shapes) and the crystalline oxide stripes
co-exist on the annealed surface. Comparing Figs. 3(b) and
5(b), we find that the density of the amorphous oxide islands
decreases with increasing the annealing time. Further anneal-
ing at 650°C for 30 min significantly reduced the density and
sizes of the amorphous oxide islands. Meanwhile, the density
of crystalline oxide stripes increased appreciably, with the
majority of the surface being covered by thin stripes. After
annealing at 750°C, the amorphous oxide islands almost dis-
appeared and about 40% of the surface was covered by the
oxide stripes, some of which are very thin ones. The corre-
lated size and density evolution between the amorphous
oxide islands and the crystalline oxide stripes indicates that
the crystallization occurred via progressive consumption of
the parent amorphous oxide.

To better illustrate the surface roughness and island size
changes during the crystallization process, typical line profiles
and the root-mean-square (standard deviations) roughness of
the images from the oxide films before annealing, annealed
at 500°C for 5 min, 30 min, and 4 h are plotted in Figs. 6(a)
and (b) respectively. It can be seen that the root-mean-square
(RMS) roughness did not change significantly after annealing
at 500°C for 5 min, but increased to 0.7 �A after annealing
for 30 min and became 0.9 �A after annealing for 4 h (not
added-on). Furthermore, the island lateral size increased
accordingly with the annealing time.

From the set of results on the samples annealed for 5 min
for each specified temperature, it is noted that the tempera-
ture plays a crucial role in driving the amorphous oxide to
crystallize. For instance, a clear crystallization only started
after annealing at 650°C, not much occurred at 500°C, or
even at 600°C. However, with increasing the annealing time

to 30 min for each temperature, clear crystallization started
to develop at even 600°C. In fact, the amorphous-to-crystal-
line transformation could start at even a lower temperature.
Figs. 7(a) and (b) show the LEED patterns obtained from
the oxide films annealed at 550°C for 2 h and 500°C for 4 h
respectively. Both of these LEED patterns indicate that the
(2 9 1, 2 9 1) oxide superstructure had already formed after
the relatively long-time annealing. However, at 450°C, no
clear crystallization occurred after annealing for 4 h, or even
for 10 h, as shown in the LEED patterns in Figs. 7(c) and
(d). This implies that the temperature range of 450°C–500°C
is the critical temperature range for the crystallization pro-
cess to occur within a reasonably short annealing time. The
findings on the crystallization condition are summarized in
the temperature-time-transformation diagram in Fig. 8,
which shows that both the annealing temperature and
annealing time play critical roles in the crystallization of the
thin aluminum oxide films. For some of the annealing tem-
peratures, shorter annealing times were not tested, thus the
crystallization may start earlier as shown in the figure.

Figures 9(a)–(d) show schematically the crystallization
process. Upon annealing at high temperature, the initially
uniform amorphous oxide film starts to become roughened.
With further annealing at higher temperature or longer time
above the critical temperature, amorphous-like oxide islands
start to form by coalescence of the amorphous granular
oxide film and correspondingly resulting in exposed NiAl
surface areas or thinner oxide areas. Further annealing leads
to the conversion of the amorphous oxide islands to crystal-
line oxide stripes.

(a)

(b)

Fig. 6. (a) Line profiles and (b) RMS roughness of the surface
before annealing, and annealed at 500°C for 5 min, 30 min, and 4 h
(240 min).
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Our previous XPS measurements indicate that the alumi-
num oxide film formed by 1 L of oxygen exposure at room
temperature has a thickness of ~3 �A with the stoichiometry
of Al(2�x)O3, where x ~ 0.24, i.e., oxygen is present in
excess with respect to Al.19 This is also consistent with
other previous studies that showed the amorphous alumi-
num oxide films formed from the oxygen exposure at room
temperature exhibit a deficiency of Al cations, where the
oxide structure can be described by a close packing of oxy-
gen anions with the Al cations distributed over the octahe-
dral and/or tetrahedral interstices.24,25 Formation of more
stoichiometric alumina during annealing requires the incor-
poration of additional Al atoms (assuming that oxygen
desorption from the surface is negligible during the anneal-
ing). One can note from the STM images [i.e., Figs. 3(c)
and (d)] that the oxide crystallization results in the forma-
tion of significant surface depressions (as deep as 0.6–
0.8 nm) with the lateral sizes up to 20 nm, which can be a
source of supplying Al atoms in addition to Al atoms from
the bulk for the formation of more stoichiometric alumina.
The formation of these large depressions is also good evi-
dence demonstrating that the continuous amorphous alumi-
num oxide film breaks into discontinuous oxide islands
upon annealing.

