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Structure of Amorphous Aluminum Oxide
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Whereas prototypical Al,O5 is not a glass former, amorphous Al,O; can be formed as thin films
through vapor deposition and can serve as a structural model for the Al,O; glass. The first two-
dimensional solid-state NMR experiments for amorphous Al,Os thin film reveal that four- and five-
coordinated species are predominant (95%), while six-coordinated species are minor. Such a species
distribution is remarkably similar to what has been predicted theoretically for Al,O; melts. Upon
annealing to 800 °C the five-coordinated species becomes negligible, indicating the onset of crystalliza-

tion of Al,Os.
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Aluminum oxide (Al,03) is one of the simplest covalent
oxides and has received recent attention because Al,O;
thin films are used as supports for catalytic nanoparticles,
gate microelectronic devices, and protective films with
unique chemical durability and mechanical strength
([1,2] and references therein). The deposited Al,O5 thin
film is often heat treated to form crystalline Al,O;
(Ref. [3]). The structure and surface stoichiometry of
crystalline ultrathin alumina films are reported to be differ-
ent from those of bulk Al,O5 (Refs. [1,4]) due to surface
relaxation of the topmost Al,Os; layer [5] and various
structural domains [2]. y-Al,O5 has also been identified
as the major phase in thin films [3]. While the studies cited
here provided an improved understanding of the structure
of crystalline thin films, as-deposited Al,O;3 thin films
obtained by physical vapor deposition are in the amor-
phous state as reported by earlier pioneering studies
[3,6], and their structure has not yet been established.

Most of single-component covalent oxides such as SiO,,
Ge0O,, and B,05 are good glass formers, and the structure
of prototypical oxide glasses remains a difficult problem in
the physical sciences, leading to extensive experimental
studies on the coordination number and the topology in the
archetypal glasses formers (e.g., [7-10]). Prototypical
Al,O5 alone, however, has not been classified as a glass
former. The structure of pure Al,O5 glass, thus, has not
been studied experimentally due to difficulties involved in
its synthesis, particularly in quenching Al,O3 melts [11].
As amorphous phases can be formed as thin films through
vapor deposition [3,12], study of amorphous Al,O5 thin
films can be essential in understanding the as-yet-unknown
structure of Al,O5 glass.

Conventional experimental probes used for studying the
atomic configurations of crystals are not well suited for
probing the structure of amorphous oxide thin film. Recent
progress in solid-state NMR techniques including triple
quantum magic angle spinning (3QMAS) NMR has
yielded two-dimensional (2D) spectra [13], resolving
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structural details around quadrupolar nuclides (e.g., 2’ Al,
170) in oxide glasses (e.g., [14]). Because the 2D NMR
techniques require a relatively large amount of the sample
and are suited for the study of bulk materials, obtaining a
high signal-to-noise ratio for thin film surfaces is challeng-
ing and no 2D NMR technique has been applied to study
the amorphous thin films. Here, we analyze the local
atomic structures of amorphous Al,O5 thin films using
2D 27 Al 3QMAS NMR with optimized experimental con-
ditions for thin film analysis and report the experimental
evidence for coordination states in a vapor-deposited oxide
thin film.

A 1.4-pm-thick Al,O5 thin film was deposited on a
p-type boron-doped (B-doped) SizN,/Si(100) wafer by
f magnetron sputtering at 5 X 107% Torr using an Al,O5
target (99.995%) at an rf power of 500 W at room tem-
perature in an Ar environment. After Al,O5 deposition, the
opposite side of the substrate was etched using a KOH-
water solution up to approximately 100 wm. Because the
presence of surface Al-OH in the top surface layers is non-
negligible only at a high Py, condition (>10"2 Torr)
[15], the hydrogen content and its effect on the Al coordi-
nation environments in the film are likely to be negligible.
Cross-section TEM studies showed no evidence of the
presence of crystalline phases in the as-deposited alumina
thin film (Fig. 1), indicating its amorphous nature. The
chemical composition of the Ar ion etched thin film sur-
faces (approximately 30 nm below the surface) was ana-
lyzed using Al-2p and O-1s x-ray photoemission spec-
troscopy as the stoichiometry of crystalline Al,O5 ultrathin
film deviates from its ideal composition at the top surface
layers [1]. Taking into consideration the atomic sensitivity
factor for Al and O from the a-Al,0O5 reference (O/Al
ratio of 1.698 = 0.048 in our x-ray photoemission spec-
troscopy analysis), the O/Al atomic ratio of the Al,O5 thin
film is 1.53 = 0.054 ( = 1.734/1.698 X 1.5).

27Al MAS and 3QMAS NMR spectra were collected on
a Varian400 solid-state spectrometer (9.4 T) at a Larmor

© 2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.103.095501

PRL 103, 095501 (2009)

PHYSICAL REVIEW LETTERS

week ending
28 AUGUST 2009

FIG. 1. Cross section TEM image [(left) low- and (right) high-
resolution image with a diffraction pattern (inset)] of as-
deposited alumina thin film. TEM specimens were prepared on
a focused Ga-ion beam (FIB) workstation. Cross section image
of lamellae, ~10 um wide and 5 pwm deep, lifted out and
attached to a Mo half grid. The cutting of the lamellae was
done with 7-20 nA at 30 kV. The specimens were milled at
30 kV and 0.5-3 nA and were polished at 5 kV and 70 pA to
reduce focused-Ga-ion-beam-induced damage. The final thick-
ness was 40-50 nm. The image was obtained in a TEM
[JEM4010 (JEOL Ltd., Co.)].

frequency of 104.23 MHz using a 3.2 mm zirconia rotor in
a Varian double-resonance probe. The recycle delay for the
NMR experiments was 1 s, with the rf pulse length being
0.3 us (flip angle of ~15° for the central transition in
solids) for the 1D MAS. Ninety-six thousand to 230400
scans were averaged in the 2’ Al MAS NMR spectra.

To remove residual anisotropic spectral broadening in
ID MAS due to the 2nd order quadrupolar interaction
(2QI) between quadrupolar moment and electric field gra-
dient, the 3QMAS technique utilizes the correlation be-
tween the 3Q (3/2 — —3/2) and single quantum (1Q)
coherences (1/2 «— —1/2): the frequencies for both coher-
ences (@j/2e—1/2, W3/2-3/2) have similar 2QI depen-
dence with known scaling coefficients (Cj/e—1)2,
C3/2.—3/2)- The pulse sequence can be designed to achieve
a selection of 3Q for a #; period and subsequent 1Q
coherences for kt,(k = C5/p.—3/2/C1/2—12) [13]. This
removes the 2QI, enhancing resolution among atomic sites.
At the end of kt;, coherence decay is recorded during #,.
The resulting 2D NMR (¢4, #,) data collected by increment-
ing t; were Fourier transformed to produce spectra that are
isotropic in the w; dimension (free of 2QI) and that portray
distorted MAS spectra in the w, dimension (the MAS
dimension) [14,16]. The ?’Al 3QMAS NMR spectrum
was collected using a fast-amplitude modulation based
shifted-echo pulse sequence (consisting of two hard pulses
with durations of 3.0 and 0.6 ws and a soft pulse with a
duration of 15 us), which enhances signal intensity com-
pared with the result without fast-amplitude modulation
implementation. The spinning speed should be larger than
17 kHz at 9.4 T, making a standard 3.2 mm rotor suitable
for the thin film analysis. To achieve current signal-to-
noise ratio in the 2D spectra, about 16 days of collection
time were required. The spectra were referenced to a 0.1 M
AIClj solution.

Figure 2 presents the 2’Al MAS NMR spectra of the
Al,O5 thin film (with the substrate) where the features at
approximately 60, 35, and O ppm were observed. These
features are likely due to distinct Al coordination environ-
ments such as four-, five-, and six-coordinated aluminums
(i.e., AL BIAL, and [YJAl). The number of Al nuclides in a
Al,O5 film (1.4-pum) on a 100-um-thick Si p-type sub-
strate with Al dopants is very small, and thus the effect of
Al impurities in the substrate and/or the zirconia NMR
rotor should be examined. The 2’ Al MAS NMR spectrum
of the empty rotor shows signals due to the Al background
(JAD). An insignificant but detectable amount of alumi-
num impurity in both [“JAI (~60 ppm) and [®JAl (~0 ppm)
phases is observed in the Si substrate (Fig. 2, top). The
spectrum obtained after subtraction of these background
signals shows distinct Al features for [51A1, thereby con-
firming that these signals are due to the thin film (Fig. 2,
bottom). The shapes of the peaks are not consistent with
those of any of the crystalline Al,O; polymorphs with
known 2’Al NMR patterns where only peaks due to [*JAl
and [°JAI are expected [17,18], indicating its amorphous
nature as shown in Fig. 1. Because the features in the 1D
27 A1 MAS NMR largely overlap and could also stem from
the quadrupolar patterns corresponding to Al sites, 2D 27 Al
3QMAS NMR spectra without quadrupolar broadening are
necessary.