Exposure of a clean metal or alloy surface (e.g., Al, NiAl,
and FeAl) to oxygen at relatively low temperatures (below
300°C for Al and 500°C for NiAl) typically results in the for-
mation of an amorphous oxide film, whereas at higher tem-
peratures the resulting structure of the corresponding oxide
film is crystalline. The bulk Gibbs free energy of formation
of the amorphous aluminum oxide is larger than that a crys-

talline aluminum oxide (i.e., crystalline alumina is more sta-
ble than amorphous alumina.26 However, a thin amorphous
aluminum oxide film can be more stable than the crystalline
structure due to the surface and interface effect, as shown in
a thermodynamic calculation by Jeurgens et al.26 With the

(a)

(c)

(b)

(d)

Fig. 7. Low energy electron diffraction patterns of the oxidized NiAl(100) surface after annealing at 550°C for 2 h, at 500°C for 4 h, at 450°C
for 4 h, and at 450°C for 10 h. The electron primary energy was all Ep = 131 eV.

Fig. 8. Temperature-time-transformation diagram showing the
crystallization of ultrathin amorphous aluminum oxide films formed
on NiAl(100) by oxygen exposure at room temperature. The circles
are the experimental results and the dotted lines are guides to the
eye.
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increase in temperature (i.e., annealing), a crystalline alumi-
num oxide film can become more stable than the amorphous
oxide film because of the decrease in the bulk Gibbs free
energy difference between the amorphous and crystalline
oxides in addition to the change of the lattice mismatch at
the oxide/alloy interface that may favor the formation of an
epitaxial (i.e., crystalline) oxide film at elevated temperatures.
The crystallization process requires massive mass transport
for the amorphous ? crystalline transformation including
breaking up the initial continuous amorphous oxide film and
re-arrangement of atoms at the oxide/alloy interface. There-
fore, a critical annealing temperature (i.e., 500°C as deter-
mined from our observation) is required that allows for
sufficient mobility of Al and O atoms for the structure order-
ing in the oxide film. Crystallization of Al-deficient oxide
films formed at room temperature calls for the supply of Al
atoms from the oxide-free surface regions (e.g., surface
depressions as observed in Figs. 3 and 4) via surface diffu-
sion. Bulk diffusion to the oxide/alloy interface is another
source of supplying additional Al atoms for the formation of
more stoichiometric crystalline aluminum oxide.

IV. Conclusion

In conclusion, the morphological and structural transforma-
tion during the crystallization of the amorphous aluminum
oxide thin grown on NiAl(100) surface was studied using the
surface science tools of LEEM, STM, and LEED. We found
that the thermally induced crystallization starts with rough-
ening of the amorphous oxide thin film, which is followed
by coalescing into amorphous-like oxide islands. Upon fur-
ther annealing, the amorphous oxide islands undergo coars-
ening and then gradually transform into crystalline oxide
stripes. With the continued crystallization, the density and
size of the amorphous oxide islands decreases, with the cor-
related increase in the density and size of the crystalline
oxide stripes. It is shown that both the annealing tempera-
ture and annealing time play important roles in the crystalli-
zation process and a critical annealing temperature of
450°C–500°C is necessary for the crystallization to occur
within a few hours.
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