Figure 3 shows the 27 Al 3QMAS NMR spectrum for the
Al,O53 thin film. Three Al coordination environments
(mostly [*5JAl and a small fraction of [0JAl) are clearly
resolved. These results confirm that the changes in the peak
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FIG. 2. %Al MAS NMR spectra for Al,O thin film, rotor
background, and Si substrate. * refers to spinning sidebands.
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FIG. 3 (color online). 2’Al 3QMAS NMR spectra for Al,O5
thin film. Projections on the isotropic and MAS dimension are
also shown. Contour lines are drawn at 5% intervals from
relative intensities of 12% to 97% with added lines at 6%
and 9%.

shape of the 2’ Al MAS NMR spectrum (Fig. 2) stem from
changes in the Al coordination states. The presence of a
significant amount of SJAl confirms the amorphous nature
of the Al,O5 thin film. Because the 3QMAS NMR signal
intensity is not quantitative and depends on the magnitude
of quadrupolar interactions of Al sites [14], the Al
fractions are calibrated by taking into account the uneven
multiple quantum transition process for each Al due to
the magnitude of the quadrupolar interactions, experimen-
tal conditions, and the percentage of Al impurity in the
substrate. The calibrated fractions for 1AL BIAL and [0JA]
are 55% = 3%, 42% * 3%, and 3% = 2%, respectively;
the estimated [®JAl fraction was about 11%, but a major
portion of the Al peak stems from the rotor backgrounds
plus Al dopants in the substrate (Fig. 2). Thus, by subtract-
ing the estimated peak volume for [®JAl in the impurity and
dopants (about 8%—9%), the resulting [*JAl fraction can be
estimated at 2%—-3%. These fractions show a remarkable
similarity to those reported for Al,O; melts in molecular
dynamics simulations [19,20]. The average coordination
number of Al,O; melts suggested by high-temperature
NMR studies is ~4.5 (Ref. [21]), similar to that obtained
in the present NMR analysis. Whereas future synchrotron
x-ray scattering studies may provide information about the
average coordination number of amorphous Al,O5 thin
film, the x-ray scattering study of alumina melts shows
that the (*JAI-O, JAL-0, and [9JAI-O correlation peaks in
radial distribution function overlap [19]. The [+5¢JAl peaks

in the thin film are, however, well resolved in the Al-27
3QMAS NMR spectra (Fig. 3), yielding unambiguous
coordination environments.

The center of gravity of the peak in the 2’ Al 3QMAS
NMR spectrum for the thin film was used to obtain a
structurally relevant quadrupolar coupling product (P,).
The P, value, a measure of lattice distortion, decreases
with an increase in the Al coordination number from 7.1 =
0.3 MHz for A1, 6.2 = 0.3 MHz for PJAL and 4.5 =
0.3 MHz for [®JAL These P, values are larger for amor-
phous thin films than for aluminosilicate glasses at 1 atm
and high pressure [16], indicating significant distortion of
the Al sites. We note that there could exist other Al sites
(possibly of [°JAl) with large P, values (>7-8 MHz, see
below) in the film as the intensity of these sites can be
underestimated in the 3QMAS NMR. As the atomic struc-
tures of Al,O5; melts and glasses have not been experimen-
tally confirmed, the current 2D 2’ A1 NMR spectra obtained
for amorphous thin films provide information on the struc-
ture of Al,O5 glass and melts.

To gain insights into the temperature-induced structural
changes in the Al,Oj5 thin film, we annealed the film at
800 °C and 1200 °C for 2 h. The >’ Al MAS NMR spectrum
of the annealed Al,Oj thin film differs from that of the as-
deposited thin film (Fig. 4, after background subtraction).
The 5JAl content became negligible upon annealing at
800 °C; hence, at this stage, the NMR spectrum showed
only Al and [®JA] peaks, indicating the onset of crystal-
lization of Al,Os. The peak patterns in the 2’ Al MAS NMR
spectra were similar to those of crystalline transitional y-
and/or #-Al,03 (e.g., [17,18]), and the crystallization
scheme is consistent with that predicted by recent studies
on bulk Al,O5 (Ref. [22]). In the spectrum of the thin film
annealed at 800 °C, the peak widths for [*JAI were large
owing to the relatively large P, (~6 MHz) of crystalline
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FIG. 4. Al MAS NMR spectra for Al,O5 thin film annealed

at 800 °C and 1200 °C. Rotor/Si backgrounds were subtracted
from the original spectra.
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v-Al,O3 (Ref. [18]). The NMR spectrum obtained after
annealing at 1200 °C showed a sharp peak due to [9JAl at
approximately 12-13 ppm, which corresponded to the
a-Al,O5 phase. The decrease in peak width with tempera-
ture indicates an increase in the local symmetry and topo-
logical order, as is the case of other types of bulk Al,O3, Al
nanoparticles, and anodically oxidized porous Al films
[23-25]. The mechanism related to the annihilation of
[5JA1 during the transformation of amorphous Al,O; to
crystalline Al,O; can be described by the following
scheme: 2I51A1 = [IA] + [0JA]. This mechanism involves
the formation of edge-sharing Al octahedrons from corner-
sharing [*JAl. While the Al-27 MAS NMR (Fig. 2) shows
that the NMR signal from the thin film is weak and thus
comparable to the contribution from the Al dopants in the
substrate, necessitating background subtraction, 1D MAS
NMR is more efficient than the 2D 3QMAS NMR tech-
nique. Thus if the origins of the features in Al-27 MAS
NMR are known, 1D MAS NMR allows us to investigate
the effect of temperature on the structure (Fig. 4).

Because the crystal structure of the ultrathin alumina
thin film (with several A thickness) is different from those
of bulk alumina polymorphs, the top few surface layers in
the amorphous alumina thin film would be different from
those of the 1.4 um amorphous thin film studied here.
While the current sensitivity of solid-state NMR does not
allow us to probe Al nuclides in the top few surface layers
of ultrathin alumina thin film yet, it should be noted that the
results of ongoing NMR study on the atomic layer depos-
ited thin film (with thickness of ~0.2 um) provide further
insights into the effect of thickness and deposition methods
on the coordination environments.

The high Al content in amorphous Al,O5 is indicative
of a large number of oxygen triclusters (oxygen coordi-
nated by three aluminums, [3J0), as suggested by the
molecular dynamics simulations of Al,O3 melts [19,20].
It has been experimentally shown that 3JO occurs in other
archetypal oxide glasses at high pressures [26]. A signifi-
cant fraction of PO in the thin film at 1 atm implies a
modification of a traditional view of glass structure based
on a random network model that only allows 210. Such
framework cation and oxygen species distributions in the
melts are known to be largely responsible for their macro-
scopic properties (e.g., [26,27]). Considering the similarity
between the structure of the Al,O; melt and that of the
amorphous phase, our spectroscopic results yield improved
understanding of the atomistic origins of the microscopic
dynamics of Al,O; melts [28].

In conclusion, we reported the direct experimental evi-
dence for the coordination states of vapor-deposited amor-
phous AlL,O5 thin film using 2D solid-state NMR. In
amorphous Al,O; the fractions for [“JAl, [5IAL, and [?JAl
are 55% = 3%, 42% = 3%, and 3% = 2%, respectively.
Such a species distribution is similar to what has been
predicted theoretically for Al,O3 melts [19,20]. The cur-

rent study highlights the first application of 2’ Al 2D NMR
to obtain a detailed structure of thin film. The effects of
temperature, type of substrate, and other processing con-
ditions on the structure of Al,O5 glass remain to be ex-
plored. The results shed light on a new opportunity to
analyze the structure of diverse crystalline and amorphous
thin film oxides and to clarify unknown details of the
structures of a new class of vapor-deposited oxide glasses
that would otherwise be difficult to synthesize.
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